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ABSTRACT 

There is an immediate need for the development of rapid and reliable methods for microparticle and cell assessments, and electrokinetic 

(EK) phenomena can be exploited to meet that need in a low cost and label-free fashion. The present study combines modeling and 

experimentation to separate a binary mixture of microparticles of the same size (5.1 μm), shape (spherical), and substrate material 

(polystyrene), but with a difference in particle zeta potentials of only ~14 mV, by applying direct current (DC)-biased low-frequency 

alternating current (AC) voltages in an insulator-based-EK (iEK) system. Four distinct separations were carried out to systematically study 

the effect of fine-tuning each of the three main characteristics of the applied voltage: frequency, amplitude, and DC bias. The results indicate 

that fine-tuning each parameter improved the separation from an initial separation resolution 𝑅௦ ൌ 0.5, to a final resolution 𝑅௦ ൌ 3.1 of the 

fully fine-tuned separation. The separation method exhibited fair reproducibility in retention time with variations ranging from 6 to 26% 

between experimental repetitions. The present study demonstrates the potential to extend the limits of iEK systems coupled with carefully 

fine-tuned DC-biased low-frequency AC voltages to perform discriminatory micron-sized particle separations.  
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 INTRODUCTION  

An immediate need to develop rapid and reliable techniques for the manipulation, separation, 

concentration, and isolation of target bioparticles, ranging from macromolecules to parasites, exists in several 

applications of analytical chemistry. There is a plethora of well-established techniques such as liquid 

chromatography (LC) and capillary electrophoresis (CE) for the analysis of macromolecules; these methods are 

well developed and reliable. Both LC and CE can be tailored to target analytes1 and a suitable mode can be selected 

from a variety of options.2 However, the same cannot be said about the availability of well-established methods 

for the rapid analysis of micron-sized particles such as intact microorganisms and synthetic microparticles of 

interest.  

Microscale electrokinetics (EK) methods offer great potential for the manipulation and analysis of target 

bioparticles—including not only macromolecules, but nanoparticles and microparticles as well. These methods 

combine the attractive features of microfluidics (e.g., portability, low cost, and short response time) with the 

robustness and simplicity of EK phenomena to achieve label-free particle manipulation as function of the electric 

properties of particles and suspending solution.3–5 EK-driven microfluidics have been successfully applied for the 

detection of DNA and proteins,6–9 enrichment and assessment of cancer cells,10–13 electrofusion of mammalian 

cells to create hybrid cells,14 and separation of microparticles and cells.15–18 
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For micron-sized particles, EK methods are particularly attractive as they offer a rapid culture-free option 

for the analysis of microorganisms (in contrast to traditional microbe analysis techniques that rely on labor-

intensive and time-consuming culture techniques). Therefore, there is great interest in developing microscale EK-

based methods for the manipulation and analysis of micron-sized particles, including intact microorganisms. Direct 

current (DC)-biased CE systems have been used for the assessment and separation of intact microorganisms by 

some research groups, with the main contributions coming from the Armstrong,19–23 Buszewski24–27 and Horká28–

30 labs. Also, conventional DC-iEK-based microsystems have been used by several research groups to separate 

polystyrene microparticles by exploiting differences of particle zeta potential, 𝜁௉ (i.e., electric charge).31–36 

However, only a few research groups have reported electrokinetic separations using low-frequency (<1 kHz) 

alternating-current (AC) voltages,34,35,37,38 which feature up to three control parameters that can be fine-tuned: 

frequency (𝑓ሻ, amplitude, and DC bias—in contrast to conventional DC voltages that only feature a magnitude. 

So far, for charge-based separation of particles via low-frequency AC signals, the lowest difference in 𝜁௉ is 

reported to be ~ 40 mV.34,35 These works, however, did not report a separation resolution 𝑅௦. 

Recent reports indicate that nonlinear electrophoresis (EPNL) plays a major role in the overall migration of 

particles in insulator-based systems,39–41 where the presence of insulating structures distorts the electric field 

distribution, creating regions of higher field magnitude where nonlinear EK effects can arise.42–44 This new 

knowledge increased the potential of EK systems to separate highly similar particles. The separation of almost 

identical particles (same substrate material, size, shape, and manufacturer), with a difference of only ~4 mV in 

particle zeta potential, was attempted in a DC-iEK system, obtaining a separation resolution 𝑅௦ = 1.14, indicating 

an incomplete or partial separation.15 Considering the extreme similarity of the particles, this partial separation 

was encouraging. Additionally, for the first time, the experimental results had a fair agreement with COMSOL 

predictions.15,45 In terms of separation of particles by size, our group36 and several others46–49 have reported EK-

driven separations where target particles differed by several microns in their sizes. Several high-resolution 

separations of target bioparticles—like closely related microbial strains—have been reported by the Hayes’ 

research group by exploiting the ratio of their EK mobilities.50–54 Recently, our group also reported a separation 

involving cells of similar characteristics in an iEK system using a combination of linear and nonlinear 

electrophoresis.16 However, all of these separations involved the application of DC voltages to separate the 

analytes.  

On the AC hand, numerous reports exist on the use of electrode-based microsystems—also known as 

electrode-based dielectrophoresis (eDEP)55—and AC fields, where the characteristics of the applied electrical 

voltages are varied.10 There are several reports on the use of AC electric fields in iEK systems, where separation 

mechanisms like absolute negative mobility (ANM),56 deterministic ANM,57 and deterministic ratchet 

migration58,59 were used to demonstrate size-based separation of micron and submicron sized particles. But there 
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are very few reports on the use of low-frequency AC voltages in iEK systems.35,37,47,60,61 Even in these studies, the 

effect of fine-tuning the different control parameters of the AC input voltage on the separation of similar particles 

or bioanalytes has not been investigated. Thus, separating microparticles and cells of similar size, shape, and 

electrical charge by fine-tuning the control parameters of low-frequency AC voltages in iEK systems demands 

investigation. 

The present study addresses this knowledge gap by proposing a novel microscale iEK method that applies 

DC-biased low-frequency AC voltages to separate microparticles with similar characteristics (size, shape, 

electrical charge) under the influence of linear and nonlinear EK phenomena. The ultimate goal of this work is to 

identify a new separation mode in iEK systems where the frequency, amplitude, and offset of the stimulation 

voltage are fine-tuned to improve the performance of the system, increasing the value of 𝑅௦. The present study, 

focusing on a charge-based separation of microparticles, comprises both, numerical modeling with COMSOL 

Multiphysics and experimentation with iEK microchannels made from PDMS. A binary mixture of polystyrene 

particles (both featuring 5.1 µm diameter and purchased from the same manufacturer) only differing slightly in 

particle zeta potential (see Table 1) was used to test the potential of our separation approach. A total of four distinct 

separations were carried out to systematically study the effect of fine-tuning each control parameter of the applied 

voltage. An electropherogram was obtained after each separation experiment, and the separation performance was 

assessed in terms of 𝑅௦ and the number of plates per meter (N/m). COMSOL modeling allowed predicting the 

retention time (𝑡ோ,௣) of each particle type, which was compared with the experimentally obtained retention time 

(𝑡ோ,௘). The deviations between 𝑡ோ,௣ and 𝑡ோ,௘ were non-negligible, ranging from -12.1 to 24%. However, the model 

did not use empirically determined correction factors,45 and it provided adequate guidance while fine-tuning the 

control parameters of the system, allowing to improve the separation resolution from an initial value of 𝑅௦ ൌ 0.5 

to a final value of 𝑅௦ ൌ 3.1. These results demonstrate the potential of the new proposed approach, illustrating 

that iEK systems, coupled with carefully fine-tuned AC voltages, have the necessary capabilities to carry out 

highly discriminatory separations of micron-sized particles. 

THEORY 

The migration of particles in iEK systems is the result of linear and nonlinear EK forces exerted on the 

particles. Linear EK phenomena are characterized by velocities that depend linearly on the electric field 𝐄 ൌ 𝐸𝐚ොா, 

where 𝐚ොா is a unit vector indicating the direction of vector 𝐄, which has magnitude 𝐸. Linear electrophoresis (EPL) 

and linear electroosmotic (EO) flow, with velocities 𝐯ா௉,௅ and 𝐯ாை, respectively, are considered herein:  

 

𝐯ா௉,௅ ൌ 𝜇ா௉,௅𝐄 ൌ
ఌ೘఍ು
ఎ

𝐄          (1) 
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𝐯ாை ൌ 𝜇ாை𝐄 ൌ െ  
ఌ೘఍ೈ
ఎ

𝐄          (2) 

 

where 𝜇ா௉,௅ and 𝜇ாை are the linear electrophoretic and electroosmotic mobilities, respectively. The suspending 

medium permittivity and viscosity are represented by 𝜀௠ and 𝜂, respectively; and 𝜁௉ and 𝜁ௐ denote the zeta 

potential of the particle and the channel wall, respectively. In this study, zeta potential is used as a surrogate for 

the surface charge density (qs, Eq. S1). Nonlinear EP and dielectrophoresis (DEP) are the nonlinear EK phenomena 

considered in this study, which feature velocities exhibiting a nonlinear dependence with 𝐸. The expression for 

𝐯஽ா௉  exerted on a spherical particle is: 

 

𝐯஽ா௉ ൌ  𝜇஽ா௉𝛻𝐸௥௠௦
ଶ ൌ

௥೛మఌ೘
ଷఎ

𝑅𝑒ሾ𝑓஼ெሿ∇𝐸௥௠௦
ଶ          (3) 

 

where 𝑅𝑒ሾ𝑓஼ெሿ is the real part of the Clausius-Mossotti factor, which describes particle-solution polarization, 𝑟௣ 

is the radius of the microparticle, and 𝐸௥௠௦ is the root-mean-square value of the electric field magnitude. Nonlinear 

EP (EPNL), on the other hand, produces a velocity 𝐯ா௉,ே௅. Importantly, the mobility of nonlinear EP depends on 

the electric field magnitude, in contrast to the mobility of EPL, which is independent of the electric field 

magnitude.62 Several models have been developed to describe nonlinear EP. These models rely on the 

dimensionless Peclet (Pe) and Dukhin (Du) numbers, and dimensionless applied field strength coefficient (𝛽) to 

describe the system’s conditions and identify the velocity dependence with 𝐸 (see Eqns. S2-S4 and Table S1 in 

the supplementary material). Analytical expressions for the EPNL velocity (𝐯ா௉,ே௅) only exist for the two limiting 

cases of small Pe (𝑃𝑒 ≪ 1) and high Pe (𝑃𝑒 ≫ 1). No expressions have been developed for the intermediate cases. 

The expressions of  𝐯ா௉,ே௅ for the two limiting cases are:63–65 

 

𝐯ா௉,ே௅
ሺଷሻ ൌ 𝜇ா௉,ே௅

ሺଷሻ 𝐸ଷ𝐚ොா   for arbitrary Du and 𝑃𝑒 ≪ 1      (4) 

 

𝐯ா௉,ே௅
ሺଷ/ଶሻ ൌ 𝜇ா௉,ே௅

ሺଷ/ଶሻ 𝐸ଷ/ଶ𝐚ොா   for 𝐷𝑢 ≪ 1 and 𝑃𝑒 ≫ 1       (5) 

  

where 𝑂ሺ1ሻ indicates being comparable in the same first order of magnitude.65 Considering all four EK 

phenomena, the expression of the overall particle velocity, 𝐯௉, in an iEK device like the one depicted in Figure 

1A becomes: 
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𝐯௉ ൌ 𝐯ாை ൅ 𝐯ா௉,௅ ൅ 𝐯஽ா௉ ൅ 𝐯ா௉,ே௅
ሺ௡ሻ ൌ  𝜇ாை 𝐄 ൅ 𝜇ா௉,௅  𝐄 ൅ 𝜇஽ா௉∇𝐸ଶ ൅ 𝜇ா௉,ே௅

ሺ௡ሻ 𝐸௡𝐚ොா   (6) 

 

where n represent the dependence of 𝐯ா௉,ே௅ with 𝐄 as determined by the operating conditions (see supplementary 

material Tables S1-S2). The operating conditions in the iEK system employed in this study are those listed in Eq. 

(4), thus, the 𝐯ா௉,௅ had the cubic dependence with 𝐄. 

For a binary particle mixture, the parameters of separation resolution (𝑅௦) and number of plates (N) were 

utilized to assess the quality of each one of the separations carried out in the present study. The expressions for 

these parameters are illustrated in Eqns. (7)-(8), where 𝑊  is the width of the peak at the base, 𝑡ோଵ,௘ and 𝑡ோଶ,௘, and 

𝑊ଵ and 𝑊ଶ, are the experimental retention time and width of the peak at the base for particles 1 and 2, respectively.  

 

𝑅௦ ൌ
ଶሺ௧ೃమ,೐ି௧ೃభ,೐ሻ

ௐభାௐమ
              (7) 

 

𝑁 ൌ
ଵ଺௧ೃ,೐

మ

ௐమ             (8) 

 

The separation occurs by differences in the overall particle velocity, as expressed by Eq. (6). Differences 

in particle velocity depend on physical properties such as 𝜇ாை, 𝜇ா௉,௅, 𝜇ா௉,ே௅, 𝜇஽ா௉ , 𝜀௠, 𝜂, 𝜁௉, 𝜁ௐ and 𝑟௣, as shown 

in Eqns. (1) to (5). The magnitudes of all EK-phenomena also depend on the electric field and, therefore, depend 

on the position of the particles in the iEK channel and the time at which a measurement is taken, as the electric 

field distribution is time dependent and non-uniform across the channel. To further understand the physical 

mechanisms of the different EK phenomena, the reader is referred to the reports by Schnitzer and Yariv.64,65  

EXPERIMENTAL SECTION 

Microdevices. Microdevices were made from polydimethylsiloxane (PDMS, Dow Corning, MI, USA) 

utilizing standard soft lithography techniques.37 Microdevices with standard EK injection T-shaped microchannels 

with circular insulating posts were used.66 All channels were 40 µm deep and 1.1 mm wide. The dimensions of the 

posts and channel are detailed in Figure 1A.  

Suspending medium and microparticles. The suspending medium was a 0.2 mM buffer solution of 

K2HPO4, with the addition of 0.05% (v/v) Tween-20 to prevent clumping of microparticles. The medium had a 

conductivity of 40.7 μS/cm and a pH of 7.3, which was adjusted by using a 0.1 N KOH solution. Using current 

monitoring experiments, a wall zeta potential (𝜁ௐ) and 𝜇ாை were characterized as െ60.1 േ 3.7 mV and (4.7 േ
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0.3)ൈ 10ି଼ m2 V−1 s−1, respectively.67 Two types of negatively charged 5.1 μm polystyrene microparticles 

(Magsphere Pasadena, CA, USA) were used at a concentration of 1.2 ൈ 10ି଼ particles/mL. The values of 𝜁௉, 𝜇ா௉,௅ 

and 𝜇ா௉,ே௅
ሺଷሻ  were obtained independently for each particle type with particle tracking velocimetry (PTV), as 

indicated in Table 1, by employing a series of low and high voltages in a channel without posts.39,68 Particles were 

introduced into the device through EK injection.66 

Equipment and software. A high-voltage power supply (Model HVS6000D, LabSmith, Livermore, CA) 

was used to apply electric potentials to the microdevice through four distinct platinum wire electrodes labeled 

A−D (Fig. 1A). Videos of experimental sessions were recorded with a Zeiss Axiovert 40 CFL (Carl Zeiss 

Microscopy, Thornwood, NY) and a Leica DMi8 (Wetzlar, Germany) inverted microscopes. 

Experimental procedure. Prior to experiments, microchannels were filled with the suspending medium 

12−16 h before experimentation to ensure a stable EO flow. After introducing the microparticle suspensions (1 

μL) into reservoir A (Fig. 1A), platinum wire electrodes were placed into the four reservoirs. A standard 3-step 

EK injection process was utilized by sequentially applying three distinct sets of voltages (i.e., loading, gating, and 

injection), as shown in Table 2.66,69 Voltages listed in Table 2 for Separations 2-4 were identified after careful 

analysis of the numerical predictions produced by our computational model (to be described next), aiming at 

producing an electropherogram with two well-resolved peaks (𝑅௦ ൐ 1.5). This is likely to happen when the 

difference in retention times (∆𝑡ோ ൌ 𝑡ோଵ,௣ െ 𝑡ோଶ,௣) is close to 100 s; smaller ∆𝑡ோ values might lead to overlapping 

peaks and larger ∆𝑡ோ values might lead to lower quality separations. The duration of the last step in each separation 

was determined by the elution of the microparticles from the channel. The fluorescence signal of each eluting peak 

was captured at the end of the post array as indicated in the interrogation window of Figure 1A. All separations 

were repeated at least three times to ensure reproducibility (Table S7).  

Mathematical modeling. COMSOL Multiphysics was utilized to build a numerical model of the iEK 

channel (depicted in Figure 1A), which allowed predicting the retention time (𝑡ோ,௣) of each particle type in each 

separation carried out (for details of the models see Figures S1-S2, Tables S2-S6). To build the model, the 

microparticles’ migration behavior was characterized a priori to determine the parameters listed in Table 1. To 

predict the retention time (Table 3), the COMSOL model studied the effect of each control parameter (frequency, 

amplitude, and DC bias) of the applied AC voltage on EK phenomena, enabling fine-tuning of each one of these 

parameters to design the improved particle separations (see Tables S3-S6).  

 

Table 1. Characteristics of the microparticles used in this study, the determination of the mobility of nonlinear electrophoresis was 
determined in conditions under which the velocity exhibits a cubic dependency with the electric field. This table includes the electric field 

value used for 𝜇ா௉,ே௅
ሺଷሻ  determination consistent with the overall value of the electric field in Separation 1. 
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ID 
Size 
(μm) 

𝜁௉ 

(mV) 

𝜇ா௉,௅x10-8 

(m2V-1s-1) 

E for 𝜇ா௉,ே௅
ሺଷሻ

 

estimation 
(V/cm) 

𝜇ா௉,ே௅
ሺଷሻ

x10-17 

(m4V-3s-1) 

Particle 1 - red 5.1 -20.5±2.2 -1.6±0.2 150 -2.5±0.6 

Particle 2 - green 5.1 -34.2±3.7 -2.7±0.3 150 -1.6±0.1 

 
 
 
Table 2. Voltage conditions employed in each one of the microparticle separations. 

ID Description Step 
Run 
time 
(s) 

Applied voltage (V) in each reservoir 

A B C D 

1 Non-optimized sinusoidal signal 

Loading (DC) 10 1500 900 0 1000 

Gating (DC) 5 2000 2000 200 -100 

Injection (DC) 5 200 500 200 0 

Separation (DC bias + AC) 600 200 

350 (DC) 

+ 600 (𝑉௣) 

@ 0.4 Hz 

200 0 

2 Frequency optimized signal 

Loading (DC) 10 1500 900 0 1000 
Gating (DC) 5 2000 2000 200 -100 

Injection (DC) 5 200 500 200 0 

Separation (DC bias + AC) 600 200 

350 (DC) 

+ 600 (𝑉௣) 

@ 1.1 Hz 

200 0 

3 Peak amplitude optimized signal 

Loading (DC) 10 1500 900 0 1000 

Gating (DC) 5 2000 2000 200 -100 

Injection (DC) 5 200 500 200 0 

Separation (DC bias + AC)  800 200 

350 (DC) 

+ 800 (𝑉௣) 

@ 1.1 Hz  

200 0 

4 
DC bias magnitude optimized 

signal 

Loading (DC) 10 1500 900 0 1000 

Gating (DC) 5 2000 2000 200 -100 

Injection (DC) 5 200 500 200 0 

Separation (DC bias + AC)  800 200 

300 (DC) 

+ 800 (𝑉௣) 

@ 1.1 Hz 

200 0 

 

Table 3. Comparison between the COMSOL predicted retention times (tR,p) and the experimentally obtained retention times (tR,e) for each 
of the microparticle separations carried out in this study.  

Separation 
ID 

Rs 
COMSOL 

predicted tR,p (s) 
Experimental  

tR,e (s) 

Deviation  

tR,p  vs. tR,e (%) 

Range of 
deviation in 

repetitions (%) 

1 0.5 182.7 163 -12.1 9-11 
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235 297 20.9 7-9 

2 1.6 
122 162 25 12-16 

235 389 39 18-26 

3 2.7 
118 128 19.2 10-13 

244 305 7.8 10-13 

4 3.1 
113 120 -30 6-7 

239 340 22.5 7-9 

RESULTS AND DISCUSSION 

Microparticle separation employing non-optimized AC signal 

 To establish a control experiment in this study, we carried out a non-optimized separation of the binary 

mixture of similar microparticles by simply applying a low-frequency AC electric voltage similar to those reported 

in our group’s previous work.15,37 Utilizing the suspending medium properties described earlier, the particle 

properties listed in Table 1 and Eqns. (1) to (5), the COMSOL model predicted an electrophoretic velocity (linear 

and nonlinear) antiparallel to the electric field, an electroosmotic velocity parallel to the electric field, and a 

dielectrophoretic velocity with negligible magnitude as shown in Figure S4 (consistent with previously reported 

data70). Then, through Eq. (6), the model estimated the impact of the different EK phenomena on particle dynamics 

and the tR,p values for each particle in a range of applied voltages for the separation step. The experimental results 

of Separation 1 (input voltages listed in the ID1 row of Table 2) are shown in Figure 1B-C. Figure 1B shows the 

particles as they migrate across the post array forming “zones”, with the 5.1 µm red particles migrating ahead of 

the green 5.1 µm particles. The electropherogram of this separation is presented in Figure 1C, which was built by 

analyzing the fluorescence signal from the particles as they eluted from the post array. As expected from observing 

the particle “zones”, the red particles eluted first (𝑡ோଵ,௘ ൌ 163 s), followed by the green particles (𝑡ோଶ,௘ ൌ 297 s). 

This is because red particles have a lower magnitude of 𝜁௉ and 𝜇ா௉,௅ than green ones. The results from three 

distinct repetitions are reported in Table S7, and the deviation between repetitions was in the range of 9 to 11% 

for the red particles and 7 to 9% for the green particles, respectively. From the electropherogram in Figure 1C, 

the separation resolution was 𝑅௦ ൌ 0.5 (Eq. 7), indicating that there is room for improvement in this separation. 

The number of plates per meter (N/m, Eq. 8) were 𝑁ଵ/𝑚 ൌ 990 plates/m and 𝑁ଶ/𝑚 ൌ 1,050 plates/m for red and 

green particles, respectively. Encouragingly, there is fair agreement between the experimental 𝑡ோ,௘ and predicted 

𝑡ோ,௣ values, since, as reported in Table 3, the deviations between the model and experiments ranged from -12.1 to 

-35.3 % and from 7.9 to 21% for red and green particles, respectively. The potential causes for these deviations 

are discussed in detail at the end of the results and discussion section.  
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Figure 1. (A) Illustration of the microchannel employed in this work, depicting the dimensions of the channel and insulating 
posts, as well as the location of the interrogation window used for fluorescence measurements. (B) Image of the microparticles 
beginning to form “zones” within the post array, illustrating the red particles migrating ahead of the green particles (see also 
Supporting Information Video S1). (C) Electropherogram of the microparticle separation built by employing a fluorescence 
signal obtained at the fluorescence interrogation window. This separation was obtained with a 𝑉௣ ൌ 600 V, at 0.4 Hz and a 
DC bias of 350 V.  
 

   Effect of fine-tuning the frequency of the applied AC signal 

The second separation aimed to study the effect of fine-tuning the applied AC signal frequency on the 

separation of the mixture of similar particles. The numerical model estimated the tR,p values for each particle type 

in the separation step of the EK injection process for a range of applied frequencies (see Table S4). The predicted 

difference in retention times of both particle types indicated that separation would be possible for the entire range 

of frequencies evaluated. However, a frequency of 1.1 Hz was selected for experimentation as it exhibited an 

appropriate difference in retention times as indicated by the dotted red rectangle in Figure 2A. Separation 2 was 

then performed with the voltages listed in row ID2 of Table 2 at the frequency of 1.1 Hz and results are shown in 

Figure 2B-C. As expected, the red microparticles migrated faster across the array (see Figure 2B) as they have a 
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lower magnitude of 𝜁௉ and 𝜇ா௉,௅. The electropherogram in Figure 2C illustrates the peaks obtained from this 

separation with retention times of 𝑡ோଵ,௘ ൌ 162 s and 𝑡ோଶ,௘ ൌ 389 s for the red and green particles, respectively and 

𝑅௦ ൌ 1.6. This 𝑅௦ value indicates a significant improvement from Separation 1 (𝑅௦ ൌ 0.5). These results agree 

with the study reported by Modarres et al., where successful sorting of microparticles was achieved by tuning the 

frequency of the applied AC signal.10 Further, these results support the claim that by tuning the applied AC signal 

frequency, the 𝑅௦ of particle mixtures can be improved. This is not to claim that this is the best frequency to be 

utilized in every AC-based separation, but to provide experimental and numerical evidence that for the chosen set 

of particles (see Table 1), 1.1 Hz was predicted and verified to result in an appropriate difference in retention 

times, making 1.1 Hz an adequate frequency to proceed with for the next separation experiments. The experimental 

results had good reproducibility, as deviations between repetitions ranged from 12-16 % and from 18-26% for the 

red and green particles, respectively (Table S7). The efficiencies in terms of N/m also illustrate an improvement 

with 𝑁ଵ/𝑚 ൌ 3,374 plates/m and 𝑁ଶ/𝑚 ൌ 9,532 plates/m for the red and green particles, respectively. There is 

fair agreement between the experimental (𝑡ோ,௘) values and predicted (𝑡ோ,௣) values, with 𝑡ோଵ,௣ ൌ 122 s and 𝑡ோଶ,௣ ൌ

235 s for red and green particles, respectively. The deviation between the computational model and experiments, 

shown in Table 3, were in the range of 21.4 to 39.0% and 12.4 to 39.0% for the red and green particles, 

respectively. As stated previously, the potential causes for these deviations between the model and the experiments 

are assessed at the end of the results and discussion section.  
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Figure 2. (A) Plot of the predicted retention time versus the frequency of the applied AC signal. The red rectangle indicates 
the prediction with appropriate difference in retention times. (B) Image of the microparticles beginning to form “zones” within 
the post array, illustrating that the red particles are getting ahead of the green particles (see also Supporting Information Video 
S2). (C) Electropherogram of the microparticle separation built by employing a fluorescence signal obtained at the 
fluorescence interrogation window. This separation was obtained with a 𝑉௣ ൌ 600 V, at 1.1 Hz and a DC bias of 350 V.  
  

   Effect of fine-tuning the peak amplitude of the applied AC signal 

The third separation studied the effect of fine-tuning the peak amplitude (𝑉௣) of the applied AC signal at 

the selected frequency of 1.1 Hz. Based on the 𝑡ோ,௣ predicted by the COMSOL model (Table S5), the microparticle 

separation was predicted to be feasible with 𝑉௣ values from 400 to 1150 V. After analyzing the results of COMSOL 

predictions for different 𝑉௣ at the fine-tuned frequency (1.1 Hz), the 𝑉௣ ൌ 800 V that resulted in an appropriate 

difference in retention times (indicated by the dotted red rectangle in Fig. 3A) was selected for experimentation. 

Separation 3 was performed with the voltages listed in row ID3 of Table 2, as this combination of voltages should 

produce well-resolved peaks (𝑅௦ ൐ 1.5). Figure 3B shows an image where the red particles are migrating faster 

across the insulating post array, which is as expected from their 𝜁௉ and 𝜇ா௉,௅ values. Figure 3C shows the 
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electropherogram from Separation 3, with the red peak eluting at 𝑡ோଵ,௘ ൌ 128 s and the green peak eluting at 

𝑡ோଶ,௘ ൌ 305 s. Importantly, by increasing 𝑉௣ by 200 V from the 600 V used in Separations 1 and 2, the overall 

applied electric field magnitude also increases, leading to higher overall particle velocities, and resulting in faster 

elution as indicated by the 𝑡ோ,௣ values (Table 3). Separation 3 had a resolution of 𝑅௦ ൌ 2.7, indicating both, a 

complete separation and an improvement in 𝑅௦ from Separation 2 (𝑅௦ ൌ 1.6). The efficiencies in terms of N/m 

also improved with 𝑁ଵ/𝑚 ൌ 45,869 plates/m and 𝑁ଶ/𝑚 ൌ 16,277 plates/m for the red and green particles, 

respectively. Separation 3 had good reproducibility, with deviation between repetitions was in the range of 10 to 

13 % for both the red particles and green particles, respectively (Table S7). There is fair agreement between the 

numerical model and experimental results in terms of 𝑡ோ, with 𝑡ோଵ,௣ ൌ 118 s and 𝑡ோଶ,௣ ൌ 244 s for red and green 

particles, respectively, which correspond to deviations in the range of 7.8 to 27% and 20 to 36% for the red and 

green particles, respectively (Table 3). These results demonstrate that for the chosen set of particles, a 𝑉௣ ൌ 800 

V, which was predicted to result in the best separation, resulted in a successful experimental separation with 

significant increase in 𝑅௦. This also illustrates the value of numerical models to guide experimentation.  
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Figure 3. (A) Plot of the predicted retention time versus the peak amplitude of the applied AC signal. The red rectangle 
indicates the prediction with appropriate difference in retention times. (B) Image of the microparticles beginning to form 
“zones” within the post array, illustrating that the red particles are getting ahead of the green particles. A video of this 
separation is included as Supporting Information Video S3. (C) Electropherogram of the microparticle separation built by 
employing a fluorescence signal obtained at the fluorescence interrogation window. This separation was obtained with a 𝑉௣ ൌ
800 V, at 1.1 Hz and a DC bias of 350 V.  
 

   Effect of fine-tuning the magnitude of the DC bias of the applied AC signal 

The last parameter analyzed in this study was the DC bias of the applied low-frequency AC signal. All 

previous separations were obtained employing a DC bias of 350 V. A set of COMSOL simulations was carried 

out employing a 𝑉௣ ൌ 800 V at 1.1 Hz for a range of distinct DC bias (Table S6). The COMSOL predictions 

illustrated that the appropriate difference in retention times between the particles was obtained for DC bias of 400 

and 450 V, as indicated by the dotted red rectangle in Figure 4A. Separation 4 was initially performed at a DC 

bias of 400 V, which did not result in an improvement in 𝑅௦ (Fig. S5c). Tentatively, this can be attributed to the 

fact that increasing the DC bias results in the applied signal behaving more like a DC signal than an AC signal. As 

discussed in the sections above, fine-tuning of the AC parameters, frequency and 𝑉௣, resulted in improvements of 
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𝑅௦. To further exploit the advantages provided by the fine-tuned AC signal, Separation 4 was attempted by 

lowering the magnitude of the DC bias (in spite of numerical predictions indicating that this would reduce the 

difference in retention times). Nonetheless, as seen in Figure S5b, lowering the DC bias too much, resulted in the 

separation to be too long and thus not desirable due to potential loses in 𝑅௦ and the appearance of Joule heating 

effects.71 However, through these experiments, it was found that a sweet spot exists in DC bias optimization. The 

sweet spot is neither too low to result in an incomplete separation nor too high to behave like a DC signal and 

nullify the advantages provided by the AC signal. The combination of voltages and frequency for Separation 4 

(Table 2) carried out at a DC bias of 300 V, produced significantly improved and well-resolved peaks with 𝑅௦ ൌ

3.1. Figure 4B shows the image of the particles across the insulating post array, depicting the red particle migrating 

ahead, as expected. Figure 4C contains the electropherogram of Separation 4 with the red peak eluting at 𝑡ோଵ,௘ ൌ

120 s and the green peak eluting at 𝑡ோଶ,௘ ൌ 320 s. The value of 𝑅௦ ൌ 3.1 indicates a complete and improved 

separation when comparing with Separation 3 (𝑅௦ ൌ 2.7). The efficiency values of Separation 4 in terms of N/m 

were 𝑁ଵ/𝑚 ൌ 7,404 plates/m and 𝑁ଶ/𝑚 ൌ 17,512 plates/m for the red and green particles, respectively, which 

further illustrate an improvement in the quality of the separation. Excellent reproducibility between experimental 

repetitions were obtained, with deviation between repetitions in the range of 6 to 7 % and 7 to 9 % for the red and 

green particles, respectively (Table S7). In spite of the discrepancy between predictions and experiments in 

Separation 4 for the predicted ∆𝑡ோ  values, with 𝑡ோଵ,௣ ൌ 157 s and 𝑡ோଶ,௣ ൌ 248 s for red and green particles, 

respectively; resulting in deviations in the range of -16.3 to -30 % and 14.5 to 27 % for the red and green particles, 

respectively (Table 3). As indicated by the model, the appropriate difference in retention times was predicted at 

350 and 400 V DC bias, and there is experimental evidence that the quality of resolution obtained in both these 

conditions is similar (𝑅௦ ൌ 2.7 and 2.4). It is important to note the gradual improvement in 𝑅௦ with the optimization 

of each of the three parameters attributed to the applied AC signal, where 𝑅௦ improved from 0.5 to 3.1. 
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Figure 4. (A) Plot of the predicted retention time versus the DC bias magnitude of the applied AC signal. The red rectangle 
indicates the prediction with appropriate difference in retention times. (B) Image of the microparticles beginning to form 
“zones” within the post array, illustrating that the red particles are getting ahead of the green particles. A video of this 
separation is included as Supporting Information Video S4. (C) Electropherogram of the microparticle separation built by 
employing a fluorescence signal obtained at the fluorescence interrogation window. This separation was obtained with a 𝑉௣ ൌ
800 V, at 1.1 Hz and a DC bias of 300 V.  
 

   Electrokinetic mechanisms driving the microparticle separation and analysis of model 

predictions 

 In all the separations (Separation 1-4), linear EK forces are the main mechanisms responsible to separate 

the microparticles. As noted in Table 1, by closely looking at the properties of the negatively charged 

microparticles, the values of 𝜁௉ explain these results. The red particles have a lower magnitude of 𝜁௉ and 𝜇ா௉,௅ 

which means that they experience a lower EP force towards the inlet and have a higher overall velocity (𝐯௉) 

towards the outlet. This higher velocity allows them to migrate across the entire post array faster than the green 

particles, as clearly illustrated in the B and C panels of Figures 1-4. Based on Eq. (4), care was taken to design 

each separation in the linear EK regime to avoid dominant nonlinear EP effects since, for this specific set of 

particles, the magnitudes of the 𝜇ா௉
ሺଷሻ

 mobilities would favor the opposite elution order, i.e., the green particle to be 
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eluted first, because it has the lower magnitude of 𝜇ா௉,ே௅
ሺଷሻ , as noted in Table 1. It must be noted, however, that 

although nonlinear EP effects were not dominant in our experiments they were present and contributed to overall 

particle behavior. Moreover, for a different set of particles, exploiting nonlinear EP effects for separation purposes 

might prove beneficial. Hence, the importance of considering nonlinear effects in the numerical model.  

To further analyze the relative effect of the each one of the four linear and nonlinear EK phenomena 

considered here (linear and nonlinear EP, EO flow and DEP), COMSOL simulations were utilized to predict the 

𝐯௉ and the individual velocities exerted by each EK phenomena on the microparticle migration. These velocity 

predictions were done over a cutline drawn across one constriction between two insulating posts. The velocity 

predictions at the maximum value of the x-component of the electric field generated during the application of one 

cycle of the AC signal, are shown in Figure S4 for all four separations. Figures S4A, S4D, S4G, S4J show one 

cycle of the applied AC signal where the x-component (dominant at the interrogation point) of the electric field is 

plotted with respect to time. Figures S4B-4C, S4E-4F, S4H-4I, S4K-4L illustrate that the separation was 

dominated by the two linear EK phenomena: linear EO and EPL, with a moderate effect of EPNL on the overall 

velocity of Particle 1, thereby confirming that the linear EK regime favors the selected particle elution order. 

Regarding the deviation between modeling and the experimental results observed in Separations 1-4, there are 

several potential possibilities to explain the cause of deviation. Some viable causes include the effects of electric 

field distortion caused by the particle themselves, as they are insulating bodies suspended in the media, and 

dissimilar particle behavior due to particle-particle interactions caused by the relatively high particle 

concentration.72 The high particle concentration in the sample plug introduced with EK injection affects the overall 

particle velocity, as the particles themselves distort the electric field distribution, leading to particle leakage and 

appearance of shoulders in the electropherograms, as seen in Figures 1C, 2C, 3C and 4C. Another potential cause 

for the deviations between modeling and experiments, is the effect of “injection bias” in the EK injection process 

used to introduce the particles into the channel, which would favor the red particles as they have a greater overall 

migration forward.69 These potential reasons provide a tentative explanation for why the model underpredicts the 

𝑡ோ,௣ for red particles which are eluted in the presence of green particles, thus accelerating them; and overpredicts 

the 𝑡ோ,௣ for green particles, resulting in negative and positive deviations from 𝑡ோ,௘, respectively. The mathematical 

model does not currently account for the effects of injections bias and electric field distortion caused by the particle 

themselves and particle-particle interactions. Considering this, and the fact that no empirical correction factors 

were employed,45 the developed COMSOL model is encouraging and useful for designing experimental protocols 

for challenging particle separations. Though the model developed here is not perfect, it is a valuable tool, with 

great room for improvement, for constructing and fine-tuning the appropriate parameters of the applied AC signal 

to obtain efficient resolution in challenging separations.  
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CONCLUSIONS 
This research studied the separation of a binary mixture of similar microparticles, with a small difference in 

particle zeta potentials of only ~14 mV, by using a new strategy that employs low-frequency AC potentials and 

the combination of linear and nonlinear EK effects in an iEK microfluidic system. The use of AC potentials allows 

to fine-tune the characteristics of the applied potential to improve separation resolution, which is an advantage 

over employing DC potentials. A total of four distinct separations were carried out to systematically investigate 

the effect of optimizing each of the three main characteristics for the applied AC voltage: frequency, amplitude, 

and DC bias. Mathematical modeling was performed to select the appropriate conditions for each one of the four 

separations reported here, and the modeling results, in terms of retention time, were in good agreement with 

experimental results. The quality of the separations was assessed by employing the parameters of 𝑅௦ and separation 

efficiency in terms of N/m; showing a gradual improvement from the initial resolution of 𝑅௦ ൌ 0.5, to a final 

resolution of 𝑅௦ ൌ 3.1 of the fully fine-tuned separation. This is the first report on microparticle separation that 

considers the effects of nonlinear electrophoresis in a low-frequency AC-iEK and that studies the effect of fine-

tuning the different control parameters of an AC input voltage on particle separation. Furthermore, by considering 

the characteristics of particles (assessed a priori and independently), and the most recent developments in nonlinear 

electrophoresis, the model predictions allowed identifying the appropriate EK regime (dominant linear or 

dominant nonlinear) and the required combination of voltages for each separation. The separations results had an 

adequate reproducibility in terms of 𝑡ோ,௘ with variations ranging from 6 to 26% between repetitions. This work 

demonstrates that iEK systems coupled with carefully fine-tuned AC voltages have the capacity to effectively 

discriminate and separate microparticles of similar characteristics. Also, although the frequency domain of this 

method is limited to low frequencies and the DC bias can only take values that do not overshadow the 

superimposed AC signal, together with the amplitude of the AC signal, these control parameters provide a 

significantly larger number of possible input voltages to exploit for separation purposes than DC-iEK and 

conventional CE systems do. Future contributions in this field must assess the dynamic range of the technique to 

determine the maximum and minimum differences in particle zeta potential that the device can reliably handle for 

particle separation purposes. Also, it will be important to establish the maximum value of the DC-bias that a given 

input voltage can admit so that the beneficial features of the superimposed AC voltage remain available. 
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