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ABSTRACT 

The research presented in this dissertation is the result of our laboratory’s effort to develop a 

microfluidic platform to interrogate, manipulate, isolate, and enrich rare mammalian cells 

dispersed within heterogeneous populations. Relevant examples of these target cells are stem 

cells within a differentiated population, circulating tumor cells (CTCs) in the blood stream, and 

tumor initiating cells (TICs) in a population of benign cancer cells. The ability to isolate any of 

these rare cells types with high efficiency will directly lead to advances in tissue engineering, 

cancer detection, and individualized medicine. 

 

This work lead directly to the development of a new cell manipulation technique, termed 

contactless dielectrophoresis (cDEP). In this technique, cells are isolated from direct contact with 

metal electrodes by employing fluid electrode channels filled with a highly conductive media. 

Thin insulating barriers, approximately 20 m, serve to isolate the fluid electrode channels from 

the low conductivity sample buffer.  The insulating barriers in a fluid-electrical system create a 

number of unique and interesting challenges from an electrical engineering standpoint. Primarily, 

they block the flow of DC currents and create a non-constant frequency response which can 

confound experimental results attempting to characterize the electrical characteristics of cells. 

Due to these, and other, considerations, the use of high-voltage high-frequency signals are 

necessary to successfully manipulate cells.  

 

The effect of these high frequency fields on cells are studied and applied to microfluidic and 

tissue level applications. In later chapters, theoretical and experimental results show how high 

frequency and pulsed electric fields can ablate cells and tissue. Understanding the parameters 



iii 

 

necessary to electroporate cells aids in the development of cDEP devices where this phenomenon 

is undesirable and gives insight towards the development of new cancer ablation therapies where 

targeted cell death is sought after. This work shows that there exists a finite frequency spectrum 

over which cDEP devices can operate in which cells are minimally affected by the induced 

electric fields.  

  

Finally, lessons learned in the course of the development of cDEP were adapted and applied 

towards cancer ablation therapies where electroporation are favorable.  It was found that bursts 

of high frequency pulsed electric fields can successfully kill cells and ablate tissue volumes 

through a process termed High Frequency Irreversible Electroporation (H-FIRE). This technique 

is advantageous as these waveforms mitigate or eliminate muscle contractions associated with 

traditional IRE technologies. Similarly, the use of fluid electrodes in cDEP inspired the use of an 

organs vascular system as the conductive pathway to deliver pulses. This novel approach allows 

for the ablation of large volumes of tissue without the use of puncturing electrodes. These 

techniques are currently undergoing evaluation in tissue engineering applications and pre-clinical 

evaluation in veterinary patients. 
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Chapter 1: Introduction 

 

 

The research presented in this dissertation is the result of our laboratory‟s effort to develop a 

microfluidic platform to interrogate, manipulate, isolate, and enrich rare mammalian cells 

dispersed within heterogeneous populations. Relevant examples of these target cells are stem 

cells within a differentiated population, circulating tumor cells (CTCs) in the blood stream, and 

tumor initiating cells (TICs) in a population of benign cancer cells. The ability to isolate any of 

these rare cells types with high efficiency will directly lead to advances in tissue engineering, 

cancer detection, and individualized medicine.  

 

Isolation of rare mammalian cells typically relies on two mechanisms: mechanical filtration or 

antibody labeling. Mechanical filtration techniques result in high specificity and enrichment 

ratios in cases where the target cells have significant geometrical or mechanical differences. 

Similarly, when the surface proteins of a target population are well defined and understood, 

antibody labeling techniques are highly successful. Numerous scientifically interesting target 

cells fail to meet these criteria, providing the motivation and need for the development of 

advanced sorting techniques.  

 

Dielectrophoresis (DEP), a force which induces the motion cells in a non-uniform electric field, 

provides an extra dimension of properties to aid in the interrogation and manipulation of cells. 

The motion of cells experiencing this force is dependent on their size, shape, and electrical 

properties. The electric fields employed in this technique can be either static or dynamic, and 

swept over a large frequency spectrum. This allows for the isolation of cells based on specific 

characteristics in their cytoplasm, cytoskeleton, nucleus, and cell membrane including the 

presence of surface proteins and morphological differences. 

 

As dielectrophoresis employs electric fields in conductive media, the effects of these fields on 

interrogated cell populations must be considered. In the absence of an external field, the voltage 

drop across a cell membrane, or transmembrane potential (TMP), is typically on the order of -70 
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mV and is due to active ion and molecular transport necessary for homeostasis. In this resting 

state, the 5 nm membrane experiences an electric field of approximately 14 MV/m (140 kV/cm) 

and is negligibly affected by the resulting electro-thermal processes. In a static electric field, 

redistribution and reorientation of ions causes an increase in the voltage drop across a cell‟s 

membrane. The increase in TMP is highly dependent on the magnitude and frequency of the 

applied field, as well as the radius of cell. As the TMP is elevated, thermal mechanism increase 

the mean intermolecular distance and transport of molecules across the membrane increases. 

Experimental and theoretical analysis suggest that in an attempt to minimize this mean free 

energy, hydrophilic and hydrophobic pores form within the cell membrane in a process generally 

referred to as electroporation (EP).  

 

Typically, the electroporation effect is temporary and after the external field is removed, cells 

return to their resting state. However, if the TMP is elevated above a certain threshold 

(approximately 1 V), the cell membrane is permanently destabilized resulting in cell death. Due 

to the capacitive nature of the cell membrane there is a delay between the onset of the electric 

field and the TMP reaching its maximum value. If the electric field is pulsed or oscillated with 

switching times shorter than the charging time of the cell membrane (approximately 10 

microseconds for mammalian cells), then the electroporation effects are mitigated.  

  

Irreversible electroporation (IRE) is of strong interest in tissue ablation fields, but is undesirable 

in searching and sorting applications where culture and analysis of cells is desired post 

processing. The presence of these effects in devices which employ dielectrophoresis is a 

significant challenge and is the basis for the hypothesis driving this work: There exists an 

optimal frequency range in which rare cells of interest can be sorted using dielectrophoresis 

while being negligibly impacted by the effects of electroporation.   
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Chapter 2:  Rare Cell Isolation 

Rare cells, those found in low proportion in a fluid or heterogeneous mixture, often have a large 

impact on biological systems.  A few spores of toxic bacteria in a drinking supply can endanger a 

large population. Scarce circulating tumor cells in a blood sample can indicate a patient‟s 

development of metastatic cancer. Methods of finding these and other rare cells are essential for 

the development of clinical diagnostic tests and new therapeutic techniques as well as providing 

pure populations for cell for comprehensive cell biology 
7
.  In addition the ability to isolate and 

enrich rare cells plays an important role in homeland security and water purity applications 
8
.  

 

Magnetic-activated cell sorting (MACS) and Fluorescence-activated cell sorting (FACS) are the 

state of the art in cell isolation and enrichment. These techniques use antibody-conjugated 

magnetic beads and fluorophore-conjugated antibodies to label and process target cells.  Systems 

employing MACS and FACS provide high throughput screening; however, they have large 

initial and operational costs, require specialized training, may affect cell fate and function due to 

sheer stress 
9
. There are a myriad of other cellular properties which can be targeted and exploited 

using microfluidics to isolate and enrich cells without the need for specific cell markers. This 

chapter will describe in detail the use of surface, volumetric, mechanical, and electrical 

properties of cells which can be manipulated to detect rare cells. 

 

2.1. Sized Based Isolation  

An obvious and easily characterized property of cells is their physical size. Human cell sizes 

span three orders of magnitude, from 6-8 micron for red blood cells to over 130 micron for the 

ovum and some nerve cells. Additionally, the size distribution of a specific cell type may vary 

based their on state or health and a number of interesting and useful methods for isolating cells 

based on size have been developed. This section will focus on three different types of sized 

based techniques, namely, mechanical exclusion, hydrodynamic separation, and inertial 

separation.  

 

2.1.1. Mechanical Exclusion  
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The simplest microfluidic sorting methods aim to improve macro-scale exclusion filtration in 

which samples are driven through a porous filter. Microfabrication techniques improve the 

selectivity of exclusion filtration by capitalizing on the resolution of photolithography to produce 

pillars or gratings with precisely controlled distances. Excluding membrane filtration, three main 

types of microfluidic exclusion filtration will be discussed in this section, pillar-type, weir-type, 

and cross flow-type filtration.  

 

Pillar-type filtration 

Pillar-type filtration devices are the simplest form of exclusion filtration. Typically, pillars are 

fabricated in parallel rows such that the edge to edge spacing of the pillars decreases in 

subsequent columns. As cells are passed through the device, large cells become physically 

trapped allowing smaller cells to pass freely. Once the desired sample has been passed through 

the device, it is flushed with clean buffer in the opposite direction to retrieve the trapped cells. 

This technique is exceedingly simple and effective when the target cell is much larger than the 

background cells and their population is small.  Mohamed and colleagues used this technique to 

show that using this technique, breast, colon, and kidney cancer cells could be isolated from 

whole blood in samples containing approximately 13,000:1 red blood to cancer cells 
10

. The 

advantages of this technique are abundant; Fabrication is simple and can be accomplished using 

mass fabrication techniques, operation is achieved using simple pumping mechanisms and can be 

automated, flow rates can be increased by adjusting the channel width, and sample recovery is 

trivial. This type of device, however, has a critical drawback in that flow rate diminishes as the 

number of cells trapped increases and the channel becomes clogged. The remaining mechanical 

exclusion techniques aim to overcome this challenge.  

 

 
Figure 2-1: Pillar-type filtration devices reversibly trap cells based on size. Recovery of cells is achieved by the 

device with flushing clean buffer in the opposite direction. 
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Cross-flow filtration 

Cross-flow filtration devices consist of a central sample channel with a filtration mechanism 

separating adjacent filtrate channels. The first microfluidic incarnation of this technique was 

proposed by Brody and colleagues in 1996 
11

. In this device, triangular pores were etched into 

silicon between two microfluidic channels. Brody demonstrated the ability to remove 16 m 

spheres from a sample, and theoretically, this technique could filter particles as small as 0.1 m. 

This method has been adapted to polymeric microdevices by using rows of pillars with a narrow 

edge-to-edge spacing or shallow side channels. In both cases, the gap between features is larger 

than the background particles and smaller than the target cells. Using a pillar type cross-flow 

filtration device, Chen and colleagues were able to remove 82.3% of red blood cells from whole 

blood 
12

. VanDelinder and Groisman demonstrated a polymeric device with shallow side 

channels recover 10% of the total plasma volume from whole blood at 0.65 L/hour 
13

. In a more 

recent work by the same authors, shallow side perfusion channels were used to simultaneously 

remove red blood cells from whole blood and exchange the hematocrit with a new buffer 

resulting in an approximate 4000 fold increase in the white blood cell fraction 
14

.  

 

 

Weir-type filtration 

Weir-type filtration devices get their name from a simple dam which allows water to flow over 

its crest. The microfluidic adaption of these devices uses parallel channels which are separated 

by continuous barriers which extend to from the channel floor and produce a small gap between 

the barriers and the channel‟s ceiling. When fluid is driven through the main channel, some fluid 

and any particles smaller than the gap are allowed to flow into the side channels. These devices 

have achieved a high degree of success in the isolation of red blood cells from plasma and 

 
Figure 2-2: Cross-flow filtration devices use side channels which are inaccessible to larger particles to filter 

background cells or media from the sample. 
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plasma from whole blood suspensions. Chen and colleagues were able to remove 91.2% of red 

blood cells from plasma and separate 27.4% of white blood cells from whole blood with a 

throughput of 10 L/min 
12

.  

 

 

2.1.2. Hydrodynamic Filtration 

Hydrodynamic filtration methods operate on the principal that at low Reynolds number, the 

center of a particle will follow the fluid streamline on which it is situated. These devices aim to 

manipulate the streamlines of the fluid to alter the path that cells of a specific size will follow.   

 

Deterministic Lateral Displacement 

Deterministic lateral displacement is a method in which migration paths for particles is precisely 

determined by manipulating the laminar flow around an array of obstacles 
15

.  In each row, the 

obstacles are separated by a center-to-center distance, d. Each subsequent row of obstacles is 

shifted horizontally by a distance, d. As the flow exits the gap between two obstacles, it 

 
Figure 2-3: Weir type filtration device allows fluid to flow between a main channel and side isolation channels 

while excluding cells larger than the gap between the channel ceiling and the barriers. 
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bifurcates into d/d lanes around the obstacles in the next row.  Due to the laminar nature of the 

flow, a consequence of the low Reynolds number in the microfluidic context, the lanes do not 

cross or mix.  As these lanes go through subsequent rows of obstacles, their order shifts by one 

(e.g. Lane 1 becomes lane 2, lane 2 becomes lane 3, and lane d/d becomes lane 1). The lanes 

regain their original position after passing through d/d rows. Neglecting diffusion, particles 

with a radius smaller than d will follow the fluid streamlines and shift one lane as it passes 

through each set of obstacles, returning to its original position every d/d rows. These smaller 

particles follow a zigzag path with no net movement in the lateral direction.   

 

In laminar flow, particles the center of a particle tends to travel along the same continuous 

streamline. When the radius of the particle exceeds d, the net effect is different. Take for 

example, a large particle which has its centerline in the middle of the first lane. If the particles 

radius is larger than the width of the first lane, then part of the particle occupies the two adjacent 

lanes. As the approaches an obstacle, it is bumped from the first lane, into the second, shifting its 

centerline onto an adjacent streamline. This process repeated every time the particles lane is 

 
Figure 2-4: Schematic of a deterministic lateral displacement device. Particles with radii less than the 

width of the lanes remain on their original streamlines and have zero net displacement. Larger particles 

are bumped from their streamlines and exhibit a net displacement. 
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directly adjacent to an obstacle. The result is a net displacement of the particle. Huang et al. 

originally demonstrated this techniques ability to isolate particles based on their size with a 

resolution of 10 nanometers
15

. Davis et al. demonstrated the ability to separate white blood cells 

from red blood cells and platelets as well as the ability to produce purified, cell free, plasma 

using this technique 
16

. In addition, Inglis, Lord, and Nordon achieved a tenfold enrichment of 

leukocytes at flow rates of greater than 1 mL per minute in a parallel lateral displacement 

device
17

. 

 

Hydrophoretic Separation 

Hydrophoresis is the motion of a cell due to changes in the local pressure field. Devices to 

manipulate particles using this force typically employ structures on the top and bottom of a 

channel which are slanted perpendicularly to the fluid flow 
18,19

. The geometry of these structures 

creates an anisotropic fluidic resistance which generates a secondary transverse flow 

perpendicular to the direction of the bulk flow. These convective vortices force cells to follow 

size dependent streamlines along the length of the grooves.  

 

 

 
Figure 2-5:  Hydrophotetic devices use specifically designed geometric features to manipulate particle 

streamlines. (Top) From the top, structures are slanted perpendicular to the flow. (Bottom) From the side, 

structures alternate between top and bottom of the device. 
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Choi and Park originally demonstrated this technique to separate microparticles based on their 

size and showed that pressure gradients can be intrinsically created by the geometry of a device 

to manipulate particles 
18

. This technique was later used to enrich white blood cells 210-fold 
20

. 

Whole blood was passed through a device which first focused both types of cells along a single 

edge of the channel. The cells then passed through a region containing slanted structures which 

allowed the red blood cells to pass unobstructed, but forced the white blood cells to the opposite 

side of the channel before they could continue downstream. 

 

 

This technique exhibits a high degree of sensitivity towards the size of target cells. Choi et al. 

later demonstrated this with U937 human leukemia monocytes by isolating cells based on their 

cell cycle. The differences in cell radii between the G0/G1 and G2/M phases were significant 

enough to sort a heterogeneous population into these phase sets 
21

. This technique has also 

recently been demonstrated to isolate platelets from dilute whole blood with 76.8% purity using 

ten channels in parallel to achieve a flow rate of 12 mL/hour
22

.  

  

2.2. Mass Based Isolation  

 

2.2.1. Inertia  

 
Figure 2-6: Schematic of a hydrophotetic and sized based exclusion device to continuously sort 

cells (Adapted from Choi et al 2007). 
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Typically, microfluidic devices operate in a regime where viscous forces dominate the inertial 

forces acting on particles. This ratio of these forces is often represented by a dimensionless term, 

the Reynolds number (Re).  

   
   

 
 

  

 
 [4.1]  

 

      

   
 

                

               
 [4.2]  

 

V is the mean velocity of the object relative to the fluid [m/s],   L is a characteristic linear 

dimension [m]    is the dynamic viscosity of the fluid [kg/(m·s)],   is the kinematic viscosity 

[m²/s] and   is the density of the fluid [kg/m³].    However, with careful manipulation of device 

geometries and fluid velocities, inertial forces can be used to manipulate cells. It can be seen that 

for microfluidic channels with dimensions on the order of 100 m and flow velocities near or 

below 0.01 m/s, the Reynolds number approaches 1, implying that inertial and viscous forces can 

play significant roles in the behavior of the fluid and particles
23

.  This assumes a sample fluid 

with density and viscosity similar to water (0.001 Pa s, 1000kg/m
3
). It should be noted that 

in this regime laminar, not turbulent flow, expected except in the most extreme cases.   

The first of two main inertial effects in microfluidic devices is the inertial migration of particles 

within a confined channel. Particles traveling in a microfluidic flow experience drag forces 

parallel to the direction of the flow, a result of normal and sheer stresses, and a lift force 

perpendicular to the flow. For geometries with Reynolds number close to 1, the lift forces acting 

on the particles scale differently depending on the location of the particle within the channel 
24

. 

This gives rise to a wall effect lift which acts away from the wall towards the center line and a 

shear gradient lift that acts from the center line towards the wall in Poiseuille flow. These two 

components give rise to inertial lift equilibrium locations 
25

.  

 

The second effect is seen in the inertial migration of particles in curved channels. Migration 

occurs because of a combination of inertial effects on the particle and the influence of Dean 

flow, or recirculating fluid flow caused by a radial pressure gradient, within the curved channel 

26
. These two components act in superposition resulting in unique equilibrium positions which 
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are dependent on particle size 
27

. The Dean number, Dn, characterizes the effects of the 

recirculating flow 

 

      [
 

 
]

 
 
 

[4.3]  

 

where R is the channel radius of curvature, and d is the hydraulic diameter of the channel. 

Assuming properly designed channel dimensions, low flow rates, and low Dean numbers (Dn  

1), result in centrifugal effects which are too small to influence the flow 
28

.  At higher flow rates, 

(Dn  10), the recirculating flows begin to alter the behavior of the bulk flow. Lee et al. 

demonstrated that Dean flows can be induced in straight channels in which the cross-sectional 

area of the channel is rapidly increased and decreased 
29

 and implemented this technique to 

isolate blood plasma with a purity of 62.2% at 1.2 mL/hour. Hur et al. showed that cells can be 

sorted based on size and deformability in their recent work isolating metastatic cells from normal 

and benign cells from the same origin 
30

.  

 

2.2.2. Gravity / Sedimentation  

Typically, microfluidic devices contain shallow channels in which the location of particles in the 

z-plane is constrained or considered irrelevant to device performance. However, in some 

microfluidic systems the effect of gravity, buoyancy, and sedimentation can be beneficial in 

isolating particles. In the absence of any other force fields, a fully submerged spherical cell is 

subject to gravitational, buoyant, and drag forces. 

  ̈  (  
 

 
    )  ⃗       ̇ [4.4]  

where m and d are the mass and diameter of the cell,  and  are the density and viscosity of the 

suspending fluid,  ⃗ and z are the acceleration due to gravity and the spatial coordinate in the z 

direction, respectively 
31

. By carefully tuning the fluid velocity within a microfluidic channel, the 

sedimentation time of certain particles can be tuned for separation.  Huh et al. showed that the 

sedimentation velocity,               , can be used to predict the sedimentation profile for 

beads and perfluorocarbon droplets 
32

 [ is the difference in viscosity between the particles and 

the suspending fluid]. Experimentally, they used a planar microfluidic channel turned on its side 
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to isolate 1 and 20 m beads with purity greater than 99%. Warrick et al. modified this principal 

to create a micro-cell concentrator capable of increasing the concentration of target cells 50-fold 

33
. 

 

Gravity based microfluidics are relatively new, however, these and other mass based sorting 

techniques are ideal platforms for cell searching as they rely on a single intrinsic force field. 

Relying on gravitational and inertial forces rather than electric or magnetic forces for sorting 

vastly simplifies the operation of these devices. A challenge remains in increasing the selectivity 

of these devices towards rare cells which may be similar in mass and size to their more populous 

counterparts, however, as presented earlier 
30

, the deformability of specific cell types may 

provide an additional exploitable property in these devices. 

 

2.3. Electrical Based Isolation  

 

2.3.1. DEP  

 

The first experiments with dielectrophoresis were described by Hebert Pohl in his 1951 article 

“The Motion and Precipitation of Suspensoids in Divergent Electric Fields”.  In this work, a 

straight wire electrode was placed vertically in the center of a 10 cm Petri dish.  A foil band, 

placed around the inner ring of the dish, was used as an outer electrode.  When particles of 

carbon or polyvinyl chloridepolyvinyl acetate copolymers were suspended in a media and 10,000 

volts (AC or DC) were applied, the particles rapidly accumulated near the center electrode. 

Subsequent experiments were conducted to determine with a high degree of certainty that this 

motion was not due to electrokinetics, the motion of a charged particle in a uniform electric field.  

 

In the early 1990‟s many researches began to fabricate complex electrode arrays on silicon and 

quartz substrates. The new level of precision and scale allowed for the creation of complex 

geometries and new methods of inducing dielectrophoretic effects. Fuhr was the first to 

demonstrate linear motion of particles using a array of electrodes powered by a traveling square 

wave voltage  
34

. The small scale of these devices and their increased surface to volume ratios 

reduce the effects of joule heating and electrolysis, which on the macro-scale were mitigated 
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through the use of low conductivity solutions (on the order of 10
-4

 S/m). This allowed, for the 

first time, the use of physiologically relevant media (conductivity on the order of 1 S/m) and the 

dielectrophoretic study of mammalian cells in their natural state
35

. Since this development, many 

other planar electrode geometries have been developed to facilitate the isolation and enrichment 

of rare cells using dielectrophoresis.  

 

Dielectrophoresis field flow fractionation (depFFF) devices exploit the balance between DEP 

levitation, hydrodynamic lift, sedimentation, and fluid drag to influence the elution times to 

isolate cells. Using this technique, Gascoyne and colleagues recently demonstrated a tumor cell 

isolation efficiency of 92% in a (depFFF) device using an electric field generated at 60 kHz 
36

. 

Other groups have used interdigitated, castellated, and pin-plate geometry electrodes to trap 

DNA 
37

, viruses 
38

, and cells 
39-41

. In these devices, the electrodes are patterned onto the bottom 

of the sample channels. This results in a high DEP forces near the surface of the electrodes which 

diminishes as particles move further from the channel surface, however, some groups are 

developing three-dimensional electrode structures to provide uniform electric fields throughout 

the channel depth 
42

.  

 

2.3.2. Insulator Based Dielectrophoresis  

 
Figure 2-7:  Traveling wave DEP device trap cells in an electric field which moves along the channel. The 

polarity of specific electrodes is alternated driving cells down the channel. 
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Insulator based dielectrophoresis (iDEP) devices employ insulating structures within a 

microfluidic channel to produce non-uniformities when electrodes are inserted into the ends of 

the channel 
43,44

.   

 

 

The concept of trapping cells using dielectrophoresis without the use of embedded electrodes 

was first presented by Cummings and Singh in 2000 
45

. Lapizco-Encinas and colleagues 

demonstrated the ability of this technique to trap live and dead E. coli cells using a DC electric 

field of 400 V/cm in a glass channel containing an array of insulating pillars 
8
 . The difference in 

Clausius-Mossotti factor between the live and dead cells resulted in a banding effect between 

pillars in which dead cells occupied an inner region close to the insulating pillars and live cells 

occupied a separate region further from the pillars. This group later demonstrated the ability of 

this technique to enrich spores and viruses and the potentiality of this technique to isolate 

bacteria, cells, and inert particles from each other 
44

. 

 

In a device with 40 m edge to edge pillar spacing, Lapizco-Encinas et al. further demonstrated 

the ability of iDEP to enrich proteins
46

 and Gallo-Villanueva later showed enrichment of DNA in 

a similar device 
47

. More recently, Moncada-Hernandez and Lipizco-Encinas demonstrated the 

 
Figure 2-8: iDEP is facilitated using electrokinetic flow to drive particles into regions of highly non-

uniform electric field produced by insulating structures within the channel. 
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ability of iDEP to simultaneously enrich and isolate bacteria from yeast cells with enrichment 

factors of 50 and 37, respectively 
48

. This was accomplished by applying a 1500 V/cm field for 

60 seconds, then decreasing the field to 500V/cm to release the bacterial cells, and finally 

reducing the field to 200 V/cm to release the yeast cells and flush them downstream.   Davalos 

and colleagues showed that polymer based iDEP devices performed as well as those fabricated in 

glass and that the addition of surfactants to the media greatly reduces the electric field necessary 

to trap particles 
49

. The evaluation of cell populations after enrichment was later demonstrated 

through the inclusion of a downstream impedance sensor 
50

. 

 

Pysher and Hayes demonstrated the versatility of iDEP geometries using a channel containing 

saw-tooth features which were places sequentially closer together 
51

. In this device, bacterial 

cells were driven, by electrokinetic force, through regions with progressively increasing field 

gradients and it was found that live and dead cells trapped in distinct regions.  

 

2.3.3. Contactless Dielectrophoresis  

Contactless dielectrophoresis (cDEP) is a method of cell manipulation first demonstrated by 

Shafiee and colleagues 
52

. The devices consist of fluid electrode channels filled with a highly 

conductive media, typically phosphate buffer solution, and a sample channel.  A thin insulating 

membrane between the fluid electrode channels and the sample channel serves to isolate the 

sample from direct contact with metal electrodes. Capacitive coupling between the electrode 

channels and the sample channel occurs when an AC voltage is applied across the fluid electrode 

channels and a non-uniform electric field is produced within the sample channel. Shafiee et al. 

demonstrated a method to enrich live human leukemia cells form a mixed population of live and 

dead cells in a cDEP device containing insulating pillars within the sample channel 
53

. A mixed 

sample of live and dead cells was driven through a sample channel using pressure driven flow at 

a rate of 0.02 mL/hr. Fluid electrodes separated from the sample channel by a 20 m barrier 

created a non-uniform electric field in a trapping region containing insulating pillars. When a 50 

VRMS signal was applied at frequencies between 200 and 500 kHz, greater than 90% of the live 

cells became trapped near the insulating pillars while all dead cells passed freely through the 

device.  
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Later, Shafiee et al. demonstrated the ability of cDEP to isolate live THP-1 cells from a mixed 

population containing similarly sized 10 m beads using positive DEP when 70 VRMS at 300 kHz 

was applied 
54

. They also demonstrated the ability to enrich 2 m beads using negative DEP at 

190 VRMS and 300 kHz.  

 

Typically, the impedance of the insulating barriers will dominate the system at frequencies below 

100 kHz causing a large proportion of the applied voltage to drop across the barriers. Above 100 

kHz, the capacitive nature of the barriers causes their total impedance to roll off, allowing a 

voltage to drop across the sample channel resulting in the formation of a strongly non-uniform 

electric field.  Numerical and experimental evaluation of these devices indicate that the value for 

   ⃗⃗   ⃗⃗  in the sample channel must be approximately 1x10
12

 V
2
m

-3
 to successfully manipulate 

cells 
55

.  

 

Improvements of the frequency response of cDEP devices focus on two main factors, namely 

increasing the capacitance of the insulating barriers and increasing the resistance of the sample 

channel between the fluid electrodes. An increase in barrier capacitance causes the impedance of 

 
Figure 2-9: cDEP is facilitated by pressure driven flow which drives cells into regions of highly non-uniform 

electric field produced by fluid electrode channels which are isolated from the sample by a thin membrane. The 

addition of pillars within the sample channel increases the non-uniformity of the field.   



 17 

the barriers to roll off sooner resulting in a larger proportion of the voltage drop across the 

sample channel at lower frequencies. Similarly, because an equal current must flow through the 

barriers and the sample channel, increasing the resistance of the sample channel increases the 

proportion of the voltage drop which occurs across the sample. The physical geometry and the 

material properties of the materials present in this system influence the resistance (      ) 

and capacitance (         ) of each element where   and    are the resistivity and relative 

static permittivity of the material respectively, A is the cross-sectional  area, L is the length of the 

resistor and d is the separation distance between two conductive components.  

 

Increasing the resistance of the sample channel between the fluid electrodes can be achieved by 

increasing the length of sample channel between the fluid electrodes, reducing the depth or width 

of the sample channel, or by decreasing the conductivity of the sample buffer. Reductions in the 

depth and width of the sample channel have the undesirable consequence of reducing the total 

throughput of the device for a constant volumetric flow rate. Mammalian cells are typically 

sensitive to conditions in sample media, such as its osmolality. Currently, the sample buffer used 

in a cDEP device with living cells has a conductivity of approximately 100 S/cm. Identification 

and use of a lower conductivity physiologically relevant media has the potential to greatly 

improve device frequency responses.  

 

Increasing the capacitance of the insulating barriers can be achieved by increasing their height or 

width, decreasing their thickness, or by selecting substrate materials with higher relative 

permittivities. Currently, most cDEP devices employ insulating barriers which are 20 m thick 

which is approaching the limit of what can be reliably fabricated using traditional soft 

lithography stamping techniques.  

 

Sano et al. recently demonstrated a contactless dielectrophoresis device capable of operating 

over a wide frequency spectrum between 1 kHz and 10 MHz 
55

. This allowed for the 

manipulation of mammalian cells using cDEP at frequencies at which the Clausius-Mossotti 

factor can be either positive or negative. This device has been used to examine the cross-over 

frequency and calculate the area specific membrane capacitance of breast cancer, leukemia, 

white, and red blood cells 
56

.  
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The dielectrophoretic phenomenon was first discovered over 60 years ago. However, recent 

advances in MEMS fabrication technologies have reduced the dimensions over which these 

forces are applied. Precision fabrication is dramatically increasing the sensitivity of this 

technique and mass fabrication methods such as injection molding and hot embossing are 

essential in bringing this technology closer to clinical application. This chapter introduced the 

use of surface, volumetric, mechanical, and electrical properties to detect rare cells. Each of these 

techniques has advantages and drawbacks; however, in conjunction they have to potential to 

isolate rare cells with unprecedented specificity. Furthermore, the combination of these 

techniques with electrochemical and impedance sensors, micro pumps and transducers, and 

picoliter analysis holds great promise in bringing BioMEMS to a clinical reality. 
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Figure 3-1: Original concept for perpendicular 

AC and DC electric fields. Insulating pillars 

separate the vertical and horizontal channels 

 

Chapter 3:  Concept and Development of Contactless 

Dielectrophoresis 

 

The original concept for contactless dielectrophoresis 

(cDEP) came from an attempt to develop a microfluidic 

system which used DC electric fields to drive samples 

through a sample channel and perpendicular AC 

electric field to deflect cells into different paths. This 

concept was an attempt to improve the selectivity of 

iDEP technologies by interrogating cells based on their 

frequency dependent, rather than DC, Clausius-

Mossotti factor. The original design consisted of a T-

shaped microfluidic channel shown in Figure 3-1. The 

entire device would be primed with a low conductivity 

isotonic solution suitable for mammalian cells. A DC 

electric field would be used to drive cells from left to right through the device. At the center of 

the device, the sample channel would widen abruptly and at a specific angle. At this location a 

vertical channel intersects the main channel and an array of closely spaced pillars form a „wall‟ 

such that fluid and current can flow freely, but cells could not enter the vertical channel. 

Theoretically, An AC signal applied across this vertical channel, combined with the rapid 

 
 

 

Figure 3-2: Numerical simulations for original perpendicular fields concept. [Left] The DEP field 

[V/m
3
] within the device is not „uniform‟ or symmetric over the width of the channel. The pillars create 

regions of very high gradient in the electric field which could impact experimental results. [Right] 

Electrokinetic fluid velocity [m/s] simulations show that the fluid velocity decreases substantially when 

the channel widens. This could be advantageous as cells would experience DEP forces for longer.   

 



 20 

widening of the horizontal channel will induce a frequency dependent DEP force that will deflect 

cells in the y-direction. By sweeping the frequency of the applied voltage and monitoring the 

deflection of the cells, the electrical characteristics of the cells can be determined. This design 

paradigm is advantageous as it allows for the use of perpendicular voltages from DC to very high 

frequency AC with minimal electrical considerations. However, the low conductivity buffer in 

the vertical channel would present a significant resistance and there would be a voltage drop 

across that channel which must be accounted for when determining appropriate experimental 

parameters.  

Cells typically cannot survive in deionized water, and the low conductivity, isotonic solution 

typically used experimentally has a conductivity of approximately 100 S/cm.  The electric field 

in these devices is applied across the entire sample volume and the fluid temperature would 

increase due to Joule heating. As the DC potential used in this configuration is responsible for 

fluid pumping only, this effect might be mitigated if fluid velocities are kept low. The AC 

potential used would likely be quite substantial, on the order of 1000 VRMS. This would likely 

result quantifiable Joule heating at the very center of the device.   

 

In this initial concept geometry, the pillars which separate the vertical and horizontal channels 

introduce anomalies in the electric field. As current pathways are distorted around these pillars, 

regions of very high gradient of electric field are formed.  Figure 3-2 shows the distortions in the 

  
Figure 3-3: Thermal model of the perpendicular field concept device incorporating fluid heat transfer and 

electrokinetic flow.  1000 VDC is applied across the 1 cm long horizontal channel with 0.01 S/m conductivity 

buffer. [Left] The temperature within the device begins to increase within 1 second of applying the field. [Right] 

After 1 minute, the temperature within the sample channel has increased by 27 C.  
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DEP field. Ideally, designs would be optimized such that the DEP field is uniform in the 

transition zone so that the vertical location of cells does not drastically influence how they 

behave in this region. The presence of the pillars creates regions of high and low DEP forces in 

the transition region. This effect can be mitigated by reducing the distance between the pillars 

and the total number of pillars along the length of the transition zone. This strategy, taken to its 

extreme, is the origin of the contactless dielectrophoresis platform. 

 

In contactless dielectrophoresis (cDEP) a solid barrier, rather than pillars, isolates the 

perpendicular fluid channels as shown in Figure 3-4. This eliminates most of the non-

uniformities in the DEP field within the transition region, but introduces a number of challenges 

that must be overcome. The primary consideration, and the focus of much of this document, is 

that a solid barrier acts as a capacitor, blocking direct currents. This limits the effective operating 

region of this device to medium and high frequencies, though as will be shown in Chapter 11:, 

with careful consideration, DC fields can be employed in specific cDEP geometries.  
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Preliminary models of the cDEP platform were conducted using the conductive media module in 

COMSOL 3.5 using a time dependent simulation, shown in Figure 3-5. The design consists of 

two fluid electrode channels with a conductivity of 1.4 S/m, a sample channel with conductivity 

of 0.001 S/m and two insulating barriers with conductivity of 0.83x10
-12

. A potential of 

500*sin(100*t) was applied to the distal boundary of the top fluid electrode channel. It should be 

noted that 500 Vpeak is 353.5 VRMS. The resulting simulation, shown in Figure 3-5, shows four 

regions of high electric field form within the sample channel. These regions correspond to the 

corners of the fluid electrode channels and are the regions where particles experiencing positive 

DEP will trap. There is also a region of relatively low electric field at the center of the sample 

channel where particles experiencing negative DEP will tend to trap.  Figure 3-5 shows 

experimental results from a cDEP device with a 50 micron wide sample channel and 50 micron 

 
Figure 3-4: Comparison of perpendicular fields approaches. [Left] The original concept uses a continuous 

sample channel with pillars which block cells from entering certain regions. The angle and spacing between 

pillars creates the DEP force used to manipulate cells. [Right] The contactless dielectrophresis concept device 

physically isolates the sample and electrode channels with a solid barrier. The geometry of the barrier and 

sample channel influence the DEP force. Light grey regions contain a low conductivity isotonic buffer while 

dark grey regions contain a high conductivity buffer. 
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thick barriers. When 150 VRMS is applied at 600 kHz, 4 micron beads experience a positive DEP 

force and are trapped along the edges of the sample channel.  

 

These preliminary modeling and experimental results show the feasibility of the cDEP platform. 

Modeling these systems in the time domain provides some important insight into temporal 

changes occurring as the field oscillates and the charging time of capacitive membrane between 

the sample channel and the fluid electrodes. The following chapters will outline methods for 

determining the frequency response of these devices.  

 

 

 

 

 

 

 

 
 

 

Figure 3-5: Numerical analysis and experimental validation of a simplified cDEP geometry. [Left] A 

sinusoidal 500 Vpeak potential is applied to the fluid electrodes. [Right] 4 micron beads trapping in regions 

of high electric field gradient when 150 VRMS is applied at 600 kHz.  

 



 24 

Chapter 4: Theory 

The application of a voltage across conductive and dielectric materials will induce an electric 

field  

 ⃗⃗       [4.1]  

 

where   is the applied voltage. Under the influence of this electric field, dielectric particles 

immersed in a conductive fluid will become polarized. If the electric field is non-uniform, 

particles are driven towards the regions of  field gradient maxima by a translational 

dielectrophoretic force ( ⃗   ) 
57

 

 

 ⃗          | ⃗⃗⃗   ⃗⃗⃗| [4.2]  

 

where      is half the induced dipole moment, of the particle. For a spherical particle, this 

quantity can be represented as: 

 

                     
[4.3]  

 

where r is the radius of the cell,    is the relative permitivity of the suspending medium, and 

         is the real part of the Clausius-Mossotti (C-M) factor.  
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where   
  and   

  are the permittivity of the cell and suspending medium respectively,   is the 

conductivity,   is the frequency of the applied field, and   √  . 

A particle independent DEP vector can be defined as 

 [4.6]  
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[4.9]  

 

where  ̂  is a unit vector in the j direction. From this, we can see that the motion of a particle due 

to DEP is highly influenced by the magnitude of the applied voltage as well as the spatial non-

uniformity, in all three dimensions, of the electric field created.  

 

 

The application of a uniform electric field to an ionic liquid in a microfluidic field gives rise to 

electrical double layer (EDL) formation along the channel wall. The ions closest to the channel 

walls are subject to strong electrostatic forces which cannot be overcome by thermal diffusion. 

As result, these ions are statically bound to the surface of the channel forming a fixed Stern 

layer. The electrostatic force within the EDL deteriorates further from the channel surface and 

mobile ions begin to move parallel to the EDL. The net effect of ionic drag caused by the mobile 

ions on the bulk fluid induces a phenomenon known as electro-osmotic(EO) flow 
58

. The velocity 

of an ionic fluid under EO flow (   ) is calculated by  

 

        ⃗⃗ 
[4.5]  
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where    is the elctro-osmotic mobility of the ionic fluid and  ⃗⃗ is the magnitude of the applied 

electric field. The electro-osmotic mobility  

 

     
  

 
 

[4.6]  

 

is a function of the surface potential between the solid and liquid phase (  ) and the viscosity ( ) 

of the fluid 
59

.  

 

An EDL will additionally form around a charged particle (or cell) placed in an infinite ionic 

liquid under a uniform field. In the case of a positively charged cell, a double layer consisting of 

an excess of positive ions will form. The cell will then be driven towards the region of highest 

positive potential by a Coulombic force ( ⃗   which is proportional to the net charge of the cell 

(q) and equal to 

 

 ⃗     ⃗⃗ 
[4.7]  

 

60
. This force is also known as electrophoresis and the resulting electrophoretic velocity ( ⃗⃗     of 

a spherical cell can be calculated using the H ̈ckel equation 
59

 

 

 ⃗⃗        ⃗⃗ 
[4.8]  

 

This velocity is a function of the electrophoretic mobility (   ) of the cell and the applied field. 

The electrophoretic mobility 

 

    
   

 
 

 

 
  

[4.9]  

 

where        is the stokes frictional factor for a spherical particle in creeping flow. The 

electrophoretic mobility is also defined as 
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[4.10]  

 

 is a function of the surface potential between the cell and the surrounding medium (  ) and the 

permittivity of the surrounding media (  ). The net velocity of the cell as result of these two 

forces is referred to as the electrokinetic velocity ( ⃗⃗  ) 

 

 ⃗⃗   (        ) ⃗⃗ 
[4.11]  

 

where    and    are the electro-osmotic and electrophoretic mobilities respectively. These two 

terms summed are often referred to as the electrokinetic mobility of a particle (   ). 

 

 ⃗⃗       ⃗⃗ 
[4.12]  

 

The velocity of a particle due to dielectrophoresis can be calculated as follows; In the case of 

cells, which exist in a micron scaled regime, these forces are opposed by a Stokes drag force.  

 

             
[4.13]  

 

where   is the mass density of the fluid,   is the velocity of the cell relative to the fluid. The 

velocity of the particle can then be calculated by evaluating the balance of forces. 

 

                 
[4.14]  

 

Rearranging these terms: 

 

       ⃗       ⃗    
[4.15]  

 

   ̈          ̇   ⃗     
[4.16]  
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         [( 
    

 
)  ]    

[4.17]  

 

The term  
    

 
 is known as the characteristic time and for cells in a microfluidic environment, 

is on the order of     .  The acceleration term in this equation can be assumed to be zero since 

the characteristic time for small particles is orders of magnitude smaller than the time scale of 

external forces.  Therefore, 

 

        ( ⃗⃗   ⃗⃗) 
[4.18]  

 

where DEP is the dielectrophoretic mobility defined as 

 

      
      {    }

  
 

[4.19]  

 

When cells encounter a region in which electrokinetic forces and dielectrophoretic forces 

critically oppose each other, the cells net velocity is reduced. Cells will become trapped when the 

following inequality is satisfied 

 

 ( ⃗⃗   ⃗⃗)   
    ⃗⃗

    
 

[4.20]  

 

Theoretical Analysis of Acceleration 

 

Using a very simple calculation, we can prove that for most cases, acceleration due to 

electrokinetic phenomena is negligible. 

                    
    

     
     [4.1]  

  

                       [4.2]  



 29 

 

       
 

 
    [4.3]  

                     
     

    
 

    

  
 [4.4]  

 

 

 

Assume that the density of a cell is equal to the density of water      
  

   and that the 

dynamic viscosity of water ( ) is         *
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[4.5]  

 

 Note that this corresponds to a frequency of approximately 45 kHz.  

 

 

Clausius-Mossitti Factor Conversions 
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Analysis of the Transmembrane Potential and DEP Forces Acting on Cells in AC Electric Fields 

Spherical and single shell model analysis adapted form Turku and Lucaciu 
61

 

Consider a dielectric sphere in a conductive media subject to a uniform alternating electric field 

 

  ⃗⃗            [4.21]  

where   is the angular frequency of the field. The complex permittivity of the media is defined 

as 

 ⃗    
  

 
 [4.22]  

Similarly, the complex conductivity of the media is defined as  

 ⃗        [4.23]  

The electric field is related to the local charge density by  

   ⃗⃗  
 

  
 [4.24]  

where   is the charge density and    is the permittivity of free space.  The electric field is related 

to the local voltage by  

 ⃗⃗       [4.25]  

From this we can calculate relate the potential in a system to the local charge density by  

     
 

  
 [4.26]  

by noting that         is the Laplace operator   we arrive at  
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 [4.27]  

In a charge free region of space this reduces to the Laplace equation 

     [4.28]  

In spherical coordinates  

   
   

   
 

 

  

   

   
 

 

         
 
   

   
 

 

 

  

  
 

      

  

  

  
 [4.29]  

However, due to the full spherical symmetry,   and   derivatives are zero 

    
   

   
 

 

 

  

  
 [4.30]  

  

The solutions for the Laplace equation for a sphere are well known  

           ( ⃗⃗  
 ⃗⃗  

       
)                [4.31]  

             ⃗⃗                        [4.32]  

 

where the internal electric field ( ⃗⃗        ) and the polarization density ( ⃗⃗)  are defined as 

 ⃗⃗           (
         

                    
)  ⃗⃗ [4.33]  

 ⃗⃗

             (
                    

                    
)  ⃗⃗    

[4.34]  

 

Similarly, the solutions for the Laplace equation for a spherical shell are well known 

     ( ⃗⃗   
 ⃗⃗  

     
)                   [4.35]  
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     ( ⃗⃗   
 ⃗⃗   

     
)                      [4.36]  

      ⃗⃗                     [4.37]  

where the subscripts e, m , and i refer to the external, membrane, and internal components, 

respectively.  The electric field and polarization density coefficients for a spherical shell are   

 ⃗⃗  
 ⃗   ⃗    ⃗  

 ⃗   ⃗    ⃗       ⃗   ⃗    ⃗   ⃗  
 ⃗⃗ [4.38]  

 ⃗⃗   
 ⃗    ⃗ 

 ⃗   ⃗    ⃗       ⃗   ⃗    ⃗   ⃗  
 ⃗⃗ [4.39]  

 ⃗⃗     

 ⃗   ⃗   ⃗  

 ⃗   ⃗    ⃗       ⃗   ⃗    ⃗   ⃗  
 ⃗⃗ [4.40]  

 ⃗⃗     

 ⃗   ⃗   ⃗      ⃗   ⃗    ⃗   ⃗  

 ⃗   ⃗    ⃗       ⃗   ⃗    ⃗   ⃗  
 ⃗⃗  [4.41]  

where  

  
 

 
            [4.42]  

      [4.43]  

where d and R and the thickness of the membrane and the radius of the cell, respectively. The 

potential difference (transmembrane potential)  can be defined as 

 

  ⃗               [4.44]  

          ⃗⃗          [4.45]  

          
 ⃗⃗    ⃗⃗ 

 ⃗⃗   ⃗⃗    ⃗⃗       ⃗⃗   ⃗⃗    ⃗⃗   ⃗⃗  
  ⃗⃗⃗             [4.46]  
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         ( ⃗⃗  
 ⃗⃗  

     
)        [4.47]  

    ( ⃗⃗   
 ⃗⃗ 

   
)        [4.48]  

    ( ⃗⃗  
 

   
    

 ⃗   ⃗   ⃗      ⃗   ⃗    ⃗   ⃗  

 ⃗   ⃗    ⃗       ⃗   ⃗    ⃗   ⃗  
 ⃗⃗)        [4.49]  

 (  
 ⃗   ⃗   ⃗      ⃗   ⃗    ⃗   ⃗  

 ⃗   ⃗    ⃗       ⃗   ⃗    ⃗   ⃗  
 ⃗⃗)  ⃗⃗        [4.50]  

      
  ⃗⃗  ⃗⃗     ⃗⃗   ⃗⃗    ⃗⃗   ⃗⃗  

 ⃗⃗   ⃗⃗    ⃗⃗       ⃗⃗   ⃗⃗    ⃗⃗   ⃗⃗  
  ⃗⃗⃗        [4.51]  

This reduces to (cite) 

  ⃗⃗     ⃗ 

  ⃗     ⃗    ⃗  

 ⃗   ⃗    ⃗       ⃗   ⃗    ⃗   ⃗   
  ⃗⃗        [4.52]  

By assuming that  

    
  

  
  [4.53]  

 

    
  

  
      [4.54]  

    [4.55]  

as is the case for mammalian cells and adopting a new format for the TMP of  

  ⃗     
  

      
 

  

      
  [4.56]  

we find the following coefficients 

   
   

         
 [4.57]  
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(  

         

    
)
  

 [4.58]  

    
        

                
 [4.59]  

Expanding and considering only the real components of the TMP we get  

 [4.60]  

Where in general  

  
      

      
  [4.61]  

 

Recognizing that Q and M2 are much smaller than M1 this can be reduced to  

   
          

       
  

 
 

                    [4.62]  

This generalized equation for TMP is often simplified (Zimmerman 1982) and presented as  

 

   
 

 
         

   
 
         [4.63]  

For a square pulse with length T, the maximum TMP can be approximated as 

   
 

 
        [     ( 

 

  
)] [4.64]  

Correlation of terms to DEP 

The dielectrophoretic force acting on a neutral sphere in a non-uniform electric field is  

 ⃗    ( ⃗⃗    )   [4.65]  

where  

 ⃗⃗       ⃗ ⃗⃗⃗ [4.66]  
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where  ⃗ is the dimensionless susceptibility. The DEP force for a spherical (non-shell) particle 

then becomes 
62

 

 ⃗    
 

 
          ⃗            ⃗                  ⃗⃗  [4.67]  

 ⃗    
 

     
 [4.68]  

  
       

    
 [4.69]  

    
        

            
 [4.70]  

In the case of a spherical (non-shell) model 

  
      

      
 [4.71]  

The real and imaginary parts of the susceptibility become 

    ⃗    
 

      
 [4.72]  

    ⃗    
   

       
 [4.73]  

The time average DEP force then becomes 

〈 ⃗   〉  
 

 
      ⃗  ⃗⃗   [4.74]  

This time averaged calculation based on a spherical model poorly predicts experimental behavior 

of biological cells. It is therefore useful to look the spherical shell model. Notice that the electric 

field and polarization density (E and P) in equations 18 -21 all share a common denominator 

which can be forced into the form 

 (   
  

 
) (   

  

 
) [4.75]  

Taking only first order terms of   we get 
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                              [4.76]  

   
  

  
   

                                           

  
                        

 [4.77]  

   
      

      

    
                                                                  

        
                        

    [4.78]  

Expanding again in terms of     
  

  
 and taking only first order terms 

   
  

  
 

    

        
 [4.79]  
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     )+ [4.80]  

Using these two characteristic frequencies and expanding the effective polarization and 

susceptibility in terms     and  , we can calculate the DEP force 

 ⃗  (  
  

      
 

  

      
) [4.81]  

where the time constants         and        . 

   
    

     
 [4.82]  
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 [4.83]  

      
     

            
  [4.84]  

The DEP force can then be rewritten as 

 ⃗    
 

 
   (   

  

      
 

  

      
)   ⃗⃗  [4.85]  

Notice that the first and third terms in the parenthesis are the same terms derived in the spherical 

model. The middle term, describes the relative contribution of the cell membrane. The term 

  describes the time constant associated with the cell membrane and is an indicator of the first 
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crossover frequency.  This term shows up again in the exponential term for the transmembrane 

potential providing a correlation between negative DEP and electroporation.  

 

Important Equations 

Single Spherical Shell Model 

 ⃗    
 

 
   (   

  

      
 

  

      
)  ⃗⃗  

DEP force acting on a spherical 

shell 

V = volume 

   
 

 
  (      

 )
 

 
         

Transmembrane potential of a 

cell in an AC field 

   
 

 
        [     ( 

 

  
)] 

Transmembrane potential of a 

cell in a pulsed field 

T = pulse width 

    
 

  
  

  

  
   

  
                                           

  
                        

 

Inverse of the characteristic 

time associated with the cell 

membrane 

Generalized Dielectrophoresis Equation 

 ⃗             [
  

     
 

  
     

 ]  | ⃗⃗⃗   ⃗⃗⃗| 
DEP force of a spherical particle 

suspended in conductive media 

Generalized Transmembrane Potential Equation 

   
 

 
         

Maximum transmembrane 

potential of a cell in an electric 

field  - Period or Pulse Width 

much larger than membrane 

charging time 

Joule Heating 

         

Heating due to the application 

of an electric field across a 

conductive media 
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Chapter 5: Electronics 

Contactless Dielectrophoresis Electronics 

Contactless dielectrophoresis devices require high frequency, high voltage signals. This section 

outlines work made in fabricating electronics capable of generating a 200 VRMS or greater signal 

at frequencies between 10 and 100 kHz. Two iterations of a basic design were completed and a 

third robust design has been used successfully for experimentation with continuous usage times 

greater than 8 hours. The designs follow a simple scheme which first amplifies a small signal 

using an operational amplifier or similar topology as a voltage and current amplification stage. 

The signal is then fed through a transformer which steps up the voltage to an appropriate level. 

This simple topology becomes increasingly expensive as the target voltages and frequencies are 

increased. Therefore, an additional goal of this project was to create a basic system which 

minimizes cost while meeting the other performance goals.  

 

Version 1 

The first iteration of this design used a high voltage precision operational amplifier (OPA445) 

capable of operating on +/- 45 VDC rails. The output current rating on the OPA445 is too low (15 

mA) to drive an output transformer so four unity gain current buffers (BUF634) were placed in 

the output path to provide extra current sourcing capability. Each BUF634 has a maximum 

output current of 250 mA. The amplified signal was then passed through a Coilcraft FL2015 cold 

cathode fluorescent lamp (CCFL) transformer with a 1:100 turns ratio. This transformer has a 

maximum voltage output rating of 1600VRMS.  
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This system performed well with a reasonably flat output near 200 VRMS between 30 and 100 

kHz. These electronics failed during stress testing and the source of the failure could not be 

determined. One possible source of the failure could have been related to the maximum 

secondary output current of the FL2015-9L transformer (0.011 A) which would require a total of 

1.1 A from the input. This would exceed the output current capabilities of the amplification 

stage. However, it is unlikely that this current limit was reached during stress testing. This 

topology is worth rebuilding if experimental target frequencies fall within this range.  The total 

cost of components for this system was below $10, with all of the components except the input 

and feedback resistors provided through free sample programs at Texas Instruments and 

Coilcraft. 

 

 
Figure 5-1: Schematic of the first generation cDEP electronics. 

 
Figure 5-2: Version 1 electronics: S2P109 – OPA445 amplifier with 4 BUF634 output buffers boosted through a 

1:100 FL2015-9L transformer. 
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An alternate amplification stage using the LT1210 in a bridged 9 watt wide band driver 

configuration was attempted before abandoning the FL2015-9L as the output transformer stage.  

 

Version 2 

The second iteration of this design aimed to boost the voltage output of the amplification stage 

such that a lower turns ratio, higher output current transformer could be used. A bridged 

LM3886 high power audio amplifier topology was selected for its simplicity and the availability 

of a dual amplifier (LM4780) package.  

 

 

 
Figure 5-3: Version 1 electronics output through an FL2015-9L output transformer 

 



 42 

 

Figure 5-4: LM3886 amplification topology used in the version 2 cDEP electronics. 

Two HA4061 (1:3) transformers were modified such that their primary sides were connected in 

parallel and secondary sides connected in series to yield a 1:12 turns ratio. These transformers 

are rated at 5 amps max when both primary and secondary coils are connected in parallel. This 

rating should be reduced to at most 2.5 amps due to the series wiring of the secondary coils.  

 

Figure 5-5: Modified two HA4061-AL transformer yeilds a 1:12 ratio capable of delivering up to 200 Vrms 

The output of the modified transformer had a near-linear region between 10 and 100 kHz at 

100Vp-p output. At 600 Vp-p (approximately 200 VRMS), this region was limited to 30 – 100 kHz 

before leakages in the system caused instability or distortion in the output waveform.  
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Figure 5-6: Version 2 Electronics output 

 

The amplification and transformation stages were integrated with an unregulated DC power 

supply, a +9 and +/- 12 V regulated power stage, and a monolithic function generator to create a 

standalone cDEP electronics system. The function generation stage was later removed to protect 

the electronics from excessive knob turning by unsupervised users.  

 

These electronics were validated by trapping 1 and 4 micron beads in a cDEP device. The beads 

were suspended in DI water and driven through the device with a syringe pump at a flow rate of 

0.02 mL/hour. The electronics were turned on and the frequency was set to 40 kHz. The voltage 

was then increased until bead trapping was observed. At 140 VRMS, both 1 and 4 micron beads 

began to trap around the insulating pillars. After approximately one minute, the voltage was 

turned off and the beads were released downstream.  These results show that cDEP electronics 

can be fabricated from off the shelf, low cost components. If a single target frequency range is 

known, for example the crossover frequency of a target cell type, then component selection 

becomes less challenging.  
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Difficulty in fabricating electronics appropriate for experimentation comes from the need for a 

transformer with a flat frequency response over a large frequency range. For example, in many 

of the experiments presented in subsequent chapters, a linear response is needed between 1 and 

100 kHz or 100 kHz and 800 kHz. Typical off the shelf components are designed to operate at a 

single frequency or over a much narrower band. In the wide band cases, a custom wound 

transformer from Amp-Line was used.  The amplification stage shown in Figure 5-4 had an 

effective band width of approximately 120 kHz. For wide band, low frequency experiments this 

was used to drive a custom transformer with a linear operating region between 10 and 100 kHz.  

 

 

  

  
Figure 5-8: Internal components (left) and completed (right) cDEP electronics system. 

 

 
Figure 5-7: [Left] Positive DEP acting on 1 and 4 micron beads when 140 VRMS at 40 kHz is applied. [Right] 

Release of beads after the electric field is turned off. 
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Nano-second Electroporation Electronics 

The generation of 1000 volt peak, high frequency bipolar square waves with pulse durations 

shorter than 5 microseconds is a technical challenge. These parameters far exceed the capabilities 

of monolithic amplifiers and push the limits of silicon components. There are a few commercial 

solutions which are capable of reaching the voltage and switching speed performance goals, 

however the current demands of in-vivo IRE treatments can reach 20 Amps or higher. Currently, 

there is not a commercial solution which can reach this level of performance and as such, a 

preliminary was developed to test the HFIRE hypothesis.  

 

The HV1000P and HV1000N are commercially available monopolar pulse generators which 

can produce 950V peak pulses in positive or negative polarities, respectively.  These pulse 

generators can produce pulses with widths between 55 nanoseconds and 10 microseconds and 

deliver a maximum current of 17 amps without additional thermal management.  

The HV1000s were modified by removing the output shunting diodes. These protection diodes 

were intended to dump any opposite polarity voltages, presented at the output, directly to ground. 

The outputs of the pulsers were then terminated into a single 50 load. This load was necessary 

to protect the pulsers from firing into an open circuit and for the generation of well-formed 

square waves.  At 450 volts, this load sinks 9 amps. The effective maximum power deliverable to 

our tissue is 3600 watts (450 volts, 8 amps).  

  

A high voltage power supply was fabricated to produce a variable voltage with maximum rails at 

+/- 450 V. The output voltage from a variable transformer was stepped up using a center tapped 

toroidal transformer. This voltage was then passed through a full bridge rectifier and filtered 

through a capacitor bank. The capacitor bank also served as a charge storage reservoir and the 

required values were calculated as follows. 

The HV1000s can source up to 17 amps. A safe approximation of the charge required for a single 

pulse can be assumed the same as a monopolar 100 s IRE 20 amp pulse.  

  ∫       
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The capacitor bank will have to be capable of storing 0.002 Coulombs of charge. The charge 

stored in a capacitor is dependent on the voltage to which it is charged. Assuming minimum and 

maximum treatment voltages of 50 and 850 V: 

  
 

 
 

  
      

   
      

  
      

    
        

 

A 40 F capacitor bank rated at 850V would be sufficient to deliver high voltage monopolar 

pulses. The charging time of this capacitor bank, even with a modest high voltage supply 

(Labsmith @ 4.8mA) is on the order of 0.5 seconds. The Antek toroidal power transformer used 

in this power supply is capable 4A yielding a minimum charging time of 

 

∫               
 

 
                 

 

The power supply in Figure 5-9 is capable of delivering IRE equivalent pulses at a repetition rate 

1 pulse ever 500s. 

 

Negative thermal coefficient thermistors were used to prevent over currents when the power 

supply is switched on. Bleeder resistors (approximately 100k) were placed between the power 

rails and ground to safely discharge the capacitor bank when the supply was turned off.  

 

Figure 5-9: Generalized schematic used to build the +/- 450 V HFIRE power supply 

 



 47 

Both the positive and negative pulse generators are triggered with a positive 5V input signal. An 

arbitrary wave form generator was used to create the desired pulse train. The signal was then 

split and passed through a unity gain inverting amplifier to produce the necessary waveform to 

trigger the negative pulse generator. The high voltage outputs of the two generators were then 

combined and delivered to output jacks in parallel with a 50 load. 

  

 

Figure 5-11: Experimental HFIRE electronics setup 

 

Figure 5-12: 200V peak (400V peak to peak) output waveform of the HFIRE electronics. 

 

Figure 5-10: Block diagram of HFIRE electronics used for experimentation. 
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Chapter 6: Microfluidics Fabrication Methods 
 

A number of fabrication methods have been employed to create contactless dielectrophoresis 

microfluidic devices. In most devices, cleanroom facilities were utilized to create silicon master 

stamps which were then used to replicate devices using soft lithography. Additionally, we have 

developed a process for creating microfluidic devices and metal electrodes on glass without the 

need for a clean room facility. This section will outline these two methods.  

 

Cleanroom Fabrication 

The cleanroom fabrication process is outlined in Figure 6-1. A silicon master stamp was 

fabricated on a <100> silicon substrate. AZ 9260 (AZ Electronic Materials) photoresist was 

spun onto a clean silicon wafer and soft baked at 114C for 45 seconds. The wafer was then 

exposed to UV light for 45 seconds with an intensity of 12 W/m through a chrome plated 

glass mask. The exposed photoresist was then removed using Potassium based buffered 

developer AZ400K followed by another hard baking at 115C for 45 seconds Deep Reactive 

Ion Etching (DRIE) was used to etch the silicon master stamp to a depth of 50 μm. Silicon 

oxide was grown on the silicon master using thermal oxidation for four hours at 1000
o
C and 

removed with HF solvent to reduce surface scalloping. 
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Liquid phase polydimethylsiloxane (PDMS) was made by mixing the PDMS monomers and 

the curing agent in a 10:1 ratio (Sylgrad 184, Dow Corning, USA). The degassed PDMS 

liquid was poured onto the silicon master, cured for 45 min at 100C, and then removed from 

the mold. Fluidic connections to the channels were punched using hole punchers (Harris Uni -

Core, Ted Pella Inc., Redding, CA); 1.5mm for the side channels and 2.0mm for the main 

channel inlet and outlet. Glass microscope slides (75mm x 75mm x 1.2mm, Alexis Scientific) 

were cleaned with soap and water, rinsed with distilled water, ethanol, isopropyl alcohol, and 

then dried with compressed air. The PDMS mold was bonded to clean glass after treating 

with air plasma for 2 minutes.  

 

Non-Cleanroom Microfabrication 

Glass microscope slides were polished with a cerium oxide polishing compound (Angel Gilding 

Stained Glass Ltd, Oak Park, IL), rinsed with deionized water, and dried using compressed air. 

The slides were then sensitized using 3 mL of a tinning solution (Angel Gilding Stained Glass 

Ltd, Oak Park, IL) for 30 seconds. After this time had passed the solution was poured off the 

Figure 6-1: Cleanroom fabrication process. (a) Photoresist is spun onto a clean silicon wafer. The photoresist is 

then exposed to ultraviolet light through a transparency mask and (b) removed using lithography techniques. (c) 

Deep reactive ion etching is used to etch the silicon wafer to the desired depth (typically 50 microns) (d) then 

the photoresist is removed. After smoothing the silicon surface (f) PDMS is cured on the wafer. (e) Finally, the 

PDMS device is bonded to glass using air plasma. 
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slide and it was rinsed with deionized water.  

 

A commercially available mirroring kit was used to deposit pure silver onto the microscope 

slides. 3mL each of silver reducer, silver activator, and silver solution (Angel Gilding Stained 

Glass Ltd, Oak Park, IL) were combined and immediately poured onto the sensitized slide. Silver 

was allowed to precipitate onto the slide for 5 minutes. This process was repeated, without 

tinning, one additional time resulting in a layer of silver approximately 100nm thick. It should be 

noted that a similar commercially available kit exists for the deposition of gold on glass. 

 

A negative thin film photoresist (#146DFR-4, MG Chemicals, Surrey, British Colombia, 

Canada) was cut into an 80 x 100 mm rectangle and the inner protective film was removed. A 

silvered slide was sprayed lightly with deionized water and the photoresist was laid on top of 

the slide such that approximately 20 mm of film extends over one edge. Any existing bubbles 

were pushed to the edges resulting in a smooth surface. The film extending over one edge 

was then bent around to the bottom of the slide to form a leading edge for lamination. The 

slides were then passed through an office laminator (#4, HeatSeal H212, General Binding 

Corporation, Lincolnshire, IL) twice at low heat, cleaning the laminator between each pass.  

 

A 7x9 array of low cost 400 nm 20 mW light emitting diodes (LEDs) was fabricated to 

produce the ultraviolet light necessary for exposure. An exposure case was fabricated by 

 

Figure 6-2: (a) Ultraviolet LED array exposing a laminated slide through a photo mask which is held in place by a (b) 

custom exposure frame. (c) Photoresist features cover silver which will be left after processing to create (d) silver 

electrodes on glass. 
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lining the top, bottom and sides of a styrofoam container with black felt in order to reduce 

internal reflections. A 4 by 6 inch piece of sheet glass from a photo frame and a piece of 4 by 

6 inch piece of fiberboard covered by black felt formed the front and back of the exposure 

frame. A laminated side was placed with photoresist up onto the back plate of the exposure 

frame. A photomask printed at 20k DPI on a transparent film (Output City, Cad / Art 

Services Inc, Bandon, OR) was placed ink side down onto the photoresist. The top plate was 

then placed on top and the entire assembly was held in place using large binder clips.  

 

The exposure frame was placed inside the exposure case and the LED array placed 12 cm 

above the exposure frame. Slides then were exposed to UV light for 45 seconds. After 

exposure, the outer protective film was removed from the photoresist. The slides were  then 

placed in a 200 mL bath containing a 10:1 DI water to negative photo developer (#4170-

500ML, MG Chemicals, Surrey, British Colombia, Canada) solution for approximately 4 

minutes. A foam brush was used to gently brush the surface of the slide in order  to expedite 

the development process. Cotton swabs soaked in developer were used gently wipe areas 

with small features to ensure complete development. The slides were placed in a beaker 

containing DI water to halt the development process and gently dried using pressurized air.  

 

Electrode structures on the microscope slides were fabricated by removing all silver not 

covered by the patterned photoresist. A two part silver remover was included in the mirroring 

kit used to deposit the silver. 1 mL of each part of the silver remover was combined in a 5 

mL beaker. A cotton swab was used to apply the silver remover to the glass slide until only 

the silver covered by photoresist remained on the slide. The photoresist was then removed by 

placing the slide in a bath of acetone.  

 

Microfluidic channels were created through polymer replication on stamps which had not 

undergone the final acetone wash, leaving the patterned photoresist intact. Liquid phase 

polydimethylsiloxane (PDMS) in a 10:1 ratio of monomers to curing agent (Sylgrad 184, 

Dow Corning, USA) was degassed under vacuum prior to being poured onto the photoresist 

master and cured for 1 hour at 100C. After removing the cured PDMS from the stamp, 

fluidic connections to the channels were punched in the devices using 1.5 mm core borers 
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(Harris Uni-Core, Ted Pella Inc., Redding, CA). Glass microscope slides (75 mm x 75 mm x 

1.2 mm, Alexis Scientific) were cleaned with soap and water, rinsed with distilled water, 

ethanol, isopropyl alcohol, and then dried with compressed air. The PDMS replica was 

bonded to the glass slides after treating with air plasma for 2 minutes in a PDC-001 plasma 

cleaner (Harrick Plasma, Ithaca, New York).  

 

 

 

Electrical connections to the embedded electrodes were formed by securing high voltage 

electrical wires to contact pads using high purity silver paint (Structure Probe Inc., West 

Chester, PA). This was allowed to dry for one hour creating a solid connection. A drop of 5 

minute epoxy (Devcon Inc., Danvers, MA), used to secure the electrical connections, was 

placed on top of each electrode pad and allowed to cure for 24 hours.  

 

Polystyrene microspheres were used to prove the functionality of these devices through the 

demonstration of dielectrophoresis. 1 μL of 1 μm and 4 μL of 4 μm beads (FluoSpheres 

sulfate, Invitrogen, Eugene, Oregon) were suspended in 5 mL of DI water with a final 

conductivity of 6.2 μS/cm. 40 uL of this sample solution was pipetted into the devices. A 

syringe pump was used to drive samples at a rate of 0.02 mL/hour (PHD Ultra, Harvard 

Apparatus, Holliston, Massachusetts). 

 

Figure 6-3:Schematic representation of the fabrication process. (a) A glass slide is cleaned and polished. (b) Silver is 

deposited onto the glass using a commercial mirroring kit. (c) Thin film photoresist is laminated on top of the silver. (d) 

The photoresist is exposed and developed. (e) The exposed silver is chemically removed and (f) the photoresist is 

dissolved.   
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An AC electric field was created by amplifying (AL-50HF-A, Amp-Line Corp., Oakland 

Gardens, NY) the output signal of a function generator (GFG-3015, GW Instek, Taipei, 

Taiwan). A step up transformer was used when voltages greater than 30 VRMS were required. 

Voltage and frequency were measured using an oscilloscope (TDS-1002B, Tektronics Inc. 

Beaverton, OR) connected to the output stage of the amplifier.  

 

In the absence of the silver substrate, test structures 50 µm wide and greater could be reliably 

fabricated using this process. Structures 25 µm thick formed successfully after exposure, 

however, they did not have enough surface area to adhere completely onto plain glass slides 

during the development process. The resulting photoresist structures did not form perfectly 

straight lines as seen in Figure 6-4 [Top]. 10 µm test structures on the mask did not develop. 

500 µm wide test structures consistently developed when separated by 40 µm or more as 

seen in Figure 6-4 [Center].  

 

Some photoresist could not be removed between features separated by distances of 20 and 30 

µm resulting in poor PDMS replication. A 10 µm gap could not be developed between 

structures. Similarly, 250 µm pillars were easily developed and replicated when separated by 

40 µm or more as seen in Figure 6-4 [Bottom]. 

 

Figure 6-4: [Top] 500, 250, 100, 50, and 25µm (left to right) thick structures. A 10µm test structure existed on the mask, 

but did not develop. [Center] 500µm structures separated by 300, 200, 100, 90, 80, 70, 60, 50, 40, 30, 20, and 10µm left to 

right. [Bottom] 250µm diameter pillars separated by 10, 20, 30, 40, 50, 60, 70, and 80µm from left to right. 
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A single photoresist layer produced channels with a minimum width of 50 µm and a nominal 

depth of 50 µm. 100 µm deep channels were produced by removing the outer protective sheet 

after lamination, laminating another sheet on top of the previous layer, and exposing for 105 

seconds.  

 

The silver substrate improved photoresist adhesion. As a result, photoresist features with 

widths down to 25 µm could be fabricated. The photoresist effectively protected features 

from silver the removal process resulting in the successful formation of electrodes with line 

widths down to 25 µm. 

 

The fluid electrode channels in the cDEP device (Figure 6-5a) are filled with a highly 

conductive fluid, typically phosphate buffered saline. The 50 m insulating membrane which 

isolates the fluid electrode channels from the sample channel acts as a large resistor in 

parallel with a capacitor. When a high frequency signal is applied across the fluid electrode 

channels, the impedance of the barriers is over come and a voltage drop occurs across the 

sample channel. The electric field generated within the sample channel is non-uniform due to 

the shape of the insulating barriers. When a 600 kHz signal is across the sample channel, 4 

 
Figure 6-5: (a) Examples of cDEP devices with 50 µm minimum feature sizes which can be produced using this 

process. (b) 4 µm beads driven by pressure are trapped in the region between the two electrodes when a 150 

VRMS 600 kHz signal is applied. (c) Silver electrodes deposited on glass encapsulated in a 1mm wide 

microfluidic channel. Conductive silver paint is used to ensure an electrical connection between the wires and 

the deposited silver. Epoxy holds the wires permanently in place. (d) 1 and 4 µm beads driven by pressure are 

entrapped by dielectrophoretic forces when a 7.3 VRMS 60 Hz signal is applied to the electrodes. The scale bar is 

50 m. 
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µm beads suspended in deionized water feel a positive dielectrophoretic force which acts to 

push them into regions of highest electric field non-uniformity. When the applied voltage is 

increased to 150 VRMS, the dielectrophoretic force overcomes the fluid drag force and the 

beads are trapped along the channel wall, as shown in Figure 6-5b. This action is reversible 

and when the voltage is turned off, the particles are released downstream.  

 

Traditional DEP devices employ metal electrodes patterned on glass. The device in Figure 6-5c 

has an array of interdigitated saw tooth electrodes, separated by 50 and 350 µm at their minimum 

and maximum respectively. This device was encapsulated by a 1 mm wide, 50 µm deep channel 

which allowed pressure driven flow to drive particles over the electrodes. The geometry of the 

metal electrodes creates a non-uniform electric field when an AC signal is applied. At 60 Hz, the 

1 and 4 µm beads experience a negative DEP force that acts away from the electrodes and 

opposes the fluid drag force. When the applied voltage is increased to 7.3 VRMS the DEP force 

and drag force become balanced and the particles are trapped, as shown in Figure 6-5d. 
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Chapter 7: Isolation of Live / Dead Cells 

 

Introduction 

The utilization of DEP to manipulate live and dead cells has previously been demonstrated 

through several approaches. To start, Suehiro et al. were able to utilize dielectrophoretic 

impedance measurements to selectively detect viable bacteria 
63

. Conventional interdigitated 

electrode DEP micro devices have also  been used to separate live and heat-treated Listeria 

cells
64

.  Huang et al. investigated the difference in the AC electrodynamics of viable and 

non-viable yeast cells through DEP and electrorotation experiments
65

 and a DEP-based 

microfluidic device for the selective retention of viable cells in culture media with high 

conductivity was proposed by Docoslis et al. 
66

. 

 

Insulator-based dielectrophoresis (iDEP) has also been employed to concentrate and separate 

live and dead bacteria for water analysis
67

. In this method, electrodes inserted into a 

microfluidic channel create an electric field which is distorted by the presence of insulating 

structures. The devices can be manufactured using simple fabrication techniques and can be 

mass-produced inexpensively through injection molding or hot embossing
68,69

. 

 

Contactless dielectrophoresis (cDEP) provides non-uniform electric fields in microfluidic 

channels required for DEP cell manipulation without direct contact between the electrodes 

and the sample 
70

.  In this method, an electric field is created in the sample microchannel 

using electrodes inserted into two conductive microchambers, which are separated from the 

sample channel by thin insulating barriers. These insulating barriers exhibit a capacitive 

behavior and therefore an electric field can be produced in the main channel by applying an 

AC field across the barriers
70

. Furthermore, the absence of contact between the electrodes 

and the sample fluid prevents problems associated with more conventional approaches to 

DEP including contamination, bubble formation, and the detrimental effects of joule heating.  

 

In this study, the abilities of cDEP to selectively isolate and enrich a cell population was 

investigated. This was demonstrated through the separation of viable cells from a 
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Figure 7-1: 2D top view schematic of device 2, showing the 

dominated acting forces on the particle. The contours 

represent the electric fields modelled in Comsol 

multiphysics. (b) Line plot of the gradient of the electric 

field squared (kg
2
mC

-2
S

-4
)   for four different electrical 

boundary conditions with efficient numerical cell trapping 

(V1=30Vrms at 200kHz, 300kHz, 400kHz, and 500kHzV2= 

Ground) along the x axis (y=0). (c) Line plot of the gradient 

of the electric field squared (kg
2
mC

-2
S

-4
)   for four different 

electrical boundary conditions with efficient numerical cell 

trapping (V1=30Vrms at 200kHz, 300kHz, 400kHz, and 

500kHz, and V2= Ground) along the y axis (x=0). 

 

heterogeneous population also containing 

dead cells. Two cDEP microfluidic 

devices were designed and fabricated out 

of polydemethilsiloxane (PDMS) and 

glass using standard photolitography. The 

DEP response of the cells was 

investigated under various electrical 

experimental conditions in the range of 

our power supply limitations. Human 

leukemia THP-1 viable cells were 

successfully isolated from dead (heat 

treated) cells without lysing.  

 

The separation of viable and nonviable cells 

is a critical starting point for this new 

technology to move towards more advanced 

applications. Optimization of these devices 

would allow for selective separation of cells 

from biological fluids for purposes such as: 

the diagnosis of early stages of diseases, 

drug screening, sample preparation for 

downstream analysis, enrichment of tumor 

cells to evaluate tumor lineage via PCR, as 

well as treatment planning. By using 

viable/nonviable separation as a model for 

these applications, a new generation of 

cDEP devices can be tailored around the 

results reported in this study
71-76

. 

 

Cell Preparation 

The live samples of THP-1 human leukemia monocytes were washed twice and resuspended 
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in a buffer used for DEP experiments (8.5%sucrose [wt/vol], 0.3% glucose [wt/vol], and 

0.725% [wt/vol] RPMI 
77

) to 10
6
 cells/mL. The cell samples to be killed were first pipetted 

into a conical tube and heated in a 60
o
C water bath for twelve minutes; an adequate time 

determined to kill a majority of the cell sample. These dead cells were then washed twice and 

resuspended in the DEP buffer.  

 

To enable simultaneous observation under fluorescent microscope, cells were stained using a 

LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells (Molecular Probes Inc.).  

Calcein AM, which is enzymatically converted to green fluorescent calcein, was added to the 

live cell sample at 2μL per ml of cell suspension. Ethidium homodimer-1 (EthD-1) was 

added to the dead cell sample at 6μL per ml of cell suspension. This can only pass through 

damaged cell membranes and upon nucleic acid-binding produces a red fluorescence.   

 

The two samples were then vortexed for 5 minutes, washed once and resuspended in DEP 

buffer. The live and dead suspensions were then mixed together in one conical tube and the 

final conductivity of 110-115μS/cm was measured with a SevenGo Pro conductivity meter 

(Mettler-Toledo, Inc., Columbus, OH). Live and dead cells were indistingushable under 

bright field evaulation. 

 

Experimental Set-Up 

 

The microfluidic devices were placed in a vacuum jar for 30 minutes prior to experiments to 

reduce problems associated with priming. Pipette tips were used to fill the side channels with 

Phosphate Buffered Saline (PBS) and acted as reservoirs. Aluminum electrodes were placed 

in the side channel reservoirs. The electrodes inserted in side channel 1 of the device (Figure 

7-1a) were used for excitation while the electrodes inserted in side channel 2 were grounded. 

Thin walled Teflon tubing (Cole-Parmer Instrument Co., Vernon Hills, IL) was inserted into 

the inlet and outlet of the main channel. A 1 mL syringe containing the cell suspension was 

fastened to a micro-syringe pump (Cole Parmer, Vernon Hills, IL) and connected to the inlet 

tubing. Once the main channel was primed with the cell suspension the syringe pump was set 

to 0.02mL/hr; equivalent to a velocity of 222 μm/second. This flow rate was maintained for 5 



 59 

minutes prior to experiments.  

 

Trapping efficiency for this device was determined for voltages of 20 VRMS, 30 VRMS, 40 

VRMS, 50 VRMS and frequencies of 200 kHz, 300 kHz, 400 kHz, 500 kHz at a constant flow 

rate of 0.02mL/hr. Experimental parameters were tested at random to mitigate any variation 

in cell concentration, flow rate, device functionality and other experimental variables. 

Additionally, trapping efficiency was calculated at 0.02 mL/hr, 0.04 mL/hr, 0.06 mL/hr, 0.08 

mL/hr, and 0.10 mL/hr with electrical parameters held constant at 500 kHz and 30VRMS. 

Electrical parameters were selected randomly for each experiment for a total of five trials at 

each combination. The electric field was maintained for 30 seconds during each experiment. 

During the 30 second interval, all cells entering the trapping region of the device (the region 

containing pillars in the main channel) were counted, representing the total number of cells. 

Cells that were not trapped were counted as they left the device trapping region. Trapping 

efficiency was recorded as the percentage of cells trapped of the total cells entering the 

trapping regoin. Cells that were trapped but later lysed while under the AC field were 

included in the percentage of trapped cells, but it was noted that cell viability was decreased 

due to the electric field. 

 

Electrical Equipment 

AC electric fields were applied to the microfluidic devices using a combination of waveform 

generation and amplification equipment. Waveform generation was performed by a function 

generator (GFG-3015, GW Instek, Taipei, Taiwan) whose output was then fed to a wideband 

power amplifier (AL-50HF-A, Amp-Line Corp., Oakland Gardens, NY). The wideband 

power amplifier performed the initial voltage amplification of the signal and provided the 

necessary output current to drive a custom-wound high-voltage transformer (Amp-Line 

Corp., Oakland Gardens, NY). This transformer was placed inside a grounded cage and 

attached to the devices using high-voltage wiring. Frequency and voltage measurements were 

accomplished using an oscilloscope (TDS-1002B, Tektronics Inc. Beaverton, OR) connected 

to a 100:1 voltage divider at the output of the transformer.  

Results and Discussion 
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Figure 7-2: (b) Trapping efficiency of device 2 

at 500kHz and 30Vrms for flow rates of 0.02, 

0.04, 0.06, and 0.08mL/hr. (c) Trapping 

efficiency at 0.02mL/hr of device 2 at 200, 300, 

400, and 500kHz as voltages increase from 

20Vrms to 50Vrms. (d) Maximum gradient of the 

electric field along the x (y=0) and y (x=0) axis 

of frequencies between 200kHz and 1000kHz.  

 

The gradient of the electric field along the x-axis 

(y=0) of the main channel of device 2 is plotted in 

Figure 7-1b. For these electrical boundary 

conditions (V1= 30Vrms at 200kHz, 300kHz, 

400kHz, and 500kHz and V2=Ground) cell trapping 

was observed. Local maximums in the gradient of 

the electric field occurred in line with the edges of 

the insulating pillars while the minimum gradient 

was experienced as cells passed through the region 

between two pillars. The highest electric field 

gradient was observed to occur at the two 

insulating pillars which had edges in the center of 

the device. The electric field gradients in the center 

of the device along the y-axis (x=0) are shown in  

Figure 7-1c and the highest gradient was observed 

in line with the edges of the insulating pillars. It 

should be noted that the maximum gradient is 

observed at y=+/- 83.5µm and cells traveling 

through the exact center of the device (along the x-

axis) experience a lower DEP force than those just 

off-center. The electric field gradient within the 

channel increased with applied signal frequency 

from 200kHz to 500kHz. This increase in gradient 

is not linear and these parameters represent the 

limitations of our current electrical setup. Theoretically, the device has a maximum gradient 

of electric field within the channel occuring between 600kHz and 700kHz as seen in Figure 

7-2d. Above this frequency, leakages in the system begin to dominate the response and the 

electric field within the channel drops off. 

 

Live THP-1 cells were observed to experience positive DEP force at the reported frequencies 

and the DEP force applied on dead cells appeared to be negligible.  The majority of cell 
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trapping was observed in the region between the first two columns of insulating barriers at 

0.02mL/hour. However, the distribution of trapped cells became more uniform at higher flow 

rates. At 0.02 mL/hour, we observed trapping efficiencies greater than 90% at all tested 

frequencies (200 kHz, 300 kHz, 400 kHz, and 500 kHz). However, lysing was common at all 

frequencies when a voltage of 50 VRMS was applied. At the highest two frequencies, lysing 

was common at 40 VRMS and over 10% of the cells lysed at 50 VRMS (Figure 7-2c).  

 

Trapping efficiency experiments for higher flow rates were conducted at 500 kHz and 30 

VRMS because these parameters yielded a high trapping efficicncy of 89.6% at 0.02 mL/hour. 

Trapping efficiency was reduced by an increase in flow rate and reached a minimum of 

44.8% (+/- 14.2) at 0.8 mL/hour (Figure 7-2b). Flow rates greater than 0.1 mL/hour were not 

reported due to limitations of our recording software that resulted in the inability to 

accurately count the number of cells entering and exiting the trapping region of the device.  

 

Due to the capacitance effect of the PDMS barriers in cDEP devices, the corresponding 

gradient of the electric field for voltage-frequency pairs are different for each design. These 

devices were designed to provide a sufficient gradient of the electric field for DEP cell 

manipulation within the limitations of our power supply and the PDMS breakdown voltage. 

The high trapping efficiency makes the device presented an optimal design for selective 

entrapment and enrichment of cell samples. This process is depicted in Figure 7-3; initially 

live cells (green) and dead cells (red) passed through the trapping region due to pressure 

driven flow (Figure 7-3a). Live cells were selectively concentrated in the trapping region 

under the application of a 500 kHz, 40 VRMS signal (Figure 7-3b). Under these parameters, 

the DEP force on the dead cells was not sufficient to influence their motion and they passed 

through the trapping region. The enriched sample of live cells can be controllably released  

for later analysis once the electric field is turned off (Figure 7-3c).  
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Figure 7-3: Experimental results for device 2: (a) 

Dead (red and live (green) THP-1 cells are moving 

left to right due to pressure driven flow. (b) 30 

seconds after applying the electric field (V1=40Vrms at 

500 kHz and V2=Ground) live cells were trapped due 

to positive DEP but dead cells pass by. (c) Releasing 

the trapped live cells by turning off the power supply. 

 

 

Conclusion 

This work has demonstrated the ability of 

cDEP to selectively concentrate specific cells 

from diverse populations through the 

separation of viable cells from a sample 

containing both viable and non-viable human 

leukemia cells. Repeatability, high efficiency, 

sterility, and an inexpensive fabrication process 

are benefits inherent to cDEP over more 

conventional methods of cell separation. This 

method is also unique in that direct evaluation 

is possible with little or no sample preparation. 

The resulting time and material savings are 

invaluable in homeland security and 

biomedical applications. Given cDEP‟s 

numerous advantages, the technique has 

tremendous potential for sample isolation and 

enrichment for drug screening, disease detection and treatment, and other lab-on-a-chip 

applications. 
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Chapter 8: Development of Low Frequency Contactless 

Dielectrophoresis 

 

Introduction 

Clinical diagnosis, therapeutics, and comprehensive cell biology benefit from the ability to 

isolate and enrich rare cells derived from a heterogeneous population 
7
. Fluorescence-activated 

cell sorting (FACS) and magnetic-activated cell sorting (MACS) are the most commonly utilized 

sorting methodologies. These techniques use fluorophore-conjugated antibodies and antibody-

conjugated magnetic beads to label and process target cells.  Systems employing FACS and 

MACS provide high throughput screening; however, they have large initial and operational costs, 

require specialized training, may affect cell fate and function due to shear stress, the use of 

antibodies, and fluorophores, and requires prior knowledge about cell surface markers 
9
. Because 

of this, there is a growing need for a marker-independent isolation and purification method. 

 

A number of marker-independent methods have been developed which sort cells by exploiting 

unique physical phenomena which can be manipulated on the microscale including streamline 

manipulation 
78

, microstructure flow perturbation 
21

, gravity 
33

, and inertial forces 
23

. Other 

methods sort cells based on their intrinsic properties including their volumetric 
79

, mechanical 
10

, 

magnetic 
80

, and electrical 
36

 properties. Recently, Mach et al. demonstrated a massively parallel 

filtration capable device capable of isolating bacteria from blood with a flow rate of 8mL/min 

using inertial forces 
81

. Choi et al. were able to isolate cells based on their phase in the cell life 

cycle in a grooved microfluidic device 
21

. Mohamed et al. demonstrated the ability to isolate 

circulating cancer cells from whole blood based on size and deformability in a device containing 

pillars in stages of decreasing pillar-to-pillar spacing 
10

. These devices have obvious advantages 

due to their simplicity and dependence on singular physical phenomenon (i.e., hydrodynamics).  

 

Other methods have recently been reported which improve selectivity to sort sells of similar size, 

but different genotype by employing electromagnetic forces. Gascoyne et al. demonstrated a 

tumor cell isolation efficiency of 92% in a dielectrophoresis (DEP) field flow fractionation 

device using an electric field generated at 60 kHz 
36

. DEP is a phenomenon which occurs at the 
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micro-scale when a dielectric particle is placed in a non-uniform electric field. A net force is 

generated due to charge distributions within the particle. This has been successfully used to 

examine, manipulate, isolate, or enrich particles 
82

, DNA 
37,83

, viruses 
38

, and cells 
39-41

. DEP 

devices typically consist of metal electrodes deposited onto a glass substrate 
84

. The geometry of 

these electrodes generates the non-uniform electric field required for DEP. Alternatively, 

insulator based dielectrophoresis (iDEP) devices employ insulating structures within a 

microfluidic channel to produce non-uniformities when electrodes are inserted into the ends of 

the channel 
43,44

.  These devices can employ both DC and AC electric fields 
85

 and many 

geometric configurations including sawtooth channels 
86,87

. 

 

Contactless dielectrophoresis (cDEP) devices are a new adaptation of this technique in which 

fluid electrodes, isolated from the main microfluidic channel by a thin membrane, provide the 

necessary electric field in the sample channel 
52-54

. This helps mitigate some challenges with 

traditional dielectrophoresis devices including fouling, bubble formation, and electrode 

delamination 
88

. cDEP devices can be fabricated by replication from a single etch master stamp 

and can be translated to mass fabrication techniques, similar to methods used for iDEP 
50

, while 

eliminating direct sample-electrode contact. The insulating barriers capacitively couple the fluid 

electrodes to the sample channel resulting in a complex frequency dependent electric field 

gradient within the sample channel. The magnitude of the electric field gradient at any frequency 

is dependent on the geometric and material properties of the device. This work presents a 

continuous sorting device which is the first cDEP design capable of exploiting the Clausius-

Mossotti factor at frequencies where it is either positive or negative for different mammalian cell 

types. Experimental devices were fabricated using a cost effective fabrication technique which 

does not require the use of a cleanroom or specialized equipment. An analytical model was 

developed to evaluate cDEP devices as a network of parallel resistor-capacitor pairs. Two 

theoretical devices are presented and evaluated using finite element methods to demonstrate the 

effect of geometry on the development of electric field gradients across a wide frequency 

spectrum. Finally, we present a third experimental device capable of continuously sorting human 

leukemia cells from dilute blood samples.  

 

Theory  
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The application of a voltage across conductive and dielectric materials will induce an electric 

field  

 ⃗⃗       [8.1]  

where   is the applied voltage. Under the influence of this electric field, dielectric particles 

immersed in a conductive fluid will become polarized. If the electric field is non-uniform, 

particles are driven towards the regions of  field gradient maxima by a translational 

dielectrophoretic force ( ⃗   ) 
57

 

 ⃗          | ⃗⃗⃗   ⃗⃗⃗| [8.2]  

where      is half the induced dipole moment, of the particle. For a spherical particle, this 

quantity can be represented as: 

                     [8.3]  

where r is the radius of the cell,    is the relative permitivity of the suspending medium, and 

         is the real part of the Clausius-Mossotti (C-M) factor.  
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where   
  and   

  are the permittivity of the cell and suspending medium respectively,   is the 

conductivity,   is the frequency of the applied field, and   √  . 

A particle independent DEP vector can be defined as 
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where  ̂  is a unit vector in the j direction.  

 

Contactless dielectrophoresis devices can be modeled analytically as five resistor-capacitor (R-

C) pairs in series. R-C pairs represent the source and sink electrode channels, the two insulating 

barriers, and the sample channel. The current entering and leaving each of these pairs must be the 

same and the total impedance of each pair can be calculated using Kirchhoff‟s current law and 

Ohm‟s Law. 

  
  

       
 

     
 

 [8.10]  

   
  

  
 [8.11]  

Z is the total impedance of the resistor-capacitor pair,    is the capacitive reactance, C is the 

capacitance, and R is the resistance.  

 

The physical geometry and the material properties of the materials present in this system 

influence the resistance (      ) and capacitance (         ) of each element where   

and    are the resistivity and relative static permittivity of the material respectively, A is the 

cross-sectional  area, L is the length of the resistor and d is the separation distance between two 

conductive components. It should be noted that for the insulating membranes in a traditional 

cDEP device, L=d. 

 

Methods    
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Clausius-Mossotti Factor Analytical Model 

The Clausius-Mossotti factor for THP-1 human leukemia monocytes and red blood cells (RBC) 

was modeled over a logarithmic distribution between 100 Hz and 100 MHz using MATLAB 

(Version R2010a, MathWorks Inc., Natick, MA, USA). Dispersing cytoplasmic properties which 

effect high frequency behavior was modeled for RBCs as presented by Gimsa et al. (1996).  In 

this method, the conductivity and permittivity of the cell were influenced by an additional 

dispersion term    and    respectively.  

 

      
    

      
       

              
 [8.12]  

       
     

 

              
 [8.13]  

   
 and    

 are the high frequency permittivity and initial conductivity of the cytoplasm,     

and     are frequency dependant ratios of change,   is the distribution range of dispersion 

frequencies, and    is the cytoplasmic time constant. 

   
  

  
 [8.14]  

Table 8-1 summarizes the dielectric properties used to calculate the C-M factor for THP-1 and 

RBCs. 

 

 

  THP-1 RBC Units  

   80ε0
^
 80ε0

^
   

   154.4
+
 212

‡
   

    0.01
#
 0.01

#
        

   0.65
+
 0.4

‡
        

cm 0.0177
*
 0.00997

‡
         

    - 162
‡
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    - 0.135
‡
        

   - 0
†
 

 
   

 - 50ε0
‡
 

 
Table 8-1: Dielectric properties used to calculate the C-M factor for THP-1 and RBCs. Values derived from 

‡ 2
, 

† 3
, 

*
 
89

, 
+
 
4
, 

^
 assumption based on water content, and 

#
 measured values. 

 

 

Device Design 

Three cDEP devices were devised to numerically evaluate the  ⃗ frequency response and the 

impedance of the fluid electrodes, sample channel, and insulating barriers between 10 Hz and 

100 MHz. The third device was further used to validate the numerical model experimentally. 

Design 1, Figure 8-1a-b, has geometric features similar to previously reported devices 
53

. These 

previous designs typically have a limited bandwidth in which cells can be manipulated and 

Device 1 served as a baseline for comparison with traditional cDEP devices. Specifically, the 

device is designed with fluid electrodes that are separated from each side of the sample channel 

by 20  m. The fluid electrodes are 4.2 cm long, 300  m wide, and 50  m deep. The sample 

channel has maximum and minimum widths of 500 and 100  m, respectively, which makes the 

channel appear to have rounded „saw tooth‟ features that protrude into the channel. The 

insulating barriers, which separate the fluid electrodes from the sample channel, are 20  m wide 

and travel along the top and bottom of the sample channel for 600    for a total barrier length of 

0.12 cm. 
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Design 2, Figure 8-1c-d, incorporates physical features to expand the  ⃗ frequency response. The 

fluid electrodes are 10 cm long, 300  m wide, and 50  m deep. The sample channel retains the 

same geometric „saw tooth‟ features as Design 1, however, the source and sink electrode 

channels are positioned such that there is a 1cm distance between them. The sample channel then 

forms a „T‟ junction along the right side. The insulating barriers which separate the fluid 

electrodes from the sample channel are 20  m wide. The total length in which the barriers are 20 

   wide is 1cm on the left top and bottom (source) and 2 cm along the right side (sink) for a 

total barrier length of 4 cm.  

 

Design 3, Figure 8-1d-e, was created for experimental validation of the numerical and analytical 

results presented below. This design contains the same „saw-tooth‟ features as the previous 

designs, with three additional teeth to increase the total duration in which cell are exposed to 

electric field gradients. The overall device geometry is similar to Device 2, but has been 

modified to conform to the minimum feature size of 40  m possible with the fabrication process 

 
Figure 8-1: Schematics for (a-b) Device 1, (c-d) Device 2, and (e-f) Device 3. Device 1 has geometrical 

feature sizes similar to traditional cDEP devices reported in the literature. The total barrier length and 

distance between source and sink electrodes is increased in Devices 2 and 3. Fluid electrode channels (gray) 

had boundary conditions of 100 V and ground applied at their inlets as shown above.  
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presented in sections 3.4 and A.1. The sample channel has a nominal width of 500  m with 

constrictions from the „saw-teeth‟ reducing the width to 100  m. The sample channel forms a „T‟ 

junction along the right side with approximately 1.2 cm between the source and sink electrodes. 

There are two source electrode channels which are each approximately 3 cm long with a 

minimum width of 300  m. The barriers separating the source electrodes from the sample 

channel are 50  m thick for approximately 5.8 mm on top and bottom. The sink electrode 

channel is approximately 3.7 cm long with a minimum width of 300  m. The barrier separating 

the sink electrode channel from the sample channel is 50  m thick for approximately 1.6 cm. 

The total barrier length for Design 3 is approximately 2.78 cm.  
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Analytical and Numerical Device Modeling 

The geometric features of Devices 1 and 2 were used to create lumped element representations 

for the electrode channels, insulating barriers, and the sample channel by calculating their 

associated resistances and capacitances. Three dimensional geometries were created using 

Autocad (Autocad Mechanical 2010, Autodesk Inc, San Rafael, CA, USA).  The geometries 

were imported into COMSOL Multiphysics (Version 4.0, Comsol Inc., Burlington, MA, USA) 

and the AC/DC module was used to solve for the potential distribution,  , using the governing 

equation            where    is the complex conductivity (         . Edges of the 

electrode channels were modeled as a uniform potential of 100V and ground as depicted in 

Error! Reference source not found.. The frequency of the applied signal was incrementally 

increased from 100 Hz to     Hz using the MATLAB to create a logarithmically distributed 

frequency distribution. Physical regions within the model were set to represent 

poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning, USA), phosphate buffer solution 

(PBS), or sample media.   was used to calculate the magnitude of the particle independent DEP 

force vector (| ⃗|). 

 

PDMS was defined as having a conductivity (   of 0.83       S/m and a relative permittivity 

(  ) of 2.65 as provided by the manufacturer. PBS was modeled as having a conductivity of 1.4 

S/m and a relative permittivity of 80 as measured and assumed based on water composition 

respectively. The conductivity of the sample was 100  S/cm and the permittivity was also 

assumed to be 80.  

 

Device Fabrication 

Briefly, a thin film photoresist (#146DFR-4, MG Chemicals, Surrey, British Colombia, Canada) 

was laminated onto glass microscope slides. The laminated slides were exposed to ultraviolet 

(UV) light through a film transparency mask (Output City, Cad / Art Services Inc., Bandon, OR) 

using an array of UV light emitting diodes and a custom exposure frame. The slides were then 

developed in negative photo developer (#4170-500ML, MG Chemicals, Surrey, British 

Columbia, Canada) and used as a master stamp for PDMS replication. The PDMS molds were 

bonded to the glass slides after treating with air plasma (Harrick Plasma, Ithaca, New York). 

For a full description of this process, see supplementary data in section A.1.  
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Figure 8-2: cDEP devices can be optimized to 

develop high  |�⃗⃗⃗�| values at low frequencies. 

(a)THP-1 and RBCs have unique Clausius-Mossotti 

factor curves. The white arrows show regions where 

the C-M factor for THP-1 cells is positive while the 

C-M factor for RBCs is negative. (b) Device 2 and 

3 generate significantly higher electric field 

gradients near the first C-M factor crossover 

frequency. The light and dark gray regions show the 

operating frequencies for traditional cDEP devices 

and the optimal cDEP operating frequencies 

respectively.  

 

 

Cell Preparation 

The live samples of THP-1 human leukemia 

monocytes (American Type Culture 

Collection, Manassas, VA, USA) were washed 

twice and resuspended in a buffer used for 

experiments (8.5%sucrose [wt/vol], 0.3% 

glucose [wt/vol], and 0.725% [wt/vol] RPMI 

77
) to      cells/mL. THP-1 cells were stained 

using a LIVE/DEAD® Viability/Cytotoxicity 

Kit for mammalian cells (Molecular Probes 

Inc., Carlsbad, CA, USA).  Calcein 

Red/Orange, which is enzymatically converted 

to fluorescent calcein, was added to the 

sample at 2 μL per mL of cell suspension. A 

drop of whole blood, obtained via a diabetic 

finger stick from willing volunteers, was 

added to 5 mL of buffer. The suspension was 

then diluted to achieve a red blood cell 

concentration of      cells. 

 

The two cell samples were then vortexed for 5 minutes, washed once and resuspended in 

buffer. The THP-1 and RBC suspensions were then mixed together in one conical tube with a 

final concentration of       and       cells/mL, respectively. The buffer had a final 

conductivity of 100-115 μS/cm measured with a SevenGo Pro conductivity meter (Mettler-

Toledo, Inc., Columbus, OH, USA).  

 

Experimental Setup 

A syringe pump was used to drive samples at a rate of 0.01 mL/hour (PHD Ultra, Harvard 

Apparatus, Holliston, MA, USA). An AC electric field was created by amplifying (AL-

50HF-A, Amp-Line Corp., Oakland Gardens, NY, USA) the output signal of a function 
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generator (GFG-3015, GW Instek, Taipei, Taiwan). A step up transformer was used to 

achieve output voltages up to 300 VRMS between 50 and 100 kHz. Voltage and frequency 

were measured using an oscilloscope (TDS-1002B, Tektronics Inc. Beaverton, OR, USA) 

connected to the output stage of the transformer.  

 

Results and Discussion 

 

Analytical Method 

Cells are repelled from regions of maximal electric field gradient at frequencies where C-M 

factor is negative. Conversely, when the C-M factor is positive, cells are driven towards regions 

of maximal electric field gradient. Mammalian cells exhibit a negative C-M factor at low 

frequencies. As frequency increases, the C-M factor begins to increase, crossing into the positive 

domain at frequencies on the order of 1 kHz. The lowest frequency at which the C-M factor is 

exactly zero is known as the first crossover frequency. The magnitude of the C-M factor changes 

drastically in proximity to the first crossover frequency and it is expected that in this region, cells 

of similar genotypes will be most easily discriminated. 

 

Over a majority of the frequency spectrum, the C-M factor for THP-1 cells and RBCs is of 

similar magnitude and direction as seen in Figure 8-2a.  In these regions, the resulting DEP force 

will tend to drive both cell types into similar regions. This action is intrinsic and is independent 

of device geometry. At frequencies between 20 kHz and 70 kHz the C-M factors for THP-1 and 

RBCs are opposite, as indicated by the white arrows. This indicates that a DEP force will move 

the cells in opposite directions. Between 70 kHz and 500 kHz the C-M factor is of similar 

direction, but of greater magnitude for THP-1 cells. It is important to note that if the conductivity 

of the buffer solution is increased, these regions will shift and occur at higher frequencies. The 

light gray region of Figure 8-2a depicts the typical frequencies over which cDEP devices are able 

to manipulate cells. The dark gray region represents the ideal operating range over which 

mammalian cells of different genotypes will likely have distinct C-M factors.  
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Figure. 8-3: The frequency response of 

cDEP devices can be improved by altering 

the geometry. (a) The impedance of the 

insulating barriers in a traditional cDEP 

device (Device 1) results in small voltage 

drops across the sample channel. (b) The 

geometry can be altered (Device 2) to increase 

the sample channel voltage drop at 

frequencies near the first C-M Factor cross 

over point.  The solid, dashed, and dash-dotted 

lines represent the impedance of the electrode 

channels, sample channel, and insulating 

barriers, respectively. (c) Simplified cDEP 

resistor-capacitor analytical network.  

 

 

The particle independent DEP force vector ( ⃗) is 

highly dependent on the voltage drop within the 

sample channel. The dielectric breakdown of PDMS 

limits the magnitude of experimental voltages; 

therefore, it is important that a large proportion of 

the total voltage drop across the device occurs across 

the sample channel. In a traditional cDEP device, 

represented by Device 1, the impedance of the 

insulating barriers dominates the sample and 

electrode channels. This results in a large voltage 

drop across the insulating barriers at low 

frequencies. As shown in Figure. 8-3a, the capacitive 

nature of the barrier causes its impedance to decrease 

with increasing frequency. These devices are able to 

manipulate cells and particles at frequencies above 

100 kHz 
53

, when approximately 1% of the total 

voltage drop occurs across the sample channel.  

 

Device 2 represents a cDEP device with geometric 

features that increase barrier capacitance and sample 

channel resistance. This causes the impedance of the 

barriers to roll off at lower frequencies and increase 

the proportion of voltage drop across the sample 

channel as shown in Figure. 8-3b. In this geometry, 1% of the total voltage drop occurs across 

the sample channel at approximately 100 Hz. At frequencies of 1, 10, 100, and 1000 kHz, the 

voltage drop across the sample channel is 0.01, 0.12, 1.16, and 9.40 percent, respectively, of the 

total voltage drop across Device 1. In contrast, at the same frequencies, the voltage drop across 

the sample channel of Device 2 is 8.54, 45.97, 81.67, and 88.50 percent respectively. This shows 

that the geometric properties of cDEP devices can be manipulated to reduce the impedance of the 
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insulating barriers and increase the total 

voltage drop across the sample channel. 

This is important due to the high 

dependence of   on the magnitude and 

spatial changes of the voltage.  

 

The electrode and sample channels have 

relatively small capacitive components, 

which are omitted in Figure. 8-3c. This 

additional capacitance causes the 

impedance of these elements to roll off at 

frequencies above 10 MHz as shown in 

Figure. 8-3a and b. At frequencies above 10 

MHz, the materials begin to appear 

homogeneous, and the ability of cDEP 

devices to produce useful electric field 

gradients may be diminished.  

 

Numerical Method 

Previously reported cDEP devices demonstrated the ability to manipulate cells and particles with 

numerically calculated   values of 1                      or greater 
52-54

. This value is 

used here as a minimum threshold representing the ability of a theoretical cDEP device to 

manipulate cells. As shown in Figure 8-2b, the electric field gradient of Device 1 reaches this 

magnitude, at approximately 100 kHz. This is consistent with results reported previously 
53

 for 

traditional cDEP devices. Between 1 and 10 MHz, the electric field gradient developed within 

the sample channel increases to above 1                     , however, in this range, the 

C-M factor is expected to drop towards zero reducing the total DEP force. Additionally, the 

generation of high voltage signals at these frequencies is difficult and requires specialized 

equipment.  The light gray region of Figure 8-2b depicts the typical frequency range over which 

traditional cDEP devices achieve particle isolation and enrichment 
52-54

. 

 
Figure 8-4: Geometric features impact device 

performance. At 100 VRMS (a) Device 1 fails to generate 

a significant electric field gradient at 50 kHz as a result of 

small barrier capacitance and sample channel resistance. 

(b) Device 2 produces higher electric field gradients due 

to its longer barriers and increased distance between 

source and sink electrodes. (c) Device 3 produces 

significant electric field gradients at 50 kHz. The legend 

depicts the value of  �⃗�  in units of  𝑚  𝑘𝑔  𝑠   𝐴   .   
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Figure 8-5:  THP-1 cell can be sorted from a 

heterogeneous population. Cell pass through 

the device with a uniform distribution when 

(a) the electric field is turned off. (b) 

However, THP-1 cells are attracted towards 

regions at the top of the sample channel while 

RBCs pass through unaffected when 231VRMS 

at 50 kHz, (c) 227VRMS at 70 kHz, and (d) 

234VRMS 90 kHz is applied. 

 

The electric field gradient within the sample channel of 

Device 2 is above 1                      

between 3 kHz and 10 MHz. Within this frequency 

range, the electric field gradient is similar to that 

reported for traditional cDEP devices capable of 

isolating live from dead cells 
53

. The electric field 

gradient produced in Device 2 is of significant 

magnitude to manipulate cells while the C-M factor is 

close to the first crossover frequency for THP-1 cells.  

These results effectively demonstrate that the 

geometric features of a cDEP device can be modified 

so that cells can be manipulated using both positive 

and negative DEP. 

 

At 50 kHz, the lower limit of our electronics‟ 

capabilities, Device 1 does not generate an electric 

field gradient above 1                     , as 

shown in Figure 8-4a.  In contrast, Device 2 generates 

electric field gradients in excess of 5             

         in regions close to the „saw-tooth‟ features. 

Figure 8-4b and c show the regions of high electric 

field gradient within Device 2.  The asymmetrical 

features create regions of highest electric field gradient 

proximal to the top of the sample channel.  

 

Numerical analysis of Device 3, Figure 8-4c, shows 

that the device is capable of generating an electric field 

gradient above 1                      at 50 kHz. 

Figure 8-4c shows that Device 3 produces an 

asymmetrical electric field gradient of similar shape 
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but lower magnitude compared to Device 2. The electric field gradient within the sample channel 

of Device 3 is above 1                      between 4 kHz and 10 MHz as shown in 

Figure 8-2b. 

 

Experimental Validation 

Microfluidic channels 50  m and greater in width can be repeatedly produced using the process 

described. This directly matches the photoresist manufacturer‟s specifications. Narrower features 

failed to develop smooth and well defined lines (results not shown). Channels separated by 40 

 m or greater could be fully developed and PDMS replication resulted in water tight bonds 

between parallel channels. Higher resolution photoresist films could be used to reduce the 

minimum feature sizes; however, many of these films are only available in industrial quantities 

and were not evaluated.  

 

In the absence of an applied electric field, THP-1 cells and RBCs passed freely through Device 3 

without being affected as shown in Figure 8-5. When 231 VRMS at 50 kHz was applied, „pearl 

chain‟ formation of THP cells, indicative of DEP, was initially observed. Cells then began to 

slowly migrate from the bottom of the sample channel towards the top wall. THP-1 cells which 

were in the sample channel prior to the application of the electric field continued to exit the 

device through the top and bottom paths of the „T-channel‟. After approximately 1 minute, all of 

the initial cells had passed through the device and new cells were reaching the „T-intersection‟. 

These cells had experienced a DEP force the entire distance between the electrodes and most 

were exiting only through the top path of the „T-channel‟. At this voltage and frequency, shown 

in Figure 8-5b, THP-1 cells did not become trapped near the saw-tooth features and continued to 

travel along the upper channel wall while RBCs passed through the device unaffected. Similar 

results were observed at 60 kHz.  

 

Between 70 and 100 kHz, THP-1 cells formed pearl chains and migrated towards the top wall of 

the sample channel when 250 VRMS or greater was applied. Additionally, some chains began to 

trap near the saw-tooth features as shown in Figure 8-5c and d. At 80 to 100 kHz a small number 

of cells began to decrease in fluorescence, indicative of electroporation or cell damage 
90

. The 

number of cells trapping increased with both increasing applied voltage and frequency. 
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The purpose of the devices presented above was to demonstrate the theoretical ability of cDEP to 

function at low frequencies. The experimental results presented validate the approach and 

establish that the contactless dielectrophoresis platform is capable of manipulating cells at 

frequencies below 100 kHz in physiologically suitable buffers. Operating at these low 

frequencies will allow for the manipulation of cells using negative dielectrophoresis, a task 

previously unachievable using cDEP. At frequencies between 50 and 90 kHz a large positive 

DEP force was observed acting on the human leukemia cells. At 50 kHz, theory predicts that the 

Clausius-Mossotti factor for RBCs is slightly negative. This in conjunction with their smaller 

size resulted in the observation of a negligible negative DEP force.  It is expected that at lower 

frequencies a more dominant negative DEP force will act on the RBCs while a positive force 

continues to act on the THP-1 cells.  The combination of these opposing forces may split the 

cells into separate streams for collection.  

 

Alternatively, the geometry of the outlet channels could be modified such that the bifurcation at 

the end of the sample channel splits the flow into two non-equal branches. A small portion of the 

flow containing the cancer cells would be allowed to flow towards the upper outlet, and the 

remaining flow containing the majority of the RBCs would be directed towards the lower outlet. 

This change in geometry could alleviate the need for a strong negative DEP force acting on the 

RBCs as they would only need to be forced from the top portion of the channel.  In this 

geometry, the Zweifach-Fung effect, in which particle fraction tends to increase in the high-flow-

rate branch 
91

, could increase sorting purity since a small negative DEP force acting on the RBCs 

would cause a depletion region near the walls. 

 

Conclusion 

The fabrication technique presented here has been used to successfully demonstrate the first 

cDEP device with insulating barriers greater than 20 µm. The low cost of fabrication, simplicity, 

availability of supplies, and exclusion of toxic chemicals make this technique ideal for 

researchers that do not have access to a cleanroom. Furthermore, this process displays potential 

as a rapid, low cost solution for the fabrication of complex multi-phased devices capable of 

sorting, isolating, and enriching samples as well as performing downstream analysis, such as 
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impedance detection. In contrast to traditional cell sorting technologies such as FACS and 

MACS, the single stamp fabrication and associated electronics do not require specialized 

equipment and have a relatively low cost of entrance. Additionally, cDEP does not require the 

use of surface markers, dyes, or antibodies which require substantial prior knowledge of the 

cell‟s biology. 

 

Traditional cDEP devices are capable of developing the electric field gradients necessary for 

dielectrophoretic manipulation between 100 kHz and 1 MHz. The frequency dependent behavior 

of cDEP devices creates a unique set of challenges in manipulating mammalian cells. The first 

crossover frequency for many cells anticipated to be below this frequency range for low 

conductivity sample buffers. Additionally, cells of similar genotypes may have crossover 

frequencies which occur within a narrow frequency range. Since the C-M factor for these cells 

may not differ significantly except in proximity to the crossover frequencies, it is paramount that 

future cDEP devices be capable of manipulating particles between 1 and 100 kHz.  

 

Numerical results indicate that these devices will continue to develop useful DEP forces at 

frequencies as low as 1 kHz. This is advantageous because systems designed to operate above 

100 kHz and 100 VRMS require custom electronics and magnetics.  Preliminary experiments with 

RBCs, macrophages, leukemia monocytes, prostate and breast cancer cells (results not shown) 

indicate that between 50 and 100 kHz RBCs and macrophages experience a negligible DEP 

response. Meanwhile, the leukemia, breast, and prostate cancer cells exhibit a strong positive 

DEP response which forces them into the top half of the channel. The ability of this device to 

separate low concentrations cancer cells from other common subpopulations found in blood will 

be the emphasis of future studies. Future work will focus on the development of complementary 

electronics, demonstration of a positive DEP response for THP-1 cells, a concurrent negative 

DEP response for RBCs resulting in continuous isolation of the two populations and 

quantification of selectivity, enrichment factor, and cell viability.   
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Chapter 9: Contactless Dielectrophoretic Spectroscopy 

Introduction 

The use of non-invasive methods to detect and enrich cancer cells independent of their 

genotype is critical for early diagnostic and treatment purposes. In addition, isolation of these 

cells could provide a workbench for clinicians to screen drug therapies prior to patient 

treatment. This would enable oncologists to tailor treatment on a patient-specific level and to 

ensure that the most effective treatment is being utilized 
71-75

. Since many symptoms 

associated with cancers can be attributed to multiple diseases, diagnosis must be 

accomplished via medical analysis. There are a number of molecular, cytogenic, 

immunological, cytochemical, and morphological assays capable of making this diagnosis; 

however, low proportions of cancerous cells make these processes challenging 
92

.   

 

During progression, tumor cells acquire the capacity to disseminate into blood circulation 

until they are detected and eliminated by the immune system or until they attach to the 

endothelial cells, extravasate, and grow as secondary tumors (metastasis) at distant sites. 

These circulating tumor cells (CTCs) could serve as early indicators of cancer 
93

. The most 

reliable method currently available for CTC detection is automated digital microscopy 

(ADM), which uses image analysis to recognize immunochemically or immunomagnetically 

labeled tumor cells. A study using the CellSearch System™ (Veridex LLC, Warren, NJ), 

showed that the overall survival of patients with breast cancers harboring fewer than five 

CTCs in about 7 mL blood after 3-5 weeks of starting their therapy was a relatively long 18.5 

months. Women who had five CTCs or more had much shorter median survival times, 

ranging from 1.3 to 3.6 months 
94,95

. 

 

The majority of recent investigations have utilized qRT-PCR for the confirmation and 

genotyping of CTCs.  This technique has been reported in scientific literature as a valid 

method to confirm various CTCs derived from bladder 
96

, breast 
97

, lung 
98

, prostate 
99,100

, 

and esophageal 
101

 cancers. Immunocytochemistry methods, using antibody-antigen 

identification are typically based on detection of specific tumor or epithelial cell markers 

present in CTCs.  While these are reliable methods, the specificity of CTC separation and 
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their enrichment determines the quality of the results. The major drawback to this approach 

is that other cells, such as hematopoietic or fibroblasts cells, can express several epithelial 

markers such as keratins 
102,103

, causing incomplete separation. Typically, more sensitive 

techniques may require prior knowledge of cell-specific markers and antibodies to prepare 

target cells for analysis. As result, there is a growing need for a marker-independent isolation 

and purification method to increase yield, sensitivity, precision and reproducibility.  

 

Dielectrophoresis (DEP), the motion of a particle in a non-uniform electric field, has become 

a robust method for analyzing nano-particles, cells, viruses, and DNA based on their physical 

and electrical properties 
104

. Many devices exploit these dielectrophoretic forces by placing 

metal electrodes in a microfluidic channel containing spatial non-uniformities (iDEP) 
43,44,86

 

or via electrodes patterned on the channel floor (traditional DEP) 
105

. Traditional DEP has 

been employed to separate breast cancer cells from blood 
106

. Post-concentration analysis of 

cells enriched in these devices can be challenging, since cells must come in direct contact 

with the electrode and may be contaminated.  

 

A new technique, contactless dielectrophoresis (cDEP) 
107

, utilizes fluid electrode channels 

which are isolated from a sample channel by a thin insulating membrane. When an AC 

voltage is applied, capacitive coupling between the sample and electrode channels produces 

the non-uniform electric field necessary for DEP. This technique has recently demonstrated 

the ability to isolate THP-1 human leukemia monocytes from a heterogeneous mixture of live 

and dead cells 
108

. The absence of contact between electrodes and the sample prevents bubble 

formation and avoids any contaminating effects the electrodes may have on the sample.  

 

The key to using CTCs as predictive clinical biomarkers is their separation and enrichment. By 

first establishing the dielectrophoretic responses of normal and cancerous cells within this cDEP 

device, conditions to detect and enrich tumor cells from mixtures with non-transformed cells can 

be determined. This work is the first cDEP demonstration of both negative and positive DEP on 

mammalian cells. This is also the first demonstration of a cDEP device to investigate the 

electrical properties of cells. The frequency response of breast cancer, leukemia, macrophages, 

and red blood cells is investigated and their cell membrane capacitance is calculated.  This 
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method provides a simple way to interrogate the electrical properties of cells which will enable 

future cDEP designs to be specifically fabricated towards CTC detection within biological fluids. 

 

Theory 

The single shell dielectric model introduced by Foster et al. 
109

 for the Clausius-Mossotti 

factor can be used to describe a cell as a membrane covered sphere with a membrane 

capacitance, Cm, suspended in a medium with conductivity, M. The first frequency at which 

Re[K()] = 0 is known as the first cross-over frequency (fxo1) 

 

     
√   

     
 [Hz] [4.86]  

At this frequency, the net DEP force acting on a cell will equal zero. Under the influence of an 

electric field at this frequency, the distribution of cells within the device will be identical to the 

case where no field is applied. Since this frequency can be determined experimentally and the 

cell radius and conductivity of the media are known, the capacitance of the cell membrane can be 

calculated. An expanded explanation of the Clausius-Mossotti factor and DEP theory can be seen 

in Chapter 4:.  

 

Methods 

Cell Preparation 

Whole blood samples, obtained from healthy willing donors via diabetic finger stick, PC1 

macrophages,  MDA-MB231 breast cancer, PC3  prostate cancer, and THP-1 leukemia cells 

were independently suspended in a low conductivity isotonic solution (8.5% sucrose 

[wt/vol], 0.3% glucose [wt/vol], and 0.725% RPMI [wt/vol]) 
77

. The cells were spun down a 

minimum of two times at 3100 RPM for five minutes to remove any residual hematocrit or 

culture media such that the conductivity of the samples was 115 +/- 15 S-cm
-1

 as measured 

with a SevenGo Pro conductivity meter (Mettler-Toledo Inc., Columbus, OH). The radii for 

each cell type were measured using a Vi-CELL XR (Beckman Coulter, Inc, Miami, FL). 

 

Device Fabrication  
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A silicon master stamp was fabricated on a <100> 

silicon substrate using photolithography. Deep 

Reactive Ion Etching (DRIE) was used to etch the 

silicon master stamp to a depth of 50 μm. Surface 

roughness was reduced by etching the wafer in 

tetramethylammonium hydroxide (TMAH) for 5 

minutes. Finally, a thin layer of Teflon was deposited 

to facilitate stamp removal using typical DRIE 

passivation parameters. Liquid phase 

polydimethylsiloxane (PDMS) in a 10:1 ratio of 

monomers to curing agent was degassed under vacuum 

prior to being poured onto the silicon master and cured 

for 15 min at 150C. Fluidic connections to the 

channels were punched into the PDMS using 1.5 mm 

core borers (Harris Uni-Core, Ted Pella Inc., Redding, 

CA). Glass microscope slides (75mm x 75mm x 

1.2mm, Alexis Scientific) were cleaned with soap and 

water, rinsed with distilled water, ethanol, isopropyl 

alcohol, and then dried with compressed air. The 

PDMS replica was bonded to clean glass after treating 

with air plasma for 2 minutes in a PDC-001 plasma 

cleaner (Harrick Plasma, Ithaca, New York).  

 

Device Geometry  

The device, shown in Figure 9-1a, consists of a 

bifurcated sample channel, and three fluid electrode channels. The sample channel contains 

six saw-tooth features which reduce the total width of the channel from 500 to 100 m. 

These features produce asymmetric electric field non-uniformities which act to push the cells 

towards the top or bottom of the channel. The source and sink electrodes are separated by 1.2 

cm. There are two source electrode channels which are each approximately 3 cm long with a 

minimum width of 300 μm. The barriers separating the source electrodes from the sample 

 
Figure 9-1: (a) Schematic of the low 

frequency contactless dielectrophoresis 

device. The fluid electrodes and sample 

channel are shown in black and grey, 

respectively. DEP force and particle 

trajectories for 200 MDA-MB231 cells 

at (b) 10 kHz and (c) 70 kHz. 84% of 

particles intersected the top of the 

channel in (c) indicating that a large 

number of cells will travel along the 

upper wall.  
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channel are 20 μm thick for approximately 5.8 mm on top and bottom. The sink electrode 

channel is approximately 3.7 cm long with a minimum width of 300 μm. The barrier 

separating the sink electrode channel from the sample channel is 20 μm thick for 

approximately 1.6 cm.  

Simulations  

Numerical simulations were conducted to determine the relative effects of DEP and drag 

forces acting on the cancer cells. The electric field distribution was modeled numerically in 

COMSOL Multiphysics 4.1 using the AC/DC module (COMSOL Inc., Burlington, MA, 

USA) by solving for the potential distribution. The boundary conditions were prescribed 

uniform potentials of 100 V at the inlets of the source electrode channels and as ground at the 

inlets of the sink electrode channels. The fluid dynamics were modeled using the laminar 

flow module. The inlet boundary condition was prescribed as a constant velocity of 50  m/s 

as calculated based on the experimental flow rate and the cross-sectional area of the device. 

The outlet boundary conditions were prescribed as no pressure boundaries.  

 

The values for the electrical conductivity and permittivity of the PDMS, sample media, and 

PBS that were used in this numerical modeling were similar to those reported earlier 
52,53

. 

The sample media and PBS had a permittivity of 800 as assumed based on water content. 

The conductivity of the sample media and PBS were defined as 1.4 and 0.01 [S/m], 

respectively. The permittivity and conductivity of the PDMS were defined as 2.70 and 

  MDA-MB231 THP-1 PC1 RBC   

Literature Values 

M 80ε0
^
 80ε0

^
 80ε0

^
 80ε0

^
   

c 50ε0
ǂ
 162.0 ε0

+
 91.6 ε0

+
 212 ε0

‡
   

M 0.01
#
 0.01

#
 0.01

#
 0.01

#
 S/m 

c 1.00
ǂ 0.66

+
 0.46

+
 0.40

‡
 S/m 

Cm 0.0163
«
   0.0196

+
 0.0110

+
 0.00997


 F/m

2
 

R 8.88 ± 0.818
# 

7.30 ± 0.966
#
 6.99 ± 1.17

#
 3.2


 m 

Measured and Calculated Values 

M 0.0117 0.0104 0.0122 0.0180  [S/m] 

fxo1 19545 18651 30797 69774  [Hz] 

Cm 0.01518 ± 0.0013 0.01719 ± 0.0020 0.01275 ± 0.0018 0.01089
* 

[F/m
2
] 

Table 9-1: Literature, Measured, and Calculated values of dielectric properties used to calculate the C-M factor 

and membrane capacitance for MDA-MB231, THP-1, PC1, and RBCs. Values derived from 
« 1

, 
‡ 2

, 
† 3

, 
+
 
4
, 

ǂ
 
5
, 
 

6
,  

^
 an assumption based on water content, and 

#
 measurements. 
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8.33x10
-13 

[S/m], respectively. Inside the sample channel  was investigated for frequencies 

between 100 Hz and 1 GHz. The Clausius-Mossotti factor for each cell type was calculated 

in MATLAB (Version R2010a, MathWorks Inc., Natick, MA, USA) using the single shell 

model and the parameters found in Table 9-1. 

Experimental Parameters 

The devices were placed into a vacuum jar for at least 30 minutes prior to experiments. The 

side channels were filled with PBS, and then aluminum electrodes were placed in each side 

channel inlet. Teflon tubing (22 gauge) was inserted into the inlet and outlets of the main 

channel. The inlet tubing was connected to a 1 mL syringe containing the cell suspension via 

a blunt needle.  

 

Cell suspensions were driven through the sample channel at a rate of 0.005 mL/hour by a 

syringe pump (PHD Ultra, Harvard Apparatus, Holliston, MA). An inverted light microscope 

(Leica DMI 6000B, Leica Microsystems, Bannockburn, IL) was used to monitor the cells. 

For all cell types, 200 VRMS was applied at frequencies between 10 and 70 kHz in increments 

of 10 kHz using a Trek Model 2205 high voltage amplifier (Trek Inc., Medina, New York). 

For RBCs, which did not exhibit a strong DEP response at 200 VRMS, an additional set of 

experiments were recorded at 300 VRMS.  

 

For each data point the voltage was applied for five minutes to allow for any transient 

responses to pass, and then a two minute video was recorded. MATLAB was used to analyze 

the video from each experiment. Each frame was converted into a grey scale image and the 

location of each cell was recorded as it passed through a line from top to bottom of the 

channel. Data from each video was normalized to determine the distribution of cells within 

the channel. The location, from bottom to top, at which the cells were divided into equal 

populations was then determined as a function of frequency. The value of fxo1 for each cell 

type was determined by finding the frequency at which the centerline of the channel split the 

cells into equal populations. 
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Results and Discussion 

Numerical Results 

The single shell model of the C-M factor is 

a complex function involving the e lectrical 

properties of the suspending media, cell 

membrane and cytoplasm. Membrane 

capacitance, cytoplasmic conductivity, 

relative cytoplasmic permittivity, medium 

conductivity, relative medium permittivity, 

and cell radius impact the frequency 

response of the C-M factor. A sensitivity 

analysis of some of these parameters is 

shown in Supplemental Figure 1, and a full 

analysis can be seen in previous work by 

Docoslis et al. 
110

.  As presented in equation 

9.1, variations in media conductivity, cell 

radius, and membrane capacitance alter the 

location of fxo1. Experimentally, fxo1, media conductivity, and cell radius can be measured 

providing the necessary parameters to calculate membrane capacitance.  

 

 

As shown in Figure 9-2a, the C-M factor for MDA-MB231 and THP-1 cells are nearly identical 

between 100 Hz and 10 MHz while the PC1 and RBCs have distinct C-M factor curves. The total 

force acting on each cell type is shown in Figure 9-2b. These values were calculated using values 

from the C-M factors in Figure 9-2a, Table 9-1, and the values for  as described below. 

Although the C-M factor for MDA-MB231 and THP-1 cells are similar, the force acting on these 

cells is different, due to variances in their membrane capacitance and radius. The PC1 and RBCs 

are smaller than the cancerous cells and the total force acting on them is significantly lower. 

Numerically, the RBCs will experience a DEP force two orders of magnitude lower than the PC1 

cells. This was manifested experimentally as the RBCs did not exhibit a significant DEP 

response until 300 VRMS was applied.  

 
Figure 9-2: (a) Clausius-Mossotti factor (b) frequency 

dependent force and (c) difference in C-M factor 

between MDA-MB231 (solid) and THP-1 (dotted), 

PC1 (dash-dot), and RBCs (broken line).   
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Figure 9-3: Parametric analysis of device performance 

varying (a) sample conductivity and (b) barrier thickness.  

Nominal values are: barrier thickness = 15 m and 

sample conductivity = 100 s/cm 

 

 

Figure 9-2c shows the difference in C-M 

factor between the MDA-MB231 cell line 

and THP-1, PC1, and RBCs. There are two 

regions in the frequency spectrum where 

the C-M factor for these cells differs 

significantly.  The first region occurs 

between 10 and 100 kHz and the second 

above 10 MHz. Typically, cDEP devices 

have a narrow operating region between 

100 kHz and 1 MHz 
53

. Below this range, 

the impedance of the insulating barriers 

dominates the system and cell manipulation 

is not possible. Above this range, the 

electronics necessary to produce voltages in excess of 100 VRMS become impractical.  

 

The cDEP device geometry in Figure 9-1a was designed to operate at frequencies below 100 

kHz while using a physiologically relevant sample media. As determined by our previous 

work in low frequency cDEP 
55

, a design goal of producing  above 1x10
12

 [V
2
/m

3
] was used 

to represent a significant value for cell manipulation. Briefly, this goal was achieved by 

increasing the total length of the insulating barriers and by increasing the distance between 

the source and sink fluid electrodes. Increasing the barrier length creates a larger capacitance 

which acts to decrease the total impedance of the barriers at lower frequencies. Increasing the 

distance between the fluid electrodes raises the resistance of the sample channel resulting in 

a larger proportion of the voltage drop to occur across the sample.  

 

For this device, a constant trend was observed, independent of sample conductivity or barrier 

thickness. At low frequencies, the impedance of the insulating membrane between the sample 

channel and the fluid electrodes is very large resulting in a substantial portion of the applied 

voltage to drop across the barriers. As frequency increases, the capacitive nature of the 

barriers causes their net impedance to drop, allowing a higher proportion of the voltage drop 
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to occur over the length of the sample channel resulting in a relatively constant  value over 

a large frequency range.  

 

cDEP devices are analogous to a series network of resistor-capacitor pairs and changes to the 

conductivity of the media and barrier thickness alter the frequency response of the devices. 

For sample media with low conductivities, similar to deionized water, the impedance of the 

sample channel is large, allowing a significant voltage drop to occur across the sample at 

lower frequencies. As sample conductivity is increased, shown in Figure 9-3a, the frequency 

at which significant  values are produced is shifted higher. Similarly, decreasing the 

thickness of the insulating membranes reduces their impedance and the proportion of the 

voltage drop that occurs across them. As shown in Figure 9-3b, this allows the barriers to be 

overcome at lower frequencies resulting in a rise to the maximum  value at a lower 

frequency. An optimized device will utilize the lowest conductivity, physiologically 

acceptable sample media and the thinnest insulating membrane practically fabricated.  The 

experiments presented here used a physiological buffer with a conductivity of approximately 

100 S/cm and devices with barrier thickness of 20 m resulting in significant  values at 

frequencies between 10 kHz and 100 MHz.  

 

Computational modeling of the device (Figure 9-1b-c) indicates that the cells experience a 

negligible DEP force within the majority of the channel. The regions of highest DEP force occur 

in proximity to the constrictions. At 10 kHz, MDA-MB231 cells experience a maximum 

negative DEP force of approximately 1.0x10
-12 

[N].  At 70 kHz, the same cells will experience a 

maximum positive DEP force of approximately 5.0x10
-12

 [N]. The streamlines, representing 

MDA-MB231 cells, indicate that at low frequencies, when the C-M factor is negative, the 

distribution of cells is shifted towards the bottom of the channel. Although the largest non-

uniformities in the electric field occur in proximity to the top wall, there is also a region of non-

uniform electric field near the bottom of the channel. Numerically, this is manifested as a small 

depletion zone which forms near the bottom of the channel. At higher frequencies, where the C-

M factor is positive, the distribution of cells is shifted towards the top of the channel. A total of 

200 streamlines were simulated for an electric field of 200 VRMS at 70 kHz.  Eighty four percent 
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intersected the top wall indicating that for this frequency a large number of cells should be forced 

into a narrow region at the top of the channel.  

 

Experimental Results 

At 10 kHz, all cell types exhibited a negative DEP response. Figure 9-4a shows the distribution 

of all cell types at 10 kHz. The net effect was to force the distribution of cells towards the bottom 

of the channel with most of the cells passing below the center line. A large depletion region near 

the bottom wall exists for MDA-MB231, THP-1, and PC1 cells. Due to their smaller size, a more 

narrow depletion region was observed for the RBCs.  At 10 kHz, lysing of some THP-1 and PC1 

cells was also observed. Negative DEP, acting on THP-1 cells (200 VRMS at 10 kHz), is shown in 

Figure 9-4c. 

 

 
Figure 9-4: (a) The action of negative DEP forces the distribution of cells towards the bottom of the channel at 

10 kHz. (b) At 70 kHz all cells experience positive DEP which distributes the cells towards the top of the 

channel. At this frequency, the distribution of RBCs is shifted only slightly above center. (c) Negative and (d) 

positive DEP are shown acting on THP-1 cells at 10 and 70 kHz (200 VRMS), respectively. (e) Distribution of 

cells within the sample channel as a function of frequency. The lines indicate the location at which the cells are 

split into two equal populations.  fxo1 for each cell type is the frequency at which the distribution crosses the 

center line. 



 90 

At frequencies above 50 kHz, all cells except RBCs exhibited a positive DEP response. 

Theoretically, the magnitude of the C-M factor for positive DEP can be twice that for negative 

DEP. Experimentally, this resulted in cells occupying a much narrower region of the device 

when experiencing a strong positive DEP force. As the frequency was increased above fxo1 for 

each cell type, the cells occupied a narrowing region of the top half of the channel. At 70 kHz, 

the MDA-MB231, THP-1 and PC1 cells occupied a region approximately 50 m wide adjacent 

to the wall at the top of the channel as shown in Figure 9-4b. Positive DEP, acting on THP-1 

cells (200 VRMS at 70 kHz), is shown in Figure 9-4d. 

 

Figure 9-4e shows the location which splits the cells into equal populations as a function of 

frequency. MDA-MB231 and THP-1 cells exhibited a similar behavior. At 10 kHz, both cell 

types experienced a negative DEP force which progressed the cells into the bottom half of the 

channel. At 20 kHz, each exhibited a slight positive DEP response indicating that their respective 

fxo1 occurred between 10 and 20 kHz. As expected by numerical calculation of their C-M factors, 

the transition from negative to positive DEP occurred over a narrow frequency range. Between 

40 and 70 kHz the MDA-MB231 and THP-1 cells exhibited a strong positive DEP response and 

generally occupied a narrow region at the top of the channel. The PC1 cells exhibited a negative 

DEP response between 10 and 30 kHz with a sharp transition to positive DEP at 40 kHz. At 300 

VRMS, the RBCs exhibited a negative DEP response between 10 and 60 kHz. Between 10 and 30 

kHz, this acted to force the cells into the bottom 75% of the channel. Between 40 and 60 kHz, 

the negative DEP response began to diminish; however, the distribution remained shifted 

towards the bottom half of the channel. At 70 kHz, the RBCs exhibited a slight positive DEP 

response.  

 

The membrane capacitance for MDA-MB231 cells determined by whole-cell impedance 

spectroscopy was previously reported by Han et al. to be 0.0163± 0.0017 [F/m
2
] 

1
. This value 

provides preliminary validation of our technique which calculates a capacitance value of 0.01518 

± 0.0013 for the MDA-MB231 cell line. The capacitance values for THP-1, PC1, and RBC lines 

were calculated to be 0.01719, 0.01275, and 0.01089 [F/m
2
]. It should be noted RBCs were 

approximated as a spherical particle of radius 3.20 m. The values used to for the calculations 

and the membrane capacitance for each cell type can be seen in Table 9-1.  
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Conclusion 

This work presents the first successful use of cDEP to manipulate mammalian cells at 

frequencies where the C-M factor is both positive and negative. Numerical calculations of 

the C-M factor suggest that mammalian cells will experience similar DEP responses  over a 

broad frequency spectrum with the exception of the regions in proximity to the first and 

second crossover frequencies. The electronics necessary to produce high voltage signals 

above 1 MHz are impractical, making the development of cDEP devices which operate near 

the first crossover frequency necessary if this technique is to gain acceptance in laboratory 

and clinical settings.  

 

The procedure presented here provides a simple way to examine the specific membrane 

capacitance of mammalian cells which can easily be translated into an automated process. 

Changes in membrane capacitance have been previously reported as an indicator of the 

invasiveness of certain cancers 
1
 and a similar cDEP device could potentially be used as an 

indicator of patient health by examining cells taken from biopsy or found as CTCs. The 

ability to analyze cells of interest and develop predictive numerical models will enable the 

development of future dielectrophoresis devices and ultimately improve patient outcomes 

through the development of early cancer detection techniques.  
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Chapter 10: Multi-Layer Contactless Dielectrophoresis 

 

Introduction 

 In Chapter 8: and Chapter 9: we cDEP demonstrated devices with the ability to manipulate cells 

employing applied potentials with frequencies as low as 1 kHz in a single layer device 
56

. This 

was accomplished by increasing the capacitance associated with the barriers and increasing the 

resistance of the sample channel. Here we investigate for the first time, with detailed 

mathematical modeling, the properties of a multilayer device, in which the sample and fluid 

electrode channels occupy distinct layers, using finite element software.  

 

Additionally, the resistance and capacitance of the fluid electrodes, sample channel, and 

insulating barriers are calculated numerically and evaluated as a simple low pass filter. This is 

used to predict the device performance characteristics and find an order of magnitude 

approximate for | ( ⃗⃗   ⃗⃗)|. These multilayer devices are electrically similar to single layer 

devices, maintain compatibility with mass fabrication techniques, and provide a potential method 

to significantly increase throughput compared to single layer cDEP devices.  Finally, we validate 

the multilayer cDEP concept with a prototype device. Dielectrophoretic trapping of MDA-MB-

231 breast cancer cells is demonstrated under a 250 VRMS potential at 600 kHz and a flow rate of 

1.0 mL/hour, a 100 fold increase in flow rate over the single layer version of the same design 

presented in previous chapters. 

 

Theory 

A cDEP device can be represented as the series combination of three resistors and two 

resistor–capacitor (RC) pairs in parallel. These represent the impedances of the two fluid 

electrodes, a single sample channel, and two insulating barriers. In this scenario, the 

capacitances associated with the sample channel and fluid electrodes are considered 

negligible. The total impedance (Ztotal) of this network is easily calculated because all of 

these elements are in series; the current flowing through each individual RC pair must be the 

same.  
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where R is the resistance and X is the capacitive reactance (X=-1/(C)). For simplicity, we 

can neglect the small capacitive elements associated with the fluid electrodes and sample 

channel as their capacitance is an order of magnitude lower than the barriers and their effect 

is negligible until frequencies above 10 MHz. Once this impedance is known, the current 

flowing through the system can be calculated for any given input voltage (Vsample). From this 

a transfer function describing the relative voltage drop across the sample channel can be 

derived 
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This transfer function lends intuition towards to the optimal frequency range for operation of 

these devices as it has been previously shown that cDEP devices begin to perform well when 

about 1 percent of the total voltage drop occurs across the sample channel 
55

. An 

approximation for || 


 can be achieved by finding the change in resistance ( R ) of the 

sample channel per unit length ( x ) 
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where h is the depth of the channel, xxL )(  is the length of the sample channel segment, 

and w(x) is the width of the channel at location x. Assuming that the current passing through 

vertical sections of the channel remain constant, the change in voltage per unit length can be 
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found and a numerical approximation for || 


 can be determined by 

21

2
2

2
1

2 )()())((

xx

xExE

L

xE












 








3

2

m

V
 [10.6]  

Methods 

Numerical Modeling 

Two-dimensional geometries were created using AutoCAD (AutoCAD Mechanical 2010, 

Autodesk Inc., San Rafael, CA, USA).  The geometries were imported into COMSOL 

Multiphysics (Version 4.2, COMSOL Inc., Burlington, MA, USA) and extruded into a three 

dimensional geometry as shown in Figure 10-1a-c. The AC/DC module was used to solve for 

the potential distribution, . Edges of the electrode channels were modeled as a uniform 

potential of 100 V or ground. The frequency of the applied signal was incrementally 

increased from 10
2
 to 10

9
 Hz using MATLAB (Version R2010b, The MathWorks Inc., 

Natick, Massachusetts) to create a logarithmically dispersed frequency distribution.  was 

used to calculate the magnitude of the particle independent DEP vector ( || 


). This was 

accomplished by evaluating the partial derivatives of  in the x, y and z directions to 

determine the directional components of the electric field ( E


). These values were then used 

to calculate EE


 . Finally, || 


 was calculated by finding the magnitude of the partial 

derivatives of || EE


  in the x, y, and z directions. A representative surface plot of the || 


 
distribution is shown in Figure 10-1.  

 

The numerical approximation of || 


 in Equation 7 was calculated in MATLAB based on the 

electrical component model shown in Figure 10-1e. First, the resistance and capacitance of 

each element was calculated based on their geometrical properties. The total impedance of 

the system was then calculated and a frequency dependent transfer function was determined. 

This function was multiplied by 100 V to determine the voltage drop across the sample 

channel at frequencies between 10
2 

and 10
9
 Hz. The current flowing through the channel was 

then calculated based on the impedance of the sample channel at each frequency.  
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The geometry presented here has rounded saw 

tooth constrictions which compress the channel 

from 500 m to 100 m over a distance of 400 

m. These values were used as a linear 

approximation of the change in channel resistance 

per unit channel length near the constrictions. 

Finally, these values were used in Equation 7 to 

calculate the numerical approximation for || 


. 

 

The sample channel and fluid electrodes were 

prescribed conductivities of 0.01 and 1.4 S/m, 

respectively. Both were prescribed a relative 

permittivity of 80 as assumed based on their water 

composition. The remaining device was prescribed 

the material properties of either poly-

dimethylsiloxane (PDMS), poly-methyl 

methacrylate (PMMA), polyimide (PI), or 

polyvinylidene fluoride (PVDF). These materials 

were selected due to their availability in thin films 

and suitable electrical properties. 

 

A parametric study was conducted to examine the 

effect of device geometries on the particle 

independent DEP vector. Maximum and minimum 

values for the insulating barrier area, barrier 

thickness, sample channel depth, and electrode 

separation distance can be seen in Table 1. PDMS 

was used as the nominal device material except 

where stated otherwise. 

 

 
Figure 10-1: (a-c) Isometric, top, and side view 

schematics of the geometric configuration used in 

finite element analysis. (d) Surface plot of  

calculated using the nominal values in Table 1 at 

250 kHz. (e) Lumped element model used to 

calculate the numerical approximations of .  
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Cell Preparation 

MDA-MB-231 human breast cancer cells were 

cultured in DMEM/F12 media. The medium was 

supplemented with 10% fetal bovine serum (FBS) and 

1% of a penicillin/ streptomycin. Cultures were 

maintained in solution at 37 C and 5% CO2 in a 

humidified atmosphere. All cells were harvested by 

trypsinization at 80% confluence. The cells were 

suspended in a low conductivity buffer 
77

, stained 

with  CellTrace calcein red/orange (Invitrogen, 

Eugene, OR, USA), washed twice, and suspended 

again in fresh buffer to achieve a solution 

conductivity of 100 S/cm +/- 30 S/cm and a cell 

concentration of 3x10
6
 cells/mL.  

Experimental Parameters 

Devices were fabricated courtesy of Protea 

Biosciences (Morgantown, WV, USA). Schematic 

representations of the device can be seen in Figure 

10-1a-c. Two pairs of fluid electrode channels 

straddle a sample channel machined in 900 m thick 

PMMA. The source and sink fluid electrode pairs 

were separated by 1.7 cm. 120 m thick 

polycarbonate film layers separate the fluid electrodes 

from the sample channel. The nominal width of the 

sample channel was approximately 850 m with „saw 

tooth‟ features along one edge which constricted the 

channel to approximately 600 m. The devices were 

placed into a vacuum jar for at least 30 minutes prior to experiments to minimize bubble 

formation within the device during priming. The fluid electrode channels were filled with 

Phosphate Buffered Saline (PBS) (Geno Technology, St. Louis, MO) and then wire 

 
Figure 10-2: Finite element analysis of 

multilayer cDEP devices. The frequency 

responses of these devices change relative to 

(a) barrier cross sectional area, (b) barrier 

thickness, (c) electrode separation, (d) 

sample channel depth, and (e) barrier 

material. 
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electrodes were placed into the source and sink fluid electrode channels. The sample channel 

was primed with low conductivity buffer (100 S/cm +/- 30 S/cm), then tubing was press 

fit into the inlet of the channel. The inlet tubing was connected to a 1 mL syringe containing 

the cell suspension via a blunt needle.  

 

Cell suspensions were driven through the sample channel at a rate of 1.0 mL/hour by a 

syringe pump (PHD Ultra, Harvard Apparatus, Holliston, MA). An inverted light microscope 

(Leica DMI 6000B, Leica Microsystems, Bannockburn, IL) was used to monitor the cells.  

 

An AC electric field was created by amplifying (AL-50HF-A, Amp-Line Corp., Oakland 

Gardens, NY) the output signal of a function generator (GFG-3015, GW Instek, Taipei, 

Taiwan) to a maximum of 25 VRMS. A step up transformer (AL-T340.4, Amp-Line Corp., 

Oakland Gardens, NY) was used to achieve output voltages up to 300 VRMS at 600 kHz. 

Voltage and frequency were measured using an oscilloscope (TDS-1002B, Tektronics Inc. 

Beaverton, OR, USA) connected to the output stage of the transformer. 

 

Results and Discussion 

Numerical Modeling 

A surface plot of || 


 in the nominal configuration at 250 kHz is shown in Figure 10-1d. The two 

dimensional slice shown is at the center of the sample channel. In COMSOL, the barrier area was 

sequentially increased from 0.125 to 0.5 mm
2
 by increasing the width of the fluid electrode 

channels. Because electrode channels are filled with a highly conductive solution (PBS), their 

dimensions have a negligible effect on the frequency response. Increasing the barrier area 

effectively reduces the barrier resistance (R = d/A) and increases the barrier capacitance (C = 

0rA/d) where d is the thickness, A is the area,  is the resistivity, r is the permittivity of the 

barrier material and, 0 is the permittivity of free space. This causes the impedance of the barriers 

to roll off at a slightly lower frequency as barrier area increases. Figure 10-2a, shows that larger 

barrier cross sectional areas are preferred, however, there are diminishing returns. Larger 

unsupported barriers may collapse into the sample channel or break. Ultimately, supportive 

pillars or structures may be required resulting in a tradeoff between barrier area and mechanical 
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strength. The frequency response of the device will be negatively impacted by the addition of 

supportive pillars only to the extent at which they decrease the total barrier area. It is not 

anticipated that they will induce a strong DEP force as the electric field is relatively constant 

between fluid electrodes at the same potential. 

 

Decreasing the thickness of the barrier increases the capacitance and decreases the resistance of 

the barrier. The impedance of thinner barriers falls off more quickly, improving the frequency 

response of the device as shown in Figure 10-2b. Similar mechanical considerations must be 

taken when decreasing the barrier thickness as when increasing the barrier cross sectional area. 

In addition, the voltage at which dielectric breakdown occurs is directly dependent on the 

thickness of the material. PDMS for example, has a dielectric strength of approximately 20 

V/m. A device with 100 m barriers can withstand applied voltages in excess of 2000 Vpeak; 

however, a thinner barrier of 20 m can only withstand 400 Vpeak. These limitations must be 

strongly considered in device design as simulations suggest that the maximum || 


 does not 

increase significantly as the barrier becomes thinner. If very large voltages are necessary to 

achieve particle manipulation, for example in the case of organelles or viral particles where the 

effective particle radius is very small, then thicker membranes may be required at the expense of 

frequency response.  

 

Increasing the separation distance between the source and sink electrodes has a net effect of 

increasing the resistance of the sample channel. This in turn causes a greater proportion of the 

voltage drop to occur across the sample channel. The consequence of this is that for large 

separation distances, the || 


 

increases more rapidly at lower frequencies, the response reaches 

its maximum more quickly, and becomes „flat‟ over a larger frequency spectrum. For example, a 

|| 


 = 10
11

 is achieved at lower frequencies as the electrodes are pulled apart. At the same time, 

as shown in Figure 10-2c, the distance between the electrodes increases, causing a decrease in 

the change in voltage per unit length ( xV  / ). This results in a lower maximum || 


 value 

achieved in the sample channel. There is a tradeoff between the „flatness‟ of the response needed 

and the maximum || 


 achievable for a given device.  
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The depth of the sample channel may have the largest impact on the performance of cDEP 

devices from both an operational and electrical standpoint as shown in Figure 10-2d. The 

resistance of the sample channel increases linearly as the channel becomes shallower. This 

increases the total voltage drop across the sample channel, allowing for the generation of 

significant || 


 values at lower frequencies. As the channel is made deeper, the resistance 

decreases and useful || 


 values are pushed higher in frequency. As with barrier thickness and 

barrier area, the maximum achievable || 


 value is independent of the depth of the sample 

channel. Only the frequency at which this maximum occurs is affected.   As the sample channel 

depth increases beyond 500 m, the effect on the frequency response becomes less significant 

and higher levels of throughput become accessible. For example, a multilayer device with a 

sample depth of 2000 m (and all other values nominal) has similar electrical performance 

characteristics as some of the first cDEP devices reported 
52

, however, keeping bulk fluid 

velocities the same, the multilayer device will achieve approximately 40 times greater 

throughput (50 m deep channels with a flow rate of 0.02 mL/hour verses 2000 m deep and 0.8 

mL/hour).  

 

The membrane used to isolate individual layers of a multilayer device does not have to be the 

same material as the substrate in which the microfluidic features are patterned. This allows for 

the investigation of materials which may have better electrical properties than traditional 

stamping polymers such as PDMS. There are a wide range of biocompatible polymers which are 

readily available in thin films. Typically, these polymers have relative permittivities of 

approximately 3. This has to do with the similarity in density of these films and the Clausius-

Mossotti relation (K) for an assembly of –CH2–polymer units  

 

  
     

    
 

[10.7]  

 

where K = 0.327x10
-3

  and  is the density of the polymer 
111

 . 

 

Under the influence of a static field, the molecules of dielectric materials become polarized. In 

an AC field, the direction of the field oscillates. The direction of polarization of the molecules 



 100 

changes to follow the direction of the applied 

field. Because this change is not 

instantaneous, the polarizations of the 

molecules lag behind the field with a 

characteristic time known as the relaxation 

time. This time is typically on the order of 

10
-11

 seconds. For the frequencies studied 

here, the relaxation time for the barrier 

materials are considered negligible and the 

relative permittivity is held constant at all 

frequencies.  

 

For membranes made of PDMS, PI, and 

PMMA there is no significant change in the 

frequency response of the devices when all 

of these materials are the same thickness, as 

shown in Figure 10-2e.  The electrical 

properties of these materials, derived from 

manufactures data sheets, are presented in 

Table 2. The relative permittivity of PVDF, 

approximately 9.0, gives the material a 

higher capacitance per unit thickness. 

Devices using this material as the insulating 

barrier between layers reach their maximum 

|| 


 at lower frequencies. This increases the 

frequency range over which the devices 

exhibit a flat DEP response. The maximum 

|| 


 is nearly equivalent between each of these materials. This is advantageous as it allows for 

barrier materials selection to be made based on manufacturing and mechanical considerations.  

 

 
Figure 10-3: Numerical approximation of  in 

multilayer cDEP devices. The frequency responses of 

these devices change relative to (a) barrier capacitance, 

(b) barrier resistance, (c) electrode separation, (d) and 

sample channel depth. 
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PDMS films of predictable thickness can readily be fabricated by spin coating the polymer on a 

flat surface and procedures for PDMS-PDMS bonding are well documented in the literature 
112

. 

Commercially available films are generally available in thicknesses of 25.3 m (0.001 inches), 

however some specialty films, such as polyimide are available in thicknesses of 7.5 m or less 

under brand names of Kapton and Corin XLS. These materials are advantageous over thicker 

films as they will have a lower net resistance and increased capacitance improving device 

performance, however, their breakdown voltages will be drastically reduced.  In the case of a 7.5 

m polyimide film, operating voltages would be limited to those less than 90 Vpeak. It should be 

noted that AC voltages are often applied and measured in terms of the root mean square (RMS) 

of the peak to peak voltage. The corresponding AC breakdown voltage of a 7.5m polyimide 

film will be √2 times less than the DC voltage, or 64.6 VRMS.  

 

Equation 7 was used to conduct an additional parametric analysis for comparison with the results 

determined in COMSOL. This model used nominal values of 2x10
6 

[], 2.86 x10
4 

[], 2.89 

x10
14

 [], and 9.77 x10
-14

 [F] for the sample resistance, fluid electrode resistance, barrier 

resistance, and barrier capacitance in Equation 1. These values represent the approximate values 

of the nominal multilayer device used in the multiphysics simulations. The effect of increasing 

barrier capacitance is shown in Figure 10-3a. A tenfold increase in barrier capacitance resulted in 

a frequency response which reaches the maximum || 


 value an order of magnitude before the 

nominal case. This trend matches the results determined via finite element modeling of 

decreasing barrier thickness and increasing barrier cross sectional area and help validate the use 

of strictly numerical solutions to analyze cDEP devices. 

 

The resistance of the barrier plays a minimal role in the performance of these devices as shown 

in Figure 3b. It is not until the resistance of the barrier (or resistivity of the material) is decreased 

eight orders of magnitude that this component makes a significant contribution. In that case, the 

resistances of the barrier and of the sample channel are of similar order of magnitude.  This 

minimal effect of barrier resistance is due to the capacitive elements of the barriers which cause 

their impedance to start rolling off at very low frequencies. 
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Increasing only the resistance of the sample channel in Equation 1, similar to pulling the fluid 

electrodes further apart, decreases the maximum || 


 value achieved. This trend, shown in Figure 

10-3c, is due to the model representing the total voltage dropping over a longer distance, so the 

change in voltage per unit length becomes smaller. A tenfold increase in sample channel 

resistance resulted in a two order of magnitude drop in the maximum || 


 value. However, the 

higher resistance sample channels have linear frequency responses over a larger frequency range.  

This method was also used to model the effect of reducing the sample channel depth. Here, the 

resistance of the sample channel was increased in Equation 1 and the height of the sample 

channel was changed proportionately in Equation 6. A tenfold decrease in sample height resulted 

in a || 


 which reached its maximum at frequency an order of magnitude lower. These results, 

shown in Figure 10-3d, also exhibit the same trend found in the multiphysics simulations shown 

in Figure 10-2d.  

 

These results show that approximating || 


 numerically yield similar results and trends as 

compared to the more computationally demanding finite element methods. While this method 

cannot predict the spatial distribution of the electric field, it can be used to generate order of 

magnitude approximations and explore the implications of specific changes in device geometry. 

The numerical approximation of || 


 (Figure 10-3) predicts a smooth increase and plateau 

anticipated for a simple resistor-capacitor circuit. The finite element solutions (Figure 10-2) 

exhibit a sharp drop in || 


 just prior to it reaching its maximum. This indicates the presence of 

losses, resonance, or inductance which are not accounted for in the numerical approximation. 

This behavior was not evident in our previous experimental work, though it may have been 

confounded by changes in the C-M factor, for the cells evaluated, at these transient frequencies.  

Experimental Results 

A top down view of the multilayer prototype device is shown in Figure 10-4a. In the absence 

of an electric field, cells flowed freely through the device as shown in Figure 10-4b. When a 

250 VRMS potential at 600 kHz was applied, individual cells were observed migrating 

towards each other forming „pearl chains‟. This initial indication of the presence of a strong 

electric field continued at time progressed and successively longer chains of cells formed 

within the device. These chains, and individual cells, began to migrate towards the „saw 
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tooth‟ features along the bottom edge of the 

sample channel and become immobilized. 

After approximately one minute, a large 

number of cells had become trapped as 

shown in Figure 10-4c. Long chains of cells 

continued to slide along the bottom edge of 

the device, just above the trapped cells.  

 

This is the first demonstration of 

dielectrophoresis in a device in which fluid 

electrodes are fabricated in separate 

substrates and physically isolated from the 

sample channel by a thin film. These 

preliminary results show that it is possible to 

generate an electric field within the sample 

channel of a multilayer cDEP device. The 

dielectrophoretic force generated was great 

enough to trap cells being driven at a flow 

rate of 1.0 mL/hour. This represents a 100 

fold increase in flow rate compared to this 

geometry fabricated in a single layer of 

PDMS 
55

. Future work will focus on 

producing devices with thinner membranes 

between the sample and fluid electrode 

layers, measuring the electrical 

characteristics of the devices, and evaluating 

the response of cells across a wide frequency 

spectrum.  

 

Conclusion 

 
Figure 10-4: (a) A prototype multilayer cDEP device 

with fluid electrode channels (red) above and below 

the sample channel (blue). (b) Cells pass freely 

through the device when the electric field is turned 

off. (c) Under the influence of a 250 VRMS electric 

field oscillating at 600 kHz, cells form „pearl chains‟, 

indicated by the white arrow, and become 

immobilized near the saw tooth features at the edge 

of the sample channel.  
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Here we presented the geometrical considerations necessary to produce a multilayer cDEP 

device that achieves a high level of throughput while maintaining sufficient electric field non-

uniformity to manipulate cells. These devices in their nature have a frequency response which 

must be understood when interpreting experimental results. For this reason the CM factor was 

decoupled from the ability of the device to produce highly non-uniform electric fields. From an 

experimental standpoint, production of high voltage, high frequency electrical signals becomes 

challenging above 1 MHz. Below 1 MHz, ionic and dipole relaxation are expected to influence 

cells with the former dominating over the later at lower frequencies. Ultimately, the electrical 

and physical properties of the cytoplasm, cellular and nuclear membranes will affect the 

dielectrophoretic response.  

 

This work is the first description of a multilayer cDEP device. Analysis was completed using 

both finite element software and a more efficient numerical approximation. The non-uniform 

electric field generated within these multilayer devices is comparable to the single layer devices 

presented previously 
108

. While the numerical approximation does not capture some of the 

intricate fluctuations in the frequency response, it provides an order of magnitude approximation. 

This approximation is significantly less computationally demanding than the 3D finite element 

solution taking seconds rather than hours to compute frequency responses for each parameter. 

This numerical approximation can be adapted for calculation using open source spreadsheet 

software, providing a less computationally demanding means to model complex cDEP devices. 

Additionally, this method should provide a reasonable approximation for other insulator based 

DEP devices.  

 

We demonstrated trapping of MDA-MB231 breast cancer cells in a prototype device at a flow 

rate of 1.0 mL/hour. This represents a significant increase in throughput over previously reported 

cDEP devices. Future work will focus refining fabrication of these devices and demonstrating 

their ability to sort heterogeneous cell populations.  

 

Of the parameters affecting device performance, electrode separation distance had the largest 

influence on the frequency response. This parameter was also the only one which significantly 

influenced the maximum value of || 


. This has to do with losses associated with regions of the 
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sample channel between the electrodes not containing constricting features. Consequently, if 

higher || 


 values are needed in conjunction with a low frequency response, a higher input 

voltage must be applied. The ultimate limiting factors in device performance then reside in 

breakdown voltage of the barrier material and the ability to generate high frequency signals at 

high voltages.  
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Chapter 11: Electrokinetic Flow in Contactless 

Dielectrophoresis 

Introduction 

Microfluidics is rapidly becoming the tool of choice for many complex biological applications. 

The small length scale allows for high control over convection and diffusion transport, reduced 

volumes decrease the quantity of sample and reagents consumed, and higher resolution and 

sensitivity are obtained. The low Reynolds number due to device dimensions ensures laminar 

flow in all but the most extreme circumstances. This produces predictable flow patterns that are 

ideal for separations and analysis, since low to negligible mixing is induced 
113

. 

 

Electrokinetic techniques are one of the main pillars of microfluidics as analytical systems. 

These techniques have great potential for handling bioparticles, from macromolecules to cells. 

Isotacophoresis and isoelectric focusing have found important applications in protein separations 

114
. One important characteristic of microanalytical electrokinetic methods is intact 

microorganisms can be analyzed. For example electrotaxis, the movement of adherent cells in 

response to an electric field, has been used to guide the migration of neural stem cells 
115

 and 

lung cancer cells in 3D scaffolds 
116

. Electrorotation is another important electrokinetic method 

employed successfully for cell assessment that allows extracting dielectric properties 
117 57

. 

Electrical impedance has also been employed in microdevices for the detection and 

quantification of bacterial cells in suspensions, with great application in food safety analysis 
118

. 

A number of excellent reviews which describe the assessment and manipulation of cells with 

electric fields in depth have been published recently 
119-121

.  

 

Among the family of electrokinetic (EK) techniques, dielectrophoresis (DEP), the motion of a 

particle due to polarization effects in the presence of a non-uniform electric field, has proven to 

have an enormous potential for applications with cells 
121

. Microfluidic applications exploiting 

DEP originally used electrodes patterned on the bottom of a channel which trapped cells as they 

were driven past by pressure flow 
110

. Though design and fabrication of microdevices which 

apply this technique might be complex and expensive, its applications have been demonstrated as 

effective means to trap DNA 
122

, viruses 
123

, and bacterial 
124

 and mammalian cells 
125

; as well as 
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for identification of antigen expression and blood typing 
126

. Three-dimensional carbon 

electrodes, which require a less extensive fabrication process, have been used as an alternative to 

metal electrodes. Carbon-electrode dielectrophoresis (carbon-DEP) has been used to trap cells 

such as yeast and bacteria with the significant advantage of providing higher throughputs due to 

the 3-D configuration and allowing for centrifugal pumping in a CD-like platform 
127-129

. 

However, electrode-based DEP can have some drawbacks such as loss of functionality due to 

fouling, which is common when working with bioparticles, such as cells. Additionally, direct 

contact between the electrodes and the sample can lead to cell damage 
48,52

. 

 

As an alternative, a non-uniform electric field can also be produced by placing insulating 

structures within a channel and using two external electrodes placed at the inlet and outlet of a 

channel 
43

. In this configuration usually DC fields are used and the electric field drives 

electroosmotic flow while the insulating structures distort the electric field distribution inducing 

a DEP force on any particles within the fluid. This technique, known as insulator-based 

dielectrophoresis (iDEP) is advantageous as the dielectrophoretic force produced extends to the 

entire height of the channel allowing for 3-D particle manipulation 
130

. Recently, there has been 

an important progression of iDEP studies, demonstrating its application as an effective method to 

trap single cells 
131

, concentrate proteins 
132

 and DNA 
47

, separate and concentrate mixtures of 

particles 
48,133

, interrogate cell viability 
134

, and blood types 
135

. These systems have also been 

used with low frequency AC potential, where the shape of the applied signal is an additional 

parameter to control particle manipulation 
136

. Important progress on the mathematical modeling 

of iDEP systems has also been reported allowing for the prediction of particle selectivity, 

trapping and concentration within a microchannel 
130,137

. The majority of iDEP studies have 

employed fairly high DC potentials to manipulate particles, from proteins 
138

 to cells 
139

. The 

resulting Joule heating and electrothermal flow effects 
140,141

 are important challenges in iDEP 

that lead to electrochemical effects and bubble generation. These high DC potentials can also 

result in significant pH changes that can lead to bioparticle denaturation or cell death 
142

.  

 

Despite these challenges, iDEP offers great potential and flexibility for successful cell 

manipulation. Due to that, other recent techniques related to iDEP have been developed. 

Insulator gradient dielectrophoresis (g-iDEP) employs tapered microchannels with insulating 
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saw-tooth structures along the wall, this method has been successfully employed for separating 

bacteria and assessing blood cells 
51,143

. Contactless DEP (cDEP) is another successful technique 

where insulating structures distort the distribution of an electric field to generate DEP forces; 

however, this method has a significant advantage since the sample does not come in direct 

contact with the electrodes.  

 

In cDEP, AC electric potentials are applied employing electrodes immersed in a highly 

conductive solution, which is isolated from the sample channel by thin insulating membranes. 

The capacitive nature of these membranes allows for the transmission of AC signals into a main 

sample channel. Electric fields are generated across the microchannel width, perpendicular to the 

particle flow, allowing for highly selective particle manipulation since positive and negative 

DEP can be employed 
144

. Contactless DEP has found a special niche in biomedical and clinical 

applications.  Recently, cDEP has been used to isolate live cancer cells from beads of similar size 

54
, dead cells of the same cell line 

108
, live cells from dissimilar cell lines 

145
, and dilute blood 

samples 
146

.  

 

A significant challenge with current cDEP devices is the requirement of a syringe pump to 

accurately drive pressure driven flow of samples. This increases the peripheral equipment count 

and impacts the portability of the devices. In conjunction with the development of lab-on-a-chip 

technologies, there has been a surge in micro-scale pumping techniques aimed at eliminating the 

need for external pumps. These devices can be generalized into two main groups; mechanical 

displacement and electro-/magneto-kinetic pumps 
147

. Mechanical displacement pumps apply a 

pressure force on a flexible diaphragm 
148

 or into peristaltic 
149

 and rotary pumping geometries 

150
. In contrast, Electro-Magneto-kinetic pumps directly transfer electromagnetic energy into the 

fluid to achieve a steady state flow.  Electro-hydrodynamic devices induce a fluid body force 

through the interaction of a dielectric fluid‟s space charge density and a non-uniform electric 

field 
147

. These usually require a gradient in the conductivity or permittivity within the fluid, 

caused by unmixed fluid layers, suspended particles, or as a result of anisotropic heating 
151

. 

Magnetohydrodynamic pumps use perpendicular electric and magnetic fields to induce a Lorentz 

force in the fluid which acts to drive the fluid in a direction perpendicular to both applied fields 

152
. Alternatively, electro-osmotic pumping techniques rely on the surface charge that forms 
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when fluids come into contact with a channel wall 
59

.  This simple technique only requires the 

formation of an electric field along the direction of desired fluid motion.  

 

This chapter shows the combination of cDEP and EK pumping for highly controlled 

microparticle manipulation in a microchannel with a set of six electrodes (Figure 11-1). AC 

potentials applied across the width of a microchannel were used to achieve dielectrophoretic 

trapping at the center of the main channel in an array of cylindrical insulating structures. EK 

pumping was created by generating a DC potential drop across side channels separated from the 

sample channel by thin membranes in a contactless manner. This established a DC potential drop 

across the length of the sample microchannel to achieve EK pumping. Driving the fluid 

electrokinetically was chosen due to its simple structure, ease of fabrication, fast response time, 

and the ease of integration with other micro-components and software controls. Application of an 

AC potential perpendicular to the electrokinetic flow, allowed for dynamic particle trapping and 

releasing by reduction or removal of the applied potential. This configuration eliminates the need 

of a micropump, simplifying the system and enhancing portability 
153

. The performance of the 

system was simulated employing COMSOL Multiphysics to aid on the design of the 

microdevice. The results, from both experiments and simulations, demonstrate the important 

advantages for selective and highly controlled trapping, enriching and manipulation of 

microparticles at much lower applied potentials by employing the combination of AC-cDEP with 

EK pumping. 

 

Theory 

A hydrodynamic force, FDRAG, is exerted on the particles as they translate through fluid.  

 

VF pDRAG r6   [11.1]  

where V is the velocity of the particle relative to the suspending medium. The steady state 

velocity of the particles is determined by a balance between the dielectrophoretic forces and 

Stoke‟s drag in summation with the electrokinetic velocity. In this preliminary study, the effect 

of acceleration is considered negligible, and the relationship for particle translation is given by: 
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3 Methods 

3.1 Sample Preparation 

 

Yellow-green fluorescent carboxylate-modified polystyrene microspheres with 1 m in 

diameter (Invitrogen, Carlsbad, CA, USA), ex/em 505/515, were resuspended in distilled 

water to a concentration of 1 x 10
7
 beads/ml. Final sample fluid had a conductivity of 0.001 

S/cm and a pH of 5.7. 

 

 

3.2 Device Fabrication  

 

 
Figure 11-1: Schematic representations of the device used in this study. (a) The device consists of a single 

sample channel (light grey) and six fluid electrode channels. The DC fluid electrode channels (dark grey) were 

used to establish a DC field within the sample channel and set up EO fluid flow. The AC fluid electrode 

channels (black) were used to establish a strong DEP force around (b) insulating structures within the sample 

channel. (b-c) The barriers which isolate the fluid electrodes from the sample channel are 20 m thick. 
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A silicon master stamp was fabricated on a <100> silicon substrate using photolithography. 

Deep Reactive Ion Etching (DRIE) was used to etch the silicon master stamp to a depth of 15 

μm. Surface roughness was reduced by etching the wafer in tetramethylammonium hydroxide 

(TMAH) for 5 minutes. Finally, a thin layer of Teflon was deposited to facilitate stamp 

removal using typical DRIE passivation parameters. Liquid phase polydimethylsiloxane 

(PDMS) in a 10:1 ratio of monomers to curing agent (Sylgrad 184, Dow Corning, USA) was 

degassed under vacuum prior to being poured onto the silicon master and cured for 15 

minutes at 150C. Fluidic connections to the channels were punched into the PDMS using 

1.5 mm core borers (Harris Uni-Core, Ted Pella Inc., Redding, CA). Glass microscope slides 

were cleaned with soap and water, rinsed with distilled water, ethanol, and then dried with 

compressed air. The PDMS replica was bonded to a clean glass after treating with air plasma 

for 2 minutes (Model PDC-001, Harrick Plasma, Ithaca, New York).  

 

3.3 Device Geometry  

 

The device, shown in Figure 11-1, consists of a straight sample channel (light grey) and six 

fluid electrode channels. The sample channel is 900 m wide and contains 14 columns of 

pillars with 100 m in diameter. Groups of two columns are offset from the neighboring sets 

by 225 m in the y-direction center-to-center and all columns are arranged 150 m from 

center-to-center in the x-direction. This geometry was chosen to minimize the effects of DC 

DEP in the x-direction and maximize the effect of AC DEP.  

 

The fluid electrode channels are divided into two groups. Four DC fluid electrodes (dark 

grey) are located near the inlet and outlet of the sample channel. These are designed to 

establish a static DC voltage drop across the sample channel and induce EO flow. The two 

remaining fluid electrode channels (black) straddle the sample channel near the pillars. These 

are designed to establish an AC field and induce DEP trapping of particles at the pillars. The 

barriers separating the sample channel from the six fluid electrodes are 20 m thick.  

 

3.4 Mathematical model and simulations 
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Two-dimensional geometries were created using Autocad (Autocad Mechanical 2010, 

Autodesk Inc, San Rafael, CA, USA).  The geometries were imported into COMSOL 

Multiphysics (Version 4.2, COMSOL Inc., Burlington, MA, USA) where the Electrostatics 

and AC/DC modules were used to solve for the potential distribution, ϕ, using the gove rning 

equation  ∙(σ*  ϕ)=0 where σ* is the complex conductivity, that is defined in terms of the 

real conductivity and permittivity as: σ*=σ+iω, where 1i . In the Electrostatics module, 

the boundary conditions were prescribed uniform potentials of +250 V and -250 V for the 

positive DC and negative DC fluid electrodes, respectively. In the AC/DC module, the 

boundary conditions were +125 V and -125 V on the top and bottom AC fluid electrodes, 

respectively. This was done to evaluate the time averaged 0 V potential at the center of the 

sample channel as anticipated experimentally when a sinusoidal 250 VRMS is applied. The 

resultant voltages were then summed and used to evaluate the electric field distribution 

within the sample channel. 

 

All fluid electrodes were defined as phosphate buffered saline (PBS), the sample channel as 

DI water, and all remaining domains as PDMS. The values for the electrical conductivity and 

permittivity of the PDMS, DI water, and PBS that were used in this numerical modeling were 

similar to those reported earlier 
52,53

. The DI water and PBS had a relative permittivity of 80 

as assumed based on water content. The conductivity of the sample media and PBS were 

defined as 0.001 and 1.4 (S/m), respectively. The relative permittivity and conductivity of the 

PDMS were defined as 2.7 and 8.33x10
-13 

(S/m), respectively. The zeta-potential () between 

PDMS and the sample was approximated as 1, the viscosity () and permittivity (m) of the 

sample were set to 8.9 x10
-4

 [Ns/m
2
] and 80 based on their water composition.  
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3.5 Experimental Parameters 

 

The devices were placed into a vacuum jar 

for at least 30 minutes prior to experiments. 

The fluid electrode channels were filled with 

PBS, and then copper wire electrodes were 

placed in each side channel inlet. The sample 

channel was primed and 200 L pipette tips 

filled with extra sample fluid were used to 

balance the pressure at the inlet and outlet.  

 

An inverted light microscope (Leica DMI 

6000B, Leica Microsystems, Bannockburn, 

IL) was used to monitor the experiments. A 

high voltage, low current DC power supply 

(HVS448 6000D, Labsmith Inc., Livermore, 

CA) was used to apply +250 V and -250 V to 

the positive and negative DC fluid electrode 

channels, respectively. An independent 

channel was used for each polarity and the 

ground connections from the two channels 

were connected together. A 250 VRMS 500 kHz signal was then applied across the AC fluid 

electrode channels. This high voltage, high frequency waveform was produced through a 

combination of waveform generation, amplification, and step up transformation. The output 

signal of a function generator (GFG-3015, GW Instek, Taipei, Taiwan) was pass through a 

wideband amplification system (AL-50HF-A, Amp-Line Corp., Oakland Gardens, NY, 

USA). A step up transformer was then used to achieve output voltages up to 300 VRMS. 

Voltage and frequency were measured using an oscilloscope (TDS-1002B, Tektronics Inc. 

Beaverton, OR, USA) connected to the output stage of the transformer. 

 

Particle enrichment was quantified using image analysis on data acquired before and after the 

 
Figure 11-2: Computational results for the voltage 

distribution within the device when (a) only the DC 

fluid electrodes are energized (500 VDC) , (b) only the 

AC fluid electrodes are energized (250 VRMS), and (c) 

when the AC and DC fluid electrodes are 

simultaneously energized. The scale is presented in 

units of volts (V).  
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Figure 11-3: (a) Voltage distribution within the sample 

channel from inlet to outlet when a 500 V static potential 

is applied across the DC fluid electrodes. A linear 

regression of this curve shows a static electric field of 199 

V/cm is generated within a large region of the device. (b) 

Electric field distribution along the length of the device 

when AC only (dashed line), DC only (solid line), and 

AC + DC electric fields (dotted line) are applied.  

 

AC signal was applied. The Measure RGB 

plugin in ImageJ (version 1.43u, National 

Institutes of Health, USA) was used to 

quantify the red, green and blue intensity 

within the sample channel. These values 

were averaged and normalized to the area 

analyzed.  

 

Results and Discussion 

Simulation Results 

Figure 11-2a shows the simulations results 

obtained by applying a static potential of 500 

VDC which was established across the DC 

fluid electrodes on the extreme ends of the 

sample channel. The voltage drop across the 

PDMS is nearly linear across the device 

(voltage drop at the center of the channel will 

be shown in Figure 11-3). As observed in 

Figure 11-2a, the voltage is nearly constant 

for the first 2.5 mm from the extreme edges of the sample channel. These segments are from the 

edges of the sample channel to the inner most edges of the DC fluid electrode channels. In the 

sample channel between the positive and negative DC fluid electrodes, the voltage drops linearly 

from approximately +100 VDC to – 100 VDC. A linear fit of this curve predicts that an electric 

field of 199 V/cm is established in the sample channel when 500 VDC is applied across the fluid 

electrodes. As anticipated due to the symmetry of the device, the potential at the center of the 

sample channel is 0 VDC.  

 

Figure 11-2b shows the potential in the device when only an AC voltage of 250 V is applied to 

the AC fluid electrodes. There are regions of elevated (or lowered) potential in proximity to the 

energized fluid electrodes. The magnitude of the voltage drop at the center of the sample 

channel, from top to bottom, is approximately 20 VRMS. The remainder of the device, including a 
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large section of the sample channel, has no 

substantial change in potential. Figure 11-2c 

shows the potential distribution within the 

device when both AC and DC voltages are 

applied. In this scenario, the voltage drop 

across the length of the sample channel 

continues to be strongly influenced by the 

DC voltage. These results show that a DC 

voltage can be applied across „contactless‟ 

fluid electrode channels and induce a strong 

electric field within a sample channel. This 

field can be used to set up an electroosmotic 

flow without direct contact between the 

sample and the electrodes. The application 

of an AC voltage perpendicular to this DC 

field appears to have little impact on the potential distribution along the length of the channel, 

but may potentially affect the flow.  

 

Figure 11-3a and 3b show the voltage drop and the electric field distribution in the center of the 

sample channel from inlet to outlet, respectively. As it can be seen from Figure 11-3a there is DC 

voltage drop of approximately 200V across the length of the sample channel. Figure 11-3b 

shows the distribution of the electric field across the length of the sample channel, when 

applying only DC potential, only AC potential and both AC and DC potentials. From Figure 

11-3b it is observed that electric field varies significantly only when the AC potential is applied 

and only in the region containing the insulating posts.  

 

 
Figure 11-4: DEP field within the sample channel when 

(a) only the DC fluid electrodes are energized (500 

VDC), (b) only the AC fluid electrodes are energized 

(250 VRMS), and (c) when the AC and DC fluid 

electrodes are simultaneously energized. The scale is 

presented in units of V
2
m

-3
. 
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Figure 11-4a shows the gradient of the electric field squared (DEP field) when only the DC 

voltage is applied. A large DEP field is present close to the top and bottom of each of the pillars. 

These regions are co-located with regions of high fluid velocity (Figure 11-5). Figure 11-4b 

shows the DEP field for the scenario when only an AC voltage is applied. The volume of the 

device in which strong DEP forces occur is substantially larger than in the case of only DC 

voltage. In addition, the magnitude of the DEP field is elevated in regions between the pairs of 

posts. In these zones, the fluid velocity is anticipated to be low, improving the probability that 

particles will become trapped. When the AC and DC fluid electrodes are energized the resulting 

DEP field, shown in Figure 11-4c, becomes slightly distorted. This is due to the interaction of the 

AC and DC fields and the magnitude of the distortion is anticipated to change with the phase of 

the AC signal. 

Figure 11-5 shows the ratio of drag to DEP forces when 500 VDC and 250 VRMS are applied.  As 

anticipated, particle velocities are the greatest in regions where the pillars constrict the channel 

width. In contrast, there exist regions of relatively low fluid velocity between pillar horizontal 

pairs. This combined with the high DEP field (Figure 11-4c) creates a region of low particle 

velocity in which the probability of particle trapping is maximized.  

Experimental Results 

When a static voltage of 500 VDC was applied across the DC fluid electrodes, electroosmotic 

flow was induced as shown in Figure 11-6a. As anticipated, since EK flow has a linear 

dependence with the electric field, the 

velocity of the particles increased as the 

applied voltage was elevated. At 350 VDC the 

particles are mainly moving due to EK flow, 

only a small number of stray particles seem 

to be adhered to some of the posts and 

microchannel bottom, but this is not a DEP 

effect. At 350 VDC and above a small counter 

current developed along the top edge of the 

sample channel. A population of particles 

was observed moving in the opposite 

 
Figure 11-5: Surface plot of the ratio of Drag / DEP 

forces calculated using experimental parameters. Arrow 

plots show normalized simulated particle trajectories. 

Particle trapping is predicted to occur in the dark 

regions where the arrows turn and oppose the bulk flow.  
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direction of the bulk flow. The cause of this 

counter flow is currently unknown, but it may be 

a result of the development of pressure or 

thermal gradients.  

 

As shown in Figure 11-6b, when a static voltage 

of 500 V was applied across the DC fluid 

electrodes and a 250 VRMS signal was applied 

across the AC fluid electrodes, particles began to 

collect near the pillars due to dielectrophoretic 

trapping, this means that DEP overcame EK in 

those regions. In agreement with the theoretical 

predictions (Figure 11-5), most particles 

collected close to the left and right tangents of 

the pillars. However, some populations collected 

in vortices which formed in front of the pillars. 

The cause of these vortices is currently under 

investigation and is likely due to the interaction 

of the AC and DC fields as the AC phase 

changes. After one minute, the AC field was 

turned off while the DC potential was still on 

and the particles were released downstream 

(Figure 11-6c). Image analysis showed a 9.32 

fold increase in per unit area intensity.  

 

Concluding Remarks  

The device presented here is the first example of 

electrokinetic pumping using physically isolated 

fluid electrodes. This technique is advantageous 

as it eliminates sample-electrode contact and the need for platinum or silver-silver chloride 

electrodes. Another attractive feature of the combination of cDEP with EO flow is the potential 

 
Figure 11-6: Experimental application of electric 

potentials to the device. (a) When only the DC fluid 

electrodes are energized to +/- 250 VDC, EO 

pumping drives particles from left to right. (b) 

When the AC fluid electrodes are simultaneously 

energized to 250 VRMS, particles between to trap 

around the insulating pillars. (c) After 1 minute, the 

AC potential is turned off and particles are released 

downstream. 
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for highly controlled particle manipulation with DEP at much lower applied potentials than 

traditional iDEP, and with simpler systems that does not require the use of an external pump. 

This mode of static electric field generation has applications in a number of microfluidic 

microdevices including cell sorting, trapping, and migration studies. This technique eliminates 

the need for an external pump in cDEP designs, increasing the portability of the systems. Future 

work will focus on examination of the vortex phenomena observed during experimentation and 

investigating the viability of this technique for cell sorting. 
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Chapter 12: Effects of High Frequency and Pulsed 

Electric Fields on Cells in Suspension 

Introduction 

The application of an external electric field causes a redistribution of charge within a cell 

resulting in an increase in the cell‟s transmembrane potential (TMP). This, in turn, increases the 

free energy in the molecules in the cell membrane and the rate of transport of larger molecules 

into the cell. The process, known as electropermeabilization or electroporation, has been widely 

used in biology to transfer macromolecules, into cells while maintaining cell viability. 

Irreversible electroporation (IRE) results if the external field intensity increases past a certain 

threshold, such that the cell membrane is permanently destabilized and the cell cannot recover,  

IRE was first demonstrated by Davalos et al. [1] to be an effective means of non-thermally 

ablating tissue and tumors. Charge redistribution in presence of an electric field is not 

instantaneous. For a brief time, ions internal and external to the cell rearrange in response to the 

external field. This displacement current halts as the TMP reaches its maximum, after 

approximately 1 s. If the electric field is pulsed or due to a high frequency AC voltage, a 

displacement current propagates through the cell giving rise to increased membrane potentials in 

the nucleus and organelles. In typical reversible and irreversible electroporation protocols the 

pulses are a single polarity with on times on the order of 100 to 1000 microseconds. In this 

chapter, we show that trains of sub-microsecond pulses can be used to disrupt the cell membrane 

causing instantaneous and delayed cell death. 

Methods 

Numerical Modeling 

A numerical model of a cell in suspension was created in Comsol 4.2. Two schemes were used to 

model the cell as a membrane covered sphere. In the first model, individual domains were 

created representing the sample fluid, cell membrane, and cytoplasm. The 5 nm thick spherical 

shell domain representing the cell membrane required significant modification to the default 

meshing parameters and resulted in a large number of tetrahedral elements. Briefly, the entire 

geometry was assigned a single mesh with a predefined density of „Extremely course‟. The 

values for the default parameters were then changed for minimum element size (0.00025), 

maximum element growth rate (1.2), resolution of curvature (0.04), and resolution of narrow 
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regions (0.0001) to successfully mesh the geometry with 817184 tetrahedral elements. A 

computer with a quad core 3.0 GHz process and 8 GB of ram required 15 hours of computation 

time to solve a 14 s transient model with 1,092,902 degrees of freedom (results shown in Figure 

12-1). This model was used to calculate the frequency, sinusoidal, and pulse response of the 

TMP for conductivities between 0.01 and 10 S/m. This model was presumably the most accurate 

representation of the TMP; however, it was painfully computationally expensive. It also limited 

analysis of transmembrane potentials to the cell membrane.  

  
To model the effects of bursts of bipolar square waves and effects on the nuclear membrane, a 

more efficient impedance boundary condition model was used.  In this method, a square domain 

represented the experimental media and two spheres represented the domains for the cytoplasm 

and nucleoplasm, respectively. For each domain, a separate Electric Currents physics module 

was used and the dependent voltage variables were defined as Vmedia, Vcyto, Vnuc for the media, 

cytoplasm, and nucleoplasm domains, respectively. Variables were then defined to calculate the 

cell membrane (TMP) and nuclear membrane (nTMP) as (Vmedia – Vcyto) and (Vcyto – Vnuc), 

 
Figure 12-1: Numerical simulation of the transmembrane potential (TMP) of a cell suspended in 1.0 S/m 

solution under the influence of a 1000 V/cm pulsed electric field.  The discrete membrane model solved in 15 

hours while the refined and unrefined impedance boundary models solved in 27 and 14 minutes respectivly.  
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respectively. In the Electric Currents module, the boundaries representing membranes were 

defined as impedance boundary conditions with reference voltages prescribed as the voltage in 

the adjacent domain. For example, in the Media domain, the boundary representing the cell 

membrane was defined as an impedance boundary with reverence voltage of Vcyto.  The layer 

specification was defined as a „thin layer‟ and the electrical conductivity, relative permittivity, 

and surface thickness were defined using the values presented in Table 12-1.  

 
In the impedance boundary condition model, the mesh was defined as a single Free Tetrahedral 

group with „Normal‟ sized elements resulting in 17825 tetrahedral elements. In a preliminary 

study of this model, an additional mesh refinement step (Number of refinements = 2) was also 

taken. With refinement, this computation of the same 14 s simulation was completed in 27 

minutes. Without refinement, the computation time was further reduced to 14 minutes. When 

compared to the physical boundary model, both impedance boundary configurations sufficiently 

reproduced similar results. The unrefined impedance boundary condition model was used to 

conduct the remaining parametric studies.  

Cell Preparation and Experimentation 

MDA-MB-231: MDA-MB-231 human breast cancer cells were suspended in buffer with 

conductivity of 0.1 S/m at a concentration of 2.5x10
6
 cells/mL. A custom pulse generation 

system capable of delivering 1000 VPeak in each polarity was used to create electric field 

intensities of approximately 1000, 2000, and 4000 V/cm across cell suspensions in 1 or 2 mm 

electroporation cuvettes. MDA-MB-231 cells were exposed to 90 burst consisting of 200 bipolar 

square wave pulses 700 ns wide separated by 1.8 s of dead time, shown in Figure 12-2 (top and 

middle) at a repetition rate of 1 Hz.  Cell viability was assessed 1 and 16 hours post treatment 

using a Vi-Cell cell viability analyzer. Total viability after 16 hours was quantified as the ratio of 

live treated cells to live untreated (sham control) cells. 

Parameter Value  Reference 

membrane thickness 5 [nm] Alberts 1994  'Mollecular Biology of the cell' 

cell radius 8.88 [m] Sano 2011 

membrane conductivity 3e-7 [S/m] Miklavcic 2006 / Gascoyne  1993 

membrane capacitance 0.01518 [F/m
2
] MDA-MB231 Sano 2011 

cytoplasmic conductivity 0.3 [S/m] Miklavcic 2006 / Hozel 1992 

cytoplasmic permittivity 50  Sano 2011 

nucleus-cytoplasm ratio 0.5   
 

Table 12-1: Parameter values used in parametric studies on the TMP 
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PPT8182: Additional experiments were conducted with to PPT8182 murine primary pancreatic 

tumor cells suspended in a buffer at a concentration of 5x10
6
 cells/mL with a conductivity of 0.2 

S/m. 100 L of cell suspension were added to a 2 mm gap cuvette and 80 bursts with 50 

microseconds on time in each polarity (100 s total) were applied.  Within each burst, individual 

pulses had on times of 250 ns, 500 ns, 1, 2, 5, 10, or 50 s. There was a 2 s delay time between 

the end of a pulse and the beginning of the next pulse in the opposite polarity. The cells were 

exposed to electric fields with magnitudes of 1500, 3000, and 4000 V/cm.  

 

Results and Discussion 

Numerical Modeling 

Figure 12-3 shows the maximum TMP for an MDA-MB-231 cell in a 400 V/cm electric field for 

frequencies between 1 Hz and 100 MHz. This is approximately the electric field experienced by 

cells as they pass through the constricted regions of the cDEP sorting devices presented in 

 
Figure 12-2: [Top] A Single sub-microsecond pulse waveform is repeated 200 times [Middle] to create an 

irreversible electroporation pulse train. [Bottom] These pulse trains cause immediate and delayed cell death 

in-vitro. 
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Chapter 8: and Chapter 9:. DC and low frequency sinusoidal voltages are very effective at 

increasing the TMP of the cell membrane. This is because the averaged energized time is much 

longer than the charging time of the cell membrane. As a result, for a low frequency sinusoidal 

voltage of 400 V/cm, the TMP is elevated and held at a value greater than the threshold for 

electroporation independent of the conductivity of the media. In low conductivity solutions, the 

cell membrane charges more slowly. As the frequency is increased above 1 kHz, the voltage is 

not on for long enough to fully charge the cell membrane in 0.01 S/m buffer. The results in 

Figure 12-3 show that the optimal frequency range for sorting cells without significantly altering 

their cell membrane occurs above 1 kHz. When operating above 100 kHz, very large magnitude 

electric fields can be used without significantly increasing the TMP.   

 

Interestingly, experimental observations presented in Chapter 8: and Chapter 9: showed some 

degree of electroporation of cells below the first crossover frequency of their Clausius-Mossotti 

factor, but minimal electroporation above this frequency (i.e. cells were electroporated while 

experiencing negative DEP, but minimally impacted when experiencing positive DEP). Analysis 

of the results shown in Figure 12-3 shows that the cross-over frequency is collocated with the -

 
Figure 12-3: Steady state maximum TMP for a MDA-MB-231 cell under a 400 V/cm electric field verses 

frequency.  The red vertical line represents the first crossover frequency of MDA-MB-231 cells in 0.01 S/m 

conductivity media. 
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Figure 12-4: TMP response to a 1000 V/cm electric field at 

[top] 100 kHz and [bottom] 1 MHz. At 100 kHZ, media 

conductivity has a minimal impact on the maximum 

amplitude of the TMP. At 1 MHz, the lowest conductivity 

media (0.01 S/m) reduces the TMP. 

 

3dB point on the TMP curve. This indicates that at the cross-over frequency, cells are absorbing 

approximately half of the maximum energy absorbed at lower frequencies and shows the strong 

dependence of membrane electrical characteristics on DEP and Electroporation effects.   

 

As the conductivity of the media is increased, the charging time of the cell membrane decreases 

until the media conductivity reaches 1.0 S/m. Above this threshold increases  in media 

conductivity negligibly impact the TMP 

charging time. At 0.1 S/m, the -3 dB 

frequency is not reached until 

approximately 100 kHz. At 1.0 and 10.0 

S/m this frequency is shifted higher to 

approximately 300 kHz. If higher 

conductivity buffers are to be used in 

cDEP experiments, then the frequency 

range used must also be shifted to avoid 

damaging the analyzed cells.  

 

Figure 12-4 shows the time dependent 

charging of the TMP for a 1000 V/cm 

electric field at frequencies of 100 kHz 

and 1 Mhz. At 1 kHz, the maximum 

TMP is negligibly affected by media 

conductivity. At 0.01 S/m there is a 

slight phase shift and decrease in the 

maximum value achieved. At 1 MHz, the 

TMP is drastically affected by media conductivity. A phase shift and decrease is evident for 0.01 

and 0.1 S/m conductivity media. This again indicates that low conductivity media provide some 

measure of protection to cells against electroporation. In media with conductivity closer to 

physiological norms (1 S/m), the TMP increases significantly (and in phase) with the applied 

signal.  

 



 125 

Figure 12-5: Transient response of a cell to a 1000 V/cm. The low conductivity media protects the cell from 

electroporation. In low conductivity solutions, the cell appears more conductive than the media and a small 

increase in the TMP occurs. As the media becomes more conductive, the TMP rises towards its maximum 

value more quickly.  

 
 Figure 12-6 and Figure 12-5 show the TMP response to 2 and 20 s pulsed electric fields with 

1000 V/cm magnitudes. As anticipated from the results with sinusoidal signals, the rate of TMP 

increase is highly dependent on media conductivity. For the lowest media conductivity (0.01 

S/m), it takes longer than 20 s for the TMP to reach its maximum value. This charging time 

reduces to approximately 2 s for conductivities of 1.0 S/m or greater. These results show the 

exponential increase and decrease in TMP caused by electric fields. The slower charging rate in 

low conductivities is due a preference for currents to flow through the cell rather than around it 

resulting in a smaller electric field across cell. This highlights the need for low conductivity 

buffers when attempting to avoid cell damage. Conversely, when attempting to induce 

electroporation in low conductivity buffers, a much higher electric field is required if pulsed or 

high frequency fields are used.  
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Effect of Pulsed Electric Fields on the Nuclear Trans-Membrane Potential (nTMP) 

 

When a cell is exposed to a pulsed electric field, the capacitive nature of the cell membrane 

blocks the flow of current through the cell. However, the membrane cannot charge 

instantaneously and there is a brief time when ions and molecules are rearranging and current 

 
Figure 12-6: Transient response of a cell to a 1000 V/cm. For high conductivity buffers, the TMP rises rapidly. 

As the conductivity decreases, the rate of charging decreases. In the lowest conductivity, isotonic solution 

available (0.01 S/m) it takes more than 20 microseconds for the TMP to charge to its maximum. 

 
Figure 12-7: TMP and nTMP for a cell with a 0.5:1 nucleus to cytoplasm radius ratio. 
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flows through the cytoplasm of the cell. This displacement current increases the transmembrane 

potential of membranes surrounding the nucleus and organelles. These cellular components are 

much smaller than the cell and their theoretical maximum TMP within the same electric filed 

decreases linearly with their effective radius. Additionally, as a fully charged cell membrane 

blocks the flow of current through the cytoplasm, these internal membranes can charge for a 

period less than the TMP charging time.  

 

Figure 12-7 shows the charging characteristics of the cell and nuclear membranes for a bipolar 

pulse with 4 s on and 2 s off times. For the first 500 ns, current flows through the cytoplasm 

and the nuclear transmembrane potential (nTMP) increases. After 500 ns, the cell membrane 

begins to block the flow of current and the nTMP begins to decay back to zero. As the positive 

going pulse turns off, the charge on the cell membrane begins to dissipate and ions redistributing 

cause a current to flow in the opposite direction, charging the nuclear membrane in the opposite 

polarity. This process repeats as the pulse switches polarity. In Figure 12-7 we can see that every 

bi-polar pulse results in four increases in nTMP with pattern + + - - + +.  This pattern of 

successive nTMP increase in the same polarity suggests that there exists an optimal pulse 

configuration to increase the maximum nTMP value achievable.  
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Figure 12-8: Effect of nucleus size on nTMP. Note that the negative nTMP is greater in magnitude than the 

positive nTMP. 

Figure 12-9 shows the impact of pulse on time on the nTMP when the pulse off time is held 

constant at 500 ns. At the onset of the first positive pulse, the nTMP charges up to a maximum of 

approximately 0.35 V in the first 500 ns before it starts to decay. At the end of the first pulse, 

displacement currents within the cytoplasm force the nTMP negative. The onset of the negative 

polarity pulse further increases the magnitude of the nTMP in the negative direction. This 

additive effect results in a negative nTMP value which is greater in magnitude than the first 

positive nTMP.  

 

For very short on-time pulses, the nuclear membrane has not fully discharged before the positive 

pulse returns to zero. This diminishes the maximum negative nTMP achievable. For 500 ns on 

time pulses, the first positive nTMP reaches 0.35 V while the first negative nTMP reaches -0.47 

V. This effect is further enhanced if the positive nTMP is given sufficient time to decay back to 

zero before the positive pulse is turned off. When the pulse length is increased to 3.5 and 4 s, 

the nTMP reaches a maximum magnitude of 0.62 V, nearly double the value achieved by a 

 
Figure 12-9: Effect that pulse on time has on the nTMP when the off time between pulses is held to 500 ns. 

These results suggest that there is an optimal minimal ontime to affect the nTMP (green) of 3.5 s. 
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Figure 12-10: Effect of pulse delay on nTMP. Shorter delays result in an increase in the nTMP as the 

second pulse falls negative. 

 

single mono-polar pulse. Figure 12-9 shows the nuclear transmembrane potential can be 

doubled without increasing the magnitude of the applied field by carefully tuning the pulse 

parameters. 

Figure 12-10 shows the effect of delay time between pulses. At the end of the first positive pulse, 

the nTMP decays and becomes negative after approximately 250 ns. It reaches its maximum 

negative value approximately 500 ns after the end of the first positive pulse before decaying back 

towards zero.  

 

If the negative pulse is initiated before the nTMP can decay back to zero, then the resulting 

increase in nTMP is greater than that achieved by a single mono-polar pulse. The maximum 

nTMP value is achieved when the delay between pulses is 500 ns. This optimum time is due to a 

combination of factors that contribute to the RC time constants for the cell and nuclear 

membranes. The results shown in Figure 12-9 and Figure 12-10 show that the pulse 

characteristics can be optimized to increase the maximum nTMP achievable for high frequency 

bipolar pulses.  
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Though further optimization and analysis is necessary, it appears that to maximize the nTMP, the 

optimal pulse on time is equivalent to the charging time of the cell membrane plus the discharge 

time of the nuclear membrane. This allows the nTMP to charge up, then return to zero before it is 

forced negative at the falling edge of the pulse. Similarly, the optimal off time is approximately 

equivalent to the charging time of the cell membrane. This allows the nTMP to be increased to 

its maximum opposite polarity value, without decaying, just as the second pulse is initiated.  

 

Figure 12-11 shows the effect of following this optimization scheme. In most cases, the use of a 

train of bipolar pulses will increase the nTMP above the single pulse maximum. For 500 ns 

pulses with 500 ns off times, the first pulse nTMP is approximately 0.33 V. Using a burst of 

 
Figure 12-11: Pulse geometry can be optimized to increase the nTMP above the single pulse maximum.  

Pulse trains result in an increase in nTMP above the single pulse maximum. For off times of 500 ns, 

changing the pulse width from 500 ns to 4 us increases the maximum nTMP from approximately 0.5 V to 0.7 

V. 
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pulses, this value increases to 0.44 V. The use of an optimized pulse with 4 s on time and 500 

ns off time increases the maximum nTMP to almost 0.7 V. This optimized pulse configuration 

doubles the effect that the electric field has on the nuclear membrane without needing to increase 

the voltage applied to the system. 

 

Experimental Results 

MDA-MB-231: Figure 12-2 [bottom] shows the viability of MDA-MB-231 cells exposed to 

bursts of 700 ns wide pulses in 0.1 S/m buffer.  Viability was assessed by comparing the number 

of cells attached and floating in suspension to control at 1 and 16 hours post treatment.  At 1000 

V/cm there was minimal effect on the viability of the cells immediately and 16 hours post 

treatment.  At 2000 V/cm  and 4000 V/cm the viability reduced to 50%  and 10% when 

considering only cells that attached to the well plates. Examination of the supinate revealed that 

for 4000 V/cm there was a large number of cells that failed to attach to the well plate surface. 

This indicates that the cytoskeletal network of the cells had become damaged or they were in 

various stages of apoptosis. 

 

PPT8182: An extensive parametric study was conducted on PPT8182 murine pancreatic cancer 

cells in media with conductivity of 0.2 S/m. Eighty bursts with total on time of 100 s consisting 

of pulses with widths between 250 ns and 50 s were delivered at field strengths of 1500 V/cm, 

3000 V/cm, and 4000 V/cm. At 1500 V/cm, pulse widths of 2 s or greater were able to reduce 

 
Figure 12-12: Viability of attached MDA-MB-231 cells exposed to 90 bursts of two hundred 700 ns pulses 

after 16 hours.  After exposure to 4000 V/cm, a very small number of cells attached to the surface after 

16 hours. 
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the total viability to less than 50 percent after 24 hours. For pulses of 5 microseconds or greater, 

the viability after 24 hours was significantly reduced indicating that the cells were undergoing 

some form of apoptosis or delayed cell death.  

 

At 3000 V/cm pulses 1 s or greater were reduced cell viability below 50 percent with 2 s 

pulses and greater almost completely eliminating signs of cellular metabolic activity after 24 

hours. At 4000 V/cm, 500 nanosecond pulses appear to induce immediate cell death (60% 

viability) after 1 hour and delayed cell death (30% viability) after 24 hours.  Pulses greater than 

this induce immediate cell death (<30% viability) at one hour and further delayed cell death 

(<10% viability) at 24 hours. Cell viability was negligibly impacted by 250 ns pulse widths for 

all field strengths.  

` 

 
Figure 12-13: Cell viability for 1500 V/cm pulses. There is a clear decrease in viability after 

24 hours for pulses greater than 2 us. 
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Conclusion 
In this chapter we showed that the frequency of the applied field and the conductivity of the 

suspending medium play a large role in the buildup of the TMP. In the case where 

electroporation is not desirable, as in cDEP, the lowest conductivity physiologically suitable 

buffer should be used. Even at 0.01 S/m, the TMP will increase if continuous sine wave voltages 

are applied between DC and approximately 10 kHz. The extent of electroporation (both 

reversible and irreversible) should diminish significantly above this frequency if the field 

strength is held constant.  

If electroporation is desirable, as in the case of tissue ablation, it is advantageous to operate 

within a sufficiently conductive media. Numerical analysis of the charging times for the cell 

membrane indicates that 1.0 S/m is an optimal conductivity. Above this, the charging time does 

not increase significantly, while below this, the cell may not reach its maximum TMP for short 

pulses. Due to limitations in of our current pulse generator, experiments were conducted in 0.1 or 

0.2 S/m media. Increasing the conductivity of this media will almost certainly increase the 

lethality of the pulses.  

 

 
Figure 12-14: Viability of cells treated with 3000 V/cm. At this field strength, pulses of 1 us or greater 

duration induce substantial cell death, both immediate and delayed.  
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Theoretically, bursts of 4s pulses with 500 ns off time will result in the largest effect on the 

nuclear transmembrane potential and may help to further increase the lethality of the high 

frequency pulses. Though theoretically possible with our current pulse generation system, these 

waveforms were not examined due to concerns about damaging the electronics. However, these 

waveforms will certainly be the focus of future work. 

 

 
Figure 12-15: Cell viability after exposure to 4000 V/cm. At this field strength, 500 ns pulses begin to induce 

substantial cell death as well as all pulses with longer durations. 
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Chapter 13: Effects of High Frequency Pulsed Electric 

Fields on Tissue Mimics 

Introduction  

It has been observed that the electric field necessary to kill cells suspended in media is higher 

than for cells in tissue. For example, in Chapter 13, we observed that 50 microsecond pulses 

reduced cell viability to approximately 30% at 1500 V/cm. In contrast, Davalos first reported cell 

an electric field threshold of 650 V/cm to kill liver tissue in-vivo
1
. Arena et al. have recently 

demonstrated that cells suspended in a collagen hydrogel scaffold could be used to predict the 

electric field threshold needed to kill cells using 100 microsecond mono-polar pulses. In collagen 

hydrogel scaffolds, cells stretch out and assume a more natural morphology. When needle 

electrodes are placed within the scaffold and pulses are delivered, an oval shaped region of cell 

death is observed. The electric field necessary to induce cell death can be determined comparing 

the affected area to numerical simulations. Here we use hydrogel scaffolds to predict the in-vivo 

electric field threshold of high frequency bipolar bursts. Eighty pulse trains with 100 s total on 

times were formed using pulses with 250 ns, 2 s, 5 s, and 50 s widths. Live and dead cells 

 
Figure 13-1: Oscilloscope readings of the bipolar bursts delivered to the hydrogel scaffolds. All pulses had 

a total on time of 10 s and consisted of (a) 250 ns, (b) 2 s, (c) 5 s, or (d) 50 s wide bipolar square 

waves 
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were observed by staining with Calcean AM and propidium iodide, respectively. Observations 

were made at 1 and 24 hours post treatment.  

 

Methods 

Hydrogels 

Collagen I hydrogels were fabricated as described previously 
2
. Briefly, Sprague Dawley rat tail 

tendons were excised and allowed to dissolve under agitation overnight in 10 mM HCl at room 

temperature. The resulting suspension was centrifuged at 22,500 g for 30 min, and the 

supernatant containing the collagen I was decanted. The collagen I solution was neutralized with 

a buffer containing 10x concentrated DMEM (supplemented with 4.5 g/L glucose, L-glutamine, 

sodium pyruvate, and sodium bicarbonate; Mediatech Inc., Manassas, VA, USA), 1N NaOH, and 

DI-H20 to obtain a final concentration of 8 mg/mL. The U87 cells were suspended in the 

neutralizing buffer at a seeding density of 5 cells/ml and then mixed with the collagen I solution. 

The collagen-cell suspension, or collagen-only suspension for the control group, was pipetted 

into 10 mm diameter cylindrical molds to achieve a thickness of 3 mm. Following a 30 min 

gelation period at 37°C, the hydrogels were removed from the molds and cultured in complete 

media for 18 hours prior to IRE pulse delivery.  

Electronics 

A custom pulse generation system was used to deliver bursts of pulses with pulse widths of 250 

ns, 2 s, 5 s, and 50 s. A 500  resistor was placed in parallel with the load to ensure proper 

pulse shaping and to protect against delivering pulses to an open circuit. Custom electrodes were 

made from hollow 1.27 mm diameter dispensing needles (Howard Electronic Instruments Inc., 

El Dorado, KS, USA) with a 2.0 mm edge-to-edge separation distance. The pulse generation 

system was set to deliver pulses with amplitude of 540 Vpeak for a voltage to distance ratio of 

2700 V/cm. The total on time for each burst was set to 100 s (50 s in each polarity). 
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Sample Processing 

At one or 24 hours after pulsing, normal culture media was replaced with 2.5 mL of media 

supplemented with 4M Calcein AM (λem = 515 nm, Invitrogen, Eugene, Oregon) and incubated 

at 37 C for 30 minutes. Five minutes prior to visualization, the media was supplemented with 75 

L of 1.5 mM propidium iodide (λem = 617 nm, Invitrogen, Eugene, Oregon) for 5 minutes. 

Finally, the hydrogels were rinsed with PBS to flush out any unabsorbed dyes and increase the 

signal to noise ratio. A Leica DMI 6000 fluorescent microscope (Leica Microsystems Inc., 

Buffalo Grove, IL, USA) was used to tile a set of images and reconstruct the entire surface of the 

HF-IRE treated scaffolds. 

 

Numerical Modeling 

The collagen hydrogels were modeled as a 3 mm thick cylinder with a 5 mm radius and 

Pulse Parameters (n = 2) 

Pulse Width Number of Bi-polar 

Pulses 

Total On Time Number of Pulses 

250 ns 200 100 s 80 

2 s 25 100 s 80 

5 s 10 100 s 80 

50 s 2 100 s 80 
Table 13-1: Pulse parameters used for the hyrdogel experiments 

 
Figure 13-2:  (a) Voltage [V] and (b) electric field [V/cm] distributions within the hydrogel scaffolds 

when 540 Vpeak is applied. A maximum electric field of 4014.4 V/cm is observed directly adjacent to the 

electrodes.  
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conductivity of 1.2 S/m. Cylinders representing the 1.27 mm outer diameter electrodes were 

offset such that their edge-to-edge distance was equal to 2 mm. These were then subtracted from 

the collagen domain. The boundaries of the subtracted cylinders were then set to 540 V and 

ground. Due to the low concentration of cells within the scaffold, changes in conductivity due to 

electroporation were neglected. Previous studies (results not shown) indicated minimal thermal 

effects due to the pulses and a negligible impact on the electric field distribution. Therefore, 

changes in conductivity due to temperature increases were neglected.  

 
Figure 13-3: Lesions created by bipolar bursts with constituent pulses of (a) 250 ns, (b) 2 s, (c) 5 s,  and 

(d) 50 s 1 hour after treatment. Red regions  contain cells which have taken up PI indicating that they 

have become electroporated. Green regions contain unaffected cells. The white outlines indicate regions 

where electric field is greater than the average threshold to induce cell death. 
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Analysis of Results 

Tiled images of the surface of the hydrogels were examined using ImageJ (version 1.43u, 

National Institutes of Health, USA). At the 1 hour time point, the width and height of the region 

cells that had taken up PI was measured. After 24 hours, there were no cells remaining in the 

„treated‟ region so measurements were taken of the region in the hydrogel not containing calcein. 

These values, shown in Figure 13-2 were then correlated to the electric field intensity from the 

numerical simulations to determine the electric field threshold required for cell death.  

 

Results 

As presented in Chapter 13, cell viability was negligibly affected by bursts with pulse widths of 

250 ns, even at 4000 V/cm. In the hydrogel scaffolds, cells were irreversibly electroporated by 

bursts of 250 ns pulses when the electric field intensity was greater than 2500 V/cm. In the 

experiments presented here, this occured only in a small region adjacent to the electrodes as 

shown in Figure 13-3a. Future experiments at higher applied voltages will be necessary to 

confirm this preliminary electric field threshold. Figure 13-3b-d show the lesions created by 

bursts with pulse widths of 2, 5, and 50 s and total on times of 100 s. For a constant applied 

 
Figure 13-4: Electric field threshold to irreversibly electroporate cells using bursts of bi-polar pulses 

consisting of square waves with width of 250 ns, 2s, 5s, and 50s.  

 



 140 

voltage, the volume of cells electroporated increases as the width of the constituent pulses is 

increased. Figure 13-4 shows the average electric field intensity required to irreversibly 

electroporate cells. There is a minimal difference in the lesion size observed at the 1 and 24 hour 

time points. The absence of any nuclear material to bind to PI and fluoresce after 24 hours 

indicates that a majority of the cells up taking PI at 1 hour are irreversibly electroporated. Using 

this technique, we predict an in-vivo electric field threshold of approximately 1000 V/cm to 

irreversibly electroporate cells using bipolar bursts of 2 s pulses. This is substantially lower 

than that predicted in-vitro (Chapter 13) of 3000 V/cm.  This threshold decreases to 

approximately 900 and 675 V/cm for bursts consisting of 5 and 50 s. The threshold predicted 

for 50 s pulses is very close to the in-vivo. 

 

Conclusions 

In this chapter we demonstrated that the electric field necessary to irreversibly electroporate cells 

while they are imbedded in an artificial construct is lower than that observed in-vitro. The 

similarity in threshold between bipolar 50 s pulses in a hydrogel scaffold and a 100 s pulses in 

in-vivo liver tissue indicate that this is an effective method to determine the electric field 

threshold needed for HF-IRE treatment planning.  
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Chapter 14: Effects of Pulsed Electric Fields on Perfused 

Organs 

Electroporation is a non-linear biophysical process in which the application of pulsed electric 

fields leads to an increase in permeability of cells, presumably through the creation of nanoscale 

pores in the lipid bilayer
154

. At low pulsing energy, this permeability is reversible and cellular 

health and function is maintained. Once a critical electric field intensity threshold is surpassed 

(approximately 500
155

 to 700V/cm
156

 for ninety 50 s pulses at 4 Hz in brain and eight 100µs 

pulses at 1 Hz in liver, respectively), the cell membrane is unable to recover and cell death is 

induced in a precise and controllable manner with sub-millimeter resolution
157,158

. This process is 

referred to as non-thermal irreversible electroporation (N-TIRE)
159

. N-TIRE does not rely on 

thermal mechanisms
159

 and preserves the structure of the underlying extracellular matrix as well 

as nerve conduits and bile ducts
160

. Since N-TIRE cell death does not require any drugs, there 

should not be any creation or deposition of toxins in killing the cells from this technique.  

 

Recently, we and others have determined, through the use of translational laboratory models, that 

capitalizing on the ability of N-TIRE to destroy cells without destroying the extracellular matrix 

might make N-TIRE a viable means for scaffold creation via organ decellularization
161,162

. We 

hypothesize that viable decellularized tissue scaffolds can be obtained using non-thermal 

irreversible electroporation (N-TIRE) on organs under continuous perfusion.  

Machine-perfused porcine livers were treated with N-TIRE using external plate or needle 

electrodes within one hour of organ harvest and establishment of active perfusion. At varying 

time points after electroporation, livers were removed from perfusion, immediately after which 

samples were collected, preserved in 10% neutral buffered formalin, prepared for histology, and 

their microscopic structure was examined. Examination of the N-TIRE treated and control 

(untreated) regions of tissue demonstrated that N-TIRE was capable of decellularizing large 

volumes of tissue when performed in conjunction with active organ perfusion, suggesting that N-

TIRE may be a viable method of decellularization for tissue engineering applications.  

 

Methods 
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Tissue: Young mixed breed pigs were sacrificed via barbiturate overdose. Livers were harvested 

and placed on ice within 15 minutes of death. Vascular anastomosis with the perfusion system 

was created by inserting Luer lock syringe connections into the portal vein, hepatic artery, and 

major hepatic vein and then secured with zip ties. The livers were flushed with lactated Ringer‟s 

solution (LRS) to remove blood/clots before placement on the perfusion system.  

 

Perfusion: The VasoWave™ Perfusion System (Smart Perfusion, Denver, NC) was used to 

perfuse the livers for 4 and 24 hours. This system produces a cardioemulating pulse wave to 

generate physiological systolic and diastolic pressures and flow rates within the organ. The 

system is capable of controlling the oxygen content of the perfusate above and below 

physiological norms. A perfusate, consisting of modified LRS, was delivered to the portal vein 

and hepatic artery and recycled back into the system via the hepatic vein. All livers were under 

active machine perfusion within one hour post-mortem and the perfusate was held at 4°C  

 

Electroporation: The ECM 830 Square Wave BTX Electroporation System (Harvard 

Apparatus, Cambridge, MA) was used to deliver low-energy pulses to the liver tissue while it 

was on ice undergoing active perfusion with the solution maintained at 21°C. Two metal plate 

electrodes, 2 cm in diameter, were attached to a pair of ratcheting vice grips (38 mm, Irwin 

Quick-Grips) using Velcro. High voltage wire was used to connect the electrodes to the BTX 

unit. The electrodes were clamped gently to the liver and the center-to-center distance between 

the electrodes was measured. The voltage output on the BTX unit was adjusted such that the 

approximate applied electric field was 1000 V/cm. Then, ninety-nine individual 100-µs square 

pulses were administered at repetition rates of 0.25, 0.5, 1.0 and 4.0 Hz. Repetition rates trials 

were performed at random and repeated a minimum of three times. Sham controls were 

performed by placing the electrodes over the tissue without delivering any pulses. Since needle 

electrodes are typically employed in clinical applications of IRE, two additional trials were 

performed using needle electrodes separated by 0.5 cm, inserted into the tissue approximately 

1cm, using a voltage-to-distance ratio of 1500 V/cm at rates of 1 and 4 Hz. The experimental 

setup for plate electrodes is illustrated in Figure 14-1a. All N-TIRE treatments were completed 

within two hours post mortem. The surface lesion created at each treatment site was measured at 

the end of the 24 hour perfusion period. Statistical analysis of the lesion diameters was 
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conducted using JMP 8.0 (SAS 

Institute Inc., South Cary, NC) via 

Student‟s t-test with a 0.1   level. 

Histological images were imported 

into ImageJ (Version 1.43u, NIH, 

USA). For each sample, a binary 

image was created using the 

threshold tool based on a sample 

selected within an acellular region.  

An average pixel value for each 

image was calculated using the 

measure RGB plugin and a density 

score was created by normalizing 

these values to 1; where 1 

corresponds to regions filled with 

cells and extracellular material and 

0 to a region completely devoid of 

material.  Samples were analyzed 

for statistical significance in JMP 

via Student‟s t-test with a 

maximum 0.05 α level and a 

minimum of 6 samples for each 

treatment group. 

 

Tissue preparation: Following N-

TIRE treatment and machine 

perfusion, livers were disconnected 

from the VasoWave™ system,  immediately sectioned to preserve lesions, and tissues were 

immediately fixed by immersion in 10% neutral buffered formalin solution.  After fixation, 

tissues were trimmed and processed for routine paraffin embedding, then sectioned at 4 

micrometers, and stained with hematoxylin-eosin (H&E) or Masson‟s trichrome stain. Tissue 

 
Figure 14-1:Experimental setup and IRE lesion. (a) Placement 

of the electrodes on actively perfused liver tissue and (b) the 

resultant lesion after treatment with 99, 100µs, 1500V/cm pulses 

and 4 hours of perfusion. The approximate area of the electrode is 

outlined in black. 
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sections were evaluated by a veterinary 

pathologist who had no knowledge of the N-

TIRE treatment parameters. 

 

Results  

Surface lesions develop during perfusion 

within 30 minutes initiating of treatment. The 

area of these on the liver surface created by 

plate electrodes were larger than, but the same 

type as that from the needle electrodes. In 

Figure 14-1b, a 3.3 cm surface lesion produced 

from an applied voltage of 1500 V may be 

seen, taken 4 hours after treatment. 

Numerically modeled, this lesion size was 

produced within the region of tissue 

experiencing an electric field of 423 +/- 147 

V/cm (average ± standard deviation).   

 

The average applied voltage to distance ratio 

between the plates for the frequency trials was 

962 V/cm, corresponding to an average applied 

voltage and tissue thickness of 696.9 +/- 141.7 V and 7.3 +/- 1.5 mm, respectively.  Lesions from 

these trials developed over 22 hours post-treatment, and were 2.5 cm in diameter on average 

(125% electrode diameter); with a minimum lesion of 2 cm occurring at 0.25 Hz and 936 V/cm, 

and maximum lesion of 3.2 cm occurring at 1.0 Hz and 950 V/cm. Though not dramatically 

significant, the results suggest that lesion sizes were on average greatest at 1 Hz and decreased as 

the frequency increased or decreased. The lesions which developed after treatments applied at 

0.25 and 4 Hz were statistically smaller (  = 0.1) than those which developed for treatments 

applied at 1 Hz (Figure 14-2). Future studies will investigate the role of pulse parameters such as 

repetition rate, duration, magnitude and number on lesion volume.  

 

 
Figure 14-2:- Lesion diameter and density score 

vs. pulse frequency. Plots comparing the (a) 

measured lesion diameters for the plate electrodes 

and (b) density score for each experimental 

frequency. Box plots (red) which share a common 

symbol (+, *, or #) were not statistically different 

from each other for (a) α = 0.1 and (b) α = 0.05.  The 

average value and standard deviations are 

represented by green and blue lines respectively. The 

box plots represent the interquartile range between 

the 25th and 75th data percentiles. The largest 

lesions developed and the lowest density score was 

observed when pulses were applied at a frequency of 

1 Hz. 
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Analysis of the treated tissue reveals a uniform treatment region that extended cylindrically 

through the tissue with no visible damage distal to the treatment regions. This resulted in 

calculated treated volumes between 1.97 cm
3
 and 6.37 cm

3
 for corresponding tissue thicknesses 

of 0.628 and 0.792 cm. 

 

Histological examination 24 hours post-treatment indicates that treated regions exhibit cell death 

(Figure 14-3b) compared to controls (Figure 14-3a). Hepatic acini in pigs are bordered by 

connective tissue, which contains blood vessels and biliary structures, and have a prominent cord 

architecture terminating in a hepatic venule. In areas adjacent to energy delivery, hepatic cell 

cords were well preserved, with mildly vacuolated hepatocytes (an expected finding at 24-hour 

ex vivo machine perfusion cycle).  Sinusoidal structure in untreated areas is open, reflecting the 

flow of perfusate between hepatic artery/portal vein and hepatic vein.  N-TIRE treatment disrupts 

hepatic cords and induces cell degeneration (Figure 14-3b).  Preservation of major acinar 

features, including connective tissue borders and blood vessels, is evident.  In zones of N-TIRE 

treatment, cell cords were indistinct and membranes lining sinusoids are fragmented to varying 

degrees. 

 

Pigs, like humans, have substantial septation of liver acini by thin bands of fibrous connective 

tissue that run between portal triads.  This macrostructure had an effect on the distribution of 

lesions induced by electroporation.  Lesions are confined within structural acini in a manner that 

 
Figure 14-3: Histological comparison of untreated liver tissue to areas which have undergone mild IRE 

treatments showing preservation of connective tissue and blood vessels. Histological comparison of 

untreated liver tissue to areas which have undergone mild IRE treatments showing preservation of connective 

tissue and blood vessels. Samples stained with H&E from (a) untreated and (b) ninety nine, 100µs, 1000V/cm 

pulses using plate electrodes 24 hours of cardio emulation perfusion at 10x. 
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at the edges of the electroporation field, acini with lesions could border normal or nearly normal 

acini.  Thus, the bands of connective tissue act as insulation for the electrical pulsing, an 

important observation when considering procedures for treating focal liver lesions with 

electroporation or for evolving an intact connective tissue/duct/vascular matrix for subsequent 

tissue engineering. Figure 14-4a shows a portion of untreated porcine liver with normal 

sinusoidal cell cords arrayed from portal tracts to central vein.  Cell morphology is well 

preserved.  Some vascular congestion with red blood cells is noted and there is also mild 

centrilobular biliary stasis.  Mildly damaged porcine acini are observed in regions subjected to 

electroporation from needle electrodes (Figure 14-4b).  The center of the acinus shows disruption 

of cord architecture and some cell degeneration and clumping.  A higher magnification view of 

this area is shown in Figure 14-4c, where cellular changes are more readily appreciated. These 

treated regions display mild lesions consisting of hepatocytic cord disruption and cells 

delaminating from cord basal laminae.  Mild biliary stasis is noted (dark pigment). 

 

Administration of N-TIRE treatment, either with needle electrodes or with plate electrodes 

produced lesions in some hepatic acini that are distinctive.  The severity of lesions within 

individual acini ranges from mild to moderately severe.  Mild lesions consisted of small clumps 

of hepatocytes that detach from basal membranes.  These cells show a loss of organization of 

fine intracellular structure and clumping of cytoplasm/organelles (Figure 14-4b-c).  

 

Moderately severe lesions are readily discerned (Figure 14-5). Cells affected by the N-TIRE 

procedure show varying degrees of cell swelling and karyolysis (Figure 14-5).  Within individual 

acini, most cells are affected.  In some acini, frank nuclear pyknosis and cellular degeneration is 

 
Figure 14-4: IRE treatments result in hepatocytic cord disruption and cell delamination. (a) A section of 

untreated liver after 24 hours of perfusion. Sections of the same liver treated with 90, 1500V/cm, 100µs pulses at 

4Hz using needle electrodes after 24 hours of perfusion at  (b) 10x  and  (c) 20x magnification. 
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seen, with small clumps of hyperchromic cells unattached from basal membranes.  In some acini, 

centrilobular biliary stasis is noted, with aggregation of bile pigments in distal sinusoidal spaces.  

In all cases, as noted, bridging bands of connective tissue, with intact bile ducts and vascular 

structures are seen, even immediately bordering acini with significant N-TIRE-induced tissue 

damage.   

 

The density score for control samples was 0.87 +/- 0.0097 corresponding to approximately 87% 

of the histological tissue containing cells and extracellular material. Each treatment group had a 

statistically significant different density score versus the control (  = 0.01). The lowest density 

score of 0.509 +/- 0.069, was obtained for N-TIRE treatments where pulses were applied every 

1.0 Hz. Additionally, treatments applied at 1.0 Hz resulted in a statistically significant lower 

density score as compared to all other treatment groups (α = 0.05). 

 

Discussion 

To the best of our knowledge, this is the first work reporting the effect of non-thermal 

irreversible electroporation in an actively perfused organ. This effort is the first step towards 

creating decellularized tissue scaffolds that could be used for organ transplantation. This paper is 

aimed as a proof of concept to show that the cells may be removed, and therefore we targeted our 

study towards treating centimeter-scale regions of tissue. However, because N-TIRE procedures 

are dependent on the electric field to which a region of tissue is exposed, and thermal effects are 

mitigated by brief pulses with intervals between pulses, it is possible to scale up N-TIRE 

procedures to treat larger regions of tissue and organs. 

 
Figure 14-5: Moderately severe lesions maintain bile ducts and vascular structures. (a) A section of 

untreated liver after 24 hours of perfusion. (b) The same liver treated with 100, 1500V/cm, 100µs pulses at 1Hz 

using needle electrodes after 24 hours of perfusion at 20x magnification. 
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The clearance of cellular debris was analyzed in this study using an image analysis algorithm as 

a preliminary method to determine the effectiveness of this technique. A more comprehensive 

study will include staining for primary and secondary antibodies, apoptotic markers, and DNA
163

 

and analysis of these samples via electron microscopy. Assays to determine the quantity of 

sulfated glycosaminoglycans, elastin, and collagen will be used as a measure of success of this 

method to preserve the important proteins in the extracellular matrix
164

. Additionally, 

biodegradation evaluation
164

 and analysis of the vascular structure
165

 must be completed before 

cell seeding and animal studies can be conducted.  

 

The results reported here were localized to volumes of tissue up to 6.37 cm
3 

for a single N-TIRE 

treatment. This can readily be expanded into much larger volumes by performing multiple 

treatments with the goal of creating decellularized structures for partial and full liver transplants. 

Analysis of the pulse repetition rate shows that the largest treated area and the lowest density 

score was achieved for a pulse frequency of 1 Hz. After 24 hours of perfusion, a maximum 

density score reduction of 58.5 percent had been achieved and cellular debris remained within 

the tissue construct. Since cell viability in the treatment regions was minimal, this is likely due to 

the combination of three factors; adhesion of cellular debris to the extracellular matrix,  low 

physiological flow rates and pressures at the lobule level, and possible damage to the 

microvasculature by the N-TIRE treatments. 

 

Although electroporation has been shown to preserve major blood vessels, vascular occlusion 

after electroporation has been reported in the literature under multiple treatment regiments 

including work done by Edd et al.
166

 (a single 20 ms, 1000 V/cm pulse) , Sersa et al.
167

 (eight, 

100  s, 1300 V/cm pulses at 1 Hz) and Nuccitelli et al.
168

 (three hundred, 300 ns, 40kV/cm 

pulses at 0.5 Hz) and is reportedly due to two mechanisms. The first is a rapid onset of temporary 

vasoconstriction due to reflex vasoconstriction of vascular endothelial cells lasting between 1 

and 3 minutes
169

. The second, slower mechanism is due to the disruption of the microfilament 

and microtubule cytoskeletal networks which are necessary for maintaining cell function and 

structure
170

. This decrease in blood flow has been observed lasting up to 4 to 8 hours after 

electroporation  of in-vivo tumors
171

 before partially recovering to normal physiological values 
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after 24 hours
172,173

. Thus, electroporation induces profound but essentially transient and 

reversible decline in blood flow
171

.  This phenomenon may have occurred during the course of 

perfusion ex-vivo, though it was not directly observed, and it may have an effect on the clearance 

of cellular debris from the vascular network.  

 

Additionally, the branching network of vessels within the liver produces a system with low 

pressures and fluid velocities at the capillary level and within individual lobules.  The 

combination of physiological geometry and the loss of fine capillary structure caused by the N-

TIRE treatments may have resulted in local sheer stresses which were not significant enough to 

fully clear cellular debris from the tissue. Removal of this debris is essential in minimizing 

immune response of recipients.  Future work will focus on optimizing treatment and perfusion 

protocols to minimize disruption of the microvasculature network while enhancing the clearance 

of debris. This may include the continuous application of sub 1000 V/cm pulses at 1 Hz and 

perfusion at higher than physiological pressures which we believe will enhance the 

decellularization process. Recently developed chemical decellularization processes require 

perfusion cycles of up to 72 hours
165

 for the complete removal of cellular material from a rat 

liver matrix and extension of N-TIRE treatment and perfusion cycles to these durations may be 

necessary to achieve complete decellularization.  

 

Both external plate electrodes and needles placed within the tissue produced clearly delineated 

regions of cell death. Plate electrodes produced circular surface lesions, which when appeared 

cylindrical in shape in sectioned samples and extended between the top and bottom electrodes. 

Sections of tissue treated with needle electrodes produced oval shaped surface lesions which 

extended through the tissue.  

 

Needle punctures damaged the tissue structure and provided an alternative path for fluid to flow. 

Rather than returning through the vasculature, some perfusate escaped the organ through the 

punctures hindering the perfusion process. Due to this, treatment of an entire organ using needle 

electrodes is likely not possible and external electrodes appear to be the best method of inducing 

N-TIRE in large tissue volumes. 
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In N-TIRE areas, cell death was directly related to energy delivered. Close to electrode 

placements, over 90% of the cells were degenerate and in varying stages of lysis.  In the more 

reversibly energized zone, cell disruption was 20- 30% of cells.  Other cells may have been 

degenerate or leaky, but not morphologically abnormal.  We have observed that the machine 

perfusion system can mobilize large amounts of cellular debris, a significant benefit for tissue 

engineering. 

 

In addition to producing decellularized tissue scaffolds, this method provides an ideal platform to 

study the effects of pulse parameters such as pulse length, repetition rate, and field strength on 

whole organ structures. Additionally, since we have direct control over the electrical properties 

of the perfusate, this could serve as a model for examining the effects of N-TIRE on diseased or 

cancerous organs with unique electrical or physical properties. 

 

The development of engineered materials to replicate the structure and function of thoracic and 

abdominal organs has achieved only limited success. Large volumes of poorly-organized cells 

and tissues cannot be implanted due to the initial limited diffusion of oxygen, nutrients and waste 

174,175
. Despite this, researchers have made some progress toward complete organ regeneration. 

For instance, mouse renal cells, grown on decellularized collagen matrices and implanted into 

athymic mice, developed nephron-like structures after 8 weeks
176

.  In addition, five millimeter 

thick porous polyvinyl-alcohol (PVA) constructs, implanted in mice and  then injected with 

hepatocytes, developed liver-like morphology over the course of one year
177

. However, cell 

survival and proliferation in each of these structures was limited to a few millimeters from a 

nutrient source
177

.  

 

The resulting scaffolds from N-TIRE plus perfusion maintain the vasculature necessary for 

perfusion into structures far beyond the nutrient diffusion limit that exists for non-vascularized 

structures. Since the temperature of the perfusate used can be as low as 4°C, thermal aspects 

associated with Joule heating are negligible. This provides an ideal platform in which to explore 

the effects on the cells and tissue of electric fields in isolation from the effects of thermal 

damage. Additionally, the low temperature of the organ compared to in vivo applications may 

allow for the application of much higher voltages to attain appropriate electric fields for 



 151 

decellularizing thicker structures without inducing thermal damage. This is important since the 

thickness of a human liver can exceed 10 cm in some regions.  

 

When planning to decellularize tissues and organs undergoing active perfusion, the treatment 

region of decellularized tissue may be predicted through numerical modeling. From the lesion 

sizes and numerical model used here, when decellularizing an entire organ for a transplantable 

scaffold, the protocol should expose all of the tissue to an electric field of 423 +/- 147 V/cm. 

This will ensure complete cell death, allowing comprehensive reseeding of the scaffold with the 

desired cells, thus minimizing the effects of recipient rejection. The threshold found here is 

slightly lower than the approximate 500-700 V/cm values reported in previous investigations
155

 

156
. This may be a result of the unique pulse parameters used or an inherent increased sensitivity 

of the cells to the pulses when under perfusion. The variability in the electric field threshold may 

result from the multiple inhomogeneous characteristics of the tissue anatomy and structure, such 

as the vascular system and tissue thickness, leading to lesions that were not perfectly circular. 

 

The continuous active machine perfusion methods utilized here in the decellularization process 

may also be advantageous for recellularization. Once the decellularization process is complete, it 

should be possible to reseed the scaffold without risking damage attendant with removing the 

newly-created scaffold from the perfusion system. Since the arterial and venous supplies are 

individually addressable, multiple cell types can be delivered simultaneously to different regions 

of the organ. Similarly, retrograde perfusion through the biliary system may be the ideal pathway 

in which to deliver hepatocytes for the reseeding process.  

 

Lesions seen microscopically are clearly indicative of a mechanism and morphology for cellular 

stripping using electroporation.  It is very interesting that even at 24 hours, when using the N-

TIRE parameters described here, there is only a modest loss of acinar architecture.  More 

stringent conditions of energy delivery could likely alter this, but this might induce damage to 

important connective tissue and vascular structures.  Addition of adjuvant cytotoxic agents, 

enzymes, and detergents in the perfusion fluid also might modulate the severity and temporal 

nature of cell stripping.  Logically, it is much better to build on mild conditions, preserving 

important architecture for tissue engineering purposes, than to rapidly obliterate cells and stroma.  
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The ability to manage the period of perfusion and conditions of perfusion with the 

cardioemulation system has clear advantages for this gradual, evolutionary approach to 

decellularization and eventual recellularization of liver. 

 

Conclusion 

This study investigated the ability to develop decellularized tissue scaffolds using N-TIRE on 

organs undergoing active perfusion. Porcine livers were harvested and placed under active 

mechanical perfusion while N-TIRE electrical pulses were applied using plate and needle 

electrodes. Livers were removed from the perfusion system and the resultant lesions and control 

regions were examined histologically and a density score improvement of 58.5 percent was 

observed. Through numerical modeling of the electric field distribution from the pulse 

applications, it was found that an N-TIRE threshold of 423 +/- 147 V/cm may be used to predict 

the affected area. The continuous active machine perfusion method utilized during the 

decellularization process in this study provides the necessary platform for scaffold 

recellurization, a vital aspect required for practical organ transplantation techniques.  
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Chapter 15: Effects of Pulsed Electric Fields Dissipating 

through Vascular Networks 

 

Introduction 

Electroporation is a non-linear biophysical process in which the application of pulsed electric 

fields leads to an increase in permeability of cells, presumably through the creation of nanoscale 

pores in the lipid bilayer 
154

. At low pulsing energy, this permeability is reversible and cellular 

health and function is maintained. Once a critical electric field intensity threshold is surpassed 

the cell membrane is unable to recover and cell death is induced in a precise and controllable 

manner with sub-millimeter resolution 
159

. This process is referred to as irreversible 

electroporation (IRE). IRE does not rely on thermal mechanisms and preserves the structure of 

the underlying extracellular matrix (ECM) as well as nerve conduits and bile ducts 
160

. 

 

IRE promotes cell necrosis 
178

, and is an independent means to destroy substantial volumes of 

targeted tissue without the use of harmful adjuvant chemicals 
179

. Common protocols for IRE, 

involve delivering multiple, unipolar pulses with a duration on the order of microseconds 

through electrodes inserted directly into, or adjacent to, the malignant tissue 
179

. When the tumor 

is located deep within an organ, a minimally invasive needle is needed for the electrodes to reach 

 
Figure 15-1: Ideal IRE-mechanical perfusion connection device. Connections to the vascualure and 

the perfusion system are made throught he use of Luer lock connections. A one way valve inside teh 

device prevents back-flow and isolates and elecrically isolates th organ between mechanically 

simulated heart beats. 
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the tumor. In some instances, the organ puncture required by these designs can, in itself, damage 

the surrounding healthy cells 
180

. There is also the possibility of reseeding cancer cells upon 

needle removal. Therefore, the use of non-puncturing electrodes is desirable.  

 

Here we present a method in which large volumes of tissue can be ablated without the use of 

puncturing electrodes. In this technique, the vasculature network acts as fluid electrodes through 

which the electroporation pulses are delivered. By isolating the vasculature and subsequently 

delivering pulsed electrical energy through venous and arterial pathways of an organ, we are able 

to ablate larger volumes of tissue in a single 200 second treatment than possible using needle or 

plate electrodes.  

 

This technique delivers electrical energy to the micro-vascular bed of the organ. Here, the 

distance between the vascular source and arterial sink is minimized and small voltages result in 

large electric fields. Typically, due to constraints of pulse generation systems and the effects of 

Joule heating, needle and plate electrodes must be placed few centimeters apart at most. In this 

approach, the distance between the physical electrodes is inconsequential and the effective 

 
Figure 15-2: Porcine kidney simultaneously attached to vascular electrodes and nutrient perfusion system 

via the renal vein and artery. 
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Abstract Dielectrophoresis (DEP) has become a promising
technique to separate and identify cells and microparticles
suspended in a medium based on their size or electrical
properties. Presented herein is a new technique to provide
the non-uniform electric field required for DEP that does
not require electrodes to contact the sample fluid. In our
method, electrodes are capacitively-coupled to a fluidic
channel through dielectric barriers; the application of a
high-frequency electric field to these electrodes then
induces an electric field in the channel. This technique
combines the cell manipulation abilities of traditional DEP
with the ease of fabrication found in insulator-based
technologies. A microfluidic device was fabricated based
on this principle to determine the feasibility of cell

manipulations through contactless DEP (cDEP). We were
able to demonstrate cell responses unique to the DEP effect
in three separate cell lines. These results illustrate the potential
for this technique to identify cells through their electrical
properties without fear of contamination from electrodes.
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Sample preparation

1 Introduction

Efficient biological particle separation and manipulation is
a crucial issue in the development of integrated microfluidic
systems. Current enrichment techniques for sample prepa-
ration include density gradient based centrifugation or
membrane filtration (Giddings 1993), fluorescent and
magnetic activated cell sorting (F/MACS) (Miltenyi et al.
1990), cell surface markers (Fu et al. 1999), and laser
tweezers (Ashkin et al. 1987). Each of these techniques relies
on different cell properties for separation and has intrinsic
advantages and disadvantages. Typically, more sensitive
techniques may require prior knowledge of cell-specific
markers and antibodies to prepare target cells for analysis.

One alternative to these methods is dielectrophoresis
(DEP) which is the motion of a particle due to its
polarization in the presence of a non-uniform electric field
(Pohl 1951, 1958). Currently, typical dielectrophoretic
devices employ an array of thin-film interdigitated electro-
des placed within the flow of a channel to generate a non-
uniform electric field that interacts with particles near the
surface of the electrode array (Yang et al. 1999). Such
platforms have shown that DEP is an effective means to
concentrate and differentiate cells rapidly and reversibly
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based on their size, shape, and intrinsic electrical properties
such as conductivity and polarizability. These intrinsic
properties arise due to the membrane compositional and
electrostatic characteristics, internal cellular structure, and
the type of nucleus (Gascoyne and Vykoukal 2004)
associated with each cell type.

The application of DEP to separate target cells from a
solution has been studied extensively in the last two decades.
Examples of the successful use of DEP include the separation
of human leukemia cells from red blood cells in an isotonic
solution (Becker et al. 1994), entrapment of human breast
cancer cells from blood (Gascoyne et al. 1997), and
separation of U937 human monocytic from peripheral blood
mononuclear cells (PBMC) (Huang et al. 2002). DEP has
also been used to separate neuroblastoma cells from HTB
glioma cells (Huang et al. 2002), isolate cervical carcinoma
cells (Cheng et al. 1998), isolate K562 human CML cells
(Altomare et al. 2003), separate live yeast cells from dead
(Markx et al. 1994), and segregate different human tumor
cells (Das et al. 2005). Unfortunately, the microelectrode-
based devices used in these experiments are susceptible to
electrode fouling and require complicated fabrication proce-
dures (Hughes 2002; Steffen Hardt 2007).

Insulator-based dielectrophoresis (iDEP) is a practical
method to obtain the selectivity of DEP while overcoming
the robustness issues associated with traditional DEP
platforms. iDEP relies on insulating obstacles rather than
the geometry of its electrodes to produce spatial non-
uniformities in the electric field. The patterned electrodes at
the bottom of the channel employed by conventional DEP
create an electric field gradient near their surface such that
only cells in their vicinity are affected. One advantage of
iDEP, is that the insulating structures typically traverse the
entire depth of the channel and provide a non-uniform
electric field over their entire depth, thus increasing the
affected area. This advantage typically results in a higher
throughput for the technique when compared to traditional
DEP. The basic concept of the iDEP technique was first
presented by Masuda et al. (Masuda et al. 1988). Others
have previously demonstrated with glass insulating struc-
tures and AC electric fields that iDEP can separate DNA
molecules, bacteria, and hematapoietic cells (Chou et al.
2002). It has been shown that polymer-based iDEP devices
are effective for selective trapping of a range of biological
particles in an aqueous sample (Davalos et al. 2008). iDEP
technology has also shown the potential for water quality
monitoring (Simmons et al. 2006), separating and concen-
trating prokaryotic cells and viruses (Lapizco-Encinas et al.
2005), concentration and separation of live and dead
bacteria (Lapizco-Encinas et al. 2004), sample concentra-
tion followed by impedance detection (Sabounchi et al.
2008), and manipulation of protein particles (Lapizco-
Encinas et al. 2008).

While many have had success designing and fabricating
different DEP and iDEP microdevices to manipulate
particles in biological fluids, there are some potential
drawbacks of these techniques. The traditional DEP
technique suffers from fouling, contamination, bubble
formation near integrated electrodes, low throughput, and
an expensive and complicated fabrication process (Hughes
2002; Steffen Hardt 2007). The insulating obstacles
employed by iDEP are meant to address these shortcomings
and are less susceptible to fouling than integrated electrodes
(Cummings and Singh 2003). iDEP’s fabrication process is
also much less complicated; the insulating obstacles can be
patterned while etching the microchannel in one step. This
technique has the added benefit of making the process more
economical in that mass fabrication can be facilitated
through the use of injection molding. Unfortunately, one
of the primary drawbacks of an iDEP system is the
presence of a high electric field intensity within the highly
conductive biological fluid inside the microchannel
(Sabounchi et al. 2008; Steffen Hardt 2007). The relatively
high electrical current flow in this situation causes joule
heating and a dramatic temperature increase. The ideal
technique would combine iDEP’s simple fabrication process
and resistance to fouling with DEP’s reduced susceptibility
to joule heating all-the-while preserving the cell manipu-
lation abilities of both methods.

We have developed an alternative method to provide the
spatially non-uniform electric field required for DEP in
which electrodes are not in direct contact with the
biological sample. The absence of contact between electro-
des and the sample fluid inside the channel prevents bubble
formation and mitigates fouling. It is also important to note
that without direct contact between the electrodes and the
sample fluid, any contaminating effects of this interaction
can be avoided. In fact, the only material in contact with the
sample fluid is the substrate material on which the device is
patterned. In our method, an electric field is created in the
microchannel using electrodes inserted in a highly conduc-
tive solution which is isolated from the main channel by
thin insulating barriers. These insulating barriers exhibit a
capacitive behavior and therefore an electric field can be
produced in the main channel by applying an AC electric
field across them. Furthermore, non-uniformity of the
electric field distribution inside the main channel is
provided by the geometry of insulating structures both
outside and inside the channel.

In order to demonstrate this new method for cell
separation and manipulation, we have designed and
fabricated a microfluidic device to observe the DEP
response of cells to a non-uniform electric field created
without direct contact from electrodes. Modeling of the
non-uniform electric field distribution in the device was
accomplished through an equivalent electronic circuit and
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finite element analysis of the microfluidic device. The
effects of different parameters such as total applied voltage,
applied frequency, and the electrical conductivity of the
fluid inside and outside of the main channel on the resulting
DEP response were simulated and then observed through
experimentation. DEP responses for three different cell
lines (THP-1, MCF-7, and MCF-10A) were observed
primarily as a change in cell trajectory or velocity as it
traveled through the device. Further evidence of this DEP
response to the non-uniform electric field is provided by the
electrorotation of cells, and their aggregation in “pearl
chain” formations.

2 Theory

DEP is the motion of polarized particles in a non-uniform
electric field toward the high (positive DEP) or low
(negative DEP) electric field. The direction of the force
depends on the particle’s polarizability compared with
medium conductivity. The time-average dielectrophoretic
force is described as (Pohl 1951, 1958):

FDEP ¼ 2p"mr
3Re KðwÞf gr Erms � Ermsð Þ ð1Þ

where εm is the permittivity of the suspending medium, r is
the radius of the particle, and Erms is the root mean square
electric field. Re{K(5)} is the real part of the Clausius-
Mossotti factor K(5). The Clausius-Mossotti is given by:

KðwÞ ¼ "*p � "*m
"*p þ 2"*m

ð2Þ

where "�p and "�m are the complex permittivities of the
particle and the medium, respectively. Complex permittivity
is defined as:

"* ¼ "þ s
jw

ð3Þ

where ε and σ are the real permittivity and conductivity of
the subject, j ¼ ffiffiffiffiffiffiffi�1p

and 5 is the radial frequency.
Electrorotation is the rotation of polarized particles

suspended in a liquid due to an induced torque in a rotating
electric field (Arnold 1982). The maximum magnitude of
the torque is given by:

Γ ¼ �4p"mr3Im KðwÞf g Erms � Ermsð Þ ð4Þ

where lm{K(5)} is the imaginary part of the Clausius-
Mossotti factor K(5).

Assuming the cells are spherical particles in the medium,
the hydrodynamic frictional force, fDrag, due to translation

and hydrodynamic frictional torque, R, due to rotation are
given by:

f Drag ¼ 6hrpðup � uf Þ ð5Þ

R ¼ 8hpr3Ω ð6Þ

where r is the particle radius, η is the medium viscosity, up
is the velocity of the particle, uf is the medium velocity, R is
induced torque, and Ω is the electrorotation rate (rad.S-1).

The magnitude of the steady state electrorotation rate, Ω,

and translational velocity, up, is determined by a balance
between the induced torque and the hydrodynamic friction
and between the induced dielectrophoretic force and
Stoke’s drag force on a cell, respectively. In this preliminary
study it should be noted that the effect of the acceleration
term is considered to be negligible. The relationship is
given by:

ΩðwÞ ¼ "m
2h

Imð "
�
p � "�m

"�p þ 2"�m
ÞErms � Erms ð7Þ

up ¼ uf � mDEPr E � Eð Þ ð8Þ

where μDEP is the dielectrophoretic mobility of the particle
and is defined as:

mDEP ¼
"mr2

3h
Reð "

�
p � "�m

"�p þ 2"�m
Þ ð9Þ

3 Methods

3.1 Microfabrication process

3.1.1 Deep reactive ion etching (DRIE)

A silicon master stamp was fabricated on a <100> silicon
substrate. AZ 9260 (AZ Electronic Materials) photoresist
was spun onto a clean silicon wafer and softbaked at 114°C
for 45 s (Fig. 1(a)). The wafer was then exposed to UV
light for 45 s with an intensity of 12 W/m through a
chrome-plated glass mask. The exposed photoresist was
then removed using Potassium-based buffered developer
AZ400K followed by another hard baking at 115°C for 45 s
(Fig. 1(b)). Deep Reactive Ion Etching (DRIE) was used to
etch the silicon master stamp to depths ranging from 50-
100 microns (Fig. 1(c)). The silicon master stamp was then
cleaned with acetone to remove any remaining photoresist
(Fig. 1(d)). The scalloping effect, a typical effect of the
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DRIE etching method, creates a surface roughness which is
detrimental to the stamping process. In order to reduce the
surface roughness, silicon oxide was grown on the silicon
master using thermal oxidation and then was removed
(Fig. 1(g–i)).

3.1.2 PDMS

The liquid phase PDMS was made by mixing the PDMS
monomers and the curing agent in a 10:1 ratio (Sylgrad
184, Dow Corning, USA). Bubbles in the liquid PDMS
were removed by exposing the mixture to vacuum for an
hour. An enclosure was created around the wafer using
aluminum foil in order to contain the PDMS on the wafer
as well as to ensure the proper depth for the PDMS portion
of the device. The clean PDMS liquid was then poured onto

the silicon master and 15 min was allowed for degassing.
The PDMS was then cured for 45 min at 100°C (Fig. 1(e))
and then removed from the mold. Finally, fluidic con-
nections to the channels were punched with 15 gauge blunt
needles (Howard Electronic Instruments, USA).

3.1.3 Bonding

Microscope glass slides (3” × 2” × 1.2 mm, Fisher
Scientific, USA) were cleaned with soap and water, rinsed
with distilled water and isopropyl alcohol, then dried with a
nitrogen gun. The PDMS replica was bonded with the clean
glass slides after treating with oxygen plasma for 40 s at 50
W RF power (Fig. 1(f)). A schematic with dimensions and
equivalent circuit model of our device is presented in
(Fig. 2(a)). The channel depth in this device is 100μm and

Fig. 1 (a–i) Schematic of the fabrication process used to create the
microfluidic chambers and the SEM image of the scalloping effect on
the silicon master. Steps (a) through (d) are followed only once to
create a master stamp. Steps (e) and (f) are repeated to produce an
indefinite number of experimental devices. (g) SEM image of the

silicon wafer mold at the intersection between the side and the main
channel of the microfluidic device. (h) Surface roughness of the
wafer after growing and removing the oxide layer. (i) Scalloping effect
after DRIE

Fig. 2 (a) Schematic of the microfluidic device and the equivalent circuit model. (b) Schematic of the two transistor inverter circuit provided by
JKL Components Corp
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the thickness of the PDMS barrier between the side
channels and the main channel is 20μm.

3.1.4 Experimental setup

Pipette tips, inserted in the punched holes in the PDMS
portion of the device, were used as reservoirs for fluidic
connections to the channels. Pressure driven flow (10 to
15μl/hr) was provided by an imbalance in the amount of
the sample in these reservoirs of the main channel. An
inverted light microscope (Leica DMI 6000B, Leica Micro-
systems, Bannockburn, IL) equipped with a digital camera
(Hamamatsu EM-CCD C9100, Hamamatsu Photonics K.K.
Shizuoka Pref., 430-8587, Japan) was used to monitor cells
in the main channel. Microfluidic devices were placed in a
vacuum jar for at least half an hour before running the
experiments to reduce priming issues and then the side and
main microchannels were filled with PBS and DEP buffer,
respectively.

3.1.5 Cells and buffer

The THP-1 human Leukemia monocytes, MCF-7 breast
cancer cells, and MCF-10A breast cells were washed twice
and resuspended in our prepared DEP buffer (8.5% sucrose
[wt/vol], 0.3% glucose [wt/vol], and 0.725% [vol/vol]
RPMI) (Flanagan et al. 2008). The electrical conductivity
of the buffer was measured with a Mettler Toledo SevenGo
Pro conductivity meter (Mettler-Toledo, Inc., Columbus,
OH) to ensure that its conductivity was 100μS/cm. These
cells were observed to be spherical when in suspension.
The measured diameters of the cells with the corresponding
standard deviations (n=30) are given in Table 2.

3.1.6 Electronics

A commercially available two-transistor inverter circuit
(BXA-12576, JKL Components Corp., USA) was modified
to provide a high-frequency and high-voltage AC signal for
the device (Fig. 2(b)). The circuit relies on the oscillation
created by the two-transistors and passive components to
create an AC voltage on the primary side of a transformer.
This voltage is then stepped-up by the transformer to give a
high-output voltage on the secondary side to which the
microfluidic device was connected.

The resonant frequency at which the circuit operates is
highly dependent on the load impedance connected to the
secondary side of the transformer. Two high-voltage
power supplies were fabricated with resonant frequencies
of 85 kHz and 125 kHz. A DC input voltage was
provided by a programmable DC power supply (PSP-405,
Instek America Corp., USA) which allowed adjustment of
the output voltage by varying the input voltage. This
technique allowed the output voltage of the power
supplies to be varied from approximately 100 Vrms to
500 Vrms. A three-resistor voltage divider network, with
a total impedance of one megaohm, was added to the
output of the inverter circuit in order to provide a scaled
(100:1) output voltage to an oscilloscope (TDS-1002B,
Tektronix, USA) which facilitated monitoring the fre-
quency and magnitude of the signal applied to the
microfluidic device. All circuitry was housed in a plastic
enclosure with proper high-voltage warnings on its
exterior and connections were made to the microfluidic
device using high-voltage test leads.

3.1.7 Translational and rotational velocity measurement

The average velocity of the THP-1, MCF-7 and MCF-10A
cells in our microfluidic device was measured along the
centerline a-b in Fig. 3 from point 1 to point 4. Time-
lapse videos were recorded of the cells motion before and
after applying an AC electric field through the platinum
electrodes inserted in the side channels. These recorded
videos then were converted to JPEG files using the Leica
software, (Leica DMI 6000B, LAS AF 1.6.3Leica Micro-

Table 1 Electrical properties of the materials and fluids

Electrical Properties Electrical
Conductivity (S/m)

Relative Electrical
PermittivityMaterials

PDMS 0.83 e-12 2.65

PBS 1.4 80

DEP Buffer 0.01 80

Table 2 The measured average velocity from point 1 to point 4 (Fig. 3) of five different cells before and after applying the electric field at the
zone of trapping

Cell Velocity Diameter (μm) Uon (μm/s) Uoff (μm/s) Uoff- Uon(μm/s) Uon/Uoff Ω (rad/s)
Cell line

THP-1 15.4 ±2 240±13 392±21 152±19 0.61±0.08 8.1±0.66

MCF-7 18.5±2.5 387±7 476±17 89±17 0.81±0.04 19.4±2.9

MCF-10A 18.2±2.1 310±17 313±16 3±24 0.99±0.076 N.A.
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systems, Bannockburn, IL), in order to measure the
traveling time of the target cells for a known specific
distance in the main channel. These measurements were
performed before and after inducing the electric field in the
main microfluidic channel.

3.2 Numerical modeling

The microfluidic device was modeled numerically in
Comsol multi-physics 3.4 using the AC/DC module
(Comsol Inc., Burlington, MA, USA). Because DEP

Fig. 3 Numerical results of the
electric field gradient within the
sample channel (a) Surface plot
of the gradient of the field
(kg2mC-2S-4)within the main
microchannel (b) Line plot of
the gradient (kg2mC-2S-4)
along the line a-b (mm) for four
different frequencies (40 kHz,
85 kHz, 125 kHz, and 200 kHz)
at 250 Vrms (c) The line plot of
the gradient of the electric field
along the line a-b for four
different applied voltages
(100 V, 200 V, 350 V, and
500 V) at 85 kHz

Fig. 4 Electric field surface plot for an applied AC field at 85 kHz and 250 Vrms. Areas with the induced electric field intensity higher than (a)
0.1 kV/cm, (b) 0.15 kV/cm, (c) 0.2 kV/cm
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depends on the gradient of the electric field, ∇E = −∇(∇�)
the first step in modeling was to determine the electric field
distribution within a channel’s geometry. This was done by
solving for the potential distribution, φ, using the Laplace
equation, ∇2� = 0. The boundary conditions used are
prescribed uniform potentials at the inlet or outlet of the
side channels.

The values for the electrical conductivity and permittivity
of the PDMS, PBS, and DEP buffer that were used in this
numerical modeling are given in Table 1. PBS and DEP
buffer electrical properties are used for the side and main
microfluidic channels, respectively.

The effect of the external voltage and the frequency on
the gradient of the induced electric field has been studied.
The gradient of the electric field along the center line of the
main channel is investigated numerically for different
applied voltages (100 V, 200 V, 350 V, and 500 V) at
85 kHz and for different frequencies (40 kHz, 85 kHz,
125 kHz, and 200 kHz) at 250 Vrms applied voltage. Based
on our current available electronic circuit (250Vrms at
85 kHz), the electric field distribution and the gradient of
the electric field was mapped in our microfluidic device.

4 Results and discussion

4.1 Numerical results

Figure 3 shows the surface and line plot of the gradient of
the electric field inside the main microfluidic channel at the
intersection between the main and the side channels. There
is a high gradient of the electric field at the corners (points
2 and 3) as well as point 1, which can provide a strong DEP
force. These results indicate that changes in the thickness of
the PDMS barrier have a more significant effect on the
gradient of the induced electric field inside the main
channel than changes in the channel’s geometry which is
in agreement with our analytical results.

In (Fig. 3(b)) the gradient of the electric field along the line
a-b is plotted for different applied frequencies (40 kHz, 85 kHz,
125 kHz, and 200 kHz) at 250 Vrms. The effect of the total

external voltage across the microfluidic device on the gradient
of the electric field (along the line a-b) is also investigated in
(Fig. 3(c)). DEP response of the system is plotted for four
different voltages (100 V, 200 V, 350 V, and 500 V) at 85 kHz.

An increased gradient of the electric field can be
obtained by increasing the applied frequency or increasing
the total applied voltage although it should be noted that
adjusting the frequency will also affect the Clasius-Mossotti
factor of the microparticles and needs to be considered.
Also the induced gradient of the electric field in the main
microfluidic channel is on the order of 1012 (kg2mC−2S−4)
which is strong enough for particle manipulations.

Based on this numerical modeling, the voltage drop across
the 20μm PDMS barrier was 250 V for an applied total
voltage of 500 V across the microfluidic electrode channels.
This voltage drop is lower than the 400 V break down voltage
for a 20μm PDMS channel wall. Thus, the DEP force can be
amplified by adjusting the input voltage with some tolerance.

4.1.1 Electric field surface plot

Figure 4(a-c) shows the induced electric field intensity
distribution inside the main microfluidic channel filled with
the DEP buffer with a conductivity of 100μS/cm. The highest
electric field is induced at the zone of intersection between the
main and the side channels and between the PDMS barriers.
Figure 4(c) also shows that with an applied AC electric field of
250 Vrms and 85 kHz the electric field does not significantly
exceed 0.2 kV/cm in the main microfluidic channel.

4.2 Experimental results

4.2.1 Cell trapping-contactless DEP evidence

Figure 5 shows the experimental results we attained using
MCF-7 breast cancer cells and THP-1 leukemia cells in our
device. The behavior of cells traveling through the device
under static conditions was observed to be significantly
different than when an electric field was applied to the
device. Three induced DEP responses were studied,
rotation, velocity changes, and chaining.

Fig. 5 Superimposed images
showing the trajectory of one
cell through the device. (a) The
cell is moving from right to left
under an applied pressure (b)
with an applied voltage of
250 Vrms at 85 kHz. The
superimposed images were
approximately 250 ms apart
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Under a pressure driven flow, without an applied electric
field, it was observed that THP-1 leukemia and MCF-7 breast
cancer cells flow through the main microfluidic channel from
right to left without any disruption or trapping. The cells were
observed to be trapped, experiencing a positive DEP force,
once anAC electric field at 85 kHz and 250 Vrms was applied.
A representative video is given in the supplemental online
data (supplemental online Video 1). Their velocity decreased
at the intersection between the main and the side channels
where the thin PDMS barriers are located. With the same
electrical boundary conditions we did not observe any
trapping or cell movement disruption for MCF-10A normal
breast cells. These results indicate that the cells exhibited
positive DEP at 85 kHz in our device. Furthermore, our
results indicate that contact-less DEP may be an alternative
method to DEP and iDEP to distinguish and separate cell
types based on their Clausius-Mossotti factor.

Since the positive DEP force in the main microchannel
depends on the electrical properties of the cells, different
cell lines experience different forces at the same electrical
boundary conditions (external voltage and frequency) in the
same buffer. Cell bursting or lysis was not observed during
cDEP trapping.

4.2.2 Translational velocity

The cells were observed to move faster along the centerline
of the sample channel in (Fig. 3(a)) from point 5 to point 1
when the electric field was applied as compared to their
velocity due to pressure driven flow. As shown in (Fig. 3),
the magnitude of the DEP force is high at point 1. Because
the DEP force is positive at 85 kHz, the cells are attracted to
this point. Therefore, as the cells approach point 1 from the
right, the positive DEP force is in the direction of the pressure
driven flow, causing the cells to move faster down the
channel. Conversely, the average velocity of the cells in the
area between the thin PDMS barriers (from 1 to 4) decreases
when the voltage is applied because the positive DEP force
now acts in the opposite direction of the pressure driven flow.

Table 2 compares the average induced velocities of the
cells with respect to their average velocities under pressure
driven flow. The normalized velocity (Uon /Uoff) for the three
cell lines under the same electrical boundary conditions
(250 Vrms at 85 kHz) are also reported in (Fig. 6). The
results show that there is a statistically significant difference
in the cells velocities when the field is applied. Furthermore,
when the experiments are normalized for comparison, the
results suggest that this technique can be used to differentiate
cells based on their electrical properties.

The same experiments with the same buffers and
electrical boundary conditions were performed on MCF-
10A breast cells without noticeable trapping or disruption,
which shows that the electrical properties of the normal
breast cells are different compared to the MCF-7 breast
cancer cells. It also shows the sensitivity of the cDEP
technique to isolate cells with close electrical properties.

There was a great tendency for cells to move towards the
corners in the main channel. This agrees with our numerical
results, which show there is a high gradient of the induced
electric field at the corners, which causes a strong positive
DEP force and pulls cells towards these zones of the main
microfluidic channel.

Fig. 6 The normalized velocity of THP-1, MCF-7, and MCF-10A
cells. Uon is the velocity of the cells while applying e-field and Uoff is
the velocity of the cells while the power is off

Fig. 7 Two, single-frame,
showing several cells arranged
in the “pearl-chain” phenomena
often associated with DEP. These
images show the grouping of
cells into a chain configuration in
areas of the main channel with a
high gradient of the electric field.
Images were captured with an
applied field of 250 Vrms
at 85 kHz
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4.2.3 Rotational velocity

Cell rotation in the main channel at the zone of trapping and
between the thin PDMS barriers was present with an applied
electric field. The rotational velocity of the cell is a function
of its electrical properties, the medium permittivity, the
medium dynamic viscosity as well as the properties of
the electric field. We measured the rotational velocity of
the trapped THP-1, and MCF-7 cancer cells in different
experiments at one spot of the main microfluidic
channel. No cell rotation was observed without an
applied electric field. The reported rotational velocities
in Table 2 are the average rotational velocities of five
different cells of each of the cancer lines. These results imply
that the average rotational velocities of the THP-1 and MCF-7
cancer cell lines are significantly different. Cell rotation for the
MCF-10A cells with the same electrical boundary conditions
in the same buffer solution was not observed.

4.2.4 Pearl-chain

Cell aggregation and chain formation in DEP experiments
with an AC field have been frequently observed and can be
attributed to dipole-dipole interactions as well as local
distortions of the electric field due to the cells’ presence
(Dussaud 2000; Pohl 1951, 1958; Wong 2004). Particles
parallel to the electric field attract each other because of this
dipole-dipole force, resulting in pearl-chaining of the trapped
cells in the direction of the electric field in the microfluidic
channel. The cell chain formation was observed for the
MCF-7 and THP-1 cancer cell lines in our experiments with
an applied AC electric field at 85 kHz and 250 Vrms (Fig. 7).

5 Conclusion

We have demonstrated a new technique for inducing electric
fields in microfluidic channels in order to create a dielec-
trophoretic force. Our method relies on the application of a
high-frequency AC electric signal to electrodes that are
capacitively coupled to a microfluidic channel. In our device,
the geometry of the electrode channels create the spatial non-
uniformities in the electric field required for DEP. Three
separate DEP responses were observed in our device, namely,
translational velocity, rotational velocity, and chaining. In
order to observe the devices effects in these three categories,
three different cell lines were inserted into the devices and
their individual responses recorded. Each cell line exhibited a
response unique to its type due to the cell’s specific electrical
properties. This result highlights the ability of our technique
to differentiate cells by their intrinsic electrical properties.

We believe this technique may help overcome many of
the challenges faced with traditional DEP and iDEP.

Because the induced electric field is not as intense as
comparable methods and is focused just at the trapping
zones, we theorize the joule heating within the main
microfluidic channel is negligible. This could mitigate the
stability and robustness issues encountered with conven-
tional iDEP (Sabounchi et al. 2008), due to the conductivity
distribution’s strong dependence on temperature. Further-
more, challenges associated with cell lysing due to high
temperatures (Kang et al. 2008) or irreversible electro-
poration due to high field strengths (Davalos et al. 2005;
Edd and Davalos 2007) are overcome with our new design
approach under these conditions.
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Research Article

Selective concentration of human cancer
cells using contactless dielectrophoresis

This work is the first to demonstrate the ability of contactless dielectrophoresis (cDEP) to

isolate target cell species from a heterogeneous sample of live cells. Since all cell types

have a unique molecular composition, it is expected that their dielectrophoretic (DEP)

properties are also unique. cDEP is a technique developed to improve upon traditional

and insulator-based DEP devices by replacing embedded metal electrodes with fluid

electrode channels positioned alongside desired trapping locations. Through the place-

ment of the fluid electrode channels and the removal of contact between the electrodes

and the sample fluid, cDEP mitigates issues associated with sample/electrode contact.

MCF10A, MCF7, and MDA-MB-231 human breast cells were used to represent early,

intermediate, and late-staged breast cancer, respectively. Trapping frequency responses

of each cell type were distinct, with the largest difference between the cells found at 20

and 30 V. MDA-MB-231 cells were successfully isolated from a population containing

MCF10A and MCF7 cells at 30 V and 164 kHz. The ability to selectively concentrate cells

is the key to development of biological applications using DEP. The isolation of these

cells could provide a workbench for clinicians to detect transformed cells at their earliest

stage, screen drug therapies prior to patient treatment, increasing the probability of

success, and eliminate unsuccessful treatment options.

Keywords:

Clausius–Mossotti factor / Dielectrophoresis / Enrichment / Microfluidics /
Sample isolation DOI 10.1002/elps.201100081

1 Introduction

Dielectrophoresis (DEP) has been increasingly investigated

as a method for particle separation and isolation. The

potential of DEP as a biological tool for sample isolation and

enrichment for drug screening, disease detection and

treatment, as well as on-chip applications lies in its inherent

advantages over current concentration and detection tech-

niques. These techniques typically maintain an inverse

relationship between specificity and sensitivity forcing the

compromise of high-throughput and highly specific isola-

tion. Concentration methods such as density gradient-based

centrifugation or filtration [1], fluorescent and magnetic-

activated cell sorting (FACS/MACS) [2, 3] and laser tweezers

[4], as well as detection techniques such as PCR and

immunochemistry are all examples that demonstrate this

basic problem encountered by the current detection

techniques. Commonly, the more sensitive techniques

may require prior knowledge of cell-specific markers and

antibodies to prepare target cells for analysis. Additionally,

the complex sample handling required by these techniques

may compromise gene expression, contaminate samples,

reduce cell populations, as well as add to experimental time

and cost [5].

Since DEP response, the resultant motion of a particle

due to its polarization in a non-uniform electric field [6, 7], is

dependent upon physical and electrical properties of a

particle, it presents an advantage over the current techni-

ques in the ability to be highly specific with minimal sample

preparation. Several applications to isolate target cells based

on their biophysical properties have been successfully

demonstrated through the separation of leukemia, breast

cancer, and other targeted cells from blood [8–10],

cancer cells from CD341 hematopoietic stem cells [11],

Erin A. Henslee1

Michael B. Sano1�

Andrea D. Rojas2�

Eva M. Schmelz3

Rafael V. Davalos1,2

1School of Biomedical
Engineering and Sciences,
Virginia Tech-Wake Forest
University, Blacksburg, VA, USA

2Department of Materials Science
and Engineering, Virginia Tech,
Blacksburg, VA, USA

3Department of Human Nutrition,
Foods and Exercise, Virginia
Tech, Blacksburg, VA, USA

Received January 27, 2011
Revised May 2, 2011
Accepted May 2, 2011

Abbreviations: AC, alternating current; cDEP, contactless
dielectrophoresis; DEP, dielectrophoresis; iDEP, insulator-
based dielectrophoresis

�These authors contributed equally to this work.

Colour Online: See the article online to view Figs. 1,3,4 in colour.

Correspondence: Dr. Rafael V. Davalos, School of Biomedical
and Engineering Sciences, Virginia Tech-Wake Forest University,
329 ICTAS Building, Stanger Street (MC 0298) Blacksburg,
VA 24061 Office, USA
E-mail: davalos@vt.edu
Fax: 11-540-231-9738

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com

Electrophoresis 2011, 32, 2523–2529 2523



neuroblastoma cells from HTB glioma cells [10], as well as

cervical carcinoma cells [8], K562 human CML cells [12], and

mammalian cells based on their cell-cycle phase [13, 14].

The selectivity of DEP has been further demonstrated

through the distinction of cells of the same type based on

their activation state [15, 16].

Insulator-based DEP (iDEP) was investigated as a

means to simplify the fabrication process of more traditional

DEP methods relying on patterned electrodes within the

sample channel, making DEP more appealing for mass

production. iDEP relies on a direct current (DC) voltage, or

low-frequency alternating current (AC) voltage, applied

across the sample channel, where insulating structures

within the microfluidic channel create the electric field non-

uniformities necessary for DEP, as opposed to the electrode

geometry required in traditional DEP [17–19]. Since these

insulating structures typically traverse the entire depth of

the channel, a greater area of the sample channel is affected

by the gradient of the inner product of the electric field,

greatly improving the device throughput. In addition, the

DC field creates electrokinetic flow across the length of the

sample channel, alleviating the need for a pump in pres-

sure-driven flow [18, 20–28].

Contactless dielectrophoresis (cDEP) is a promising new

DEP technique [29] that exploits the intrinsic advantages of

DEP, while also mitigating the challenges associated with

sample/electrode contact in the traditional DEP and iDEP.

Rather than metal electrodes, cDEP utilizes fluid electrodes to

develop electric field non-uniformities within a separate

sample channel. The fluid electrode channels, containing a

high-conductive solution, are isolated from the sample

channel by thin insulating membranes [29, 30]. The geometry

of the fluid electrode channels as well as the sample channel,

which incorporates insulating barriers, creates the electric

field non-uniformities necessary for DEP. This technique

eliminates cell–electrode contact, minimizing contamination

of the biological sample, joule heating, bubble formation, as

well as electrochemical effects [29, 30]. As with iDEP, cDEP

lends itself to mass fabrication techniques such as hot

embossing and injection molding. cDEP has successfully

been proven able to trap particles and selectively isolate viable

leukemia cells from non-viable cells [29, 30].

This study is the first to assess the ability of

cDEP to distinguish viable cell types. Specifically, trapping

frequencies of human breast cancer cells representing

early, intermediate, and advanced stages of the disease

were determined for a range of voltages. The DEP responses

of MCF10A, MCF7, and MDA-MB-231 cells were investi-

gated using a cDEP device previously shown to isolate viable

from non-viable human leukemia cells [30]. This study,

through theoretical modeling, numerical simulations, and

experimental results, demonstrates the ability of this parti-

cular cDEP device to distinguish dielectric properties of

breast cancer at various stages. Additionally, this study can

be used as a platform to further cDEP development towards

applications such as isolation of cells from the same lineage,

detection techniques, and individualized medicine.

2 Theory

DEP is the motion of a particle due to its polarization within

a non-uniform electric field and is dependent on a particle’s

physical and electrical properties. By exploiting these

differences in various cell types, DEP can be used as a

method for separation. Different cells will have varying DEP

responses to the same gradient of the inner product of the

electric field determined by Pohl [6, 7]

FDEP ¼ 2peMr3RefKðoÞgH E � Eð Þ ð1Þ
where eM is the permittivity of the suspending medium, r is

the radius of the particle, and E is the root mean-square

electric field. Re{K(o)} is the real part of the Clau-

sius–Mossotti factor given by

KðoÞ ¼ e�p � e�M
e�p12e�M

ð2Þ

where e�p and e�Mare the complex permittivities of the particle

and the medium, respectively. Complex permittivity is

defined as

e� ¼ e1
s
jo

ð3Þ

where e and s are the real permittivity and conductivity of

the subject, j ¼ ffiffiffiffiffiffiffi�1
p

and o is the radial frequency. From the

single shell dielectric model [31] the effective permittivity

and conductivity of the particle (ep and sp respectively) can

be expressed as

ep ¼ em

g312 ec�em

ec12em

� �

g3 � ec�em

ec12em

� � ð4Þ

sp ¼ sm

g312 sc�sm

sc12sm

� �

g3 � sc�sm

sc12sm

� � ð5Þ

where the subscripts m and c denote membrane and cyto-

plasm respectively and g5 (r/r�d) where r is the particle

radius and d is the membrane thickness. By substituting

Eqs. (4) and (5) into Eq. (3), the real part of Clau-

sius–Mossotti factor in Eq. (2) is given by

Re½Kðe�p; e�M;oÞ� ¼
sp � sM

� �

11o2t2
MW

� �
sp12sM

� �

1
o2t2

MW ep � eM

� �

11o2t2
MW

� �
ep12eM

� �
ð6Þ

where tMW ¼ ep12eM

sp12sM
is the Maxwell–Wagner relaxation

time.

It is important to note that Re{K(o)} can take both

positive and negative values based on the sign of Eq. (6).

When the particle is more polarizable than the medium, the

particle will move toward regions containing the highest

gradient of the inner product of the electric field (positive

DEP). If the medium is more polarizable than the particle,

the electric field will be distorted around the particle indu-

cing the dipole in the opposite direction pushing the particle

away from regions containing the highest gradient of the
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inner product of the electric field (negative DEP). The

frequency at which the force changes direction is known as a

crossover frequency. At this frequency, the medium and

particle have the same complex permittivity and thus there

is no net force on the particle. By using the relation

Re{K(o)}, unknown dielectric properties can be determined

from particles’ DEP responses [32–34]. Conversely, if

dielectric properties of a particle are known, the crossover

frequency can be calculated and exploited for separation of

one particle type from a heterogeneous sample [8, 9, 11, 13,

14, 16, 35].

3 Methods

3.1 Device fabrication

A silicon master stamp was fabricated on a o100> working-

grade silicon substrate (University Wafer, South Boston, MA,

USA). The wafer was coated with AZ 9260 photoresist (AZ

Electronic Materials, Branchburg, NJ, USA) and exposed to

UV light through a chrome-plated glass mask for 45 s with an

intensity of 12 W/m. To remove the exposed photoresist, a

potassium-based buffered developer AZ 400K (AZ Electronic

Materials) was used. The silicon master stamp was etched to

50 mm using Deep Reactive Ion Etching (Alcatel Micro

Machining Systems, Annecy, France). Silicon oxide was

grown on the master stamp using thermal oxidation for 4 h at

10001C and removed with buffered oxide etch (BOE) solvent.

This was repeated twice to adequately reduce surface

scalloping and reduce adhesion of the polymer replicas.

Replicas of the master stamp were molded using poly-

dimethylsiloxane (PDMS). Liquid-phase PDMS was made

using a 10:1 ratio of the PDMS monomers and curing agent

(Sylgrad 184, Dow Corning, USA) respectively. Once

degassed, the liquid PDMS was poured onto the silicon

wafer and cured for 45 min at 1001C. Upon cooling, the

PDMS mold was peeled from the master stamp, fluidic

connections were punched using 1.5 mm hole punchers

(Harris Uni-Core, Ted Pella, Redding, CA, USA) and excess

PDMS was cut off. The PDMS mold was then bonded to

cleaned 3� 3 cm microscope glass slides after treating with

air plasma for 2 min.

3.2 Cell preparation

For these experiments, established human cell lines that

represent the broad spectrum of breast cancer disease were

used. As a model for non-transformed cells, MCF10A (ATCC,

Manassas, VA, USA) cells were chosen. MCF10A is a

spontaneously immortalized breast epithelial cell line that

expresses breast-specific antigens and normal breast epithelial

markers, such as cytokeratin and milk fat globule antigen, but

shows only the modest gene alterations found in cultured cells.

MCF10A do not form tumors in mice, thus serve as the non-

transformed control. Intermediate stages were represented by

the MCF7 (ATCC, Manassas, VA, USA) cells that express the

estrogen receptor. Aggressive, metastatic disease was repre-

sented by MDA-MB-231 (ATCC) human breast cancer cells.

Cells were cultured in DMEM/F12 media (Invitrogen,

Grand Island, NY, USA). For MDA-MB-231 and MCF7 cells,

the medium was supplemented with 10% fetal bovine

serum (Invitrogen, Grand Island, NY, USA) and 1% of a

penicillin/streptomycin (Invitrogen) solution. In addition,

the MCF7 medium was suppplemented with 0.5 nM estra-

diol (Sigma-Aldrich, Saint Louis, MO, USA) and 2 mL of

2.5 mg/mL insulin (Sigma-Aldrich). MCF10A medium

contained 5% horse serum (Invitrogen), 1% penicillin/

streptomycin solution, and 2 mL of 2.5 mg/mL insulin,

0.215 mL of 50 mg/mL epidermal growth factor (Sigma-

Aldrich), 0.1 mL of 2.5 mg/mL hydrocortisone (Sigma-

Aldrich), and 100 ng/mL cholera toxin (Sigma-Aldrich). All

cells were cultured at 371C in 5% CO2 in a humidified

atmosphere.

All cells were harvested by trypsinization at 80%

confluence. Each cell type was resuspended in DEP buffer

[30], washed twice, and resuspended again in fresh DEP

buffer to achieve a solution conductivity of 100 mS/cm and a

cell concentration of 106 cells/mL. They were then pipetted

with a 300 mL pipetter to reduce cell clumping. Fifty cell

radii for each cell type were measured from a calibrated

image of the cells under a microscope slide. Initially, each

cell type was tested individually to measure their frequency

and voltage responses, then a new sample of cells for each

type were stained with either calcein AM or CellTrace
TM

calcein red/orange (Invitrogen, Eugene, OR, USA) and

mixed together to evaluate the extent of cDEP separation.

3.3 Experimental set-up

The devices were placed into a vacuum jar for at least 30 min

prior to experiments. To reduce fouling in the pillar region

of the device, the main channel was primed with a filtered

DEP solution containing 5% BSA for 1 h. The channel was

then washed with DEP buffer using pressure-driven flow.

Side channels were filled with PBS and aluminium

electrodes were placed in each side channel inlet (Fig. 1).

Teflon tubing was inserted into the inlet and outlet of the

main channel. The inlet tubing was connected to a 1 mL

syringe containing the cell suspension. The syringe was

fastened to a syringe pump set to 0.02 mL/h. A calibrated,

inverted light microscope (Leica DMI 6000B, Leica Micro-

systems, Bannockburn, IL, USA) was used to monitor the

cells. Once the flow rate was maintained for 5 min, an AC

electric potential was applied to the electrodes.

Experiments to determine initial DEP response and at

least 90% trapping were conducted at 20Vrms, 25Vrms,

30Vrms, 35Vrms, 40Vrms, and 50Vrms for each cell line. These

voltages were chosen due to the absence of an observed DEP

force on the cells below 20Vrms, while above 50Vrms, no

trapping distinction could be observed. For each experi-

ment, the frequency was adjusted by intervals of 2 kHz until
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an initial DEP response was observed. Similarly, 90% trap-

ping was measured by initial observation. After each initial

observation at 90%, 75 kHz were also tested. Thirty second

video footage was captured for each trial and replayed in

slow motion while the amount of cells flowing in and out of

the trapping region were counted. Eight trials were

conducted at each voltage in a random order.

3.4 Numerical modeling

The real part of the Clausius–Mossotti factor, K(o), was

theoretically calculated and graphed for each cell line using

a MATLAB script (R2010a, The MathWorks, Natick, MA).

The Clausius–Mossotti factor was found for frequencies

between 100 Hz and 100 MHz using a logarithmic sampling

rate in MATLAB with the parameters in Table 1.

The gradient of the inner product of the electric field

was modeled using COMSOL Multiphysics (3.5a, COMSOL,

Burlington, MA, USA). The electrical potential, f, was

found using the governing equation, H � s�Hfð Þ ¼ 0,

where s� is the complex conductivity s�5s1joe of the

sub-domains in the microfluidic devices. The sub-domains

were grouped into three areas: fluid electrode, sample chan-

nel, and PDMS, where the conductivities of these materials

are 1.4 S/m, 1.0� 10�2 S/m, and 8.3� 10�13 S/m, respec-

tively. The permittivity used for the fluid electrode and the

sample channel was 80e0 while the permittivity of the PDMS

was 2.65e0. The boundary conditions used were prescribed

uniform potentials at the inlets of one fluid electrode and

ground at the inlets of the other fluid electrode.

4 Results

Experimentally, the onset of cell trapping from MDA-

MB-231 cells occurred at voltages as low as 20Vrms when a

minimum frequency of 174.67 kHz was applied. As the

applied voltage increased, the frequency necessary to induce

cell trapping decreased, reaching a minimum of 125.78 kHz

when 50Vrms was applied. Similarly, 90% of MDA-MB-231

cells could be trapped at 20Vrms when a minimum

frequency of 267.93 kHz was applied. This decreased to a

frequency of 176.02 kHz when 50Vrms was applied.

At 20Vrms, the onset of cell trapping did not occur for

MCF7 cells until a 209.97 kHz signal was applied. Complete

trapping of these cells at this voltage was not seen until at

least 302.76 kHz was applied. Similar to the MDA-MB-231

cells, the frequency necessary for the onset and 90% trap-

ping thresholds could be reduced by increasing the applied

voltage. At 50Vrms, these frequencies had dropped to a

minimum of 131.48 and 198.67 kHz respectively.

At all voltage levels, MCF10A required the highest

average applied frequency to induce trapping and achieve

90% or greater trapping (Fig. 2). At 20Vrms this corre-

sponded to minimum of 224.67 and 311.00 kHz, respec-

tively. At 50Vrms a minimum of 130.39 kHz was needed to

induce trapping and 208.81 kHz was required to trap at least

90% of the MCF10A cells.

The largest zone in which only MDA-MB-231 cells were

influenced by DEP forces occurred at 20 and 30Vrms. In this

region, it was possible to isolate MDA-MB-231 cells from a

heterogeneous mixture of MCF7 and MCF10A cells as

shown in Fig. 2. At 20Vrms this region was approximately

between 180 and 210 kHz. For 30Vrms, the bandwidth was

slightly smaller falling approximately between 155 and

175 kHz. Experimentally, voltages greater than 50Vrms occa-

sionally induced cell lysing. Voltages about 65Vrms typically

caused the formation of defects within the insulating barri-

ers, which negatively altered the device performance.

Figure 1. Schematic of experimental device. The side channels
are filled with high-conductive PBS.

Table 1. Literature values of cell dielectric properties. Cell radii and media conductivity were experimentally measured

Cell type Average radius

(mm)

Membrane capacitance

(F/m2)

Cytoplasm conductivity

(S/m)

Cytoplasm permittivity

(F/m)

Media conductivity

(S/m)

Media permittivity

(F/m)

MCF10A 9.25 0.0194 [40] 1 [41] 50e0 [41] 1.00E�02 80e0

MCF7 9.1 0.0186 [40] 1 [41] 50e0 [41] 1.00E�02 80e0

MDA-MB-231 8.93 0.0163 [40] 1 [41] 50e0 [41] 1.00E�02 80e0
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The Clausius–Mossotti factor for MCF7, MCF10A, and

MDA-MB-231 cells were distinct with each cell type having

its own unique crossover frequency between 12.5 and

15.5 kHz. For these cells, the Clausius–Mossotti factor was

within 98% of the global maxima by 200 kHz. Between 100

and 500 kHz, a unique curve of the Clausius–Mossotti factor

for each cell type can be distinguished as shown in Fig. 3A

and B.

Between the ranges of 100 kHz and 1 MHz, the cells

experience the maximum DEP force necessary to be

manipulated. In our device models, a frequency of 100 kHz

was applied to demonstrate specific areas of local maxima

and local minima of the DEP force (Fig. 4A). Within the

sample channel, local maxima in the gradient of the inner

product of the electric field were found to be in the regions

closest to the left and right of the insulating pillars. The

gradient of the inner product of the electric field is the

greatest near the quadrants of the four inner pillars closest

to x 5 0. Local minima were found to exist at the middle of

the center-to-center spacing of the pillars from left to right

and top to bottom (Fig. 4A).

The DEP force acting on cells passing through the

center of the device was found to have the same pattern for

all of the cell types. The magnitude of the DEP force was the

greatest for MCF7 cells and the lowest for MDA-MB-231

cells with MCF10 cells between the two (Fig. 4B). To validate

the individual results of Fig. 2, experiments with a hetero-

geneous sample containing an equal number of each cell

type were conducted at 30 V and at frequencies o180 kHz

(frequency at which initial trapping of the MCF7 and

MCF10A cells began). It was found the target cell line,

MDA-MB-231, could be trapped with no trapping of the

other two cell lines at 164 kHz (Fig. 4C).

5 Discussion

Current cell-sorting techniques generally suffer from a lack

of sensitivity, non-specificity, and throughput. Each of these

techniques relies on prior knowledge of specific cell

properties for separation and has intrinsic advantages and

disadvantages. Typically, more sensitive techniques may

require prior knowledge of cell-specific markers and

antibodies to prepare target cells for analysis. Additionally,

the large amount of sample handling required by these

techniques greatly increases the likeliness of cell loss and

contamination, therefore increasing the error involved in

the application of these techniques [5].

DEP has been shown to be a promising technique to

overcome these challenges. The dielectric properties of a cell

are determined by the distribution of surface charges, cell

size, and morphology, as well as conductivity and permit-

tivity of their membranes, cell walls, and internal structure.

Cells are made of complex structures adjacent to one

another with their own unique electrical properties. For

example, the cell membrane consists of a lipid bilayer,

which is a very thin insulator that contains proteins. This

Figure 2. Frequencies between
which, the onset of trapping
and 90% trapping was
observed for MDA-MB-231,
MCF7, and MCF10A cells. At
20–30Vrms MDA-MB-231 cells
could be trapped while the
other cell types passed
through the device unaf-
fected. The onset of trapping
and 90% trapping of MCF7,
MCF10A, and MDA-MB-231
cells occurred over different
overlapping frequency bands.

Figure 3. (A) The real part of the Clausius–Mossotti factor for
MCF10A, MCF7, and MDA-MB-231 cells using estimated para-
meters in Table 1. (B) Zoomed in image of the curve at
experimental frequencies.
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layer has a conductivity around 10�7 S/m whereas the

conductivity of the inside of the cell can be as high as 1 S/m.

The Clausius–Mossotti factor is a powerful parameter that

relates cells’ effective permittivities and conductivities to

ultimately decide the magnitude and direction of DEP force.

Unfortunately, the current DEP techniques suffer from their

own disadvantages such as complex fabrication, cell

contamination, and joule heating. For biological applica-

tions, it is crucial to overcome these hurdles. cDEP has

proven to be a viable enhancement of current DEP

technology through investigations of particle separation [36]

as well as live/dead separation [30]. This study demonstrates

the sensitivity of this current cDEP device to detect minute

differences within the cell through their DEP responses.

Numerical modeling of MCF7, MCF10A, and MDA-

MB-231 cells showed that the cells had unique Clau-

sius–Mossotti curves. These curves were substantially

different at frequencies near the crossover frequencies of the

cells. In this region, it is likely that one cell type will

experience negative DEP forces, movement away from

regions containing a high gradient of the inner product of

the electric field, while the others experience a positive DEP

force. It should be noted however, that in this region, the

magnitude of the Clausius–Mossotti factor is small in

comparison to the global maximum and the resulting force

experienced by the cells will be significantly lower.

Thorough examination of the cells’ behavior at

frequencies between 120 and 320 kHz and voltages between

20 and 50Vrms showed that MDA-MB-231 cells can be

isolated from a heterogeneous mixture of cells. At

frequencies between 155 and 175 kHz and voltages between

20 and 30Vrms, a portion of the MDA-MB-213 cells were

successfully trapped while MCF7 and MCF10A cells passed

by unaffected. This is the first demonstration of cDEP to

isolate a specific cell type from a heterogeneous population

of live cells.

Future work will focus on improving the sensitivity and

removal efficiency of cDEP devices. One particular extension

of this will be to investigate breast cancer cells from the

same lineage, as a more clinically relevant sample mixture.

Not only could this provide a basis for detection, but also the

ability to isolate the most aggressive cells from a hetero-

geneous sample will have a profound impact on cancer

therapies. The isolation of these cells could offer a work-

bench for clinicians to screen drug therapies prior to patient

treatment, which will increase the probability of success and

eliminate unsuccessful treatment options. This would

enable oncologists to tailor a treatment on a patient-specific

level and to ensure the most effective treatment is being

utilized [37–39].
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Ovarian cancer is the leading cause of death from gynecological malignancies in

women. The primary challenge is the detection of the cancer at an early stage, since

this drastically increases the survival rate. In this study we investigated the

dielectrophoretic responses of progressive stages of mouse ovarian surface epithelial

(MOSE) cells, as well as mouse fibroblast and macrophage cell lines, utilizing

contactless dielectrophoresis (cDEP). cDEP is a relatively new cell manipulation

technique that has addressed some of the challenges of conventional dielectrophoretic

methods. To evaluate our microfluidic device performance, we computationally

studied the effects of altering various geometrical parameters, such as the size and

arrangement of insulating structures, on dielectrophoretic and drag forces. We found

that the trapping voltage of MOSE cells increases as the cells progress from a non-

tumorigenic, benign cell to a tumorigenic, malignant phenotype. Additionally, all

MOSE cells display unique behavior compared to fibroblasts and macrophages,

representing normal and inflammatory cells found in the peritoneal fluid. Based on

these findings, we predict that cDEP can be utilized for isolation of ovarian cancer

cells from peritoneal fluid as an early cancer detection tool. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3699973]

I. INTRODUCTION

Epithelial ovarian cancer is the leading cause of death from gynecological malignancies

and the fourth leading cause of death in women in the United States among all cancers.1,2 The

World Health Organization estimates that approximately 225,500 women worldwide are diag-

nosed with ovarian cancer3 and 140,200 women die from it annually. In the U.S., it was esti-

mated that 21,990 new cases of ovarian cancer would be diagnosed in 2011 and 15,460 women

would die from this disease.4 Much of this lethality is attributable to its late detection due to

the lack of symptoms of earlier stages, and routine screening methods are not established. How-

ever, early detection improves the survival rates of women to more than 90%,5 highlighting the

importance of early detection and treatment of ovarian cancer. Ideally, screening tests should

a)Author to whom correspondence should be addressed. Electronic mail: davalos@vt.edu.
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be non-invasive and highly specific to reduce false-positive results, the associated risks, and

costs for the affected women.2

Ovarian cancer cells exfoliate from the primary tumor and disseminate throughout the peri-

toneal cavity. The changing peritoneal microenvironment, characterized by increasing numbers

of immune cells, mostly monocytes/macrophages,6 and increased protein and bioactive lipid

levels in the ascites fluid7,8 promotes tumor cell survival, proliferation, and metastasis. Ascites

fluid can also contain benign cell populations of macrophages and fibroblasts.6,9 The percentage

of tumor cells versus non-tumor cells can vary greatly in women from 1 to >60%.10 Because

of the different physical characteristics of these cells, we theorize that resident and recruited

peritoneal cells can be separated from ovarian cancer cells. Unlike cancers of other sites, ovar-

ian cancer cells rarely enter systemic distribution. Thus, the peritoneal fluid is the appropriate

source for detection of disseminating ovarian cancer cells.

Traditionally, specific biomarkers expressed mainly by the target tumor cell population are

used to isolate cells from each other. CA-125, the most popular biochemical marker for ovarian

cancer, is found in 50% of early stage patients and 80% of late stage patients.11 Other markers

can vary greatly. Detection techniques include ultrasound and color-flow Doppler imaging, using

morphological and vascular markers, respectively.11 Recently, proteomics has become a promis-

ing means by which new potential biomarkers are identified. Several of these biomarkers have to

be used in combination to improve sensitivity, but at the cost of reduced specificity.11,12

Roberts et al. have established a mouse cell model for progressive ovarian cancer from

C57BL/6 mice.13 Isolated primary mouse ovarian surface epithelial (MOSE) cells undergo pro-

gressive changes during culturing.13,14 Based on their phenotype (size, growth rate, morphol-

ogy) and their tumorigenic potential, MOSE cells were categorized into early, early-

intermediate, intermediate, and late aggressive stages. During neoplastic progression, increased

dysregulation of the cytoskeleton organization was observed, which14 was recently found to be

associated with stage specific changes in their biomechanical properties.15 The MOSE model

exemplifies an alternative to human cell lines since comparable human cell lines providing dif-

ferent stages of ovarian cancer derived from the same woman are not available.

It has been reported that malignant cells are distinguishable from normal and healthy cells

based on differences in their electrical properties.16–22 For example, breast tumors have different

electrical impedance compared to their surrounding tissues,21 and transformed cells have higher

effective cell membrane capacitance than normal cells.17–20,22 Leukemia and breast cancer cells

lines have higher effective membrane capacitance than normal T lymphocytes and erythro-

cytes.17,18 Also, transformed rat kidney cells,20 murine erythroleukemia cells,19 and oral cancer

cells22 have higher effective membrane capacitance than non-transformed counterparts. However,

it is not known if this also applies to a progressive cancer cell model derived from syngeneic

non-transformed cells. Studying the electrical properties of these cells, thereby eliminating poten-

tial inter-individual differences that are inherent to human cell lines, may lead to novel cancer

detection techniques. The first step towards this goal is investigating the dielectrophoretic

response of cancer cells derived from a non-transformed, spontaneously immortalized mouse

ovarian epithelium to determine the changes in their electrical properties during progression.

Dielectrophoresis (DEP), a non-destructive electrokinetic transport mechanism, is a technique

employed to manipulate cells in microdevices. DEP has been a very successful technique for the

manipulation,23 separation,24 and detection25 of bioparticles. In contrast to techniques such as flu-

orescence activated cell sorting (FACS),26 chemically functionalized pillar-based microchips,27

and magnetic bead cell separation,28 DEP does not require the use of target specific antibodies.

Traditionally, DEP utilizes arrays of electrodes to produce non-uniform electric fields to polarize

particles and thereby induce movement. However, there are some challenges with bubble forma-

tion due to electrolysis, electrode fouling and delamination, and sample contamination.29,30 In

addition, the electric field deteriorates exponentially as distance from the electrode surface

increases.31

Modified DEP techniques, such as insulator-based dielectrophoresis (iDEP), have been

developed to overcome challenges of conventional DEP. In iDEP, insulating structures are

straddled between two electrodes to cause regions of high and low electric field intensity,
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resulting in non-uniformity of the electric field.29 Such systems were proposed by Cummings

and Singh29 and have been applied successfully for manipulation of DNA,30 separation of live

and dead cells,32,33 and separation of different species of cells.34

Contactless dielectrophoresis (cDEP) is a new technique for manipulating cells which elim-

inates direct contact between the sample and electrodes. In cDEP, an electric field is generated

in the sample channel by using two fluid electrode channels which are filled with a conductive

fluid. These electrode channels are separated from the main channel by thin insulating barriers.

The absence of metal electrodes minimizes sample contamination35 and bubble formation, and

resolves issues associated with joule heating.36,37 We have shown previously that the viability

of prostate cancer cells did not change through characterization or isolation by cDEP.38 cDEP

has been used to isolate tumor initiating cells (TICs) from non-initiating cells38 and to separate

living cancer cells from dead cells37 and from red blood cells.39 It has also been shown recently

with cDEP that breast cancer cells from different cell lines exhibit unique dielectrophoretic

responses and highly metastatic cell lines can be isolated from less metastatic lines.40

In this work, we examined the changes in dielectrophoretic response of MOSE cells as

they progress from benign to aggressive stages of ovarian cancer. Previously, MOSE cells were

characterized as stiffer and more viscous when they are benign,15 confirming reports in other

cells.41–44 This suggests that changes in gene expression during progression of ovarian cancer

correspond to an altered morphology, decreased cell size, and altered cellular architecture,14

which together not only affect the biological behavior of the cells, but also modulates their bio-

mechanical and, perhaps, their bioelectrical properties.

To our knowledge, there is no information about changes in the electrical properties of

ovarian cancer cells as the disease progresses. In this study we demonstrate for the first time

that different stages of cancer, progressed from the same progenitor cells, have different dielec-

trophoretic responses. We also compare the signal parameters (voltage and frequency) required

to selectively capture and isolate MOSE cells at different cancer stages from normal fibroblast

and macrophages that can be found in the peritoneal fluid. These results demonstrate the poten-

tial of cDEP as a method of early detection and diagnosis of ovarian cancer.

II. THEORY

The DEP force acting on a spherical particle in a non-uniform electric field is given by45

~FDEP ¼ 2pemr3Re

�
e�p � e�m
e�p þ 2e�m

�
rð~ERMS � ~ERMSÞ; (1)

e� ¼ eþ r
jx
; (2)

where e�p and e�m are the complex permittivity of the particle and suspending medium, respec-

tively, r is the radius of the particle, r is the real conductivity, and ~ERMS is the root mean

square electric field. j2 ¼ �1, and x is the radial frequency of the applied voltage.

The Clausius-Mossotti factor, KðxÞ ¼ ðe�p � e�mÞ=ðe�p þ 2e�mÞ, is a complex function with a

real value between �0.5 and 1, and is dependent on the bioelectric properties of the cell.

Depending on the sign of KðxÞ; the DEP force can either be positive, in which case it is

directed towards high electric field gradient regions, or negative, in which case it is directed

towards low electric field gradient regions.

Frequencies at which the DEP force is zero are called the crossover frequency, fxo. These

are the frequencies at which the real part of K changes sign, RefKðe�p; e�mÞg ¼ 0. The first cross-

over frequency of mammalian cells happens between 10–100 kHz, and the second crossover

frequency is typically on the order of 10 MHz for a sample with conductivity of 100 lS/cm.46

Cell size, shape, cytoskeleton, and membrane morphology affect the first crossover frequency;

and cytoplasm conductivity, nucleus-cytoplasm volume ratio, and endoplasmic reticulum affect

the second crossover frequency.47
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The material properties of cells and biological tissues change with the applied frequency.

This disparity in properties is known as dispersion. At frequencies less than 10 kHz, counterion

polarization happens along the cell membrane (a dispersion). In the MHz frequency range,

interfacial polarization of the cell membrane occurs, which can develop because of the polariza-

tion of proteins and other macromolecules (b dispersion).48 The applied frequencies in our

experiments are in the range of 200–600 kHz, which is in between a and b dispersion regimes.

Thus, both the counterion polarization along cell membrane (a dispersion) and interfacial polar-

ization of cell membrane (b dispersion) should both be considered as potential reasons for

observing differing DEP signature between cells.

As particles move under the influence of the DEP force, they interact with the surrounding

fluid and experience hydrodynamic drag

~FDrag ¼ 6grpð~up �~uf Þ; (3)

where r is the particle radius and ~up and ~uf are the velocities of the particle and the medium,

respectively.

III. MATERIALS AND METHODS

A. Device layout

Figure 1 shows the top view schematic of the microdevice. Electrode channels, which are

approximately 1 cm long, are separated from the sample channel by 20 lm barriers. Insulating

pillars, 100 lm in diameter, in the sample channel increase the non-uniformity of the electric

field and enhance the DEP force.

B. Fabrication process

Experimental devices were fabricated using standard soft lithography techniques. Photore-

sist, AZ 9260 (AZ Electronic Materials, Somerville, NJ, USA), was spun onto a clean silicon

FIG. 1. (a) 2D top view schematic of the microdevices. (b) A section of the microdevice and pillars. Each pillar is 100 lm

in diameter. (c) Complete trapping of cells. Calcein AM, enzymatically converted to green fluorescent calcein, is added to

the cell sample at 2 lL per mL of cell suspension.
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substrate. Then, the silicon wafer was exposed to UV light for 60 s through a mask patterned

with the design. Using AZ 400 K (AZ Electronic Materials, Somerville, NJ, USA) developer,

the exposed photoresist was removed. The silicon master stamp was etched to a depth of 50

microns with deep reactive ion etching (DRIE). Wet etching with tetramethylammonium hy-

droxide (TMAH) 25% at 70 �C was used for 5 minutes to smooth the surface of the wafer.

Then, a thin layer of Teflon was deposited on the silicon master to ease the replication process

using typical DRIE parameters.

The liquid PDMS was made by mixing PDMS monomers and a curing agent in a 10:1 ratio

(Sylgard 184, Dow Corning, Midland, MI, USA). Bubbles were removed from liquid PDMS by

exposing the mixture to vacuum for 1 h. PDMS liquid was poured onto the silicon master, cured

for 45 minutes at 100 �C, and then peeled off from the silicon mold. Fluidic connections to the

channels were punched with a 1.5 mm puncher (Harris Uni-Core, Redding, CA, USA). After

treating with air plasma for 2 minutes, the PDMS replica was bonded to clean glass slides using

air plasma (Harrick Plasma, Ithaca, NY, USA).

C. Experimental set-up

Prior to experimentation, the microfluidic devices were placed in a vacuum jar for

20 minutes to reduce issues with bubble formation within the channels. The fluid electrode

channels were filled with phosphate buffered saline (PBS). Externally, pipette tips formed fluid

reserviors at the inlet and outlet of each fluid electrode channel. Metal electrodes were inserted

into these reserviors as a means of electrical connection. The main channel was then primed

with the sample and a microsyringe pump (Harvard Apparatus Syringe Pumps, Plymouth Meet-

ing, PA, USA) was used to achieve a flow rate of 0.02 mL/h. Once the required flow rate was

maintained for 2 minutes, an AC voltage was applied to the electrodes.

A combination of waveform generation and amplification equipment was used to create

AC electric fields in the microfluidic devices. Waveforms were produced with a function gener-

ator (GFG-3015, GW Instek, Taipei, Taiwan), and the output was fed to a wideband power am-

plifier (AL-50HF-A, Amp-Line Corp., Oakland Gardens, NY, USA). A high-voltage transformer

was used to step-up the voltage of the signal before it was applied across the fluid electrodes

via external electrodes. An inverted light microscope (Leica DMI 6000B, Leica Microsystems,

Bannockburn, IL, USA) equipped with a color camera (Leica DFC420) was used to monitor

the particles flowing through the main channel.

The dielectrophoretic responses of early (MOSE-E), early-intermediate (MOSE-E/I), inter-

mediate (MOSE-I), and late stage ovarian cells (MOSE-L), as well as macrophages (PC1) and

fibroblasts (OP9), were studied separately using the device shown in Fig. 1. The frequency of

the AC signal was set as indicated in each experiment for five selected frequencies: 200, 300,

400, 500, and 600 kHz. These frequencies were selected at random, and the associated voltages

required to observe trapping of the first two cells (onset of trapping) and trapping of all cells

(complete trapping) were recorded (Figs. 1(b)–1(c)). Each experiment was repeated 10 times

using cells from biological replicates. The student t-test method was used to determine if data

from different cell lines were statistically different. The purpose of these experiments was to

investigate if there is a difference in onset of and complete trapping between these cell types.

D. Cell preparation

Different stages of MOSE cells, early (passage number 15–16), early-intermediate (passage

number 33–34), intermediate (passage number 70–71), and late (passage number 188–189),

were cultured in Dulbecco’s modified eagle’s medium (DMEM)-high glucose medium supple-

mented with 4% fetal bovine serum (FBS, Atlanta Biological, Atlanta, GA) and 100 lg/ml each

of penicillin and streptomycin, at 37�C in a humidified atmosphere as described previously.13,14

PC1 macrophages were grown in DMEM–low glucose (Sigma-Aldrich, St. Louis MO),

containing 5 mL of penicillin and streptomycin (Invitrogen, Carlsbad, CA), and 10% FBS

(Atlanta Biological). OP9 fibroblast were maintained in a-MEM (Invitrogen, Carlsbad CA),
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containing 5 mL of penicillin and streptomycin (Invitrogen, Carlsbad CA), and 20% FBS

(Atlanta Biological).

The MOSE cells, fibroblasts (OP9), and macrophages (PC1) were grown separately, har-

vested, washed twice, and resuspended in a low conductivity buffer for the experiments (8.5%

sucrose [wt./vol.], 0.3% glucose [wt./vol.], and 0.725% [vol./vol.] RPMI)49 to 1� 106 cells per

mL. The electrical conductivity of all samples was 105 6 3 lS/cm as measured with a conduc-

tivity meter (Horiba B-173 Twin Conductivity/Salinity Pocket Testers, Cole-Parmer) prior to

each experiment.

E. Computational modeling

COMSOL Multiphysics 4.2 (Comsol Inc., Burlington, MA, USA) was used to investigate

the effect of different geometrical parameters, such as pillar arrangements, the gap between the

pillars, and pillar diameter on rð~E � ~EÞ and fluid flow.

The electrical properties of PDMS were reported as rPDMS ¼ 0.83� 10�12 S/m

and ePDMS ¼ 2:65.27 The electrical conductivities of PBS and DEP buffer were defined as rPBS

¼ 1:4 S=m and rDEP ¼ 0:01 S=m; respectively. Their relative permittivities were defined as

ePBS ¼ eDEP ¼ 80, as assumed based on their water content. The properties of PBS and DEP

buffer were prescribed for the electrode and sample channels, respectively. The boundary condi-

tions were prescribed as uniform potentials at the inlet and outlet of the electrode channels and

insulating on the outside surrounding boundaries.

The fluid dynamics within the sample channel were also modeled to find the velocity field

and the shear rate. No slip boundary conditions were applied to the walls of the channel and

the pillars. Based on past experiments, the inlet velocity was set to 110 lm/s, approximately

corresponding to 0.02 mL/h.38 The outlet was set to no viscous stress (the Dirichlet condition

for pressure), and the Navier-Stokes equation was solved for an incompressible laminar flow.

The viscosity and density of water, 0.001 Pa.s and 1000 kg/m3, respectively, were used.

IV. RESULTS AND DISCUSSION

A. Computational results

The insulating structures inside the main channel are essential tools to enhance the dielec-

trophoretic force by increasing the electrical resistance of the sample channel, as well as

increasing the non-uniformity of the electric field. Without these structures, gradients in the

electric field would be limited to areas close to the side walls of the sample channel, and most

cells would not experience a strong enough dielectrophoretic force to be trapped. Adding the

insulating structures allows for wider channels with uniform rð~E � ~EÞ, which consequently

increases the throughput and selectivity of the devices.

To compare microdevices with different circular pillar geometries, a diagonal line located

on the center of the device has been drawn (line A-B on Fig. 2(a)). Only the values on A-B0

are shown in Figs. 2(b)–2(d) because these values are repeated periodically on other parts of

line A-B. Figure 2(a) shows the contour plot of rð~ERMS � ~ERMSÞ. For the designs presented

here, frequencies from 100–600 kHz and voltages from 0–300 VRMS where studied.

Line plots of rð~ERMS � ~ERMSÞ inside the sample channel for two different pillar arrange-

ments, triangular (staggered, similar to Fig. 2(a)), and rectangular arrangements are shown in

Fig. 2(b). These demonstrate that the triangular arrangement creates higher rð~ERMS � ~ERMSÞ
compared to the rectangular arrangement. This arrangement has the added benefit that the cal-

culated hydrodynamic efficiency for capturing cells is better in triangular than in rectangular

arrangements.27 Additionally, the triangular arrangement increases the probability of cell trap-

ping since there is a higher frequency of cell collisions with the pillars. Based on these results,

a triangular arrangement was selected.

Figure 2(c) shows the line plot of rð~ERMS � ~ERMSÞ for three devices with 100lm diameter and

different gaps between the circular pillars: 30 , 60, and 120lm. This shows that rð~ERMS � ~ERMSÞ
has an inverse relation with the distance between the pillars, i.e., the DEP force increases by
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decreasing the gap between the pillars, although this increase is not significant. To avoid mechani-

cally filtering the cells, the distance between pillars was not reduced to less than 30 lm. A spacing

of 30 lm was used for the remainder of this study because decreasing the gap between pillars

increases the number of pillars per unit area, which increases the probability of cell trapping.

Computational results predict that the maximum shear rate in the device has a maximum

value of 52 s�1 which is two orders of magnitude less than the cell lysis limit of approximately

5000 s�1.50,51 In order to trap a cell in a moving fluid, the dielectrophoretic force should

FIG. 2. (a) The gradient of the electric field squared (V2 m�3) at 300 Vrms and 600 kHz. The line plot of rð~Erms � ~ErmsÞ on

a normalized diagonal line A-B is presented for (b) triangular and rectangular pillar arrangements, (c) circular pillars with

30, 60, and 120 lm gap and diameter of 100 lm, at 100 Vrms and 500 kHz.
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overcome the drag force. Figure 3 presents drag force to dielectrophoretic force ratios for pillars

with diameter of 50, 100, and 200 lm. It was found that 50 lm pillars have 2.25 times smaller

DEP dominant area than devices with 200 lm pillars.

In contrast, increasing the size of pillars reduces the total number of pillars per unit area,

which decreases the probability of a cell entering a DEP dominant area. As a compromise

between these two results, a diameter of 100 lm was chosen. It is also important to note that

the size of the trapping area should be sufficiently large to encompass several particles and

avoid saturation; otherwise, the captured cells may be released by small fluctuations in the fluid

flow and thus decrease the trapping efficiency.

B. Experimental results

To determine the individual voltages for trapping the MOSE cells, we used the device shown

in Fig. 1. Figure 4 shows the onset and complete trapping voltages for four different stages of

MOSE cells. The voltages required to trap different stages were statistically different among most

stages. The largest variation in trapping between cell types was seen when comparing the voltage

required for complete trapping. Between 200 and 500 kHz, the voltage required for complete trap-

ping of MOSE cells increased as the cell type became more tumorigenic. For all cell types, the

complete trapping voltages were significantly different with p-values of 0.005 or less.

At 500 kHz, MOSE-L cells were trapped at a higher voltage than MOSE-I cells, while at

600 kHz the reverse occurred. This result did not occur for complete trapping at any other fre-

quencies or for the other cell types, and we predict that the Clausius-Mossotti factor values for

MOSE-L and MOSE-I cells intersected at a frequency between 500 and 600 kHz.

The onset and complete trapping of macrophages (PC1) and fibroblasts (OP9) are compared

with different stages of MOSE cells in Fig. 5. Voltages for complete trapping of PC1 and OP9

cells are statistically different from the various stages of MOSE cells at almost all applied fre-

quencies in the range of 200–600 kHz. Similarly to Fig. 4, the voltages for onset of trapping are

statistically different.

Figures 6(a) and 6(b) present the difference between the complete trapping voltage of fibro-

blasts (OP9) and macrophages (PC1), respectively, with different stages of MOSE cells as a

function of applied frequency. These results show that the difference between the complete

trapping voltage of PC1 and OP9 and different stages of MOSE cells increases with increases

in malignancy and stage of the MOSE cells.

Radius and viability of cells were measured using Cell Viability Analyzer (Vi-Cell, Beck-

man Coulter). The average radius of MOSE-E, -E/I, -I, and -L cells were 7.185 6 1.004,

7.163 6 1.245, 7.292 6 1.493, and 7.050 6 1.195 lm, respectively. The radii of PC1 macro-

phages and OP9 fibroblasts were 6.451 6 1.530 and 6.673 6 1.211 lm, respectively.

C. Discussion

The dielectrophoretic properties of cells are influenced by cell membrane morphologies,

membrane surface permeability, cytoplasm conductivity, and cell size.52,53 In this study, the cell

FIG. 3. Ratio of drag force to dielectrophoretic force for microdevices with equal channel width and circular pillars with

diameter of (a) 50 lm, (b) 100 lm, and (c) 200 lm. In dark areas DEP force is dominant, and in light areas drag force

prevails.
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FIG. 4. Onset and complete trapping voltages of early (MOSE-E), early-intermediate (MOSE-E/I), intermediate (MOSE-

I), and late (MOSE-L) cells at (a) 200 kHz, (b) 300 kHz, (c) 400 kHz, (d) 500 kHz, and (e) 600 kHz. Left and right columns

present the onset of trapping and complete trapping, respectively. *, **, and *** indicate that data are significantly different

with p< 0.0005, p< 0.005, and p< 0.05, respectively, (n¼ 10).
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size did not dominate the response because the radii of different stages of MOSE cells were in a

similar range. Thus, we believe that the observed differences in the DEP response of different

stages of MOSE cells (Fig. 4) are due to the intrinsic difference between the cells and not their

size, as will be discussed below.

FIG. 5. Onset and complete trapping voltages of different stages of MOSE cells compared with macrophages (PC1) and

fibroblasts (OP9) cells at (a) 200 kHz, (b) 300 kHz, (c) 400 kHz, (d) 500 kHz, and (e) 600 kHz. Left and right columns pres-

ent the onset of trapping and complete trapping, respectively. *, **, and *** indicate that data are significantly different

with p< 0.0005, p< 0.005, and p< 0.05, respectively, (n¼ 10).
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The complex dielectric properties of living cells may result from the expression levels of

various surface proteins and interfacial polarization of ions at cell membrane surfaces.54 Since

different cells have dissimilar properties, they can be selectively manipulated using DEP. Cell

size, shape, and membrane morphology affect the first crossover frequency, and cytoplasm con-

ductivity and nucleus-cytoplasm volume ratio affect the second crossover frequency.31 The first

crossover frequency of mammalian cells is typically less than 100 kHz (Ref. 46), and the sec-

ond crossover frequency is normally in the order of 10 MHz for the sample with conductivity

of 100 lS/cm.46 The frequency range used in this study was limited between 200 and 600 kHz;

thus, all of the aforementioned biophysical properties, especially membrane morphology, could

play a role as to why different stages of MOSE cells exhibit different DEP properties.

The electrical capacitance of the cell membrane is a function of structural features, such as

membrane folding, microvilli, and blebs.47 It has been reported that there are more protrusions

on the surface of transformed cells than normal cells, which results in transformed cells having

a higher effective membrane capacitance than normal cells.17–20 For instance, leukemia and

breast cancer cells lines have higher effective membrane capacitance than normal T lympho-

cytes and erythrocytes.17,18 This was also reported for rat kidney cells,20 murine erythroleuke-

mia cells,19 and oral cancer cells.22

It has been reported that there is an increase in membrane ruffles in MOSE cells as they

progress to a more aggressive phenotype.14 MOSE-E cells show a more typical cobblestone-

like phenotype. MOSE-E/I cells change to more spindle-shape morphology and are smaller than

MOSE-E cells. In general, MOSE cells become more spindle-shape and smaller as they pro-

gress into MOSE-I and then MOSE-L.14 Among other functional categories, the cytoskeleton

and its regulators are significantly altered during MOSE progression, which affects both cell

morphology14 and viscoelasticity.15 Based on the presented results (Figs. 4–6), we hypothesize

that these morphological changes, including the increase in surface ruffling in later stages, could

be the main reasons of dielectrophoretic changes between different stages of cancer cells. This

will be investigated in more detail.

In addition, membrane proteins can be related to cells’ dielectrophoretic properties. For

instance the dielectrophoretic properties of erythrocytes from different blood types are determined

by the diverse ABO-Rh antigens on the red blood cell membrane surface; thus blood cell mem-

branes from donors with different blood types polarize differently.4 In yeast cells, DEP properties

FIG. 6. (a) Difference between complete trapping voltage of (a) fibroblasts (OP9) and (b) macrophages (PC1) and different

stages of MOSE cells as a function of applied frequency (n¼ 10).
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are modulated by the binding of lectin which can change the permittivity of the cell.55 These

observed differences in DEP response could be due to the expression levels of different, perhaps

specific surface proteins or to a change in the total electrical charge and the conductivity of the

cell membrane. Clearly, more in depth investigations are needed to identify changes in the

MOSE cell membranes that are causal for the changes in their dielectrophoretic properties.

Most studies compare non-transformed cells with highly aggressive cancer cells, often

derived from different patients.17,18,22,56 In two other studies, a normal and a malignant cell,

derived from the same cell line, have been compared.19,20 The MOSE model allows for detec-

tion of step-wise changes during progression of syngeneic cancer cells, avoiding inter-

individual differences that may affect the membrane organization, and thereby influence the

dielectrophoretic properties. Thus, this model is more applicable to identify differences between

progressive stages of transformed cells derived from the same cell line as would occur in the

clinical setting. The current study is the first study that compares the dielectrophoretic responses

of different stages of cancer cells, which are extracted from one cell line.

Furthermore, MOSE cells display unique behavior compared to fibroblasts and macrophages,

representing normal and inflammatory cells found in the peritoneal fluid. These varying physical

properties between MOSE cells, OP9 fibroblasts, and PC1 macrophages can be used to explain

the distinct trapping regions among these cells, as shown in Fig. 5. From these data, it would

seem possible to selectively screen for ovarian cells in the midst of background peritoneal cells,

which is a likely scenario in true patient samples. Thus, these preliminary results suggest that

cDEP technique has the potential to be used as a tool for early detection of ovarian cancer.

V. CONCLUSIONS

The current study is the first study that compares the dielectrophoretic response of different

stages of ovarian cancer cells which are derived from one precursor cell line. The results pre-

sented here demonstrate that aggressive ovarian cancer cells display a significantly different

voltage that allows them to be dielectrophoretically distinguished and trapped from their non-

transformed progenitor cells as well as from other cell types that may be found in peritoneal se-

rous exudate fluid. Studying the dielectrophoretic responses of these cells is the first step in

developing a clinical diagnostics system centered on contactless dielectrophoresis to separate

ovarian epithelial cells from peritoneal fluid to potentially detect even early and intermediate

stages of the disease. Early diagnosis will result in early treatment and may increase the sur-

vival rates of the affected women. Future work will focus on optimizing device performance

and building towards a clinically applicable method for early detection of ovarian cancer.
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Theoretical Considerations of Tissue Electroporation
With High-Frequency Bipolar Pulses
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Abstract—This study introduces the use of high-frequency
pulsed electric fields for tissue electroporation. Through the de-
velopment of finite element models and the use of analytical tech-
niques, electroporation with rectangular, bipolar pulses is investi-
gated. The electric field and temperature distribution along with
the associated transmembrane potential development are consid-
ered in a heterogeneous skin fold geometry. Results indicate that
switching polarity on the nanosecond scale near the charging time
of plasma membranes can greatly improve treatment outcomes in
heterogeneous tissues. Specifically, high-frequency fields ranging
from 500 kHz to 1 MHz are best suited to penetrate epithelial
layers without inducing significant Joule heating, and cause elec-
troporation in underlying cells.

Index Terms—Bipolar pulses, electroporation, nanosecond
pulsed electric field, oscillating electric field, transmembrane
potential.

I. INTRODUCTION

E LECTROPORATION is a nonlinear, biophysical mecha-
nism in which the application of an external pulsed elec-

tric field leads to an increase in the permeability of cellular
membranes. While direct evidence for the exact mechanism of
electroporation has yet to be discovered [1], early in vitro ex-
periments suggest that the extent of electroporation is attributed
to the induced buildup of charge across the plasma membrane,
and consequently, transmembrane potential (TMP) [2]–[7]. The
applied field strength and pulse duration control the TMP devel-
opment and the extent to which transient permeabilizing defects
are allowed to reseal. If the pulse parameters are tuned such
that the membrane defects are only temporary, and the cell re-
mains viable, the process is termed reversible electroporation.
Reversible electroporation can be used to introduce molecules
into cells that, under normal conditions, would not permeate
cellular membranes [8]. Irreversible electroporation (IRE) re-
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sults when membrane defects are irrecoverable, leading to cell
death presumably through a loss of homeostasis [9], [10]. Re-
cently, electroporation has been utilized in vivo as a means to
destroy cancer cells within tissues in both reversible and irre-
versible modalities. Reversible electroporation is being studied
to facilitate the delivery of anticancer drugs and DNA into can-
cer cells through the plasma membrane in the form of elec-
trochemotherapy (ECT) and electrogenetherapy (EGT), respec-
tively. IRE promotes cell necrosis [11] and is an independent
means to destroy substantial volumes of targeted tissue without
the use of harmful adjuvant chemicals, if used prior to the onset
of thermal injury [12].

Common protocols for IRE, ECT, and EGT involve deliv-
ering multiple, unipolar pulses with a duration on the order
of microseconds through electrodes inserted directly into, or
adjacent to, the malignant tissue [12]–[15]. When the tumor
is located deep within an organ, a minimally invasive needle
or catheter-based device is needed for the electrodes to reach
the tumor. In some instances, the organ puncture required by
these designs can, in itself, damage the surrounding healthy
cells [16], [17]. There is also the possibility of reseeding cancer
cells upon device removal. Therefore, the use of nonpuncturing
plate electrodes placed around the organ is desirable in some
instances. Plate electrodes are best suited to treat tumors lying
close to the skin, because a high potential drop occurs across
the skin, where the field is the largest, limiting the amount of
deeper tissue that can be permeabilized without first permeabi-
lizing the skin [14], [15]. However, the high electric field in the
skin can lead to deleterious thermal damage through the mech-
anism of Joule heating [18]. Plate electrodes will have similar
problems when placed around internal organs to treat tumors.
Most organs are covered by the peritoneum, where the presence
of tight junctions concentrates the field across epithelial cells,
because extracellular current pathways are reduced [19]. We hy-
pothesize that these problems can be mitigated by implementing
high-frequency bursts of bipolar pulses with a burst width on
the order of microseconds and a duration of single polarity on
the order of nanoseconds.

To the best of our knowledge, the benefits of bipolar pulses
have only been studied for electroporation applications at the
single-cell level. Theoretically, Talele et al. have shown that
asymmetrical electroporation due to the resting TMP (∼0.1 V)
[20] of cells seen when unipolar pulses are delivered [21], [22]
can be alleviated by switching to bipolar pulses [23]. Experi-
mentally, this leads to increased efficiency of macromolecule
uptake through the membrane [21], [22]. Depending on the
extracellular conductivity, bipolar pulses with a frequency of
1 MHz (i.e., 500 ns duration of single polarity) can also lessen

0018-9294/$26.00 © 2011 IEEE
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Fig. 1. Illustration of current pathways through epithelial layers and bulk
tissue prior to the onset of electroporation. When the pulse duration td is much
less than the plasma membrane time constant τ pm , current flows through both
intracellular and extracellular spaces (left). In the case that td is much more than
τ pm , current flow is restricted to the narrower extracellular spaces (right).

the dependence of electroporation on cell size, allowing more
cells to be electroporated [24], [25]. In general, pore forma-
tion increases as long as the TMP is sustained above a critical
threshold (∼1 V) [20]. One potential drawback of bipolar pulses
is that they require higher field strengths to induce a given TMP
as compared to a unipolar pulse of equivalent duration. This is
apparent when the frequency of the bipolar pulses is increased,
because the time interval above the critical TMP is reduced [25].
Kotnik et al. have explored the benefits of bipolar pulse trains at
significantly lower frequencies, up to 1 kHz (i.e., 500 μs dura-
tion of single polarity). At lower frequencies, theoretical results
show that the pore formation asymmetry can also be normalized
with bipolar pulses [26]. Experimentally, bipolar pulses reduce
electrolytic contamination [27] and the required field strength
for reversible electroporation, while the field strength required
for IRE remains unchanged [26]. The authors attribute this to the
fact that when the duration of single polarity is much longer than
the plasma membrane charging time, permeabilized area differ-
ences on the membrane between unipolar and bipolar pulses
decreases as pulse amplitude increases.

Here, the benefits of high-frequency bipolar pulses for elec-
troporation of tissue enclosed by an epithelium are studied.
Epithelial layers containing tight junctions are preferred sites
of electroporation for pulses with duration on the order of mi-
croseconds [28], [29]. This has to do with the fact that the
electric current associated with pulses longer than the charging
time of the plasma membrane (∼1 μs) [20] is confined to nar-
row, high-resistance extracellular spaces prior to the onset of
electroporation (see Fig. 1) [30], [31]. It is possible for the field
to penetrate epithelial layers when nanosecond pulsed electric
field are employed, because current can flow through both ex-
tracellular and intracellular spaces [29], [31]. In this case, all
cells present in the organ, regardless of their packing and mor-
phology, experience a macroscopically homogeneous electric
field distribution [32] (microscopic nonuniformities in the elec-
tric field are still present due to the packing of individual cells
comprising the tissue). Therefore, high-frequency bipolar pulses
with a duration of single polarity on the order of nanoseconds
can be applied to treat tissue layers underlying the skin (see
Fig. 2). Further, because the field is not concentrated across

Fig. 2. Typical pulsing protocol for the proposed electroporation-based ther-
apy. The total burst width of the high-frequency pulses (∼100 to 1000 ns duration
of single polarity) is on the order of hundreds of microseconds, the time delay
in between bursts is on the order of seconds, and the total number of bursts can
be adjusted.

Fig. 3. (a) Meshed geometry of the FEM with boundary settings. The mesh
consists of 3028 elements and was refined until there was < 0.1% change in the
magnitude of the electric field at the center of the tissue. (b) Schematic diagram
of the geometry with dimensions. The box represents an expanded view of
the tissue that describes the link between the macroscopic electric field E and
the microscopic analysis of TMP. Adjacent cells are drawn with dashed lines,
indicating that their role was ignored in calculating TMP.

the epithelial cells, the potential for thermal damage in the skin
should be reduced.

To quantify these apparent benefits, a finite element model
(FEM) simulating plate electrodes surrounding a cylindrical tis-
sue section through the center of a skin fold was constructed.
Electroporation is often used to treat tumors that arise in fat tis-
sue lying close to the skin [33]. The FEM incorporates physics
for determining the electric field and temperature distribution
within the heterogeneous system. Additionally, the electric field
data generated were substituted into analytical calculations of
TMP in order to determine the relationships between the pulse
frequency and the extent of electroporation in the different tissue
layers.

II. METHODS

A 2-D axisymmetric FEM representative of a cylindrical sec-
tion of noninfiltrated fat encapsulated by dry skin (see Fig. 3)
was simulated using COMSOL 3.5a (Burlington, MA). The
electric potential distribution within the tissue was obtained by
transiently solving

−∇ · (σ∇Φ) − ε0εr∇ ·
(

∂∇Φ
∂t

)
= 0 (1)

where Φ is the electric potential and σ and εr are the conductivity
and relative permittivity of each tissue layer, respectively, which
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TABLE I
DIELECTRIC PROPERTIES OF THE FEM SIMULATION DOMAIN

depends on frequency (see Table I). Equation (1) is obtained
from Maxwell’s equations assuming no external current den-
sity (current density J = σE), no remnant displacement (electric
displacement D = ε0εr E), and the electro-quasistatic approxi-
mation. This approximation neglects magnetic induction (∇×E
= 0), which allows for the expression of the electric field only
in terms of the electric potential:

E = −∇Φ. (2)

The dielectric properties of the bulk tissue were chosen
from the data generated by Gabriel et al. [34] available
online (http://niremf.ifac.cnr.it/docs/dielectric/home.html). The
data were interpolated in Mathematica 7 (Wolfram Research,
Inc., Champaign, IL) in order to estimate the dielectric prop-
erties at the desired frequencies. Dielectric properties of the
electrode were chosen to be stainless steel, as incorporated in
the Comsol material library. All electrical boundary conditions
are shown in Fig. 3.

Because rectangular waveforms are comprised of compo-
nents with various frequencies and amplitudes, tissue properties
at frequencies associated with the carrier frequency, defined as
the inverse of twice the duration of single polarity, are chosen.
Intuitively, the duration of single polarity defines the frequency
at which the current changes direction in the tissue. The pulses
were constructed by multiplying the applied voltage by a func-
tion consisting of two smoothed Heaviside functions with a con-
tinuous second derivative and a tolerance of 5 ns (rise and fall
times). The electro-quasistatic assumption is confirmed based
on the fact that the primary frequency of the pulses is lower than
200 MHz (rise and fall times), which corresponds to a wave-
length and skin depth that is greater than the longest dimension
in the geometry [35]. The inclusion of a permittivity term in (1)
differs from previous, simplified models [36], [37], and accounts
for the reactive component of tissue to time-dependent pulsing,
which is required for obtaining accurate potential distributions
in heterogeneous models [38].

The temperature distribution in the tissue was obtained by
transiently solving a modified version of the Pennes bioheat
equation [39] with the inclusion of a Joule heating term:

ρC
∂T

∂t
= ∇ · (k∇T ) + ρbωbCb(Tb − T ) + Qm + |J · E|

(3)

TABLE II
THERMAL PROPERTIES OF THE FEM SIMULATION DOMAIN

where T is the tissue temperature, Tb is the blood temperature,
k is the thermal conductivity of the tissue, C and Cb are the
tissue and blood specific heat, respectively, ρ and ρb are the
tissue and blood density, respectively, Qm is the metabolic heat
source term, ωb is the blood perfusion coefficient, and |J·E| is
the Joule heating term. All thermal tissue properties are given
in Table II [40]. Due to the presence of different tissue lay-
ers and the high frequencies under consideration (250 kHz to
2 MHz), displacement currents are considered along with con-
duction currents in the formulation of Joule heating

J = JD + JC = ε0εr
∂E

∂t
+ σE (4)

where J is the total current density, JD is the displacement
current density, and JC is the conduction current density. In
order to ensure that negative current components due to polar-
ity changes add to the total current in the tissue, the absolute
value of the resistive heating term was taken prior to temperature
calculations. It was assumed that all subdomains were initially
at physiologic temperature (T0 = 310.15 K). The boundaries
between the electrode–skin interface and the skin–fat interface
were treated as continuous [n·(k1∇T1 – k2∇T2) = 0], the cen-
terline was defined as axial symmetry (r = 0), and the remaining
boundaries were thermally insulated [n·(k∇T) = 0] for conser-
vative temperature estimates. Temperature profiles were inves-
tigated along the centerline (r = 0 mm) in the middle of the
fat (z = 0 mm) and skin (z = 5.75 mm) layers. Data were im-
ported into Mathematica, and a moving average with a period of
100 ns was taken to smooth the plots. Additionally, the data
were fit with a linear trendline in order to extrapolate to longer
burst widths and predict the onset of thermal damage.

By treating cells as a series of spherical, dielectric shells con-
taining and surrounded by a conductive medium, the analytical
solution for induced TMP across the plasma membrane (ΔΦ)
can be obtained according to the law of total current [41]:

∇ ·
(

ε0εr
∂E

∂t
+ σE

)
= Λk∇ · E = 0 (5)

Λk = σ + ε0εr
∂

∂t
(6)

where Λ is the admittivity operator and the subscript k denotes
cellular regions including the nucleoplasm n, nuclear envelope
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TABLE III
DIELECTRIC PROPERTIES OF ANALYTICAL TMP CALCULATION

ne, cytoplasm c, plasma membrane pm, and extracellular space
e. Transforming (2), (5), and (6) into the frequency domain [41]

E = −∇Φ(s) (7)

Λk∇ · E(s) = 0 (8)

Λk (s) = σ + ε0εrs (9)

where s = jω = j2πf, and applying the appropriate boundary
conditions of potential continuity and normal vector continuity
of current density at the interface between the different regions
yields the solution for TMP [41]

ΔΦ(s) = F (Λn ,Λne ,Λc ,Λpm ,Λe)E(s) cos θ (10)

where θ represents the polar angle at the cell center between
the electric field and the point of interest along the membrane.
TMP is defined as the potential directly outside the membrane
minus the inside. The natural, resting component of the plasma
membrane TMP was ignored in all simulations, because it is
typically an order of magnitude less than the induced TMP [20].
Further, the TMP across the nuclear envelope never reached
a permeabilizing threshold with the chosen pulsing protocols,
and reference to TMP from this point forward refers only to
the plasma membrane. The term F(Λk ) represents a transfer
function of the TMP that reflects the geometric and dielectric
properties of the cellular regions (see Table III) [42] as a func-
tion of the admittivity. Dielectric properties at the cellular level
are assumed to be frequency independent, which is valid for
predicting TMP up to ∼100 MHz [43]. The exact formulation
for F(Λk ) is lengthy and can be found in [44], but is not included
here for brevity. The term E(s) represents the Laplace transform
of the pulsed electric field as a function of time.

The analytical model was utilized in two instances. In the
first scenario, the frequency dependence of the induced TMP
was investigated. Both rectangular and sinusoidal electric fields
with identical maximum amplitude were compared. Rectangu-
lar waveforms were constructed with a series of step functions
(ideal rise time) of alternating polarity and duration, and sinu-
soidal waveforms were constructed with a single sine function
of varying frequency. The electric fields were substituted into
(10), and the equations were solved directly in Mathematica.

Fig. 4. Frequency f response of the TMP at the cell pole (θ = 0) for rectangular
bipolar pulses (–) and sinusoidal waveforms (−−). The box illustrates the
frequency window implemented in the FEM.

This analysis provided insight as to which pulse waveforms and
frequencies should be simulated by the FEM.

In the second case, TMP profiles were investigated around a
hypothetical cell located along the centerline (r = 0 mm) in the
middle of the fat (z = 0) and skin (z = 5.75 mm) layers of the
FEM. The equations for TMP are derived under the assumption
that there is no influence on the microscopic electric field from
neighboring cells. Therefore, the macroscopic electric field in
the bulk tissue predicted by the FEM dictates the microscopic
electric field experienced by the cell. The vertical z-component
of the electric field was imported from specific locations within
the FEM into Mathematica to account for polarity changes.
The radial r-component was neglected due to the fact that it
never surpassed 3 V/cm as a current traveled primarily in the
z-direction. Nonuniform electric field data were fit with a series
of step functions (50-ns duration), such that the Laplace trans-
form of the field could be performed and the solution for TMP
could be obtained in the frequency domain as the summation of
individual steps. The inverse Laplace transform of the data was
then taken to obtain the complete time courses.

III. RESULTS

Results of the parametric study on TMP for frequencies span-
ning from 62.5 kHz to 16 MHz are shown in Fig. 4. The maxi-
mum amplitude of the sinusoidal and bipolar rectangular elec-
tric fields was 2000 V/cm (peak). For this applied field and the
given geometric and dielectric properties of the modeled cell,
the TMP never exceeds 1.46 V. Additionally, the time constant
of the plasma membrane is 345 ns. All measurements were taken
at the cell pole (θ = 0) to depict the maximum achieved TMP
after the system reached a steady oscillatory state. From the
curve, as the frequency increases, the magnitude of the TMP is
reduced. For the sinusoidal waveform, the reduction is evident at
lower frequencies compared to the rectangular waveform. This
has to do with the fact that the rectangular waveform maintains
its maximum amplitude for a longer period of time than the
sinusoidal waveform. It is not until the frequency of the rect-
angular waveform surpasses 250 kHz that a dramatic decrease
in TMP occurs. For this reason, only rectangular pulses in a
frequency window of 250 kHz to 2 MHz were investigated in
the FEM, since they are best suited for electroporation with
high-frequency bipolar pulses.
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Fig. 5. Electric field, norm (V/cm) contours predicted by the FEM at the end
of a 2-μs burst with an amplitude of 2600 V and a frequency of (a) 250 kHz,
(b) 500 kHz, (c) 1 MHz, and (d) 2 MHz.

Fig. 6. Temperature changes predicted by the FEM at the center of the (a)
skin and (b) fat for frequencies of 250 kHz (−−), 500 kHz (- - -), 1 MHz (· · ·),
and 2 MHz (–). Equations represent a linear fit to the data.

Fig. 5 shows the electric field distribution at the end of a 2-μs
burst with various frequencies given in Table I. In each case,
the maximum applied voltage was set to 2600 V (peak) in order
to set up a voltage to distance ratio of 2000 V/cm between the
electrodes (1.3-cm spacing). From the surface contour map, as
frequency is increased, the electric field in the fat rises while
the field in the skin drops. This trend extends to the point that
at 2 MHz the field in the skin is lower than the fat, which is a
direct result of the tissue dielectric properties at that frequency
(greater conductivity and permittivity of skin as compared to
fat). Therefore, high-frequency fields, are better suited to pen-
etrate epithelial layers, such as the skin, and reach underlying
tissue.

Temperature changes predicted by the FEM at the center
of the skin and fat are shown in Fig. 6. In this case, a burst
width of 4 μs was simulated in order to capture the trends in
temperature development. Polarity of the 2-μs pulse (250 kHz)
was switched between pulses to maintain consistency with the

Fig. 7. TMP predicted by the FEM at the center of the (a) skin and (b) fat for
frequencies of 250 kHz (−−), 500 kHz (- – -), 1 MHz (· · ·), and 2 MHz (–).

other waveforms that are inherently bipolar. With respect to
the skin, as the frequency of the applied field increases, the
temperature rises at a slower rate. This is a consequence of the
fact that the electric field within the skin also decreases with
increasing frequency. In the case of the fat, the temperature
rises at a faster rate when the frequency of the applied field is
increased. At first glance, this seems to be detrimental; however,
it is merely an indication that energy is preferentially being
deposited into the fat at higher frequencies. Again, this can be
correlated with the electric field profile. In both tissues, the sharp
rises in temperature are due to the spikes in displacement current
that occur at the onset and offset of each pulse (data not shown).
The total temperature increase in all cases is less than 0.003 K
for a burst width of 4 μs. As explained in Section IV, even for
bursts of longer widths, the temperature increase is not enough
to promote thermal damage.

TMP profiles as predicted by the FEM on a hypothetical cell
at the center of the skin and fat for a 2-μs burst width are shown
in Fig. 7. All measurements were taken at the pole (θ = 0) to
depict the maximum induced TMP around the cell. With respect
to the skin, as the frequency of the applied field increases, the
maximum oscillation amplitude of the TMP decreases. This
occurs for two reasons. First, as seen in Fig. 5, the electric
field in the skin decreases with increasing frequency. Second,
as seen in Fig. 4, even with constant field amplitude, the TMP
decreases with increasing frequency, because the time during
which the membrane has to charge before the polarity switches
is less at higher frequencies. In the case of the fat, the behavior
is slightly more complex. At lower frequencies, a majority of
the voltage drop occurs across the skin, resulting in a reduced
electric field in the fat. This shielding effect is best shown in
Fig. 7 along the 250-kHz trace. According to Fig. 4, at 250 kHz,
the maximum TMP should be reached. However, due to the
shielding effect from the skin, a reduction in the TMP prior to the
polarity change is seen. This reduction in TMP can be alleviated
by increasing the frequency of the applied field. However, the
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TABLE IV
PULSE FREQUENCY–TMP COMPARISON IN THE FAT LAYER

tradeoff between increased frequency and reduced TMP is still
evident at a frequency of 2 MHz (250-ns pulse duration).

IV. DISCUSSION

As mentioned, electric current associated with pulses longer
than ∼1 μs is confined to extracellular spaces prior to the onset
of electroporation (see Fig. 1) [30], [31]. This can be attributed to
the migration of charges toward biological membranes follow-
ing the application of an external electric field. The time required
for a membrane to become charged to 63% of its steady-state
value is defined as the charging time constant of the membrane
τpm . Based on the analytical model for TMP in this study,
the time constant of the plasma membrane for a constant field
is 345 ns. Additionally, steady state is not reached until after
1 μs. Displacement currents across the plasma membrane allow
organelles to be exposed to fields during the time that it takes the
plasma membrane to reach steady state [32]. Once steady state
is achieved, the counterfield developed along the plasma mem-
brane due to the accumulation of charges is significant enough
to shield the field from entering the cell, and current is directed
through extracellular spaces. Only after permeabilization of the
membrane does ionic conduction allow the field to re-enter the
cell [45]. If extracellular current pathways between cells are
reduced, as in layers of epithelial cells connected by tight junc-
tions [19], the field is highly concentrated across the layer, and
the extent of electroporation in underlying cells is reduced.

There is a balance between employing pulses that are de-
livered on a short enough timescale to flow through epithelial
cells but are long enough to induce electroporation in underlying
cells. The time constant of 345 ns falls between the 2 MHz (250-
ns pulse duration) and 1 MHz (500-ns pulse duration) bursts.
Further, the 500-kHz burst (1-μs pulse duration) is close to the
time it takes the TMP to reach steady state. Table IV summarizes
the results based on the time that the TMP on a hypothetical cell
at the center of the fat layer is above 0.5 V. This amplitude was
chosen such that even the highest frequency burst was above the
set voltage level for a certain amount of time. The results would
hold if the applied field was doubled and the voltage level was
set to the 1-V threshold for pore formation, due to the linear de-
pendence of TMP on the electric field. Based on this criterion, a
frequency of 500 kHz is best suited to treat cells in the fat layer,
followed by 1 MHz and 250 kHz. As frequency is increased, the
dielectric properties and electric field distribution in the skin
and fat become more macroscopically homogeneous, but above
1 MHz, the pulse duration is not adequate for the cell to charge.

According to in vitro experiments that utilize bipolar rectan-
gular pulses, the typical burst width required to induce either
reversible electroporation or IRE increases with the frequency
of the applied field. For EGT, a 60-kHz bipolar square wave
with a burst width of 400 μs and an amplitude of 1600 V/cm has
a six times greater transfection efficiency than a 1-MHz bipo-
lar square wave with equal amplitude and width [22]. In terms
of IRE, a 60-kHz bipolar square wave with a burst width of
400 μs and an amplitude of 4000 V/cm results in 19% cell via-
bility [22]. These results were obtained when a single burst was
delivered to the sample, and we were unable to find any data
on high-frequency electroporation with rectangular pulses that
implemented multiple bursts. Similar to how multiple unipolar
pulses are typically delivered in ECT, EGT, or IRE protocols to
enhance the desired outcome [46], [47], multiple bipolar bursts
would likely produce similar trends. Data are also available for
burst sinusoidal waveforms in the frequency range of 2 kHz
to 50 MHz [48], [49], but the results are inconclusive, and si-
nusoidal waveforms are less efficient than rectangular bipolar
pulses for inducing electroporation [50].

The onset of protein denaturation and loss of cell structure
occur above 318.15 K [51], which correlates with an increase
in temperature of 8 K above physiological temperature. Using
this information, we can calculate the maximum energy delivery
period (number of pulses multiplied by pulse duration) for an
amplitude of 2000 V/cm at each of the frequencies investigated
using the trendlines generated by the FEM data (see Fig. 6). In
the skin layer, heating is reduced by increasing the frequency
of the applied field. This confirms our initial hypothesis that
the potential for thermal damage in the skin is reduced when
the frequency of the applied field is increased. At higher fre-
quencies, the energy is preferentially deposited in the fat layer.
For 2 MHz, the total energy delivery period required to cause
an 8-K increase in temperature is 12 ms. An example treatment
plan would then be 12, 1-ms bursts separated by a delay of
1 s. If the frequency is reduced to 500 kHz, which shows the
greatest electroporation efficiency (see Table IV), the allowable
energy delivery period increases to 16 ms, which would permit
the delivery of an additional 4, 1-ms bursts before the onset of
thermal damage. The restrictions could be increased if less con-
servative estimates are obtained that account for heat dissipation
between pulses and heat convection at the tissue surface [52].
These projected protocols represent a maximum, and it is likely
that the desired effects will be induced at a significantly lower
energy [46], [47].

This work has been geared toward developing a better way to
deposit electrical energy through the skin, but similar structures
are seen in underlying tissue layers. For example, pancreatic
ducts are lined by epithelial cells that can give rise to tumors,
and tumors of the breast are often surrounded by fatty tissue [53].
These features will play an important role in how the electric
field is distributed within the tissue. This complicates treatment
planning, where the goal is to predict the electric field distri-
bution in the tissue in order to select an appropriate pulsing
protocol. A benefit of high-frequency bursts with nanosecond-
order pulses is their ability to penetrate tissue heterogeneities,
resulting in more predictable treatment outcomes. These pulsing
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protocols would then be useful if implemented not only with
plate electrodes, but also with the alternative needle electrodes.
Additionally, IRE treatments are often preceded by a nerve
blocker or paralytic agent to minimize muscle contraction during
treatment. Ex vivo muscle stimulation experiments indicate that
the electric field threshold required to induce muscle contrac-
tions increases as the pulse duration decreases [54]. Therefore,
the nanosecond-order pulses proposed here may allow the use
of these paralytic agents to be averted.

Detailed geometric considerations, such as the individual tis-
sue layers comprising the skin, layers of conductive gel used
clinically to improve electrical contact, and the outer curvature
of a typical skin fold, have been ignored in order to simplify
our initial investigation. To be conservative in our estimates,
dry skin was used in the model and the use of a conductive
gel to wet the skin was not employed. The use of a gel and the
properties of wet skin should further enhance the benefits of this
technique. In this initial study, our goal was to elicit the bene-
fit of high-frequency electroporation for overcoming impedance
barriers without superimposing the effects from geometric intri-
cacies and electroporation nonlinearities in the analysis. Future
work should be directed toward expanding this focus.

In the analytical model for TMP, it was assumed that the elec-
tric field was applied across an isolated cell. In reality, tissues
comprise a network of cells that create nonuniformities in the
electric field at the microscopic level. In general, as the packing
density of cells increases, the TMP decreases [55]. Thus, the
overall trends presented here are valid, but the specific values
for TMP should be scaled accordingly if the packing density is
known. Additionally, dynamic dielectric tissue properties were
neglected in both the analytical model and the FEM. At the
macroscale, changes in tissue dielectric properties due to elec-
troporation [14], [15] and temperature should be incorporated in
the FEM. At the microscale, in order to prevent the development
of unrealistic TMP in regions of high electric field, as seen here
in the skin layer, the analytical calculation of TMP could be
supplemented with equations for pore formation. Pores allow
current to flow through the membrane, which limits the increase
in TMP [23]–[25].

V. CONCLUSION

Our results indicate that bursts of bipolar, nanosecond pulses
can maintain a critical TMP beneath epithelial layers, while
minimizing heating in the epithelial layer. This has to do with
the ability of nanosecond pulses to achieve a macroscopically
homogeneous field distribution in a heterogeneous system. At
high frequencies, tissues with a low passive DC conductivity be-
come more conductive. This has implications not only for skin,
as presented here, but also for other tissues, such as bone and
lung. Experimental work needs to be conducted to optimize the
total burst width, time between bursts, and total number of bursts
required for inducing electroporation with high-frequency rect-
angular pulses. This study serves as the first step in assessing
the feasibility of implementing high-frequency bipolar pulses
for tissue electroporation. Based on the theoretical analysis pre-
sented here, the predicted benefits of high-frequency electro-

poration will translate experimentally to enhance the efficacy
of ECT, EGT, or IRE for treating electrically isolated tumors,
such as those encapsulated by the skin, pancreas, breast, bone,
or lung.
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Abstract

Background: Therapeutic irreversible electroporation (IRE) is an emerging
technology for the non-thermal ablation of tumors. The technique involves
delivering a series of unipolar electric pulses to permanently destabilize the plasma
membrane of cancer cells through an increase in transmembrane potential, which
leads to the development of a tissue lesion. Clinically, IRE requires the administration
of paralytic agents to prevent muscle contractions during treatment that are
associated with the delivery of electric pulses. This study shows that by applying
high-frequency, bipolar bursts, muscle contractions can be eliminated during IRE
without compromising the non-thermal mechanism of cell death.

Methods: A combination of analytical, numerical, and experimental techniques were
performed to investigate high-frequency irreversible electroporation (H-FIRE). A
theoretical model for determining transmembrane potential in response to arbitrary
electric fields was used to identify optimal burst frequencies and amplitudes for in
vivo treatments. A finite element model for predicting thermal damage based on the
electric field distribution was used to design non-thermal protocols for in vivo
experiments. H-FIRE was applied to the brain of rats, and muscle contractions were
quantified via accelerometers placed at the cervicothoracic junction. MRI and
histological evaluation was performed post-operatively to assess ablation.

Results: No visual or tactile evidence of muscle contraction was seen during H-FIRE
at 250 kHz or 500 kHz, while all IRE protocols resulted in detectable muscle
contractions at the cervicothoracic junction. H-FIRE produced ablative lesions in brain
tissue that were characteristic in cellular morphology of non-thermal IRE treatments.
Specifically, there was complete uniformity of tissue death within targeted areas, and
a sharp transition zone was present between lesioned and normal brain.

Conclusions: H-FIRE is a feasible technique for non-thermal tissue ablation that
eliminates muscle contractions seen in IRE treatments performed with unipolar
electric pulses. Therefore, it has the potential to be performed clinically without the
administration of paralytic agents.

Keywords: Bipolar pulses, Biphasic pulses, Focal ablation, Focal therapy, Heteroge-
neous tissue, Nerve stimulation, Thermal damage, Electropermeabilization, Electroche-
motherapy, nanosecond Pulsed Electric Field
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Background
Irreversible electroporation (IRE) has recently emerged as a non-thermal treatment

modality to destroy tumors [1-3] and other non-cancerous pathologies [4-6]. The pro-

tocol involves delivering a series of short and intense electric pulses through electrodes

inserted directly into, or placed around, the target tissue. The pulses are designed to

generate an electric field between the electrodes capable of inducing a rapid buildup of

charge across the plasma membrane of cells, commonly referred to as a transmem-

brane potential (TMP). Once the TMP reaches a critical voltage, it is thought that

electrically conductive pores form in the membrane in attempt to prevent permanent

damage by shunting current and limiting further TMP rise [7]. If the pulse amplitude

and duration are tuned to permit pore resealing, and cell viability is maintained follow-

ing exposure, the process is categorized as reversible electroporation. This phenom-

enon has shown great promise in biotechnology and in medicine as a cancer therapy

when combined with chemotherapeutic agents (Electrochemotherapy) [8,9] or plasmid

DNA (Electrogenetherapy) [10]. IRE results if excess current is applied, and the extent

of pore formation is such that the cell cannot recover. Macroscopically, this results in

the creation of a tissue lesion without a dependence on thermal processes or the

requirement of adjuvant drugs [1,4,11].

Despite requiring electric field strengths on the order of 1000 V/cm, the extent of

thermal damage during IRE is negligible due to the short duration of the pulses (on

the order of 100 μs) [1,12,13], the low repetition rate of the pulses (on the order of 1

Hz) [14], and the brief treatment time (a few minutes) [14]. These parameters mitigate

the associated Joule heating in a majority of the treated tissue, excluding localized

regions of elevated electric field adjacent to electrode edges. Due to its inherent non-

thermal nature, protein rich tissue components, such as extracellular matrix, are unaf-

fected by IRE. This promotes sparing of sensitive structures, including major blood

vessel [5] and nerve [15] architecture. Further, because the mechanism of cell death is

non-thermal and relies mainly on the induced TMP, treatment outcomes are not sub-

ject to heat sink effects from nearby blood vessels [16]. The induced TMP is predomi-

nantly a function of the electric field distribution in the tissue, in addition to cell

specific variables. Therefore, knowledge of the field distribution can be used to accu-

rately predict the lesion volume [17,18], which forms with a sharp delineation between

treated and unaffected areas in homogenous tissue [4].

In heterogeneous tissues, information on multiple tissue types, including their electri-

cal properties and often times intricate geometrical arrangement complicates treatment

planning. For example, subcutaneous tumors treated over the skin non-invasively with

IRE using plate electrodes may experience sub-lethal electric fields. This can be attrib-

uted to the low conductivity of the skin, which results in a large potential drop across

it that increases the likelihood of thermal damage [19]. Up until this point, IRE pulses

have been unipolar, meaning that they have a strong DC frequency component (0 Hz).

Recently, we have theoretically shown that by delivering high-frequency, bipolar bursts,

the impedance barrier of the skin or other epithelial layers can be overcome [20]. Spe-

cifically, squarewave bursts with a center frequency around 500 kHz (duration of single

polarity equal to one microsecond) produce more homogenous, predictable electric

field distributions in a heterogeneous geometry and reduce the potential for thermal

damage. This is due to the fact that tissue contains both resistive and capacitive
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components, resulting in a lower bulk electrical impedance as the frequency of the

applied field is increased.

One aspect of the current work was to build on our theoretical results and investi-

gate the in vivo potential of high-frequency, bipolar bursts to kill tissue through IRE.

As opposed to traditional IRE that uses unipolar pulses (Figure 1A) delivered at a repe-

tition rate of one pulse per second, we postulate that IRE can be achieved with a series

of high-frequency, bipolar bursts (Figure 1B and 1C) delivered at the same repetition

rate. To the best of our knowledge, these types of waveforms have not been investi-

gated for therapeutic IRE applications. Here, we demonstrate lesion development in a

rat brain model at center frequencies up to 500 kHz, which maintain the potential to

overcome impedance barriers posed by epithelial layers [20]. Similar waveforms have

been studied in vitro for reversible applications of electroporation, and were shown to

counterbalance both electrolytic reactions for the prevention of electrode breakdown

[21] and asymmetrical electroporation caused by the resting TMP [22]. Additionally,

for a constant electric field applied to cell suspensions or monolayers, as the center fre-

quency of the squarewave is increased up to 1 MHz (duration of single polarity equal

to 500 ns), cell death decreases [23]. We explore this trend in silico with an analytical

model that predicts the TMP in response to an arbitrary electric field and in vivo with

the treatment of brain tissue using high-frequency IRE (H-FIRE) with bipolar bursts at

frequencies of 250 kHz and 500 kHz.

In conjunction with investigating the ability of H-FIRE to kill tissue, this work serves

to evaluate its potential for reducing nerve stimulation. Currently, clinical applications

of IRE require the administration of general anesthesia and paralytic agents in order to

eliminate muscle contractions during each pulse [24]. In some cases, without a suffi-

cient dose of the paralytic agent, muscle contractions are still visible [3]. Muscle con-

tractions may affect the location of implanted needle electrodes, which can invalidate

treatment planning algorithms and prove harmful in treatments near vital structures.

The threshold for nerve stimulation increases as the center frequency of bipolar wave-

forms is increased [25]. In this study, an accelerometer based recording system was

Figure 1 Characteristic waveforms of IRE and H-FIRE with the corresponding TMP development
across the plasma membrane (Fpm). The 1500 V/cm unipolar pulse (A) causes the TMP to rise above the
critical threshold for IRE (1 V, dashed line). The 1500 V/cm bipolar burst without a delay (B) and with a
delay (C) causes the TMP to oscillate around the same critical threshold.
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used to quantify muscle contractions during conventional IRE with unipolar pulses and

H-FIRE at frequencies of 250 kHz and 500 kHz. Our results indicate that H-FIRE can

non-thermally ablate tissue without causing muscle contractions. The non-thermal nat-

ure of the treatment is confirmed through both histological comparison to IRE con-

trols and the development of a finite element model (FEM) for evaluating potential

thermal damage in H-FIRE therapy of the brain.

Methods
Analytical Modeling of Transmembrane Potential

TMP development in response to a high-frequency electric field has been described in

detail for a spherical cell with an organelle by Kotnik and Miklavčič [26]. Here we

extend this model to include squarewave bursts with a delay between the positive

polarity and negative polarity pulses. This delay was implemented experimentally as a

protective measure for the MOSFET based pulse generation system described below.

Under the assumption that cells can be represented by dielectric shells containing and

surrounded by a conductive medium, the spatial distribution of electric potential (F)

in a uniform electric field is described by the general solution to the Laplace equation

for an arbitrary number of concentric shells [27]:

�(r, θ) =
(

Air +
Bi

r2

)
cos(θ) (1)

where r is the distance from the origin to a point on the cell, θ is the angle between

the electric field and a point on the cell, and A and B are constants specific to different

cellular regions (i), including the extracellular space (e), plasma membrane (pm), cyto-

plasm (c), nuclear envelope (ne), and nucleoplasm (n). The constants are determined

by solving the boundary conditions of continuity of electric potential (Eq. 2, 3, 4, 5)

and electric current density (Eq. 6, 7, 8, 9), in addition to the assumptions of a finite

field at r = 0 and a uniform field at r = ∞. In order to accurately predict the TMP in a

time-varying electric field, the admittivity operator (Λi = si + εi (∂/∂t)) is used in the

formulation for the boundary conditions [28]:

�n(Rn − dne, θ) = �ne(Rn − dne, θ) (2)

�ne(Rn, θ) = �c(Rn, θ) (3)

�c(Rc − dpm, θ) = �pm(Rc − dpm, θ) (4)

�pm(Rc, θ) = �e(Rc, θ) (5)

�n
∂�n

∂r

∣∣∣∣
Rn−dne

= �ne
∂�ne

∂r

∣∣∣∣
Rn−dne

(6)

�ne
∂�ne

∂r

∣∣∣∣
Rn

= �c
∂�c

∂r

∣∣∣∣
Rn

(7)
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�c
∂�c

∂r

∣∣∣∣
Rc−dpm

= �pm
∂�pm

∂r
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Rc−dpm

(8)

�pm
∂�pm

∂r

∣∣∣∣
Rc

= �e
∂�e

∂r

∣∣∣∣
Rc

(9)

where d represents membrane thickness, R represents radius, and ε and s in the

admittivity operator are the dielectric permittivity and conductivity, respectively, of the

different cellular regions (Table 1). To avoid working with differential operators, the

admittivity operator is transformed into the frequency domain (Λi = si + sεi ), where s

is the complex frequency (jω) of the applied field. The resulting solutions for TMP

(ΔF) across the plasma membrane and nuclear envelope can then be expressed as [28]:

��pm(s) = �e(Rc, θ) − �c(Rc − dpm, θ) = Hpm(s) E(s) cos(θ) (10)

��ne(s) = �c(Rn, θ) − �n(Rn − dne, θ) = Hne(s) E(s) cos(θ) (11)

where Hpm (s) and Hne (s) are transfer functions that reflect the geometric and

dielectric properties of the various cellular regions, the exact formulations of which are

given in detail in [26]. E (s) was obtained by taking the Laplace transform (L) of the

time-varying electric field, which was composed of a series of step functions. Equations

10 and 11 were solved in Wolfram Mathematica 8.0 (Champaign, IL, USA), and the

inverse Laplace Transform (L-1) was taken to produce the time course of TMP in

response to bipolar pulses with various frequencies.

Numerical Modeling of Temperature and Thermal Damage

A 3D finite element model (FEM) for calculating the temperature and potential ther-

mal damage in brain tissue during IRE has been described in detail by Garcia et al.

[29]. A similar model has been developed here in COMSOL Multiphysics 4.2 (Stock-

holm, Sweden) for predicting the thermal response to the in vivo H-FIRE treatments.

Specifically, the electric potential distribution in the tissue was obtained by solving the

time-harmonic continuity equation:

Table 1 Parameter values for TMP simulation

Quantity Parameter Value Units Reference

Conductivity se 1.2 S m-1 [50]

spm 3 × 10-7 [51]

sc 0.3 [52]

sne 3 × 10-7 set equal to spm
sn 0.3 set equal to sc

Permittivity εe 6.4 × 10-10 A s V-1 m-1 [53]

εpm 4.4 × 10-11 [51]

εc 6.4 × 10-10 [53]

εne 4.4 × 10-11 set equal to εpm
εn 6.4 × 10-10 [53]

Radius Rc 7.5 × 10-6 m estimated from [54]

Rn 5 × 10-6 estimated from [54]

Thickness dpm 5 × 10-9 m [55]

dne 5 × 10-9 set equal to [55]
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−∇ · [(
σ + jωε

)∇�
]

= 0 (12)

where ω is the angular frequency of the field. Equation 12 is developed from Max-

well’s equations under the electro-quasistatic approximation, which neglects magnetic

induction and allows for the expression of the electric field only in terms of electric

potential:

E = −∇� (13)

Dielectric tissue properties were chosen at 250 kHz to match the center frequency of

the waveform delivered experimentally in a majority of the H-FIRE trials. Data gener-

ated by Gabriel et al. for the conductivity and permittivity of grey matter [30] was

interpolated in Mathematica in order to estimate the values at 250 kHz (Table 2). The

electro-quasistatic assumption is validated based on the fact that the frequency of the

field corresponds to a wavelength (3.5 m) and skin depth (0.5 m) that are greater than

the longest dimension in the geometry [31]. The brain subdomain was modeled as a

0.75 cm × 0.75 cm × 0.425 cm ellipsoid having a total volume of 1 cm3 [32]. The max-

imum applied voltage, electrode dimensions, exposure length, and spacing were mod-

eled to match the in vivo configuration described below. Electric potential boundary

conditions of F = 400 V and F = 0 V were applied on the energized and grounded

portions of the electrodes, respectively, while the remaining boundaries were treated as

electrically insulating (-n · J = 0), where J is the current density. The electrode subdo-

main was subtracted from the brain subdomain for conservative temperature estimates

by preventing any heat dissipative fin effects. A fine mesh was utilized, which consisted

of 23989 elements and resulted in less than a 0.5% difference in Joule heating between

the electrodes upon further refinements.

Following a time-harmonic analysis of the electric field distribution, the temperature

distribution in the brain was obtained by transiently solving the heat conduction equa-

tion with the inclusion of the predetermined Joule heating term (J · E = (s + jωε)E · E)

as a heat source:

∂T
∂t

=
1

ρ cp

[∇ · (k∇T) + (J · E)
]

(14)

where cp is the specific heat capacity at constant pressure, k is the thermal conductiv-

ity, and r is the density of the tissue (Table 2). Terms associated with the Pennes’ Bio-

heat equation that account for blood perfusion and metabolism commonly used to

assess tissue heating during IRE have been neglected for conservative temperature

Table 2 Parameter values for FEM simulation

Physics Parameter Value Units Reference

Heat conduction k 0.565 W m-1 K-1 [56]

cp 3680 J kg-1 K-1 [56]

r 1039 kg m-3 [56]

Electric Currents s 0.145 S m-1 [30]

ε 1.95 × 10-8 A s V-1 m-1 [30]

Damage Processes Ea 8.033 × 105 J mol-1 [33]

ζ 1.676 × 10129 s-1 calculated from [33,34]
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estimates [29]. Additionally, it was assumed that all subdomains were initially at physio-

logic temperature (37°C) and all boundaries were thermally insulating (-n · (-k ∇T) = 0).

Three different methods were evaluated for calculating Joule heating to determine

which method was computationally efficient while generating accurate solutions during

a 10 s test treatment. One method simulated ten IRE pulses (200 μs duration) at a

repetition rate of one pulse per second. Another method modeled ten, 250 kHz H-

FIRE bursts (200 μs on-time) at a repetition rate of one burst per second. In the last

method, voltage was held constant, but the Joule heating term was scaled by the duty

cycle of the burst (200 × 10-6) for a 10 s simulation. The parameters chosen had iden-

tical energized times, ensuring that equal quantities of energy were delivered to the tis-

sue independent of the method used. The scaled Joule heating approach was eventually

adapted for predicting the temperature increase during the entire H-FIRE protocol

implemented experimentally, due to the slightly conservative yet accurate temperature

distributions that were calculated in a fraction of the simulation time of the other two

methods (data not shown). This technique also eliminates the need for an adaptive

time stepping algorithm required to resolve microsecond order pulses that occur on

the order of seconds. To account for the experimental condition of 180 bursts deliv-

ered at a rate of one per second, the Joule heating term was multiplied by the duty

cycle (200 × 10-6) and the simulation was run for 180 s.

Based on the temperature distribution, the extent of potential thermal damage in the

brain was quantified at each time step using the Arrhenius equation:

�(t) =
∫

ζ e−Ea
/
(R T(t))dt =

∫
F dt (15)

where ζ is the frequency factor, Ea is the activation energy, R is the universal gas con-

stant, and T(t) is the temperature distribution for a given time (t). Due to a lack of data in

the literature on Arrhenius parameters for healthy brain, parameters were chosen from

glioblastoma cells in the temperature range 40°C to 45°C [33] (Table 2). It is important to

note that only Ea is presented in [33], and ζ was calculated based on a linear relationship

between Ea and ln(ζ) for mammalian cells [34]. Thermal damage can include a variety of

processes including cell death, microvascular blood flow stasis, and protein coagulation

[35], each of which have different parameter values. Here, we have chosen to model the

Arrhenius parameters associated with cell death. In terms of finite element modeling of

tissue damage, a damage integral value Ω = 1 corresponds to a 63% probability of cell

death at a specific point, and a damage integral value Ω = 4.6 corresponds to 99% prob-

ability of cell death at that point [36]. Equation 15 was incorporated into Comsol by add-

ing a general PDE solver mode and writing the forcing function (F) in logarithmic form:

F = eln(ζ )−Ea
/
(R T(t)) (16)

in order to prevent abrupt changes in the solver. Additionally, all boundaries in the

domain were assumed to be insulating (-n · Γ = 0), where Γ is the general flux vector,

which was assumed to be zero.

In Vivo Experiments

H-FIRE was performed using a custom pulse generator (Figure 2). Two commercially

available monopolar high voltage MOSFET switches (HV1000, Directed Energy, Inc.,
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Fort Collins, CO, USA) were modified so that their outputs would withstand a pulse of

opposite polarity. When triggered with a positive 5 V signal, these generators deliver a

corresponding positive (HV1000P) or negative (HV1000N) pulse. An unregulated DC

power supply was constructed to maintain a sufficient level of charge to deliver 20 A

over a 100 μs burst. A center tapped 400 VA transformer (AS-4T320, Antek, Inc.,

North Arlington, NJ, USA) was rectified and smoothed by a capacitor bank to provide

positive and negative power rails to the HV1000P and HV1000N, respectively. The vol-

tage rails were controlled by adjusting the input voltage using a variable transformer,

and the maximum output rating of the system was +/- 450 V. For each treatment, an

arbitrary function generator (AFG3011, Tektronix, Beaverton, OR, USA) was used to

define the parameters of the pulse train to be delivered. A delay equal to the duration

of single polarity was included between the pulses in order to protect the MOSFETs

from ringing. A unity gain inverting amplifier (AD844, Analog Devices, Norwood, MA,

USA) was used to invert this signal and appropriately trigger the negative pulse genera-

tor. The outputs of the two monopolar pulse generators were terminated into a 50 Ω

load in parallel with the electrodes. This load was used to maintain appropriate pulse

characteristics and as a safety to ensure the system was never triggered without an

attached load. For comparison, the IRE treatments were performed using the BTX

ECM 830 electroporation system (Harvard Apparatus, Holliston, MA, USA).

All study procedures were conducted following Institutional Animal Care and Use

Committee approval and performed in a GLP compliant facility. Four, Fischer 344

male rats weighing 200-240 g were anesthetized by intraperitoneal injection of 10 mg/

kg xylazine and 60 mg/kg ketamine hydrochloride, and a surgical plane of anesthesia

was assessed by loss of the tail pinch reflex. To monitor muscle contractions, a 3-axis

accelerometer breakout board (ADXL335, Adafruit Industries, New York, NY, USA)

with a sensing range of ± 3 g’s was sutured to the dorsum of each rat in the interscap-

ular region at the cervicothoracic junction using 5-0 monocryl suture. Low-pass filter

capacitors (0.1 μF) were included at the x, y, and z outputs of the accelerometer for

noise reduction. The hair of the skull was clipped and aseptically prepared using povi-

done-iodine and alcohol solutions. Anesthetized rats were placed in a small animal

stereotactic head frame (Model 1350M, David Kopf Instruments, Tungisten, CA, USA).

A routine lateral rostrotentorial surgical approach to the skull was made, and 6 mm by

3 mm rectangular parieto-occipital craniectomy defects were created in the right and

Figure 2 Schematic diagram of the pulse generation system. The example output is a portion of the
bipolar burst delivered during in vivo H-FIRE of the brain.
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left aspects of the skull of each rat using a high-speed electric drill. Custom electrodes

were inserted into the center of the forelimb area of the sensorimotor cortex of each

rat (coordinates relative to Bregma: 1 mm anterior, 2.5 mm lateral, 2 mm dorsoventral)

and advanced to a depth of 2 mm beneath the surface of the exposed dura. The elec-

trodes were fashioned by blunting stainless steel acupuncture needles (0.45 mm dia-

meter, Kingli Medical Appliance Co., Wuxi, China) with high grade sandpaper.

Exposure length was set to 1 mm by insulating the electrodes with miniature polyimide

tubing (25 AWG, Small Parts, Seattle, WA, USA), and the edge-to-edge electrode spa-

cing was set to 1 mm by molding the electrodes in liquid phase polydimethylsiloxane

(PDMS) cured in a 10:1 ratio with Sylgard 184 (Dow Corning Corp., Midland, MI,

USA) at 150°C for 30 min.

Pulse parameters were chosen based on the results from the analytical and numerical

models to ensure the greatest potential for non-thermal tissue ablation. Following elec-

trode insertion, pulses were applied to the right and left cerebral hemispheres, resulting

in two treatments per rat (Table 3). All H-FIRE experiments were performed using 180

bursts with a pulse on-time of 200 μs within each burst, and all bursts were delivered

at a rate of one per second. In Rat #1 and Rat #2, H-FIRE was applied at voltages of

100 V and 200 V, respectively, to the right hemisphere with a center frequency of 250

kHz (duration of single polarity equal to two microseconds). The left hemisphere of

Rat #1 and Rat #2 were treated with 180 IRE pulses (200 μs duration) of equivalent

energy. In Rat #3, H-FIRE was applied to the left and right hemispheres at voltages of

300 V and 400 V, respectively, with a frequency of 250 kHz. In Rat #4, H-FIRE was

applied at a voltage of 400 V to the right hemisphere with a frequency of 500 kHz

(duration of single polarity equal to one microsecond). The left hemisphere of Rat #4

was treated with 90 IRE pulses (200 μs) and an applied voltage of 50 V. This lower

energy scenario was designed to compare H-FIRE treatment outcomes to traditional

IRE protocols in the brain [37].

Immediately following treatment, Rats #3 and #4 were subjected to MRI examina-

tions of the brain while under general anesthesia. The MRI was performed with a 0.2

T MRI scanner using a dual phased array hand/wrist coil for RF signal transmission

and reception. Sequence acquisition parameters were as follows: T1-weighted images

were acquired using spin echo pulse sequence (TR = 200 ms, TE = 16 ms, FOV = 6

cm, matrix = 256 × 196, slice thickness = 2 mm), and T2-weighted images were

acquired using a gradient echo pulse sequence (TR = 3000 ms, TE = 90 ms, FOV = 6

cm, matrix = 256 × 196, slice thickness = 3 mm). T1-weigthed images were obtained

following intraperitoneal injection of 0.1 mmol/kg of gadopentetate dimeglumine

Table 3 Treatment matrix for in vivo experiments

Rat Number Treatment Hemisphere Frequency (kHz) Voltage (V)

1 IRE Left - 100

H-FIRE Right 250 100

2 IRE Left - 200

H-FIRE Right 250 200

3 H-FIRE Left 250 300

H-FIRE Right 250 400

4 IRE Left - 50

H-FIRE Right 500 400
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(Magnevist, Berlex Laboratories, NJ, USA). In all rats, humane euthanasia was per-

formed by cervical dislocation approximately 1 hr post-treatment, and the brain was

removed and fixed intact in 10% neutral buffered formalin. Following fixation for 48

hours, an adult rat brain matrix slicer (Zivic Instruments, Pittsburg, PA) was used to

obtain contiguous 2 mm coronal brain sections from each animal. Brain and sections

were embedded routinely in paraffin, sectioned at 5 μm, and stained with hematoxylin

and eosin (H&E).

Results
Analytical Modeling of Transmembrane Potential

The critical TMP (Fcr) across the plasma membrane required to induce IRE is

approximately 1 V [38]. This threshold is illustrated in Figure 1 by the dashed, hori-

zontal line on the TMP profiles. All results are presented at the cell pole (θ = 0) to

show the maximum TMP around the cell. Further, results are only shown for TMP

across the plasma membrane, as the TMP across the nuclear envelope never

approached the permeabilizing threshold. For an electric field of 1500 V/cm, results

indicate that a unipolar pulse (Figure 1A), a 250 kHz bipolar burst (Figure 1B), and

250 kHz bipolar burst that includes delays between the pulses (Figure 1C) are all cap-

able of inducing IRE. However, the time above the threshold TMP varies between the

different cases. This is investigated further in Figure 3 for center frequencies of 0, 100,

250, 500, and 1000 kHz, with the 0 kHz case representing the unipolar pulse, and elec-

tric fields of 1000 V/cm and 1500 V/cm. The burst width of the bipolar waveform that

included delays was twice as long (40 μs) as the corresponding burst with no delays in

order to generate an equivalent pulse on-time (20 μs). The amount of time that the

TMP was above the critical value was normalized by the on-time and converted to a

percentage. Figure 3 illustrates that, for a given frequency, as the electric field is

increased from 1000 V/cm to 1500 V/cm, the percentage of the burst above the critical

TMP also increases. At 250 kHz, IRE is possible during all waveforms, but at 500 kHz,

only the waveforms with amplitudes of 1500 V/cm are capable of inducing IRE. As the

center frequency of the burst increases, the percentage of the burst above the critical

TMP decreases. However, with the inclusion of delays between the pulses, this charac-

teristic dispersion is shifted towards higher frequencies. At 1 MHz, only the 1500 V/

cm waveform with delays can theoretically cause IRE.

Numerical Modeling of Temperature and Thermal Damage

Results from the simulated H-FIRE treatment of brain tissue are shown in Figure 4.

The FEM was developed in 3D, as visualized by the mesh (Figure 4A), and 2D slices

were taken in the x-z plane through the center of the brain geometry to display the

electric field (Figure 4B) and temperature (Figure 4C) distributions. The electric field

decays rapidly with increasing distance from the electrodes, due to their relatively

small diameter. The applied voltage-to-distance ratio of 4000 V/cm resulted in a peak

electric field of 2979 V/cm along the centerline between the electrodes. Because the

electric field relates directly to temperature through the Joule heating term, the appli-

cation of 180, 200 μs long bursts causes only a 3.5°C increase in temperature near the

electrode boundaries. This resulted in a maximum damage integral value of 0.003 at

the electrode/tissue interface, which corresponds to a 0.3% probability of cell death
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from thermal processes. Therefore, all cell death in vivo is likely to be a direct result of

IRE and not thermal modes.

In Vivo Experiments

All IRE pulsing protocols were associated with macroscopic muscular contractions of

the cervicothoracic junction, which were also palpable to the neurosurgeon, while no

Figure 3 Comparison of time above the critical threshold (Fcr) for IRE at various center
frequencies. Bipolar bursts were simulated with an electric field of 1000 V/cm and 1500 V/cm and an on-
time of 20 μs. As the frequency of the applied field is increased, the time above the critical threshold
diminishes. This characteristic dispersion is shifted towards higher frequencies for bursts that have a delay
between the positive and negative polarity pulses. A conventional IRE pulse is depicted by the 0 kHz data
point.

Figure 4 Schematic diagram of the FEM alongside the predicted electric field (E) and temperature
(T) distributions in brain tissue. The 3D mesh (A) consisted of 23989 elements. An energized electrode
(red) and ground electrode (black) with a 0.45 mm diameter were spaced 1 mm apart (edge-to-edge) and
had an exposure length of 1 mm (not including the blunt tip). (B) The resulting electric field distribution in
the x-z plane for an applied voltage of 400 V along the energized electrode. (C) The resulting temperature
distribution in the x-z plane following the simulation of 180, 200 μs pulses. Upper and lower triangles in
the legends depict maximums and minimums within the entire subdomain, respectively.
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visual or tactile evidence of muscular contraction was seen during any of the H-FIRE

bursts (Additional File 1). These results were quantitatively confirmed by the data

recordings from the accelerometer (Figure 5). Peak acceleration was determined during

the first 90 bursts of the highest energy H-FIRE protocol (400 V/250 kHz) and the

first 90 pulses of each IRE protocol (50 V, 100 V, 200 V). A one-way ANOVA was

used to investigate the effects of each protocol on the ranks of peak acceleration at the

cervicothoracic junction. In the event of a significant main effect, pairwise comparisons

were completed using Tukey’s Honestly Significant Difference (HSD). All statistical

analyses were conducted using JMP 7 (Cary, North Carolina, USA) with a significance

level of p ≤ 0.05. Results indicate that, even in the highest energy H-FIRE protocol,

there are no detectable peaks in acceleration above the inherent noise of the system.

However, in all IRE protocols, peaks in acceleration associated with each pulse are

detectable above the baseline noise. Further, pairwise comparisons between the various

IRE protocols indicated that the mean peak acceleration during each treatment was

energy dependent. Specifically, the mean peak acceleration decreased as the applied

voltage decreased (Figure 6).

All treatments evaluated in this study produced ablative lesions in brain tissue, as eval-

uated with MRI examinations (Figure 7) and pathologic preparations (Figure 8). In

Rats #3 and #4, the MRI characteristics of both H-FIRE and IRE lesions were similar.

Lesions appeared as focal, ovoid to elliptical, T1 iso- to hypo-intense, uniformly and

markedly contrast enhanced (Figure 7A, B, C, D, F), and T2 hyper-intense (Figure 7E).

All lesions were well demarcated from adjacent, normal brain tissue and appeared

similar in size. A comparable size IRE lesion was produced at lower energy, as

Figure 5 Snapshot of acceleration (a) versus time during IRE and H-FIRE treatments. Acceleration at
the cervicothoracic junction was detected by the accelerometer based recording system during all IRE
protocols. None of the H-FIRE protocols resulted in detectable acceleration of the cervicothoracic junction
(e.g. shown, 400 V/250 kHz).
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compared to the H-FIRE lesions. However, as mentioned, IRE even at the lowest

energy scenario produced muscle contractions, while the highest energy H-FIRE proto-

col did not (Figure 6).

Compared to untreated brain (Figure 8A and 8B), histopathologic examination of

brain sections from all treatments demonstrated clear areas of ablation indicated by

Figure 6 Peak acceleration (a) during IRE protocols averaged over the first 90 pulses. Mean peak
acceleration during IRE treatments at the cervicothoracic junction for each applied voltage was
significantly different from each other. H-FIRE resulted in no detectable acceleration of the cervicothoracic
junction.

Figure 7 MRI appearance of H-FIRE and IRE lesions in rat brain. In all panels, IRE and H-FIRE induced
lesions appear as focal hyper-intense regions (white) compared to adjacent untreated cerebrocortical tissue
(gray). Top Panels (A-C) obtained from Rat #3, in which both the left and right cerebral hemispheres were
treated with H-FIRE at 300 V/250 kHz and 400 V/250 kHz, respectively. Bottom Panels (D-F), Rat #4, which
underwent H-FIRE in the right cerebrum at 400 V/500 kHz, and IRE at 50 V in the left cerebrum. Panels A
and D, post-gadolinium T1-weighted MRI sequences in the axial plane. Panel B, post-gadolinium T1-
weighted MRI sequences in the right parasagittal plane. Panels C and F, post-gadolinium T1-weighted MRI
sequences in the dorsal plane. Panel D, T2-weighted MRI sequence in the transverse plane. In all panels,
the right side of the brain is on the left side of the panel.
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pallor of the treated tissue that was sharply delineated from adjacent normal brain

(Figure 8C, Figure 9). H-FIRE and IRE lesions were predominantly characterized by

areas of complete obliteration of cerebrocortical architecture by an eosinophilic, vacuo-

lated amorphous debris (Figure 8C and 8D). In Rat #1, the H-FIRE ablation zone was

confined to regions of elevated electric field surrounding the electrodes, whereas all

other pulsing protocols resulted in ablation zones spanning the entire region between

the electrodes. Cavitary cerebrocortical defects were induced with H-FIRE in Rat #1

and IRE in Rat #4. Variably sized regions of intraparenchymal hemorrhage were most

pronounced immediately adjacent to and within electrode insertion tracks (Figure 9B

and 9E). The morphology of remnant neuronal and glial elements within H-FIRE

ablated regions demonstrated features of both apoptosis and necrosis, including shrun-

ken and hypereosinophilic cytoplasm, nuclear chromatin condensation, and nuclear

pyknosis and karyolysis (Figure 8D). Free glial and neuronal nuclei in various states of

degeneration were scattered throughout ablation zones. Inflammation was not a signifi-

cant feature of IRE or H-FIRE lesions at the time point brains were examined.

Discussion
The results presented above demonstrate the feasibility of H-FIRE for non-thermally

ablating tissue without causing any associated muscle contractions. Specifically, we

have shown the ablation of brain tissue by applying bipolar bursts at center frequencies

up to 500 kHz. While the pilot data gathered here was not designed to locate an upper

limit in terms of frequency at which IRE could still be achieved in vivo, the theoretical

model of TMP suggests that IRE should be possible up to 1 MHz for an electric field

Figure 8 Histopathology of rat brain tissue. Untreated (A and B) and H-FIRE treated at 200 V/250 kHz (C
and D, Rat #2, right hemisphere). Hematoxylin and eosin stain. The delineation between treated and
untreated tissue is shown in Panel C (black, dotted line)
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of 1500 V/cm. Interestingly, including a delay between the positive and negative pulses

comprising the bipolar burst offers a therapeutic advantage in addition to protecting

the MOSFETs in the pulse generation system from ringing. By not forcing a discharge

of the TMP with an immediate reversal of polarity, the cell is allowed to return to the

resting TMP according to its characteristic time constant. As a result, the TMP is

maintained above the critical voltage required for IRE for a longer amount of time.

This metric has been recognized before as a potential indicator of treatment outcomes

in electroporation based therapies with bipolar waveforms [39].

Due to the small number of observations chosen to assess feasibility, quantitative

comparisons between pulse parameters and ablation volumes were not performed.

Qualitatively, the fact that IRE was performed with a lower applied voltage in Rat #4

suggests that H-FIRE requires a greater electric field strength than conventional IRE

for inducing necrosis, as observed under MRI (Figures 7 and 9). However, even at

higher fields, H-FIRE produced no muscle contractions either tactilely, visibly, or

through accelerometer recordings at the cervicothoracic junction (Figures 5 and 6). In

Rat #1, histopathologic examination revealed that ablation due to H-FIRE occurred

only in regions of elevated electric field surrounding the electrodes. This may be

explained due to the rapid decline in electric field away from the electrodes predicted

by the FEM, and the relatively low percentage of the burst above the critical TMP for

the 1000 V/cm waveforms predicted by the analytical model.

Figure 9 MRI and corresponding neuropathology of rat brain tissue lesioned with H-FIRE and IRE.
Top Panels (A-C) obtained from Rat #3, in which both the right (Panel B) and left (Panel C) cerebral
hemispheres were treated with H-FIRE at 400 V/250 kHz and 300 V/250 kHz, respectively. Bottom Panels (D-
F), Rat #4, which underwent H-FIRE in the right cerebrum at 400 V/500 kHz (Panel E), and IRE in the left
cerebrum at 50 V (Panel F). Panels A and D are the same as those presented in Figure 7A and D, with an
outline of the lesions that are further represented in Panels B, C, E, and F (Hematoxylin and eosin stain, bar
= 1 mm). In Panels B, C, E, and F, the delineation between treated and untreated tissue is shown (black,
dotted line). In Panels A and D, the right side of the brain is on the left side of the panel.
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The gross histological lesions from the in vivo H-FIRE treatments, along with the

results of the FEM for predicting the temperature increase in brain tissue during H-

FIRE, support the claim that the ablation is not thermally mediated and a direct result

of IRE. There is complete uniformity of tissue destruction within targeted H-FIRE

areas (Figures 8 and 9), which is in contrast to thermal ablation procedures, such as

radiofrequency (RF) ablation [40]. Additionally, H-FIRE results in a sharp transition

zone between lesioned and normal brain (on the order of 10-20 μm), which is in

agreement with previous intracranial studies on traditional non-thermal IRE [37,41].

The transition zone in RF ablation is characterized by regions of partial tissue damage

of anywhere from 100 μm to a few millimeters [42].

Due to the greater electric field strength required to induce IRE with high-frequency,

bipolar bursts, evaluating the thermal damage probability in the tissue gains impor-

tance in H-FIRE treatment planning. Here, the FEM was conservative in the sense that

all boundaries were thermally insulating, no electrodes were present in the subdomain

to dissipate heat, and the duty cycle approach was implemented for calculating Joule

heating as opposed to simulating individual pulses. The in vivo treatments resulted in

no predictable thermal damage, due to the small diameter of the electrodes and small

exposure length. In the future, temperature predictions should be validated by direct

measurements, and the effects of H-FIRE on the electrical conductivity of the tissue

should be incorporated into the FEM, as this will have implications for Joule heating.

However, it is possible that H-FIRE will produce more subtle changes in tissue con-

ductivity compared to IRE, due to its ability to enhance the capacitive coupling across

epithelial layers [20].

The brain was chosen here as a model system due to our expertise and specific inter-

est in advancing electroporation based therapies for the treatment of malignant glioma,

including glioblastoma multiforme [43]. Despite attempts to selectively target efferent

pathways to the limbs based on electrode placement, all IRE treatment protocols pro-

duced contractions of the head, truncal, and limb musculature. Therefore, movement

may be caused by direct stimulation of motor regions in the brain, as well as leak cur-

rents that directly excite muscle. No hemorrhage occurred, other than an anticipated

microhemorrhage along the electrode tracks, and no inadvertent penetration into cere-

brospinal fluid pathways occurred, other than traversing of the subarachnoid space at

the point of electrode insertion, which might influence leak currents. It is expected

that the results obtained in the brain will translate to other tissues, such as the liver,

prostate, kidney, and breast, which warrant further investigations. Additionally, studies

performed directly in muscle would help elucidate the mechanism responsible for a

reduction in nerve stimulation in response to H-FIRE, as the presence of the skull may

provide a certain degree of electrical isolation from nearby muscle.

According to classic literature, bipolar waveforms have a higher current threshold for

action potential stimulation as compared to monopolar waveforms, which becomes

more evident as pulse duration is reduced [25], and bipolar waveforms reduce muscle

twitch forces as compared to monopolar waveforms [44]. No electrically induced

movement was seen in any of the H-FIRE treatment protocols, ruling out the possibi-

lity of tonic contraction. Elimination of patient motion through the delivery of high-

frequency, bipolar bursts confers several significant advantages over IRE to both the

neurosurgeon and neurosurgical patient that warrants higher energy demands required
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to achieve ablation. Although electroporation based therapies have proven to be safe

and effective in the brain [9,37,43], they require the use of paralytic agents. H-FIRE

obviates the need for paralytic agents and, in doing so, provides the possibility for per-

formance of minimally invasive, outpatient intracranial surgery, conscious neurosurgi-

cal interventions, procedures in proximity to eloquent areas of the brain, and

eliminates the inherent risk associated with general anesthesia. Finally, although not

directly evaluated in this study, previous investigators have demonstrated that bipolar

pulse delivery at 1 kHz is associated with less patient pain [45].

For frequencies well into the megahertz range, or individual pulse durations on the

order of 10-100 nanoseconds, it is possible for a significant amount of current to

bypass the plasma membrane through capacitive coupling. As a result, electroporation

of both the plasma membrane and intracellular structures can occur for electric field

strengths on the order of 10-100 kV/cm [46,47]. These nanosecond pulsed electric

fields (nsPEFs) have shown great promise as a cancer therapy due to their ability to

induce cell death through apoptotic mechanisms and reduce muscle contractions [48].

One challenge associated with nsPEFs that further distinguishes them from IRE is that

the field strength required to induce electroporation of intracellular vesicles and orga-

nelles, such as the nucleus, is an order of magnitude greater (40 kV/cm) [49]. This is

predominantly due to the small size of vesicles and organelles compared to the overall

cell. In H-FIRE, by targeting the plasma membrane, which encompasses the entire cell,

the field required to induce cell death is closer in amplitude to IRE protocols than

nsPEFs protocols. From an electrical engineering perspective, this simplifies the pulse

generation system, and allows for the utilization of silicon based components and com-

mercially available high voltage switches.

Conclusion
This proof-of-concept study was performed to theoretically and experimentally investi-

gate the potential of high-frequency, bipolar bursts to ablate tissue through IRE and

eliminate the associated muscle contractions seen in traditional IRE treatments per-

formed with unipolar pulses. In a rat model, high-frequency IRE (H-FIRE) performed

with frequencies up to 500 kHz and voltage-to-distance ratios up to 4000 V/cm pro-

duced lesions in brain tissue characteristic of IRE outcomes without causing muscle

contractions. Therefore, H-FIRE has the potential to be performed clinically without

the administration of paralytic agents, which are used in IRE protocols to mitigate

muscle contractions. While not explored explicitly in this study, H-FIRE also offers the

benefits associated with charge balancing, including reduced electrolytic contamination.

Additionally, high-frequency fields have the potential to overcome impedance barriers

posed by low conductivity tissues, which could result in more homogenous and pre-

dictable treatment outcomes in heterogeneous systems. Future work should be directed

towards further elucidating the relationship between different H-FIRE pulse parameters

and ablation volumes, in order to successfully translate this technology for the treat-

ment of tumors. Electroporation based therapies are gaining momentum as viable

treatment options for cancer. H-FIRE has the potential to follow suit due to the added

benefits that high-frequency, bipolar bursts provide.
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Additional material

Additional file 1: Video of in vivo IRE and H-FIRE experiments.
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separation is on the order of microns.  

 

Experimental Methods 

Porcine kidneys were procured via surgical resection post mortem.  Blood vessels from the 

kidney were identified and isolated from surrounding connective tissue. Luer lock syringe 

connectors were inserted into the renal artery and vein and secured using fine string and surgical 

knots. Perfusion electrodes were placed in line between the perfusion system and the organ. 

These electrodes provided an electrical connection to the conductive fluid being perfused 

through the vasculature. The organs were then flushed with Krebs solution, conductivity of 0.72 

S/m, for 15 minutes to remove as many clots as possible.  The resistance and capacitance of the 

vascular network was measured with an LCR meter to characterize the impedance of the vascular 

network. To establish a baseline for the electrical current delivered during treatment, a single 50 

microsecond pulse was delivered through the vasculature at voltages of 100, 500, 750, 1000, 

1500, and 2000 Vpeak using an ECM 830 BTX pulse generator (Harvard Apparatus).  The current 

delivered and the pulse decay time of the pulse was recorded.  The organ was then subjected to 

200 pulses at 1000 V, with a repetition rate of one pulse every second. TTC stain was 

administered via perfusion 15 minutes after pulsing was completed and the organ remained on 

 
Figure 15-3: Impedance of the kidney as measured through the vasculature prior to IRE Treatment. 
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the perfusion system for another 30 minutes. The organ was then sectioned (Figure 15-5) and 

placed in formalin for fixation and histology.   

 

Experimental Results and Discussion 

Figure 2 shows the impedance and capacitance of the organ at frequencies between 100 Hz and 

10 kHz. This shows that an organ being perfused with Krebs solution presents an impedance of 

less than 400 kbetween the arterial and venous systems.  It should be noted that the resistivity 

of Krebs solution and whole blood are nearly identical. At 100 Hz, the organ should have a 

theoretical RC time constant of 92.4 micro-seconds and a complete decay time (5*RC) of 

approximately 462 micro-seconds. When measured experimentally, the RC time constant and the 

complete decay time of the pulses indicate the impedance that the organ presents during the 

pulse. The impedance measured prior to pulsing (Figure 15-3) predicts a longer decay time than 

observed experimentally.  

 

Figure 3 shows the current delivered for pulses with voltages between 100 and 2000 V. The 

current to voltage ratio decreases slightly at voltages of 750 V and above. For all of the applied 

 
Figure 15-4: Maximum current delivered and decay time for pulses delivered with amplitudes between 

100 and 2000 V. 
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voltages, the current delivered was greater than that calculated based on low voltage impedance 

measurements. This indicates that some level of electroporation is occurring even at the lowest 

voltages, resulting in a change in electrical properties of the tissue.  

 

The decay times for the pulses at each voltage are shown in Figure 3. At 100 V, the pulse decays 

off over a relatively long 180 microseconds. At 500 V and above, this decay time has reduced to 

100 microseconds or less. This change in decay time indicates that a more substantial change is 

occurring within the tissue, presumably IRE. Above 500 V, the slight decrease in decay time 

indicates an increase in the extent of electroporation occurring. Though further investigation is 

necessary, monitoring the decay time of pulses delivered through the vasculature may provide a 

method of real time detection and monitoring of electroporation. 

 

The red regions in Figure 15-5 indicate regions of live tissue, while the white regions indicate 

necrotic electroporated tissue with intact ECM. A large volume of the kidney underwent IRE. It 

is anticipated that blood clots in the vasculature prevented the entire organ from undergoing 

electroporation. This issue can be resolved by flushing the vasculature of the organ immediately 

after surgical resection or by working with tissues in-vivo where clotting can be prevented. 

 

 

Figure 15-5: Kidney sections 30 minutes after pulsing.  Dark red areas indicate live tissue and white 

areas indicate regions ablated by the IRE pulses. 
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Numerical Methods and Results 

Though the experimental results presented in this chapter were conducted in kidney, we have 

also used this method to deliver pulses to whole livers. The results from those studies are 

pending; however, the liver contains a highly repetitive and organized structure which facilitates 

the modeling of this technique. Preliminary multiphysics modeling was conducted to establish 

the feasibility of using the vascular system as a pathway for electrical pulse delivery. The electric 

field distribution, which is the key factor for the development of pores (reversible or irreversible) 

in the cell membrane, was modeled using a finite element method.  The Comsol Multiphysics 

was utilized to solve for the electric potential ( ) which obeys the Laplace Equation 

            

where   is the electrical conductivity. Three liver tissue models were developed representing the 

liver structure with different levels of detail.  

 

Model 1: Initially, the liver was modeled as a 2 cm thick homogenous structure with 1 cm 

diameter plate electrodes on either side of the tissue. This model was used to correlate 

experimental lesions to electric field intensities. A single 10 microsecond 1500V/cm pulse was 

delivered to the top electrode while the bottom electrode was grounded. 

 

Model 2: The liver is a complex organ populated by numerous sets of vasculature branches, 

lymph and bile ducts. Branches of the hepatic portal vein and hepatic artery deliver blood to 

basic functional units, lobules which are structurally functioned to filter blood, remove bacteria, 

and produce bile. Blood driven through the lobules eventually reach a large central venula which 

drain into the hepatic vein and return blood to the circulatory system. While under perfusion, a 

perfusate replaces blood as the fluid traveling through the vasculature, however, bile production 

has been observed to continue for up to 24 hours. A second model multi-scale was produced to 

understand how the complex vasculature effects the electric field distribution when two different 

Element Conductivity (S/m) 

Liver 4.10E-01 

Connective tissue 4.10E-02 

Perfusate 1.40E+00 

External Electrodes 5.998E+07 

Table 15-1: Electrical conductivity values for elements used in all models. 
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modalities of voltage application are used. The first modality used traditional electrodes placed 

outside of the tissue, while the second used the central venula as the voltage source and external 

electrodes as grounds. Each lobule was modeled as a hexagon with an equivalent radius of 1mm 

surrounded by a 5 micron connective tissue layer and a 200 micron diameter central venula 

which is consistent with swine histology.  A single 10 microsecond 1500V/cm pulse was again 

simulated. 

 

The electric field distribution within the tissue did not vary significantly with the additional 

inhomogeneity caused by the lobule epithelial layers when external electrodes are used. The 

most significant alterations occurred in proximity to the more highly conductive central venula. 

When the central venula of each lobule is charged to 1500V, a significantly different electric 

field distribution is formed. Regions of tissue which reach a high enough electric field to become 

irreversibly electroporated extend only approximately 0.5 cm into the tissue. Though this 

modality of electric field application is not sufficient for total decellularization, it may be an 

effective means by which tumors close to the surface of highly vascularized organs may be 

treated. 

 

 
Figure 15-6: Electric potential and electric field contours developed in a numerical representation of 

previous experiments. These results show that an electric field intensity of approximately 400V/cm is 

experienced by simulated tissue in regions where experimental tissue developed lesions.  
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The models presented in Figure 15-7 are not completely physiologically exact as fluid readily 

flows from the portal arterioles and venules through the lobule into the central venula. Inclusion 

of these features in a tissue level model with near cellular resolution would be too 

computationally expensive for practical means so they were not included in the bulk model.  

Despite this, this model helps build a significant level of intuition as to how the vasculature of an 

organ can be used to deliver IRE treatments. 

 

Model 3: Model 3 incorporates the portal arterioles, portal venules, and bile ducts at the vertices 

of a single lobule. The central vain is surrounded by bulk liver tissue. The magnitude of the 

applied 10 microsecond pulse was varied until an electric field distribution, in the range of that 

seen in bulk liver tissue, developed.    

 

The results from this simulation show that the development of an IRE inducing electric field 

within a single lobule is feasible using the organ‟s vasculature. Additionally, it was found that a 

50V pulse is significant enough to raise the electric field to IRE inducing levels. This is far 

below the 1500V pulse necessary to induce IRE when the electric field is applied across the 

entire tissue construct. It can be seen from Figure 15-8(right) and histological samples that there 

is a complex microvasculature network which connects the portal arterioles and venules from the 

central vein. Between the vasculature there are hepatocytes which secrete bile into the bile ducts.  

Figure 15-7: Numerical results of two different simulations with lobule level details (Model 2). (Left) 

External Electrodes are charged with either 1500V (top) or set to ground (bottom). The electric field 

distribution using this modality did not significantly change with the added inhomogeneity. (Right) 

Central venula of each lobule is charged to 1500V while external electrodes are grounded.  
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Models 1 and 2 assume that these microvasculature networks present a significant resistance to 

the flow of current and the internal constituents of the lobule can be modeled as a heterogeneous 

tissue. This is a reasonable assumption to make where vascular occlusion may occur if 

erythrocytes (in vivo) or epithelial cells are damaged by the electric field. 

 

An approximation of the resistance (R) of vasculature and microvasculature can be easily 

achieved if the fluid conductivity ( ) is known by solving the constitutive relation  

  
  

 
 

where L and A are the length of the vessel and the vessel‟s cross sectional area respectively. The 

results presented in Table 15-2 show that the resistance of a 10 m diameter vessel 100 m long 

can be as high as 90k  when the vessel is filled with phosphate buffered solution. While 

Diameter (m) Area (m
2
) Length (m) Resistance (ohms) 

1.0E-02 7.85E-05 1.0E-01 9.09E+02 

1.0E-03 7.85E-07 1.0E-02 9.09E+03 

1.0E-04 7.85E-09 1.0E-03 9.09E+04 

1.0E-05 7.85E-11 1.0E-04 9.09E+05 

Table 15-2: Resistance of vessels of decreasing diameter with a 10:1 length to diameter ratio and a 

fluid conductivity of 1.4S/m 

 

 
Figure 15-8: Simulated electric field distribution with a single lobule (left) when a 50V 100 microsecond 

pulse is administered to the bile duct and the central venule, portal venule and portal arteriole are 

grounded. Schematic representation of a liver lobule (right) shows the complex vascular network of 

these functional units.  
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significant, this resistance is not high enough to prevent current flow through microvasculature. 

Additionally, the immense number of microvessels which are connected in parallel throughout 

the organ should drastically reduce the overall electrical resistance. 

 

Conclusion 

This work shows that large volumes of tissue can be ablated by using the vasculature as the 

conductive pathways to deliver pulses deep into an organ. These preliminary results show the 

potential of this technique, however, the minimum threshold and optimum pulse parameters to 

induce IRE in this modality remain to be established. Future work will focus on ablating the cells 

within an entire organ, isolating lobes and regions within an organ, and treating well vascularized 

tumors.  
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Chapter 16: Appendix 
During the course of my academic career at Virginia Tech, I have had the opportunity to 

collaborate with a number of brilliant and hardworking investigators. This chapter contains the 

manuscripts that have been published as a result of those collaborations.  

 

Contactless dielectrophoresis: a new technique for cell manipulation 

This manuscript describes the original concept cDEP device. We first demonstrate that cells can 

be manipulated and trapped using a device containing insulating barriers that isolate fluid 

electrodes from a low conductivity sample channel. Additionally, we show that the DEP force 

and electro-rotational torque act differently on cells from distinct cell lines.  

 

Selective concentration of human cancer cells using contactless dielectrophoresis 

This manuscript was the first attempt to isolate live cells from different cell lines. We 

demonstrated that the voltage necessary to trap cells was different between breast cancer cell 

lines with different metastatic potential. This manuscript offers an extensive analysis of the 

Clausius-Mossotti factor for similar cells. 

 

Dielectrophoretic differentiation of mouse ovarian surface epithelial cells, macrophages, 

and fibroblasts using contactless dielectrophoresis 

This manuscript continues to explore the possibility of using cDEP to isolate rare cells. We 

evaluate the dielectrophoretic response of mouse ovarian surface epithelial (MOSE) cells as they 

transition from benign to highly metastatic. The work shows that the voltage necessary to trap 

early and late stage MOSE cells are significantly different and that there is a large difference in 

the dielectrophoretic response between the MOSE cells and normal cells. This work provides the 

foundation necessary to develop cDEP into an early cancer screening technology 

 

Theoretical Considerations of Tissue Electroporation with High Frequency Bipolar Pulses 

This manuscript is the basis for all of the HFIRE work presented in this dissertation. We 

demonstrate that high frequency pulses can short through fat and epithelial layers to increase the 

transmembrane potential of tumor cells located deep within tissue.  
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High-frequency irreversible electroporation (H-FIRE) for non-thermal ablation without 

muscle contraction 

This manuscript presents the first experimental validation of HFIRE to ablate tissue and 

eliminate muscle contractions associated with traditional IRE therapies. This work forms the 

basis for all of our clinical work thus far.  
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