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Abstract 

The detection of biologically infectious agents, such as bacteria, in water is often a 

cumbersome process that can only be performed by trained personnel in a well-equipped 

laboratory and may require sufficient time (sometimes days) until detectable 

concentration levels of the pathogen are reached. “Surface-based biosensors” enable 

efficient detection of bacteria. Their operation relies on the selective capture of the target 

pathogen from a liquid sample onto the detection surface (a process called “sampling”) 

and their subsequent detection via signal transduction. Sampling currently presents a 

major bottleneck in the successful operation of these sensors as it relies on the extremely 

slow diffusive transport of the target particle from the bulk of the sample to the capture 

surface.  

The present work investigates how alternating current (AC) electric field effects 

produced by planar microelectrode arrays embedded into a solid surface can improve 

capture of bacteria at concentrations as low as 104 particles/mL. Specifically, numerical 

and experimental work is combined toward the analysis of a host of electric field 

generated phenomena (electrophoresis, electroosmosis, and electrothermal fluid flow) 

that can potentially guide and enhance the transport of K12 E. coli bacteria to the capture 

surface inside an electric field to find the effective frequency/voltage combination for an 

efficient capture. Proof of principle demonstrations on how antibody-functionalized 

microelectrode arrays can accelerate and selectively capture K12 E. coli bacteria (target 

pathogens) from samples containing debris or mixed bacteria populations are 

demonstrated.  



iii 

 

Acknowledgements 

I would like to thank my supervisor, Prof. Aristides Docoslis for the opportunity to study 

and work in his group at Queen’s University. This work would not have been 

accomplished without his support, guidance and inspiration for the research. Special 

thanks to Matthew Tomkins, who trained me on the laboratory equipment use, 

experimental procedures, and for his constant support through out the research. I also 

appreciate the help of individuals from my research group and other research groups at 

Queen’s University who have been involved with training and other aspects of this 

project. Special thanks to Joshua Raveendran and Shane Guo for their help with the 

Numerical Simulations. Fabrication training and equipment are due in part to Prof. Rob 

Knobel, Golnaz Azodi, and Jennifer Campbell. The valuable help of technical staff must 

be acknowledged and include Steven Hodgson, Kelly Sedore, Xiaohu Yan, and Charlie 

Cooney, as well as administrative staff of Queen’s Chemical Engineering Department 

including Barb Lawson, Maureen Plunkett, Laurie Phillips, and Lynn O’Malley. Thanks 

to my dear friends in Kingston and elsewhere, that I could always count on. My very 

special thanks go to my family for their endless support and encouragement. Finally 

NSERC and Queen’s Senate Advisory Research Council (SARC) is gratefully 

acknowledged for funding this research project. 

 

 

 

 

 



iv 

 

Table of Contents 

Abstract ............................................................................................................................... ii	  

Acknowledgements ............................................................................................................ iii	  

Table of Contents ............................................................................................................... iv	  

Nomenclature .................................................................................................................... vii	  

List of Figures .................................................................................................................... ix	  

List of Tables ................................................................................................................... xiii	  

Chapter 1 Introduction ........................................................................................................ 1	  

1.1 Motivation ................................................................................................................. 1	  

1.2 Objectives .................................................................................................................. 3	  

1.3 Thesis outline ............................................................................................................ 4	  

Chapter 2 Literature Review ............................................................................................... 6	  

2.1 Theory of AC Electrokinetics ................................................................................... 6	  

2.1.1 Dielectrophoresis ................................................................................................ 7	  

2.1.2 AC Electroosmosis ............................................................................................. 9	  

2.1.3 AC Electrothermal Flows ................................................................................. 11	  

2.2 Electrokinetically Enhanced Sampling of Bioparticles ........................................... 13	  

2.2.1 Dielectrophoretic Trapping of Bioparticles ...................................................... 15	  

2.2.1.1 Antibody Coupled Methods ....................................................................... 18	  

2.2.2 EHD/DEP Trapping of Bioparticles ................................................................. 19	  

2.2.2.1 EO/DEP Trapping of Bioparticle ............................................................... 22	  

2.2.2.2 ETF/DEP Trapping of Bioparticles ........................................................... 26	  



v 

 

Chapter 3 Materials and Methods ..................................................................................... 29	  

3.1 Microelectrodes ....................................................................................................... 29	  

3.1.1 Chip Fabrication ............................................................................................... 30	  

3.1.2 Bacteria Preparation ......................................................................................... 32	  

3.1.3 Antibody Functionalization .............................................................................. 32	  

3.1.4 Sample Handling .............................................................................................. 33	  

3.1.5 Sample Imaging ................................................................................................ 34	  

3.1.5.1 SEM Sample Preparation ........................................................................... 35	  

3.2 Numerical Simulations ............................................................................................ 35	  

3.2.1 Model Design ................................................................................................... 36	  

3.2.2 Numerical Simulations of AC Electrokinetic Forces and Particle Velocities .. 37	  

3.2.2.1 Dielectrophoresis ....................................................................................... 38	  

3.2.2.2 AC Electroosmosis ..................................................................................... 42	  

3.2.2.3 Electrothermal Flows ................................................................................. 43	  

3.2.3 Model Equations ............................................................................................... 44	  

3.2.3.1 The Electrical Problem .............................................................................. 44	  

3.2.3.2 Energy Balance .......................................................................................... 45	  

3.2.3.3 Momentum Balance ................................................................................... 46	  

Chapter 4 AC Electrokinetic Sampling of Bacteria in Planar Quadrupolar Microelectrode 

Arrays ................................................................................................................................ 48	  

4.1 Bacteria Sampling Inside an AC Electric Field ...................................................... 48	  

4.2 Scanning Electron Microscopy of Collected Bacteria ............................................ 51	  

4.3 Effect of Sampling Time on Bacteria Collection .................................................... 53	  



vi 

 

4.4 Effect of AC Field Frequency on Sampling Efficiency .......................................... 54	  

4.5 Effect of Voltage on Sampling Efficiency .............................................................. 56	  

4.6 Effect of Bacteria Concentration on Sampling Efficiency ...................................... 58	  

4.7 Selective Capture of Target Particles ...................................................................... 60	  

4.7.1 Sampling on Antibody-Functionalized vs. Non-Functionalized Surfaces ....... 61	  

4.7.2 Specific Collection of Target Bacteria ............................................................. 62	  

4.7.3 Selective Collection of Target Bacteria ............................................................ 64	  

Chapter 5 Numerical Analysis of AC Electrokinetic Sampling of K12 E. coli Particles . 66	  

5.1 Numerical Simulation Results ................................................................................. 66	  

5.2 Electroosmotic Velocity vs. Frequency .................................................................. 67	  

5.3 Electrohydrodynamic Velocities and DEP Forces vs. Applied Voltage ................. 69	  

5.3.1 Forces On The Electrode Surface ..................................................................... 70	  

5.3.2 Forces at a Distance of 0.25 µm Above The Electrode Surface ....................... 71	  

5.4 Ratio Graphs ............................................................................................................ 73	  

5.5 Visualization Planes ................................................................................................ 74	  

5.6 Velocity and Force Fields ....................................................................................... 75	  

5.7 Ratio Plots ............................................................................................................... 85	  

5.8 Stokes Velocity Profiles .......................................................................................... 89	  

Chapter 6 Conclusions ...................................................................................................... 93	  

References ......................................................................................................................... 96	  

  

  



vii 

 

Nomenclature 

Cp Heat capacity of the medium C/V 

𝐸 Electric field intensity V/m 

𝐹!"# Dielectrophoretic force N 

f Frequency Hz 

𝑓!"!#  Electrothermal force  N 

Gr Grashof number - 

I Identity matrix 1 

k Thermal conductivity W/m.K 

Ke Clausius-Mossotti factor - 

l Characteristic length m 

m Mass  kg 

p Pressure  Pa 

Pe Peclet number - 

Pr Prandtl number - 

r Radius of particle m 

Re Reynolds number - 

t Time  s 

T Temperature  K 

u Fluid velocity m/s 

v Particle velocity m/s 

V,V0 Electrical potential / Applied voltage V 

 

Greek Symbols 

𝛼 Gradient of permittivity as a function of temperature F/m.K 

𝛽 Gradient of conductivity as a function of temperature S/m.K 

𝜀 Permittivity F/m 

𝜂 Fluid viscosity Pa.s 

𝜅 Reciprocal Debye length m-1 



viii 

 

Λ 
Ratio of the potential drop across the diffuse layer to the 

total EDL 
- 

𝜆! Debye length m 

𝜌 Density Kg/m3 

𝜎 Electrical Conductivity S/m 

𝜎!! Surface charge density C/m2 

𝜏!" Charge relaxation time  s 

𝜔 Angular frequency rad/s 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

 

List of Figures 

Figure 2.1: A schematic of a particle experiencing a) p-DEP; and b) n-DEP when placed 

in the vicinity of two planar oppositely charged electrodes indicated by the black bars. ... 7	  

Figure 2.2: A schematic of the electrical double layer formed near a negatively charged 

solid surface with an electric potential of φ0. .................................................................... 10	  

Figure 2.3: Schematic showing mechanism for AC-electroosmosis where the arrows 

indicate fluid flow. . .......................................................................................................... 10	  

Figure 2.4: Examples of electrode designs from left to right: parallel plate, polynomial, 

castellated, interdigitated. ................................................................................................. 14	  

Figure 2.5: Two approaches for DEP coupled with antibody capture for selective 

collection of target bacterial cells (Yang 2012). ............................................................... 19	  

Figure 2.6: Real part of the Clausius-Mossotti factor superimposed on ACEO slip 

velocity. ............................................................................................................................. 23	  

Figure 2.7: : A schematic of the zipper electrode configuration (Hoettges et al. 2003) ... 25	  

Figure 3.1: (a) Image of the circular electrode design. (b) The electrodes are presented 

with the visualization plane A used for numerical simulations. ....................................... 30	  

Figure 3.2: light microscope image of a ma-N 1405 photoresist pattern of a circular 

electrode with tip-to-tip spacing of 10 microns between the circular points of opposite 

electrodes. ......................................................................................................................... 31	  

Figure 3.3: The custom designed platform attached to the microscope. .......................... 34	  



x 

  

Figure 3.4: (a) Green spots indicate captured bacteria. (b) Crystal violet stained bacteria.

........................................................................................................................................... 35	  

Figure 3.5: Views illustrating (a) An isometric projection of the 3D wireframe model 

used for simulations including dimensions; and (b) Top-down view of one quarter of the 

system. .............................................................................................................................. 37	  

Figure 3.6: The 3-shell prolate spheroidal model for E. coli cell ..................................... 40	  

Figure 4.1: Top-down view of the quadrupolar microelectrode tips. (a) Before Collection. 

(b) After droplet removal and surface drying (Concentration: 109 Particles/mL; 

Experiment duration: 30 min). .......................................................................................... 49	  

Figure 4.2:  Top-down view of the centre of a quadrupolar microelectrode array. (a), (b) 

Before collection. (c) During collection (30 min); (d) After microelectrode rinsing and 

drying. Conditions:  20 Vpp, 1 MHz, 109 particles/ mL. ................................................... 50	  

Figure 4.3: Captured K12 E. coli in the area around the microelectrode tips (top down 

view, SEM image). ........................................................................................................... 53	  

Figure 4.4: K12 E. coli collection as a function of time (109 particles/mL). .................... 54	  

Figure 4.5: Collection of K12 E. coli as a function of frequency. .................................... 56	  

Figure 4.6: Collection of K12 E. coli cells from a sample of 106 Particles/mL at varying 

frequencies and voltages. .................................................................................................. 58	  

Figure 4.7: Top-down view of the centre of microelectrode arrays with captured bacteria 

with and without an antibody functional layer. ................................................................ 62	  

Figure 5.1: Re[Ke] vs. frequency for medium conductivities: 0.1 mS/m, 1.0 mS/m, and 

10 mS/m. ........................................................................................................................... 67	  

Figure 5.2: Norm of EO velocity vs. frequency at 0.1, 1.0, and 10 mS/m . ...................... 69	  



xi 

 

Figure 5.3: Electoosmotic and Electrothermal velocities, Stokes force, and 

dielectrophoretic force at the electrode tips  vs. peak-to-peak voltage at frequencies of 1, 

10, and 100 kHz. ............................................................................................................... 71	  

Figure 5.4: Electoosmotic and Electrothermal velocities, Stokes force, and 

dielectrophoretic force 0.25 µm over the electrode tips vs. peak-to-peak voltage at 

frequencies of 1, 10, and 100 kHz. ................................................................................... 72	  

Figure 5.5: log10(FDEP/FStokes) vs. voltage for frequencies of 1, 10, and 100 kHz at a 

distance of (a) 0; and (b) 250 nm above the electrode surface. ........................................ 74	  

Figure 5.6: Views illustrating planes A, B, and C used for visualization of velocity and 

force field arrow and colour plots.  ................................................................................... 75	  

Figure 5.7: Electrokinetically induced fluid flow patterns generated in a medium with 

electrical conductivity of 1 mS/m due to application of AC power with a peak-to-peak 

voltage of 8 Vpp and a frequency of 1 kHz on plane A. .................................................... 77	  

Figure 5.8: Electrokinetically induced fluid flow patterns generated in a medium with 

electrical conductivity of 1 mS/m due to application of AC power with a peak-to-peak 

voltage of 8 Vpp and a frequency of 10 kHz on plane A. .................................................. 79	  

Figure 5.9: Electrokinetically induced fluid flow patterns generated in a medium with 

electrical conductivity of 1 mS/m due to application of AC power with a peak-to-peak 

voltage of 8 Vpp and a frequency of 100 kHz on plane A. ................................................ 80	  

Figure 5.10: Top-down view of electrokinetically induced fluid flow patterns generated in 

a medium with electrical conductivity of 1 mS/m due at a peak-to-peak voltage of 8 Vpp 

and a frequency of 1 kHz. ................................................................................................. 82	  



xii 

 

Figure 5.11: Top-down view of electrokinetically induced fluid flow patterns generated in 

a medium with electrical conductivity of 1 mS/m due to application of AC power with a 

peak-to-peak voltage of 8 Vpp and a frequency of 10 kHz. Top left: Electroosmotic 

velocity. ............................................................................................................................. 83	  

Figure 5.12: Top-down view of electrokinetically induced fluid flow patterns generated in 

a medium with electrical conductivity of 1 mS/m due to application of AC power with a 

peak-to-peak voltage of 8 Vpp and a frequency of 100 kHz. ........................................... 84	  

Figure 5.13: log10(FDEP/FStokes) plots on plane A comparing the effect of varying voltage 

and frequency. ................................................................................................................... 87	  

Figure 5.14:  Top down view of log10(FDEP/FStokes) plots  comparing the effect of varying 

voltage and frequency. ...................................................................................................... 88	  

Figure 5.15: log10(Udrag) plots on plane A comparing the effect of varying voltage and 

frequency. .......................................................................................................................... 91	  

Figure 5.16: Top-down view of log10(Udrag) plots on the electrodes surface comparing  

the effect of varying voltage and frequency. .................................................................... 92	  

 

 

 

 

 

 



xiii 

 

List of Tables 

Table 4.1: A summary of experimental observations in various voltage/frequency 

conditions for samples with concentration of 103 to 106 p/mL. ........................................ 59	  

 



 

1 

 

Chapter 1 

Introduction 

1.1 Motivation 

Early and accurate detection and identification of pathogenic bioparticles is crucial to the 

prevention of outbreaks or in the treatment of a disease. However, current techniques for 

pathogen detection in health care, food safety, environmental testing and clinical research 

are often cumbersome processes that can only be performed by trained personnel in a 

well-equipped laboratory. Moreover, they usually require sufficient time (sometimes 

days) for sample culturing until detectable concentration levels of the pathogen are 

reached. For example, current drinking water bacteria tests require samples to be sent to a 

laboratory, or use a microbiological culture kit that requires a minimum of 18-24 hour 

incubation followed by visual detection by an experienced technician (Brown et al., 

2010).   

The capability of concentrating bacteria in-situ without culturing or at significantly 

reduced culture time provides a very unique competitive advantage to address the 

challenges faced with bacteria culturing and detection. One way to overcome the bacteria 

culturing issue and achieve time-efficient and on-site pathogen detection is through the 

use of portable surface-based biosensors. This family of sensors is tailored to selectively 

capture bacteria on a functionalized surface and transduce this collection event into an 
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optical or electronic signal (Bhatta et al. 2010; Brake et al. 2003; Hayden et al. 2003). 

However, the transport of bioparticles from the bulk of a sample to the sensor’s surface 

(also known as “sampling”) is usually diffusion limited and remains a considerable 

bottleneck in the operation of these devices, especially in cases where pathogen detection 

from dilute samples is necessary (<104 particles/mL).  

One approach that can overcome the sampling problem in surface-based biosensors by 

providing accelerated bioparticle collection on the detection surface relies on the use of 

spatially non-uniform electric field effects, which are typically created by 

microelectrodes embedded into the sensor’s surface (Bhatt et al. 2005; Gagnon & Chang 

2005; Hughes et al. 1998; Wong et al. 2004; Docoslis et al. 2007). Specifically, 

alternating current (AC) electrokinetic effects can provide the means for fast convective 

transport and subsequent concentration amplification of pathogens to a target location 

inside the biosensor. A host of phenomena generated by the electric field can combine to 

produce the desired effect. For example, electrohydrodynamically generated flow 

patterns in the bulk of the sample, such as AC electroosmosis and AC electrothermal 

flow, can accelerate transport of particles from remote locations within the sample to the 

sensor’s surface where a short-range force (dielectrophoretic force) can stably capture 

them on the detection surface. In 2007, Docoslis et al., showed how AC electrokinetics 

can be used for the transport and capture of vesicular stomatitis (VSV) from aqueous 

solutions with a specific range of conductivities onto the surface of “quadrupolar” 

microelectrodes (Docoslis et al. 2007). Later on Tomkins et al. showed that quadrupolar 
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microelectrodes can be integrated into microelectromechanical cantilever beams for 

accomplishing rapid detection of K12 E. coli bacteria in water (Tomkins et al. 2013). 

Other proof-of-principle studies demonstrating improved sampling and detection of 

bacteria by AC electrokinetic effects and reviews of the phenomenon of particle trapping 

using planar microelectrodes have been presented in the literature (Hoettges et al. 2003; 

Radke et al. 2005; Wu et al. 2005; Huang & Pethig 1991; Hughes 2003; Menachery & 

Pethig 2005; Morgan & Green 2003). 

A major advantage of the electric field-assisted bioparticle capture is its “tunability, i.e., 

the ability to control the intensity and spatial variation of the electric field-generated 

phenomena through parameters, such as applied voltage, AC field frequency, medium 

conductivity, and microelectrode shape and configuration. However, the set of parameter 

values that yields an optimal sampling effect is unique in every case, as it is subject to the 

pathogen physical and electrical characteristics, electrode design, and sampling 

environment.  

1.2 Objectives 

The present study focuses on the investigation of the mechanism by which electric field-

generated phenomena can cause accelerated bacteria capture on the surface of 

quadrupolar microelectrodes.  The combination of forces that lead to bacteria capture, as 

well as their influence by experimental parameters (applied voltage, AC field frequency, 

medium conductivity, concentration of bacteria) will be examined. The ultimate target of 
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this project is the development of an accelerated bacteria sampling technique for tests in 

drinking and recreational water (lakes, pools); therefore, the study will be restricted to 

aqueous suspensions of bacteria of low electrical conductivity (app. 1 mS/m).   

The study employs experimental observations of bacteria captured in quadrupolar 

microelectrodes under various voltage, frequency, and bacteria concentration conditions, 

in order to identify a range of experimental parameters that yields higher sampling 

efficiency. Numerical simulations of the flow field and force field experienced by 

bacteria during microelectrode operation are subsequently performed for some of the 

most promising experimental conditions, in order to correlate the effect of the latter with 

the observed sampling performance.    

1.3 Thesis outline 

An introduction of relevant electrokinetic phenomena and a presentation of their 

fundamental underpinnings are given in Chapter 2. A critical literature review that 

focuses on state-of-the-art demonstrations on electrokinetically enhanced bacteria 

detection methods is also provided. In addition to the background information given on 

the subject, the purpose of this chapter is to make evident the contributions of this work 

toward filling the present knowledge gap.     

Chapter 3 presents the materials and techniques that were employed in this work. Details 

on the experimental protocols used and model equations for the numerical simulations 

performed in COMSOL Multiphysics® are provided.  
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Chapter 4 contains the results and analysis of the experimental investigation employing 

set of quadrupolar microelectrodes. Sampling of a target bacteria under various 

experimental conditions are documented in an effort to identify experimental settings that 

improve bacteria capture efficiency. A test of the method’s selectivity for a target 

pathogen is performed with E. coli sampling from bacterial mixtures or in the presence of 

debris in the sample over microelectrodes functionalized with E. coli specific antibodies.  

Chapter 5 presents the result of a numerical investigation of the intensity and spatial 

distribution of flows and forces experienced by bacteria inside a liquid sample subjected 

to an electric field. The model equations are solved in the finite element method software 

COMSOL Multiphysics® for various combinations of experimental parameters. The 

presentation of the results in the form of graphs, contour, and arrow plots helps to 

elucidate the mechanism of bacteria capture at the microelectrodes. The simulation 

results also are being used in an attempt to correlate experimental conditions with 

sampling performance.  
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Chapter 2 

Literature Review 

2.1  Theory of AC Electrokinetics 

Movement and separation of suspended bioparticles in an aqueous sample can be 

achieved exploiting the electric field gradient techniques (Meighan et al. 2009). Electric 

field-based manipulation techniques are widely used, as they are suitable for integration 

into microdevices used for separation of bio particles (Morgan & Green 2003). Applying 

direct (DC) or alternating current (AC) to a medium with suspended particles generates 

direct and indirect forces, such as dielectrophoretic and electrohydrodynamic effects, 

respectively. Electrohydrodynamic effects, such as electroosmosis (EO) and 

electrothermal fluid flow (ETFF) have indirect effects on the movement of bio particles 

by moving the medium in which the particles are suspended. The viscous drag force 

between the moving fluid and suspended particles causes the motion of particles and 

brings them close to the surface where the collection can occur by dielectrophoretic force 

exerted directly on the polarized particles. The magnitude and effect of these forces on 

particle motion depend on several variables such as particle size, medium conductivity, 

applied voltage and frequency, which are going to be discussed in the following sections. 
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2.1.1  Dielectrophoresis 

Dielectrophoresis is the motion of polarizable particles in a suspending medium in the 

presence of a spatially non-uniform electric field. The force exerted on the induced dipole 

in a polarized particle is called dielectrophoretic force (Pohl 1951). It was first used by 

Pohl to remove suspended solid particles from polymer solutions. Now it is widely used 

for manipulation of micro and nanoparticles (Becker et al. 1995; Cheng et al. 1998; Li & 

Bashir 2002; Suehiro et al. 2006; Li et al. 2005; Yang 2012). A particle with 

polarizability greater than the suspending medium undergoes positive DEP (p-DEP), and 

the particle moves to the areas with high intensity electric field. In contrast, when the 

polarizability of a particle is less than the surrounding medium, it will experience 

negative DEP (n-DEP) where the particle tends to the regions with low electric field 

gradients (Figure 2.1).  

 

Figure 2.1: A schematic of a particle experiencing a) p-DEP; and b) n-DEP when placed in the 

vicinity of two planar oppositely charged electrodes indicated by the black bars (Tomkins 2012).  

(a) (b) 
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The induced dipole is also a function of frequency of the applied electric field. Therefore, 

by changing the frequency and/or particle and suspending medium properties, 

dielectrophoretic force can be exploited as a means for separation of bio particles in 

different applications. 

The time averaged dielectrophoretice force is demonstrated by equation (2-1) for a 

spherical particle in a non-uniform electric field (Morgan & Green 2003): 

< 𝐹!"# >= 2𝜋𝜀!𝑟!!𝑅𝑒[K!∗ ]∇ 𝐸!"# ! (2-1) 

𝑅𝑒 𝐾!∗ =
𝜀!∗ − 𝜀!∗

𝜀!∗ + 2𝜀!∗
 (2-2) 

The dielectrophoretic force depends on the particle size, root-mean-squared value of the 

electric field intensity, and the real part of Clausius-Mossotti factor as shown in equation 

(2-2). 𝑅𝑒 K!∗   provides a measure of the effective polarization of a spherical particle and 

depends on particle and medium’s complex permittivity and conductivity, as well as the 

applied AC field frequency. Dependence of DEP force on particle size and root mean 

squared value of the applied electric field provides the option to use it for separation 

between cells with different sizes. 

DEP has versatile applications in surface-based biosensors, such as collecting bacterial 

cells form continuous flows, separating target cells from a mixture of different cells, and 

improving antibody capture   efficiency (Suehiro et al. 2006; Yang 2012). In other words, 

integration of various functions of DEP within biosensors provides enhanced capture and 

detection of bacterial cells (Yang 2012).  
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2.1.2  AC Electroosmosis 

AC Electroosmosis (ACEO) is the interaction between the tangential component of an 

electric field with ions at the diffused layer of the electrode-electrolyte double layer. 

Electric double layer (EDL) is formed at the interface of a charged solid phase and an 

electrolyte and consists of two layers of stern and diffused layer. Stern layer has a typical 

thickness of one ionic diameter and consists of the ions of opposite charge in the 

electrolyte, crowded together directly near the electrode-electrolyte interface. Diffused 

layer forms directly after stern layer where an exponential charge distribution exists due 

to the gradient of the electrochemical potential between the two phases. The size of the 

EDL can be predicted by the Debye length, which is the characteristic width of the 

diffused layer when the electric potential drops to its 1/e (Nosrati et al. 2010; Guo 2013). 

The time for the electrical double layer to form can be explained by charge relaxation 

time, which is the time required for an ion to move a distance of the order of the Debye 

length (λD), and equals to 𝜏!" = 𝜀/𝜎.  
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Figure 2.2: A schematic of the electrical double layer formed near a negatively charged solid 

surface with an electric potential of φ0. λD is the Debye length, which is the characteristic width of 

the diffused layer when the electric potential drops to its 1/e (Guo 2013).  

 

Movement of the ions at electrical double layer (EDL) causes an eletroosmotic flow in 

the bulk. The direction of the AC electroosmotic force does not change with the periodic 

cycle of the current. 

 

Figure 2.3: Schematic showing mechanism for AC-electroosmosis where the arrows indicate fluid 

flow. Adapted from Morgan & Green (2003) (Tomkins 2012).  
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The time averaged fluid velocity due to the AC electroosmotic effect has been 

demonstrated by Castellanos et al in equation (2-3): 

< 𝑢! >=
!
!
𝑅𝑒

!!!!!
∗

!"
        (2-3) 

where σq0 is the surface charge density, Et
* is the tangential electric field, η is the 

viscosity, and 1/ҡ is the Debye length.  

This phenomenon is dominant only at intermediate frequencies between 0.1 to 100 kHz. 

At low frequencies the width of EDL is thin, therefore the potential difference across the 

double layer is zero and there is no field in the bulk. At high frequencies again the 

potential across the double layer and therefore the induced charge is very small. For a 

typical system similar to the one used here (with a conductivity of 1 mS/m, and static 

permittivity of ~78), the charge relaxation time is in the order of 70 microseconds. 

Therefore at higher frequencies (>100kHz), there is not enough time for the induced 

charge to form in the EDL and the AC electroosmotic effect is negligible. At proper 

frequency ranges, AC electroosmotic effect can be used as to improve trapping and 

detection of bio particles in surface based biosensors (Morgan & Green 2003).  

2.1.3 AC Electrothermal Flows 

AC electrothermal flow refers to the motion of the fluid generated by gradients in 

conductivity and permittivity affected by a non-uniform electric field.  Applying AC 

electric field to the system causes uneven Joule heating, which results in a temperature 
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rise. Joule heating is the volumetric heating arising from resistivity of a conducting 

medium when an electric current passes through it. It can be determined from the 

conservation of energy equation neglecting the convective effects, due to the small Peclet 

number (~0.003) for scales typical of microsystems, equation (2-4) (Morgan & Green, 

2003; Koklu et al. 2010). The temperature rise causes gradients in electrical properties of 

the fluid such as conductivity and permittivity. The resulting electrical body force 

generated by the interaction of non-uniform electric field and these gradients produce an 

effect termed AC electrothermal fluid flow (ETFF).  

𝑘∇!𝑇 + 𝜎𝐸! = 0 (2-4) 

The time averaged electrical body force in terms of conductivity and permittivity 

gradients is given by Morgan and Green (Morgan & Green, 2002): 

< 𝑓! >  =
1
2𝑅𝑒

𝜎!𝜀! 𝛼 − 𝛽
𝜎! + 𝑖𝜔𝜀!

∇𝑇.𝐸 𝐸∗ −
1
2 𝜀!𝛼 𝐸

!
∇𝑇  (2-5) 

Where 𝛼 = (1/𝜀!)(𝜕𝜀!/𝜕𝑇) and 𝛽 = (1/𝜎!)(𝜕𝜎!/𝜕𝑇) demonstrate the effect of 

temperature on permittivity and conductivity gradients respectively. For a constant phase 

electric field 𝐸 can be treated as a real vector and equation (2-5) can be simplified to the 

following form: 

< 𝑓! >  =
1
2

𝜀! 𝛼 − 𝛽
𝜎!! + (𝜔𝜏!")!

∇𝑇.𝐸 −
1
2 𝜀!𝛼 𝐸

!
∇𝑇  (2-6) 

𝜏!"   is the medium charge relaxation time which is defined by the ratio of the permittivity 

to the conductivity of the medium. The first term on the right-hand side of equation (2-6) 
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shows the Coulomb force, which is dominant below the charge relaxation frequency. The 

second term corresponds to the dielectric component of the force and dominates at higher 

frequencies. It has been shown that ETF create flow patterns similar to AC 

electroosmosis when having a field created by two parallel electrode pairs (Wood et al. 

2007). However, electrothermal flow is effective for higher medium conductivities and 

frequencies while electroosmosis becomes dominant for relatively low conductivity 

media and at lower frequencies as been discussed before (Lee et al. 2011).  

2.2 Electrokinetically Enhanced Sampling of Bioparticles 

Rapid sampling and detection of pathogens is demanding in different fields such as 

clinical diagnostics, water and environmental analysis and food industry (Bhatta et al. 

2010). Conventional microbiological methods used traditionally were reliable, but 

required trained personnel, equipped laboratories, and significant delay. Rapid sampling 

and detection methods have been recently developed to address this issue (Yang 2012). 

From the various presented methods, surfaced-based biosensors have been attracted great 

attention due to their potential capability of effective detection and identification of 

pathogens in small time frames from small sample volumes with potentially lower cost 

(Ouyang et al. 2013). AC electrokinetic effects created by microelectrodes integrated to 

sensor’s surface can provide an effective platform for manipulation of bioparticles. As 

discussed in the previous section, AC electrokinetic phenomena depend on different 

variables such as applied voltages and frequencies, and sample physical properties. A 
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number of researchers have developed techniques to enhance sampling of bioparticles in 

microfluidic sensors. Various designs have been proposed for microelectrodes used in 

sensors as well as different operating conditions that have been widely investigated to 

find the effective range of each variable for different applications.   

Among the numerous existing designs of microelectrodes, pair electrodes, polynomial 

electrodes, castellated electrodes, and interdigitated electrodes are most commonly used 

in literature. Depending on the application of the sensor and detection method, sensing 

location can become important. Dielectric properties of the target bioparticles are also an 

important consideration when selecting a particular design for the sensor (Tomkins 

2012).  

 

Figure 2.4: Examples of electrode designs from left to right: parallel plate, polynomial, 

castellated, interdigitated (Tomkins 2012).  

 

In surface-based biosensors particles need a driving force to transport from the bulk into 

the proximity of the electrode surface where capture and detection take place. AC 

electroosmosis and AC electrothermal flows provide means to overcome diffusion 
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limitations and lead bioparticles into detection regions. The particles are then retained 

near the surface by dielectrophoretic force acting on them, allowing their capture on 

desired locations for detection (Rani-Roy et al. 2011).  The literature covered here 

includes applications based on individual and combined effects of AC electroosmosis, 

AC electrothermal flows and dielectrophoresis on sampling of bioparticles using different 

designs for microelectrodes, coupled with antibody capture methods.  

2.2.1 Dielectrophoretic Trapping of Bioparticles 

As discussed before, a non-uniform AC electric field exerts a force on polarizable 

particles suspended in a medium that causes their motion in specific directions. This 

phenomenon is called dielectrophoresis. DEP can be used for trapping bioparticles on 

particular locations on the microelectrodes used for creating the inhomogeneous AC 

field. It has shown promising applications in manipulation of bacterial cells in biosensor 

platforms from which collection of cells from the bulk flow, separation of target cells 

from non-target cells, and improving antibody capture efficiency (Yang 2012). 

DEP devices mostly consist of a set of microelectrodes placed inside a microfluidic 

chamber where the sample of biological particles is injected to flow through the channel. 

When a non-uniform AC field is applied on the bacterial cells in a suspension, depending 

on the relative dielectric constant between the cells and suspending medium and also the 

frequency and the applied voltage, they can experience positive or negative 

dielectrophoresis. Other design factors such as electrode geometries and channel height 
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are important in DEP trapping efficiency. Observations and numerical simulations for 

dielectrophoretic force at vertical and horizontal distances from the electrodes as well as 

detailed analytical expressions have been investigated through collection of polystyrene 

beads and different cell species by a number of groups (Nicolas G Green, Ramos, Gonz, 

Castellanos, & Morgan, 2001; Li, Zheng, Akin, Bashir, & Member, 2005; Green & 

Morgan, 1997; Docoslis et al., 2007; N G Green, Ramos, & Morgan, 2000; Khoshmanesh 

et al., 2011; G H Markx, Dyda, & Pethig, 1996; Ronald Pethig, 2010; Ramos, Morgan, 

Green, & Castellanos, 1998; Matthew R. Tomkins, Wood, & Docoslis, 2008; Wood et 

al., 2007; Yang, 2012).  

Green and Morgan investigated the effect of applied voltage, frequency and medium 

conductivity on the collection and separation of fluorescently labelled latex particles 

undergoing both p-DEP and n-DEP. They investigated the dependence of crossover 

frequency (the frequency at which the direction of DEP force changes) on particle size 

and medium conductivity. Their results demonstrated wide range use of DEP in 

biotechnological applications (Green & Morgan, 1997). 

Manipulation of cells such as microorganisms and bacteria using dielectrophoresis have 

been studied since 1994 where Markx et al. separated microorganisms of different 

species exploiting their different electrical properties using microelectrodes of 

polynomial geometry. They suggested a method to determine the effective particle 

conductivity by measuring how the optical absorbance of the bacteria changes as a 

function of conductivity. They managed to separate E. coli (undergoing n-DEP) and M. 
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lysodeikticus (experiencing p-DEP) by suspending them in a medium with conductivity 

value between the effective conductivity of the two species. The applied voltage and 

frequency was selected between the ones used to determine the effective particle 

conductivity. They also accomplished the physical isolation of two kinds of bacteria 

using a dielectrophoretic chamber integrated with castellated microelectrodes (Markx et 

al. 1994), followed by another paper at 1996, where they investigated dielectrophoretic 

separation of bacteria using a conductivity gradient. The liquid containing bacteria was 

pumped through the separation chamber with interdigitated castellated arrays of 

electrodes. Bioparticles were conducted to the electrodes by positive dielectrophoresis. A 

conductivity gradient was provided through the liquid flowing through the chamber and 

let the particles released from the electrodes due to their dielectric properties as a function 

of medium conductivity and the flow rate (G H Markx, Dyda, & Pethig, 1996). Other 

proposed DEP concentration techniques demonstrated advantages over conventional cell 

culture methods such as eliminating the need to enrich bacterial populations and 

significant decrease in the overall assay time (Yang 2012).  

Differential separation of species of bacterial cells can be achieved through 

dielectrophoresis due to the characteristic difference in dielectric properties of target and 

non-target bacterial cells (Becker et al. 1995; Cheng et al. 1998; Markx et al. 1994). DEP 

can provide the means for separation between live and dead cells based on difference 

between conductivity of the membrane of a viable and nonviable cell. DEP separation of 

live and dead Listeria innocua cells carried out by Li and Bashir. They found the optimal 
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operating frequency at which one type exhibits p-DEP while the other experiences n-DEP 

(Li & Bashir 2002). The optimal voltage frequency can also be chosen in a way that one 

type of bacteria can be captured by either p-DEP or n-DEP while the other type cannot be 

trapped at this voltage. Separation of viable and heat-treated nonviable E. coli cells 

accomplished by using the aforementioned method on an interdigitated microelectrode-

based device by Suehiro et al. (Suehiro et al. 2003). This method can also be used for 

separation of different species of bacterial cells (Nam et al. 2013). 

2.2.1.1 Antibody Coupled Methods 

Combination of dielectrophoresis with antibody-based capture of target cells is also a 

useful method for selectively sampling of bacterial cells. Two approaches have been 

investigated (Figure 2.5). In the first approach all types of bacteria are trapped by p-DEP 

on the antibody functionalized surface where target bacteria can bind and non-target 

species can be washed through a liquid flow. In the second approach the operating 

conditions are chosen in a way that only target bacteria can experience p-DEP and remain 

on the antibody immobilized surface (Yang 2012).  

The combination of DEP sampling and selective antibody capture of target bacterial cells 

has been conducted by different research groups (Suehiro, Ohtsubo, Hatano, & Hara, 

2006; Matthew Robert Tomkins, 2012; Yang, 2009). 

DEP can improve antibody immunocapture efficiency by conducting more bacterial cells 

down to the chip surface and retaining the cells in close contact with the immobilized 
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antibodies and allow them to react. DEP also leads particles to specific locations on the 

chip, which makes it beneficial for manipulation of cells in biosensors (Yang, 2009).  

 

 

Figure 2.5: Two approaches for DEP coupled with antibody capture for selective collection of 

target bacterial cells (Yang 2012). 

2.2.2 EHD/DEP Trapping of Bioparticles  

In addition to dielectrophoresis, other direct and indirect forces can act on the particles 

inside an electric field; such as Brownian, sedimentation, and electrohydrodynamic 

Washing flow 

Non-target bacteria Target bacteria 

High DEP force 
      Liquid flow 
 
Low DEP force 

Non-target bacteria Target bacteria 

Microelectrode 
Immobilized antibody 
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(EHD) forces. Brownian force can be neglected for micron-sized particles such as 

bacteria. However, electrohydrodynamic forces can dominate over DEP force in certain 

circumstances. AC electrohydrodynamic flow was first observed by Pethig et al., where 

diamond shaped aggregations formed on top of electrode surfaces at low frequencies 

(Pethig et al. 1992).  At the time it was an unknown phenomenon introduced as 

“anomalous dielectrophoresis”. This effect was also seen by Green and Morgan and they 

described it as the result of a balance between dielectrophoretic force and the action of 

fluid flow on particles in the presence of inhomogeneous AC electric field (Green & 

Morgan 1998). Later Ramos et al. described the source of this flow as the effect of 

tangential component of electric field on the diffuse double layer and called it 

electroosmotic flow (Ramos et al. 1998). Green et al. investigated the manipulation of 

both live yeast and latex particles using non-uniform AC electric fields and investigated 

the forces acting on them over a wide frequency range. Polynomial and castellated 

electrodes were used for investigations. Larger electrode gaps were used for larger 

particles such as cells, while smaller spacings were used for submicron latex particles. 

Particles were observed not to follow the motion into regions expected for conventional 

dielectrophoresis with changing frequency. For both yeast cells and latex spheres it was 

reported that particles form diamond-shaped aggregates on top of the castellated 

electrodes. These patterns interpreted as dielectrophoretic in origin, but under influence 

of fluid movement. These observations illustrated presence of other forces acting on 

particles namely electrohydrodynamic forces.  In order to follow the flow patterns, a 



 

21 

 

mixture of spheres with different sizes was used. A range of voltages and frequencies was 

applied to investigate the velocity of flow patterns. Different effects were observed 

through the range of applied frequencies, which led to distinguish between electrothermal 

effects at higher frequencies and the effect of electrical double layer (electroosmotic 

effect) at lower ones (N. G. Green et al. 2000).  Green et al. explored electrothermally 

induced fluid flow on planar microelectrodes. They observed an effective fluid flow at 

frequencies of the order of 1MHz arising from Joule heating. They presented numerical 

calculations for the electric field, temperature rise and the fluid flow, which all were in 

agreement with their experimental observations (Green et al. 2001).  

EHD flows have shown great contribution to enhancing manipulation of bioparticles in 

surface-based biosensors diminishing limitations conventional dielectrophoretic methods 

have. DEP force depends on the volume of particles, therefore it is extremely weak for 

small particles such as viruses, while EHD effects induce bulk flow and particle size is 

less relevant. Another issue is distance from the electrodes. DEP is a short-range force 

and decreases rapidly with distance from the electrodes as the gradient of the electric 

field drops sharply. EHD effects, on the other hand, are classified as long-range forces. 

Sensing devices, depending on their detection method, require collection of particles on 

top of the metal electrode surface. EHD forces can provide means for this type of 

collection (Hoettges, Hughes, Cotton, Hopkins, & McDonnel, 2003). Combined effect of 

dielectrophoresis and electrohydrodynamics for enhanced sampling of bioparticles has 

been explored by groups of researchers as listed below. 
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2.2.2.1 EO/DEP Trapping of Bioparticle 

As mentioned in the previous sections electroosmotic flow is effective at lower 

frequencies, while the direction of the dielectrophoretic force depends on sign of the real 

part of the Clausius-Mossotti factor which also is frequency dependent. Because DEP and 

ACEO have very different charge relaxation times, fast particle trapping using the 

combined effect of DEP and ACEO is hardly feasible. The cross over frequency (COF) 

for common types of bacteria is where ACEO effect is negligible, i.e. the relaxation time 

of the particles is much shorter than ACEO flow. For most of the bioparticles, 

specifically bacteria, n-DEP occurs at higher frequencies where electroosmotic flow is 

weak. Therefore EO/DEP trapping of bioparticles is typically occurring at lower 

frequencies where particles experience p-DEP. The majority of biological samples 

consist of multiple bacteria species and other particles of different sizes and physical 

properties. A practical sensor must be able to separate particles instead of collecting 

everything in the sample.  Separation of particles can occur before, during or after 

collection.  

Separation of particles during collection requires strong transport of particles towards the 

electrode surface with EO effect while some of them are trapped under p-DEP and the 

others under n-DEP. As explained before, different charge relaxation times of DEP and 

AC electroosmosis in typical electrolytes is an obstacle (See Figure 2.6). One solution to 

this problem is to shift the optimum ACEO frequency to the region where 

dielectrophoretic COF exists.  It has been shown that increasing the electrolyte 
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conductivity will give raise to the optimum ACEO frequency value (N. Green et al. 

2000), however it reduces the ACEO slip velocity (Gagnon & Chang 2005).  

Another possible solution is to adjust the Clausius-Mossotti factor so as to decrease the 

COF of the bioparticles and shift it to the region where ACEO is strong. This can be 

achieved by increasing the electrolyte permittivity. Equation (2-2) indicates how 

increasing electrolyte permittivity will reduce Maxwell-Wagner relaxation frequency. 

Increasing permittivity causes a rise in the number of ions accumulated on the particle 

surface at each half cycle. It requires longer times for larger number of ions to migrate 

around the particle for the next half cycle, hence leading to an increase in relaxation time 

or in other words a reduced COF (Gagnon & Chang 2005).  

 

 

Figure 2.6: Real part of the Clausius-Mossotti factor superimposed on ACEO slip velocity. 

Increase in electrolyte permittivity shifts Re[ke] to a region of stronger ACEO flow (Gagnon & 

Chang 2005). 
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Increasing electrolyte permittivity can be accomplished by adding ionic molecules, or 

zwitterions, which have high polarizability to the solution (Arnold & Zimmermann 1993; 

Gagnon & Chang 2005).  

From all the above it is obvious that limitations to low-conductivity samples and low 

voltages can make DEP/EO traps ineffective. Gagnon et al. have proposed a serpentine 

continuous design, which allows sustaining a high voltage, without producing excessive 

heat and induced Faradaic reactions. They achieved optimum collection conditions by 

modifying the permittivity of a particle suspension using ionic molecules. Strong 

electroosmotic convection generated within a frequency range where particles can 

separate experiencing both n-DEP and p-DEP. They also managed to collect Escherichia 

coli bacteria suspended in an aqueous solution of 1.5 M AHA (zwitterion 6-

aminohexanoic acid) to a concentration of approximately 500 CFU/mL in less than 15 

seconds at 20 VRMS and 400 kHz. The rapid collection from a large sample volume of 70 

µL, was due to existence of a strong tangential electroosmotic flow over the electrode 

surface which conducted all the bacteria in the bulk across the surface, where then were 

trapped by p-DEP at high field areas (Gagnon & Chang 2005). 

Separation of particles can also happen after the collection where other particles are 

washed out from the surface while target particles are bonded to the selective surface of 

the sensor. Hoettges et al. presented a mechanism to wash the unwanted particles away 

using a strong updraft flow in a chamber and maintain the target particles by specific 
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antibodies on the selective surface of the electrode. They have proposed a novel 

configuration of electrodes namely Zipper electrodes for an optimized particle collection 

using combined effect of DEP/EO. It consists of an array of circular tip pads interlocking 

each other (Figure 2.7). BG (Bacillus subtilis var. niger) spores, fluorescently labeled 

latex beads and yeast cells were the target particles used to evaluate the performance of 

electrodes for bacteria, virus and cell-sized particles respectively. Particles were 

suspended in a range of medium conductivities and experiments ran using different 

electrode sizes. Optimum collection conditions were identified by distance from the edge 

at which particles were collected.  They succeeded collecting particles from a sample 

with concentration of 5×103 spores/mL using a single electrode pad exploiting bulk flow 

combined with dielectrophoresis (Hoettges et al. 2003). 

 

Figure 2.7: : A schematic of the zipper electrode configuration (Hoettges et al. 2003) 

 

The effect of various operating parameters on the efficiency and collection speed can be 

investigated through interpreting experimental results with numerical simulations. Bhatt 
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et al. developed a technique for collection of colloidal particles in a chamber using a 

combination of EO and DEP forces. They modeled EHD flows and created electrostatic 

and hydrodynamic simulations consistent with their experimental results using FEMLAB 

to explain their technique for concentration of colloidal particles. They showed 

electroosmotic enhanced capturing of particles is an effective method applicable to a 

variety of bioparticles such as cells and bacteria as it only depends on the electrical 

double layer formed on the electrodes irrespective of physical properties of particles such 

as their shape, size and charge (Bhatt et al. 2005) 

A number of groups have investigated potential optimized conditions of DEP/ACEO 

collection of bioparticles using with microcantilevers and microfluidic devices with co-

planar electrodes, using experiments and numerical simulations (Islam et al. 2006; Ishida 

et al. 2012; Arefin & Porter 2012; Wu & Yang 2013). 

2.2.2.2 ETF/DEP Trapping of Bioparticles 

Electrothermal effects can combine with DEP to enhance capturing of bioparticles. At 

higher frequencies where electroosmotic flow is negligible, ETF can contribute to induce 

a fluid flow to transport particles to the vicinity of electrodes where they can get trapped 

by dielectrophoresis. It is especially applicable for samples of high ionic strength since 

ACEO flow is negligible for such samples. ETF on the other hand, is significant at higher 

conductivities due to the direct dependence of Joule heating to the conductivity and 

square of the applied electric field (~𝜎𝐸!), (see equation (2-4)). Being effective at high 
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conductivities makes ETF an excellent means for manipulation of fluids at biologically 

relevant ionic strengths.   

Electrothermal effects eliminate molecular diffusion barrier in diluted samples by 

generating swirl flows toward the electrode surface (Liu et al. 2011). Therefore, coupling 

ETF with DEP capture methods reduces required incubation time for effective diffusion 

and binding needed for a reliable detection.     

ETFF has shown multiple uses in microfluidic systems. It can be used for transportation 

of sample solution through the microchannel as well as guiding the target analytes toward 

the sensor surface through the vortices (Liu et al. 2011). 

As discussed in previous sections particles can undergo p-DEP or n-DEP in the presence 

of a non-uniform AC electric field. p-DEP attracts particles to regions with high electric 

field intensity and has been widely used for manipulation of bioparticles. However, it is 

limited to low conductivity media. The other limitation is the potential cell damage due to 

the stress exerted on particles during p-DEP. n-DEP on the other hand, pushes particles 

toward electric field minima and is applicable for both high and low conductivity media.  

It has been shown that electrothermally induced flow patterns can combine with n-DEP 

force and dramatically increase microfluidic particle manipulation efficiency. Capture of 

B. subtilis and C. sporogenes spores and PS particles have been demonstrated using 

planar square electrodes. ETF circulates particles in the microfluidic chamber leading 

them to specific regions on the electrode surface where n-DEP occurs. These regions are 

identified using numerical simulations (Koklu et al. 2010). 
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Docoslis et al. investigated the roles of DEP and electrothermally induced fluid flow in 

the effective capture of viruses at sensor surfaces. They conducted experimental 

measurements of the collection of viruses from high conductivity media and showed they 

are in agreement with simulations. Their calculations of dielectrophoretic force indicated 

its limitation to a few micrometers of the electrode surface. Their study reported the 

significant influence of electrothermally induced convective flows on accelerated virus 

transport to the surface (Docoslis et al. 2007).   

Enhanced sampling of bioparticles using combined ETF/DEP effect can couple with 

antibody capture methods to significantly reduce sampling time and enable selective and 

stable pathogen collection from dilute samples with high ionic strength (Liu et al. 2011; 

Tomkins 2012; Tomkins et al. 2008).  

Tomkins et al. have investigated selective capture of polystyrene particles coated with 

specific antigens on the antibody-functionalized surface of silicon quadrupolar 

microelectrodes. 3-D simulations have been carried out for better understanding of the 

collaboration between dielectrophoresis and electrothermal flows that cause rapid particle 

collection on the microelectrode surface (Tomkins et al. 2008; Wood et al. 2007).   
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Chapter 3 

Materials and Methods 

Unless otherwise mentioned, all chemicals were provided by Sigma-Aldrich (MO). 

Experimental and sample preparation protocols, developed and written by Matthew R 

Tomkins, were reused by permission (Tomkins 2012).  

3.1  Microelectrodes 

Inhomogeneous AC electric fields were generated by a set of gold electrodes embedded 

on the surface of oxidized silicon substrate (SiO2 thickness: 500 nm). The overall 

dimension of each chip was 1.5 cm x 1.5 cm. The chips were fabricated through 

photolithography and metal evaporation (gold deposition), achieved by electron beam 

evaporation. The tip-to-tip separation between the circular points of opposite electrodes is 

10 micrometers.   

Figure 3.1 shows the top down view of the selected electrode design used for experiments.  
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Figure 3.1: (a) Image of the circular electrode design. The gold colour indicates the electrodes 

while the green colour shows the oxidized silicon substrate. (b) The electrodes are presented with 

the visualization plane A used for numerical simulations. 

3.1.1 Chip Fabrication  

The microelectrodes were fabricated at the Queen’s Micro- and Nano-fabrication facility 

in Jackson Hall (QFAB). Polished silicon wafers were purchased from University Wafer 

(Massachusetts, USA). The wafers had a diameter of 4 inches and a silicon dioxide layer 

of 0.5 micrometers thick. Wafers were rinsed with filtered water, acetone, isopropyl 

alcohol, and filtered water respectively. They were blow-dried with nitrogen and heated 

to 100 °C for 15 minutes followed with Oxygen-Plasma treatment for 15 minutes. 

Negative photoresist, ma-N 1405 (Microresist Technologies, Germany), was applied on 

the wafer by a two-step spinning on the spin coater. It was first spun for 6 seconds with 

600 rpm following with a 30 second spin for 3000 rpm.  The wafer was baked at 100 °C 

for 2 minutes and taken to the mask aligner. Contact photolithography was performed by 

placing a chrome plated quartz plate having the negative pattern of the microelectrode 

design on the wafer. The photoresist was exposed to 22.5 seconds of UV light and 
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developed in ma-D 533 (Microresist Technologies, Germany) for 45 seconds. The wafer 

was rinsed with filtered water and observed under the microscope. A typical pattern is 

displayed in Figure 3.2. If crazes were present, the wafer had to be cleaned with remover 

mr-Rem 660 (Microresist Technologies, Germany) and re-patterned.  

 

Figure 3.2: light microscope image of a ma-N 1405 photoresist pattern of a circular electrode with 

tip-to-tip spacing of 10 microns between the circular points of opposite electrodes. 

 

Patterned wafers were then taken to the thermal evaporation unit for the metal deposition. 

First 5nm of chrome is deposited on the surface to enhance binding of 100 nm gold to the 

silicon dioxide layer. Gold lift off was carried out by a gentle sonication of the 

submerged wafer in acetone for approximately 45 seconds. The individual microchips 

were then diced using DAD 321 disco automatic dicing saw. A sacrificial layer of 

photoresist was applied to the wafer prior to dicing, which is then removed by acetone. In 

order to prevent the overheating of the saw, water was kept flowing at 0.1-0.2 L/min in 

the dicing device.  

10#um#
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3.1.2 Bacteria Preparation  

The strain of E. coli (K12) used in this research was generously donated by Dorothy 

Agnew from the department of Microbiology and immunology at Queen’s University. 

The Pseudomonas Fluorescens was donated by Julian Dafoe and Dr. Andrew Daugulis 

from the department of Chemical Engineering at Queen’s University. E. coli and 

Pseudomonas Fluorescens were kept alive on Luria Bertani agar plates until needed. 

Samples with known concentrations were prepared by dilution with Millipore® filtered 

water. Bacteria counting was conducted using Petroff-Hausser bacteria counter. 

Suspensions were used immediately after preparation.  

3.1.3  Antibody Functionalization 

Antibody immobilization on the surface of the microchips was conducted by a procedure 

adapted from (Yang 2009). The chip was first cleaned by sequentially rinsing with water, 

acetone, ethanol, and water. It was treated with UV-Ozone and submerged in Millipore® 

filtered water for 20 minutes. A 25 µL droplet containing a solution of 500 µg/mL 

biotinylated-BSA (Bovine Serum Albumin) in phosphate buffered saline (PBS) was 

placed on the chip and allowed to adsorb on the surface overnight. The chip was then 

washed in PBS for 15 minutes and blow-dried with nitrogen. A 25 µL droplet of 2.5 

mg/mL avidin in PBS was placed in contact with microelectrodes and incubate in a high 

humidity environment at room temperature for 2 hours. The device was washed in PBS 

again for 15 minutes. After drying, a 25 µL droplet of polyclonal biotinylated anti-E. coli 
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(Abcam Inc., MA) was placed on the surface and let to settle for 3 hours in a high 

humidity environment at room temperature. The chip was washed a final time with PBS 

for 15 minutes, followed by a rinse with Millipore® filtered water and blow-dried with 

compressed nitrogen. The functionalized electrodes were kept in the fridge at 4 °C until 

used in experiments. 

3.1.4 Sample Handling  

All the experiments were carried out at room temperature. The bacteria suspensions were 

used immediately after dilution. The experiments were conducted on a custom-designed 

platform shown in Figure 3.3. The stage was attached to a microscope (Olympus, BX-41) 

coupled to a CCD camera (Lumera, Infinity 3). 30 µL of each sample is placed directly at 

the centre of microelectrode using a micropipette. Power to the microelectrodes was 

supplied by a signal generator (BK Precision 4040A) in an alternating fashion, which 

provides 180° phase difference between adjacent electrodes. The value of applied voltage 

and frequency was monitored by an oscilloscope (Tektronix 465).   
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Figure 3.3: The custom designed platform attached to the microscope. 

3.1.5 Sample Imaging 

Microchips with collected bacteria were then rinsed with Millipore® filtered water and 

blow-dried using nitrogen. They were visualized using light microscope. Figure 3.4a 

shows a light image of experimental evidence of trapped bacteria. The green spots 

indicate the captured bacteria. For better visualization, collected bacteria were then 

stained with Crystal Violet. A 25 µl droplet of Crystal Violet was placed on the centre of 

the electrodes where the bacteria were captured. Crystal Violet dissociates into positive 

and negative ions, which penetrate through the bacterial cell wall and stain them purple 

(Figure 3.4b).  
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Figure 3.4: (a) Green spots indicate captured bacteria. (b) Crystal violet stained bacteria. 

3.1.5.1 SEM Sample Preparation 

Collected bacteria prepared for SEM visualization through a procedure adapted from 

(Liao et al. 2010). The chips having bacteria captured on their surface were suspended in 

3% (v:v) glutaraldehyde solution in 0.1M phosphate buffer saline (PBS) and fixed for 24 

hours. The chips were then submerged in PBS for a rinse for 15 minutes. The cells were 

dehydrated with ethanol solution series for 10 minutes each. Cell dehydration was 

accomplished by submerging the chips in 10% ethanol solution following through 30%, 

50%, 70%, and 90% solutions. Then they were rinsed in100% ethanol for two 10-minute 

intervals. After critical point drying and coating the surface with gold, they were ready 

for scanning electron microscopy. 

3.2 Numerical Simulations 

Numerical simulations conducted to investigate the phenomena governing capture of K12 

E. coli particles inside quadrupolar microelectrode arrays.  
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In this work, a modified version of the mathematical model previously used by Wood et 

al. (Wood et al. 2007) and, later, by Tomkins et al. (Tomkins et al. 2008) to simulate 

trapping of viral and fluorescent particles, respectively, was employed. The model 

purports to simulate the 3-dimensional force field experienced by K12 E. coli particles in 

the presence of dielectrophoresis, electroosmosis and electrothermally generated fluid 

flow in the vicinity of an energized quadrupolar microelectrode array. Simulations were 

conducted on a Dell Precision 690 dual-core xeon processor with a speed of 3.73 GHz 

and 16 GB of SDRAM. Comsol Multiphysics, version 3.5a (Burlington, MA) was used to 

solve model equations along with initial and boundary conditions using finite element 

method. The model was meshed with approximately 50 to 120 thousand elements (~300-

740 thousand degrees of freedom). The equations were solved for only one quarter of the 

system due to internal symmetry.  

3.2.1 Model Design 

The microelectrode design is identical to the one developed by Matthew R. Tomkins and 

Jeff Wood (Tomkins et al. 2008). The separation between the tips is 10µm, the X and Y 

walls are both 500 µm long and the Z plane is 800 µm. The electrodes are set 300 µm 

from the top of the model with a small thickness (~200 nm) raising their surface above 

the SiO2 layer, which is 500 nm thick itself. Beneath the thin layer of SiO2 is a slab of Si 

with the thickness of ~500µm. Above the surface of SiO2 and electrodes there is a dilute 

electrolyte solution of water.  
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Figure 3.5: Views illustrating (a) An isometric projection of the 3D wireframe model used for 

simulations including dimensions; and (b) Top-down view of one quarter of the system, which 

the equations were solved for.  

3.2.2 Numerical Simulations of AC Electrokinetic Forces and Particle Velocities 

The simulation was designed to indicate the individual and combined effects of 

electroosmosis (EO), electrothermal flows (ETF), and dielectrophoresis (DEP) on K12 E. 

coli particles.  

The medium density (𝜌!) was calculated as a function of temperature (T), as well as the 

medium relative permittivity (𝜀!), viscosity (η), and conductivity (𝜎!) using the 

equations used in previous work (Wood et al. 2007).  

 

𝜌! = [−3.9854×10!!(𝑇 − 273.15)! − 3.7765×10!! 𝑇 − 273.15 + 1.0001]𝜌 (3-1) 

𝜀! = 87.297 − 0.3156 𝑇 − 273.15  (3-2) 
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𝜂 = (−0.0077426(𝑇 − 273.15)! + 1.0344(𝑇 − 273.15)! − 57.283 𝑇 − 273.15

+ 1790.8)×10!! 
(3-3) 

Actual value for electrical conductivity of the medium, 𝜎!, was determined 

experimentally and assumed to be independent from temperature changes.  

3.2.2.1 Dielectrophoresis 

The time averaged dielectrophoretic force exerted on a prolate ellipsoid in presence of an 

AC electric field is given by the following equations (Castillo-Leon et al, 2011): 

𝐹!"!! = Γ. 𝜀! . 𝜀!.𝑅𝑒 𝐾!! .∇ 𝐸
! (3-4) 

Γ = 𝜋𝑅!𝑅!𝑅! (3-5) 

Where Γ is a factor related to particle geometry, Re[Ke] is the real part of Clausius 

Mossoti factor, and E is the amplitude value of the applied electric field. This equation 

was broken into its components j=X, Y, Z for simulation.  

3.2.2.1.1 Calculation of Clausius-Mossotti Factor for K12 E. coli 

As discussed in the previous chapter, FDEP depends on the dipole moment of the particles, 

which changes with the frequency of the applied field and dielectric properties of the 

medium and the particles. FDEP is described by the following equation. 

𝐹!"# = 𝑃!∇𝐸! (3-6) 

P, the dipole moment, can be demonstrated as following for an ellipsoid (Csoka et al. 

2011). 
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𝑃! = 4𝜋𝑎!𝑏𝜀!∗ 𝐾!𝐸! (3-7) 

a=Ry  and b=Rz stand for major and minor half axes, and the j = x, y, z components 

represent the directions along these axes.   𝜀!∗  is the complex permittivity of the medium 

and Kj represents the Clausius-Mossotti (CM) factor. The complex CM factor can be 

written as equation (3-8) for a homogeneous ellipsoid.  

𝐾! 𝜔 =
1
3

(𝜀!∗ − 𝜀!∗ )
𝜀!∗ + 𝛼!(𝜀!∗ − 𝜀!∗ )

 (3-8) 

with  

𝜀∗ = 𝜀 − 𝑖
𝜎
𝜀!𝜔

 (3-9) 

𝜎 is the conductivity, and 𝜔 = 2𝜋𝑓 is the angular frequency. 𝛼! is the depolarization 

factor along each of the three axes. 

In this work, K12 E. coli particles were modeled as a three-shell prolate spheroid with a 

procedure adapted from Bai et al. The effective polarizability factor was calculated as a 

function of frequency for K12 E. coli particles by Joshua Raveendran using MATLAB. 

The cell was assumed to be identical in the x and z plane and elongate in y direction (Ry 

> Rx = Rz).  A schematic of the model is shown in Figure 3.6.  The inner core is mainly 

cytoplasm, and the three shells are inner membrane, periplasmic space in the middle, and 

the outer membrane, respectively. Although the thickness of each shell is nonuniform, 

but since the thicknesses of shells are much smaller than the dimensions of E. coli cell 

(dom, dpp, dim<<Ry,Rz), uniform shell thicknesses (dom, dpp, dim) were assumed. A 
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composite model was used to combine shells together. No quantitative value of 

conductivity has been found for the outer membrane, thus the value of conductivity was 

selected and other parameters were calculated. Changing the conductivity of the medium 

assumed to have no impact on other dielectric properties such as medium permittivity 

(Bai et al. 2006).  

 

Figure 3.6: The 3-shell prolate spheroidal model for E. coli cell (adapted from Bai et al.) 

 

Complex CM factor was calculated through equation (3-10) for the three-shell model as 

following: 

𝐾! 𝜔 =
1
3

(𝜀!"∗ − 𝜀!∗ )
𝜀!∗ + 𝛼!(𝜀!"∗ − 𝜀!∗ )

 (3-10) 
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𝐾 𝜔 = Σ𝐾! 𝜔  (3-11) 

𝜀!"∗  is the complex relative permittivity of the shell covered ellipsoid (composite 

containing cytoplasm, inner membrane, periplasmic space and outer membrane) along j-

axis (j=x,y,z): 

𝜀!"∗ = 𝜀!"∗
𝛽! 1− 𝜈! 𝜀!"∗ + (1+ 𝛽!𝜈!)𝜀!"∗

(𝛽! + 𝜈!)𝜀!"∗ + (1− 𝜈!)𝜀!"∗
 (3-12) 

where 𝜀!"∗  is the complex relative permittivity of the composite containing cytoplasm, 

inner membrane, and periplasmic space: 

𝜀!"∗ = 𝜀!!∗
𝛽! 1− 𝜈! 𝜀!!∗ + (1+ 𝛽!𝜈!)𝜀!"∗

(𝛽! + 𝜈!)𝜀!!∗ + (1− 𝜈!)𝜀!"∗
 (3-13) 

and 𝜀!"∗  is the is the complex relative permittivity of the composite containing cytoplasm 

and inner membrane: 

𝜀!"∗ = 𝜀!"∗
𝛽! 1− 𝜈! 𝜀!"∗ + (1+ 𝛽!𝜈!)𝜀!"∗

(𝛽! + 𝜈!)𝜀!"∗ + (1− 𝜈!)𝜀!"∗
 (3-14) 

𝛽! =
1− 𝛼!
𝛼!

 (3-15) 

𝛼! , 𝛼! , 𝛼! are the depolarization factors along the x, y, z axes and for prolate spheroids 

with Ry > Rz = Rx, are given as 

𝛼! = −
1

𝑞! − 1+
𝑞

(𝑞! − 1)! !
ln  {𝑞 + (𝑞! − 1)! !} (3-16) 

𝛼! = 𝛼! =
1
2 1− 𝛼!  (3-17) 
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Where q is the axial ratio defined as q =Ry / Rz .  𝜈!,   𝜈!,   𝜈! are the volume ratios: 

𝜈! =
(𝑅! − 𝑑!")(𝑅! − 𝑑!")!

𝑅!𝑅!!
 (3-18) 

𝜈! =
(𝑅! − 𝑑!" − 𝑑!!)(𝑅! − 𝑑!" − 𝑑!!)!

(𝑅! − 𝑑!")(𝑅! − 𝑑!")!
 (3-19) 

𝜈! =
(𝑅! − 𝑑!" − 𝑑!! − 𝑑!")(𝑅! − 𝑑!" − 𝑑!! − 𝑑!")!

(𝑅! − 𝑑!" − 𝑑!!)(𝑅! − 𝑑!" − 𝑑!!)!
 (3-20) 

Equations (3-10) to (3-20) are from (Bai et al. 2006). For details of derivations references 

(Asami 2002; Asami et al. 1980; Koizumi et al. 1980) should be referred to.   

Physical dimensions of the K12 E. coli cell were taken from (Bai et al. 2006) as well as 

assumed electric parameters. Ry = 2 µm, Rz = Rx = 0.5 µm, dom = dim = 0.007 µm, and dpp 

= 0.01 µm. Relative permittivities were assumed to be 80, 60 and 100 for the medium, the 

periplasmic space, and cytoplasm respectively. The conductivity of the inner membrane 

was assumed to be 0 S/m.  

3.2.2.2 AC Electroosmosis 

The electroosmotic slip time averaged velocity applied to the surface of the electrodes is 

shown by equation (3-21).   

< 𝑢!"#$ >!= −
𝜀!
2𝜂 Λ𝑅𝑒[ 𝑉 − 𝑉! .𝐸!] (3-21) 

V is calculated by Gauss’ law from equation (3-25) and will be explained in section 

(3.2.3.1). The εi in equation (3-25) used for calculation of voltage drop across the 
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electrical double layer is equal to 𝜀 = !
!"!!!

. Vi corresponds to electrode surface boundary 

conditions and is replaced by 𝑉! = 𝑉! exp 𝑖0  and 𝑉! = 𝑉! exp 𝑖𝜋   , which are the 

voltages applied to each electrode surface. To allow for the simulation to be completed, 

the viscosity (η) here is assumed to be constant and independent from temperature 

gradient. Λ is the correction factor equal to the ratio of the potential drop across the 

diffuse layer to the total electrical double layer. There is no possible way to calculate the 

potential at either mentioned locations, but previous experimental work has provided data 

which allowed for the correction factor to be found through simulation (Bazant et al. 

2009). According to these data, the most representative value for our case was found to 

be 0.001.  

3.2.2.3 Electrothermal Flows 

The time-averaged electrical body force responsible for the generation of electrothermal 

fluid flow is shown in equation (3-22): 

< 𝐹!"!# >=
1
2𝑅𝑒

𝜎!𝜀! 𝛼 − 𝛽
𝜎! + 𝑖𝜔𝜀!

∇𝑇.𝐸 𝐸 −
1
2 𝜀!𝛼 𝐸

!
∇𝑇  (3-22) 

where parameters α and β show the effects of temperature gradients on medium 

permittivity and conductivity, respectively.  

𝛼 =
1
𝜀!

𝜕𝜀!
𝜕𝑇 ≅ −0.00397  

 

(3-23) 
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𝛽 =
1
𝜎!

𝜕𝜎!
𝜕𝑇 ≅ 0.02 (3-24) 

The Value for 𝛽 is approximated from (Morgan & Green 2003). 

3.2.3 Model Equations 

The electric field, temperature profile, and fluid flow profiles are generated by solving 

charge, energy and momentum balance equations for the system. 

3.2.3.1 The Electrical Problem 

The electrostatic approximation was applied to solve for the electrical potential for the 

fluid and substrate materials. The medium permittivity was calculated as a function of 

temperature through equation (3-2). The substrate material permittivities were taken from 

COMSOL library and considered to remain constant for SiO2 and Si layers. The charge 

density was assumed to be negligible for the system. Therefore, from Gauss’ law we 

have: 

∇. 𝜀!∇𝑉 = 0 (3-25) 

For the perfectly conducting gold electrodes, the electrical conductivity was assumed to 

be constant and not changing with temperature due to the negligible temperature 

difference within electrodes. This assumption results in Laplace equation for electrodes 

as following: 

∇!𝑉 = 0 (3-26) 
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3.2.3.2 Energy Balance 

Ohmic heating causes a temperature profile, which can be calculated through solution of 

energy balance equation (Bird et al. 2002): 

𝜌!𝐶!
𝜕𝑇
𝜕𝑡 + 𝜌!𝐶!𝑢.∇𝑇 = ∇. 𝑘∇𝑇 + 𝜎! 𝐸!"#

!
 (3-27) 

𝜌! is the mass density, Cp is the specific heat at constant pressure, 𝑢 is the velocity, k is 

the thermal conductivity and 𝜎!is the electrical conductivity of the medium. Thermal 

conductivity was taken as a function of temperature for the medium, and constant for 

silicon and silicon dioxide. A steady state approximation was used due to the order of 

magnitude considerations. Therefore the first term in the right hand side of equation 

(3-27) eliminated. The convective heat flux was also neglected because of the small value 

of calculated Peclet number for the system.   

𝑃𝑒 = 𝑅𝑒.𝑃𝑟 =
𝐶!𝑙!𝑢!,!𝜌

𝑘 ≅ 10!! (3-28) 

Physical values of water at 21 0C were assumed for the calculation of Peclet number. l0 = 

10-5 m and u0,M=0.1 mm/s were approximate values taken from (Tomkins 2012). The 

electrical conductivity was assumed constant for substrates and electrodes, as well as the 

medium. Considering the above-mentioned assumptions, equation (3-27) is simplified to 

the following equation for energy balance. The temperature profile is calculated through 

the solution of this equation.  

∇. 𝑘!∇𝑇 + 𝜎! 𝐸!"#
!
= 0 (3-29) 
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3.2.3.3 Momentum Balance 

Momentum balance for the fluidic domain is governed by equation of motion for non-

isothermal flow at steady-state (Bird et al. 2002):   

0 = −𝜌! 𝑢.∇𝑢 + ∇. (−𝑝𝐼 + 𝜂 ∇𝑢 + ∇𝑢)! + 𝜌!𝑔 + 𝑓 (3-30) 

∇.𝑢 = 0 (3-31) 

I is the unit tensor and ‘T’ presents the transpose operator.  

The buoyancy term is also neglected because of the small Grashof number of the system: 

𝐺𝑟 =
𝑙!𝜌!! 𝛽!𝑔∆𝑇

𝜂! ≅ 10!! (3-32) 

where 𝛽! is the volumetric thermal expansion coefficient of water at 210C (=210K-1), 𝜌! 

and 𝜂 are density and viscosity of water at the same temperature, and l stands for a 

characteristic dimension of the system, which assumed to be equal to the electrode gap 

(10µm). Due to the assumptions and order of magnitude considerations, the final 

simplified form of stokes-flow equation demonstrates momentum balance for the 

incompressible fluid, from where the fluid velocity is calculated: 

∇. (−𝑝𝐼 + 𝜂 ∇𝑢 + ∇𝑢)! + 𝑓 = 0 (3-33) 

𝑓 is the body force exerted on K12 E. coli particles arised from electrothermal 

electroosmotic effects.  

When equation (3-33) is used to calculate the electroosmotic velocity fields, 𝑓 = 0, and 

equation (3-21) is used as slip velocity on the surface of each electrode as boundary 
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conditions. When the Stokes flow equation is used to calculate the electrothermally 

generated velocity and force fields, 𝑓 = 𝑓!"!# , given in equation (3-22), and the 

boundary condition of no slip (𝑢 = 0) is considered on the electrode surface. The model 

can also determine the combined effect of electroosmotic and electrothermally induced 

fluid flow, by solving the Stokes flow equation, considering equation (3-21) as electrode 

surface slip velocity and 𝑓 = 𝑓!"!# .  

The resulting viscous drag force on K12 E. coli particles from medium electrothermal or 

electroosmotic flow is calculated by Stokes law: 

𝐹!"#$%& = 𝑓 𝑢 − 𝑣  (3-34) 

where 𝑣  is the velocity of the particles. In this work, in the case of comparing order of 

magnitude between dielectrophoretic and viscous drag force, particles were assumed as 

stationary particles (𝑣 = 0). f is the friction factor. The ellipsoid generally will orient one 

of its principle axes based on the electric field. However, for this work it is assumed that 

co-ordinate axes of the bacteria matched the co-ordinate system of the electrodes at all 

times. To simplify the model, the variation of electrical field within the bacteria was 

neglected. Since the relation between the orientation of the ellipsoid and its motion is 

unknown, the friction factor for a randomly moving prolate ellipsoid was used (Morgan 

& Green 2003): 

𝑓 𝑘𝑔. 𝑠!! =
6𝜋𝜂𝑅!

log
2𝑅!
𝑅!

 (3-35) 
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Chapter 4                                                                                                     

AC Electrokinetic Sampling of Bacteria in Planar Quadrupolar 

Microelectrode Arrays 

Experimental investigations on the conditions that enable accelerated sampling of E. coli 

on the surface of a planar quadrupolar microelectrode array by means of AC 

electrokinetic effects are presented in this chapter. Specifically, the array’s capture 

efficiency is examined as a function of experimental parameters such as, collection time, 

AC frequency, applied voltage, and bacteria concentration in the sample. Microelectrodes 

decorated with E. coli specific antibodies are used in some of the experiments for a proof-

of-principle demonstration of selective E. coli sampling in the presence of debris or 

heterogeneous bacteria populations.  

4.1 Bacteria Sampling Inside an AC Electric Field 

Quadrupolar microelectrodes with a tip-to-tip separation of 10 micrometers were used for 

the experiments (Figure 3.1a). Initial tests were performed with samples containing 109 

particles/mL K12 E. coli suspended in Millipore® filtered water. The amount of sample 

used for each experiment was approximately 30  µL.  

Tests performed without an electric field resulted in no detectable bacteria capture, as 

shown in Figure 4.1. 
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Figure 4.1: Top-down view of the quadrupolar microelectrode tips. (a) Before Collection. (b) 

After droplet removal and surface drying (Concentration: 109 Particles/mL; Experiment duration: 

30 min). 

 

The same experiment was performed after the electrodes were connected to an AC source 

of 20 Vpp, (peak-to-peak value) and frequency of 1 MHz. The microelectrode set was 

attached to the custom designed platform shown in Figure 3.3. The electrodes were 

connected to the AC source in an alternating fashion with 180° phase difference between 

adjacent electrodes. Figure 4.2 shows images of the microelectrode chip before, during 

and after collection for 30 min. Figure 4.2a (zoomed out view) and Figure 4.2b (zoomed in 

view) were taken before the collection with x10 and x100 magnifications, respectively, to 

confirm absence of contamination on the electrode surface. Figure 4.2c shows the 

microchip during collection while the AC electric field was on. The diamond-shaped 

pattern of collection indicates particles were undergoing p-DEP (positive 

dielectrophoresis) as they accumulated at the edges of the electrodes where the electric 

field is at its greatest intensity. The height of the sample droplet did not allow for 

(a)$ (b)$

$5$um$ 5$um$
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observation with a higher magnification lens during collection. An image of the 

microelectrode surface after sample rinsing and drying can be seen in Figure 4.2d. 

Captured bacteria appear as greenish spheroidal objects. The collection pattern is 

consistent with p-DEP as bacteria are seen to accumulate where the separation between 

adjacent electrodes is at its minimum (location of maximum electric field intensity).  

 

Figure 4.2:  Top-down view of the centre of a quadrupolar microelectrode array. (a), (b) Before 

collection. (c) During collection (30 min); (d) After microelectrode rinsing and drying. 

Conditions:  20 Vpp, 1 MHz, 109 particles/ mL.  
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Another observation that can be made by comparing images Figure 4.2c and 4.2d is that 

most of the bacteria that are attracted by dielectrophoresis to the electrodes during the 

experiment (Figure 4.2c) are removed during rinsing of the chip due to the lack of specific 

attachment between the particles and the substrate. The amount of stably captured 

bacteria after the experiment is terminated could be improved with the aid of a molecular 

layer that provides non-covalent binding of bacteria to the surface. The binding can be 

non-specific, e.g., with a molecular coating of poly-L-lysine (molecule with a net positive 

charge) on the substrate that can electrostatically bind to the bacteria, or specific, i.e., 

with the use of surface attached antibodies to K12 E. coli. The latter option is 

demonstrated later in this chapter. For all other tests, a correlation is assumed between the 

density of captured bacteria while the electric field was on (Figure 4.2c) and that finally 

observed on the microelectrode surface after rinsing/drying (Figure 4.2d). Although an 

exact ratio has not been calculated, the validity of this assumption appears to hold true, as 

confirmed by consistent observations made during a large number of experiments.       

4.2 Scanning Electron Microscopy of Collected Bacteria 

Microelectrodes containing captured particles were taken for scanning electron 

microscopy (SEM) to confirm that the greenish spheroidal objects visualized on the 

surface were the bacterial cells. The pictures were then compared to the available SEM 

images of K12 E. coli from literature (Bertin et al. 1994).  
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Two sets of microelectrode arrays were selected. The first set (chip1) was functionalized 

with anti-K12 E. coli antibody and used for bacterial collection from a sample of K12 E. 

coli. The sample was prepared from a suspension of 109 particles/mL electrified at 8Vpp 

and 1kHz. The captured bacteria were then stained with Crystal Violet. The operating 

conditions were selected in a way to result in a relatively effective collection of bacteria 

on the surface.  

The conditions for the second set (chip2) were chosen so as to result in a low enough 

bacteria density that allow observation of individual cells. In this case, collection of K12 

E. coli cells was performed using a sample of 109 particles/mL with an applied voltage of 

20 Vpp at a frequency of 1 MHz without staining step. The sample preparation procedure 

for SEM is described in Chapter 3. The results are presented in Figure 4.3a shows the first 

chip with stained bacteria on the surface, visualized through scanning electron 

microscopy. The high density of particles collected between the adjacent electrodes, 

where the electric field intensity is the highest, and the empty space confirm the expected 

collection pattern for p-DEP. Figure 4.3b displays picture of the second chip taken with 

scanning electron microscopy. The rod-shaped objects collected at the edges of the 

electrodes have approximate length of 2 µm and diameter of 0.5 µm, which is in 

agreement with the reported dimensions for the E. coli cells from literature (Bertin et al. 

1994). 
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Figure 4.3: Captured K12 E. coli in the area around the microelectrode tips (top down view). (a) 

SEM image of chip 1 (109 particles/mL, 8 Vpp, 1 kHz, E=1000 kV/m); scale bar: 10 µm. (b) SEM 

image of Chip 2 (109 particles/mL, 20 Vpp, 1 MHz, E=2500 kV/m); scale bar: 10 µm. 

4.3 Effect of Sampling Time on Bacteria Collection 

The effect of sampling time on the captured bacteria density was experimentally 

investigated. The purpose of this test was to identify a reasonably long sampling time that 

permits representative and reproducible conclusions to be drawn experimental conditions 

and resulting collection efficiency. A typical experiment among those performed in order 

to test the cumulative effect of collection time is as follows: 30 µl droplet of a sample 

containing 109 particles/mL would be placed over the centre of a microelectrode array 

connected to the power source and collection would be left to take place for 5 min. After 

5 min the electric field would be turned off and the chip would be rinsed/dried and 

observed under the microscope. The same procedure would be repeated for another 5 min 

using the same chip and a new sample droplet. The process continuous until no visible 
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difference is observed in terms of captured bacteria density. Figure 4.4 shows an example 

of the bacteria accumulation on the microelectrode chip as a function of collection time. 

The density of collected particles on the surface of the microchip was observed to 

increase continually from 0 to 15 minutes of collection. However, sampling times longer 

than 15 minutes did not produce any visible difference, as the amount of collected 

bacteria on the surface remained the same. It was therefore decided that a 15 min 

sampling time would be used in all subsequent investigations.  

 

Figure 4.4: K12 E. coli collection as a function of time (109 particles/mL). 

4.4 Effect of AC Field Frequency on Sampling Efficiency 

Sample concentrations of the order of 109 particles/mL are very high and, in the present 

case, typically resulted in fast and easy collections of bacteria under any condition. 

Therefore, in order to allow discernible differences in capture efficiency to emerge as a 

function of experimental conditions, a lower sample concentration had to be used. As 

seen below, the concentration of 106 particles/mL was found to be a very suitable choice. 

AC electric field frequencies in the range [1 kHz, 1 MHz] were examined. For the sake of 

Sample'concentra-on:'109'par-cles/mL'''''''Opera-ng'Voltage:'10Vpp'''''''Opera-ng'Frequency:'100'kHz 

Collec&on(&me 0(min( 5(min( 10(min( 15(min( 30(min((

Image 
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consistency, the potential applied across the electrodes was kept constant at 8 Vpp, which 

was found to be the highest potential difference that did not result in electrochemical 

microelectrode damage at the low frequency range (1 kHz).  

Specifically, the following AC frequencies were tested: 1 kHz, 10 kHz, 100 kHz, and 

1000 kHz (1 MHz). Samples of 30 µL volume containing 106 particles/mL were 

subjected to an electric field continuously for a period of 15 min.  The microchips were 

then rinsed with Millipore® filtered water and dried in a nitrogen stream. A 25 µL drop 

of Crystal Violet was placed onto the electrode surface where bacteria cells were 

expected to be captured for better visualization. This step was followed by a second rinse 

and drying step, after which the microchips were taken for observation under a light 

microscope.  

The results shown in Figure 4.5 describe a trend of increasing collection efficiency with 

decreasing AC frequency. For a voltage of 8 Vpp across the microelectrodes, no collection 

was noticeable in the cases of 1000 and 100 kHz. At 10 kHz bacteria collection is 

noticeable (arrow). In the present case, the capture is more intense and easily visible at 1 

kHz. It must be noted that, during some replicates, the amount of collection at 10 kHz 

and 1 kHz did not differ significantly. At this point, it is hard to tell whether a difference 

in collection efficiency really exists at these two frequencies for the same value of 

applied potential. Overall, these tests showed good reproducibility, confirming that, for 

the same applied voltage, a better collection is to be expected at the lower electric field 

frequency range [1, kHz-10 kHz].   



 

56 

 

 

Figure 4.5: Collection of K12 E. coli as a function of frequency. Images were taken after staining 

captured bacteria with Crystal Violet. 

4.5 Effect of Voltage on Sampling Efficiency 

Although found to result in poorer bacteria capture performance, higher electric field 

frequencies allow larger voltages to be applied without causing electrochemical damage 

to the electrodes. For the specific set of microelectrodes used in our experiments, it was 

experimentally found that as the frequency increased the potential that could be safely 

applied across the electrodes also increased, until the maximum value of the signal 

generator (20 Vpp) was reached. Specifically, the maximum voltage values that could be 

applied as a function of frequency in the present case were, 8 Vpp, 13 Vpp, 20 Vpp, and 20 

Vpp at 1 kHz, 10 kHz, 100 kHz, and 1 MHz, respectively. This experimental observation 

in conjunction with the fact that dielectrophoresis scales with the second power of 

voltage prompts us to examine the microelectrodes’ sampling performance at various 

other frequency/voltage combinations. 

Sample concentration: 106  CFU/mL     Operating Voltage: 8Vpp    Collection time: 15min 

Frequency 1000 kHz 100 kHz 10 kHz 1 kHz 

Image 
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Figure 4.6 displays images of the electrodes taken after 15 minutes of collection using a 

CCD camera (Lumera, Infinity 3) to capture higher resolution images. The brown 

background displays the silicon substrate. Captured K12 E. coli cells are the green 

objects seen between the edges of the gold electrodes. The bottom row displays a set of 

runs conducted at 8 Vpp as serves here as a basis for comparison. The trend observed in 

previous set of experiments (increasing collection with decreasing frequency) is observed 

here as well as there is a clear increase in the number of captured particles with 

increasing frequency. The top row shows the bacteria collected at the maximum 

allowable voltage for each frequency. The results underline the significant effect of 

varying operating voltages.  Interestingly enough, the number of collected bacterial cells 

at 100 kHz and 20 Vpp, is higher than all of the runs at 8 Vpp. At the lower frequency of 

10 kHz and 13 Vpp, collection was observed in a diamond pattern between the edges of 

adjacent electrodes and an empty centre. The bacteria collection performance at 1 MHz 

and all voltages up to 20 Vpp was poor and not worth mentioning (worse than 10 

kHz/8Vpp in all cases), hence results are included in this comparison.  

In conclusion, the combination of 10 kHz and 13 Vpp was identified to be the most 

effective set of operating conditions. Interestingly enough, this combination does not 

include an extreme value of applied voltage or AC frequency among those used in this 

study.   
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Figure 4.6: Collection of K12 E. coli cells from a sample of 106 Particles/mL at varying 

frequencies and voltages. 

4.6 Effect of Bacteria Concentration on Sampling Efficiency 

Samples of K12 E. coli suspensions at concentrations varying between 103 and 106 

particles/mL were tested under various electric field conditions, in order to identify a 

lower concentration limit for which capture bacteria can still be detected under the 

conditions of our experiments. For all concentrations examined, collection runs were 

carried out at frequencies between 1 and 1000 kHz at various voltages, up to maximum 

allowable value for each case. For each experiment, a 30 µL droplet of sample was placed 

over the centre of the electrodes connected to the signal generator and the power was 

Sample concentration: 106  particles/mL                                     Collection time: 15min 

               Frequency 
 
Voltage 100 kHz 10 kHz 1 kHz 

8 Vpp 

Max allowable 

20 Vpp 13 Vpp 8 Vpp 
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applied for 15 minutes. Finally, the microchips were rinsed with Millipore® filtered 

water, blow dried with nitrogen and observed under a light microscope.  

A summary of the experimental observations is presented in Table 4.1. Successful 

outcomes (detectable capture of bacteria) are indicated with “yes” and unsuccessful 

outcomes with a “no”. The voltage/frequency conditions are noted in each case. The 

maximum theoretical values of electric field intensity (𝐸 = !!! !
!

) are also shown in each 

case. These values are calculated by dividing the amplitude potential applied across the 

electrodes by the smallest inter-electrode separation,  (app. 4 µm).   

 

Table 4.1: A summary of experimental observations in various voltage/frequency conditions for 

samples with concentration of 103 to 106 p/mL. 

 

The results are consistent with the conclusions drawn previously with respect to the 

combined effect of voltage/frequency. As shown in the table, no capture was detected at 

       Concentration!
   
f, Vpp, E 

103 p/mL 104 p/mL 105 p/mL 106 p/mL 

1 kHz,  8Vpp 
1000 kV/m No No - Yes 

10 kHz, 13 Vpp 
 1625 kV/m No Yes Yes Yes 

100 kHz, 20 Vpp 
2500 kV/m No Yes Yes Yes 

1000 kHz, 20 Vpp 
2500 kV/m No No No Yes 
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103 p/mL. This result is not at all surprising, considering that at this concentration only 30 

bacteria on average were contained in each droplet. On the other hand, the fact that 

bacteria were captured from samples of 104 p/mL is very encouraging. As seen in Table 

4.1 successful events were recorded for two experimental conditions: 10kHz/13Vpp and 

100kHz/20Vpp. At concentration 106 p/mL collection was observed at all frequencies.  

These results are very encouraging considering that bacteria capture occurred under no 

optimized conditions, or a stable capture layer. The ability to capture bacteria on a 

surface, from a sample containing only 300 units (104 p/mL) within 15 min of sampling 

time is a very encouraging result for the potential performance of this sampling method. 

4.7 Selective Capture of Target Particles 

To increase the detection efficiency of a surface-based biosensor, accelerated pathogen 

sampling must be coupled with a selective antibody-based capture method. Proof-of-

principle experiments were performed to explore how antibody-functionalized 

microelectrode arrays can improve sampling of the target bacteria. Quadrupolar 

microelectrodes functionalized with a polyclonal anti-E. coli antibody layer was used to 

capture K12 E. coli (target pathogens) from samples containing a mixture of particles to 

test the specificity and selectivity of the methodology. The specificity is confirmed by 

selective and stable capture of the target bacteria from a sample containing suspended 

solids/ foreign matter. The selectivity, on the other hand, is affirmed when the target 

bacteria were successfully sampled from a mixture of different pathogens. 
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4.7.1 Sampling on Antibody-Functionalized vs. Non-Functionalized Surfaces 

In order to confirm antibody immobilization, control experiments were conducted. Two 

sets of quadrupolar microelectrodes were used. The first set (chip1) was functionalized 

with polyclonal anti-E. coli antibody. The other set (chip2) was functionalized with 

biotinylated BSA and did not contain the antibody layer. Experiments were carried out 

under exact similar conditions. Samples containing K12 E. coli at a concentration of 109 

Particles/mL were prepared for immediate use. A 30 µL droplet of the sample was placed 

on the surface using a pipette. An AC electric field was applied with a voltage of 20Vpp 

and a frequency of 1MHz for 15 minutes. Particle collection was visible during the time 

where the electric field was running for both sets of microelectrodes. Microchips with 

captured bacteria were then rinsed with Millipore® filtered water followed by 30 seconds 

of tip sonication while they were submerged in phosphate buffered saline (PBS), which 

allowed unbounded bacteria be washed off. The microchips were then rinsed, dried, and 

observed as in previous experiments.  

Figure 4.7 shows the efficiency of an antibody-functionalized surface in retaining the 

captured bacteria for further detection steps. During a 15-minute collection period, both 

chips captured an abundant number of K12 E. coli bacteria, shown in Figure 4.7a and 

Figure 4.7b. After adequate washing steps, almost all K12 E. coli particles were removed 

from the surface without the antibody layer, Figure 4.7c, while a considerable number 

remained on the antibody functionalized surface, Figure 4.7d.  
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Figure 4.7: Top-down view of the centre of microelectrode arrays with captured bacteria with and 

without an antibody functional layer. (a) K12 E. coli particles captured on a Biotinylated BSA- 

functionalized surface (chip 1), collected from a sample with an E. coli concentration of 109  

Particles/mL. A voltage of 20Vpp at 1 MHz was applied for 15 minutes. (b) K12 E. coli particles 

captured on an anti- E. coli antibody-functionalized surface (chip2) under the same experimental 

circumstances. (c) Chip 1 after rinsing and sonication. (d) Chip 2 after rinsing and sonication. 

4.7.2 Specific Collection of Target Bacteria  

The specificity is checked by the stable capture of K12 E. coli (target bacteria) from a 

suspension that also contains silica particles (“debris”). The quadrupolar microelectrodes 

were functionalized with a polyclonal anti-E. coli antibody. Aqueous heterogeneous 

samples composed of 2.0 µm silica spheres (109 particles/mL) and K12 E. coli (109 

particles/mL) were used. The overall bulk concentration of the samples was 2x109 

Non-functionalized chip functionalized chip 

(a)$

(d)$(c)$

(b)$
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particles/mL. 30µL of the sample was placed directly on the surface of the 

microelectrodes using a pipette. The particles were subjected to an alternating current 

electric field with an applied voltage of 20Vpp and a frequency of 1MHz for 20 minutes.  

Although the collection of particles was almost instantaneous, the applied field was left 

on to retain trapped particles close to the surface in order to allow time for significant 

antigen-antibody binding. After 20 minutes of collection the microchip was washed in 

phosphate buffered saline for 5 minutes followed by 5 seconds of tip sonication, rinsed, 

dried and observed.   

One experimental trial is shown in Figure 4.8. The spherical, opaque silica particles and 

spheroidal translucent K12 E. coli were virtually indistinguishable during collection. 

However, after 20 minutes of collection, then washing, the greenish spheroidal objects of 

the K12 E. coli remained, while the silica particles were almost completely removed, as 

shown in Figure 4.8b. The results of this test demonstrate the capability of the 

functionalization method for specific sampling even in the presence of debris.  

 

Figure 4.8: Top-down view of the centre of a microelectrode array showing typical collection 

patterns of silica and K12 E. coli, each with individual concentrations of 109 particles / mL. (a) 
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After 16 minutes of collection. (b) After washing with phosphate buffered saline. Silica particles 

are black spherical objects. K12 E. coli are spheroidal and green and one is identified with an 

arrow. 

4.7.3 Selective Collection of Target Bacteria  

The selectivity is confirmed when target bacteria were captured in presence of non-target 

pathogens.  A similar approach to that of used for specificity was followed to confirm the 

functional layer’s selectivity. For this trial, the samples consisted of K12 E. coli particles 

as target bacteria and Pseudomonas fluorescens as non-target species. The choice of 

bacteria types was due to the different sizes of the two populations. K12 E. coli is a rod-

shaped bacterium about 2.0µm long and 0.25-1.0µm in diameter, while Pseudomonas 

fluorescens is larger in size.  

The total bulk concentration of the samples was 2x109 particles/mL (109 particles/mL of 

each population). Again sampling was conducted with similar conditions as explained in 

section (4.7.2) After collection, the microchip was washed with PBS for 5 minutes 

followed by 5 seconds of tip sonication and a rinse with Millipore® filtered water.  

Observing the chip under light microscope, it was evident that the majority of the 

retained matter is K12 E. coli, and only a small number of P. fluorescens bacteria were 

remained relatively. Figure 4.9a shows the ‘pearl chains’ of bacteria formed starting from 

the electrode edges during the collection. It shows how both types of bacteria were 

collected under AC electrokinetic effects. However after turning off the electric field, and 
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the subsequent washing steps only the K12 E. coli cells remained due to the antibody-

antigen binding. Selective collection of K12 E. coli is displayed in Figure 4.9b, where a 

few number of remained P. fluorescens, appearing as long tubes or strings, is not 

comparable to large number of K12 E. coli appeared as smaller spheroidal objects. This 

demonstrates that antibody functionalization method has the capability of selective 

capture of target particles from mixed populations and differentiates between pathogenic 

targets.  

 

Figure 4.9: Typical collection pattern of Pseudomonas fluorescens and K12 E. coli each with 

individual concentrations of 109 particles/mL. (a) The microchip after 16 minutes of collection. 

(b) After washing with phosphate buffered saline the presence of the selective layer allowed for 

approximately five K12 E. coli bacteria to be retained for each P. fluorescens bacterium 

remaining. P. fluorescens are the larger tube/string like structures with one indicated by a dashed 

arrow. K12 E. coli are the smaller spheroidal shapes with one indicated by a solid arrow. 
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Chapter 5                                                                                          

Numerical Analysis of AC Electrokinetic Sampling of K12 E. coli 

Particles 

5.1 Numerical Simulation Results 

Numerical analysis was conducted in order to better understand the phenomena 

contributing to the capture of particles during the experiments. The real part of the 

Clausius-Mossotti factor (Re[Ke]) was calculated for the K12 E. coli particles suspended 

in media of 0.1, 1.0 and 10 mS/m ionic strength using equation (3-10). The variation of 

the Re[Ke] value as a function of frequency is shown in Figure 5.1. The highlighted area 

displays the frequency range used in the experimental investigation. The electrical 

conductivity of prepared bacteria samples was found to be 1.0 mS/m using a conductivity 

meter (Corning; Model: Pinnacle 304471). The solid line shows how the values of Re[Ke] 

vary with frequency under the conditions explored in this thesis. It has the minimum 

value of 1.38 and the maximum of 1.45 within that experimentally applied frequency 

range, which is consistent with experimental observations of particles  experiencing p-

DEP. 
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Figure 5.1: Re[Ke] vs. frequency for medium conductivities: 0.1 mS/m, 1.0 mS/m, and 10 mS/m.  

5.2 Electroosmotic Velocity vs. Frequency  

 The electroosmotic effective velocity was determined through simulations for a peak-to-

peak voltage of 8 Vpp at frequencies of 0.1 to 1000 kHz and medium conductivities of 

0.1, 1.0, and 10 mS/m. The maximum EO velocity in the entire simulation space was read 

for each condition, as well as the EO velocity at the tip of the electrodes and at the closest 

distance between the adjacent electrodes on the surface, where collection was observed to 

occur experimentally. Considering the symmetry of the model, the velocity must be 

similar at the tips of the two adjacent electrodes; however, the values were slightly 

different. For this reason, the arithmetic average of the two values is reported for each 

frequency and conductivity. 

Figure 5.2 displays the variation of EO effective velocities due to frequency for three 

conductivities. EO effective velocity tends to zero at lower frequencies since there is no 
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field in the bulk, increases with frequency, then reaches its peak at medium frequencies 

and again goes to zero with higher frequencies where there is no time for EDL to form. 

The magnitude of the fluid flow is smaller for higher medium conductivities at lower 

frequencies where electroosmosis is dominant. The peak is left-shifted (lower 

frequencies) for lower medium conductivities. For medium conductivity of 1 mS/m 

(experimental samples) at the tip of electrodes on the surface, the EO velocity peak 

appears around 10 kHz with the value of 0.805 µm/s (See Figure 5.2b). 
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Figure 5.2: Norm of EO velocity vs. frequency at 0.1, 1.0, and 10 mS/m . (a) Maximum velocity 

in the entire simulation domain. (b) EO velocity at the microelectrode edge at the point 

corresponding to the minimum separation between neighbouring electrodes. 

5.3 Electrohydrodynamic Velocities and DEP Forces vs. Applied Voltage 

The effect of applied voltage on the resulting EO and ET velocities as well as the 

magnitude of Stokes and DEP force acting on a single particle was examined. The 

velocities were read at 8, 10, 13, and 20 Vpp for three frequencies of 1, 10, and 100 kHz. 
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Comparing the small values of ET velocity with values read for EO velocity, one can 

conclude that the electrothermal effect (found to be between 2 to 3 orders of magnitude 

smaller than electroosmosis) can be neglected at this frequency range. Therefore, the 

Stokes force is calculated as the product of EO velocity times the friction factor defined 

in equation (3-35). It was assumed that bacterial cell (length and width equal to 2 µm and 

0.5 µm, respectively) are being captured as individual particles oriented horizontally on 

the tip of the microelectrode. Therefore, the effective velocities and DEP force were 

explored at the edge of the electrodes, on the surface, and at a distance of 0.25 µm (half 

of the width of a single captured bacterium).  

5.3.1 Forces On The Electrode Surface 

EO and ET velocities, Stokes force, and the DEP force acting on the particles are 

displayed in Figure 5.3. The lines represent a power interpolation to the simulation data to 

confirm the power law governing the interaction between each phenomenon and the 

potential difference across the electrodes. As is illustrated in the figures, EO velocity, 

Stokes and DEP force change proportionally with voltage squared, while ET velocity 

change with the power of four. The power laws are in agreement with equation (3-6) for 

DEP force, equation (3-21) for EO velocity, and equation (3-22) for calculation of ET 

velocity, demonstrating the relation between each effect and potential difference across 

the electrodes.  
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The velocities and the forces increase with increasing voltage. Similarly, increasing 

frequency also leads to higher values, except for EO velocity and Stokes force, which 

peak at 10 kHz and decreases at higher frequencies.  

 

 

Figure 5.3: Electoosmotic and Electrothermal velocities, Stokes force, and dielectrophoretic force 

at the electrode tips  vs. peak-to-peak voltage at frequencies of 1, 10, and 100 kHz.  

5.3.2 Forces at a Distance of 0.25 µm Above The Electrode Surface 

Figure 5.4 shows the same relations between EHD velocities, Stokes and DEP force with 

varying voltages at 0.25 µm above the electrode surface. The graphs show similar trends 
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to those on the electrode surface, but with higher values for electrohydrodynamic 

velocities and lower ones for dielectrophoretic forces. This is in agreement with the 

discussion in section (2.2.2), which stated that DEP force is a short-range force that 

rapidly decreases with distance from the electrodes, while EHD effects are long-range 

forces and have larger magnitudes in the bulk.  

 

 

Figure 5.4: Electoosmotic and Electrothermal velocities, Stokes force, and dielectrophoretic force 

0.25 µm over the electrode tips vs. peak-to-peak voltage at frequencies of 1, 10, and 100 kHz. 
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5.4 Ratio Graphs 

            The ratio of the DEP force over the Stokes force experienced by particles as a 

result of viscous drag was investigated as a function of the applied voltage at the tip of 

the electrodes for a distance of 0 and 0.25 µm above the electrode surface. Again the 

largest distance was chosen to be equal to half the length of a K12 E. coli cell if oriented 

horizontally on the surface. At this proximity to the electrode surface, the DEP force is 

stronger than the Stokes force and the (logarithm of the) ratio has positive values. Figure 

5.5 displays variation of log10(FDEP/FStokes) with potential difference across the electrodes 

for frequencies of 1, 10, and 100 kHz and a medium conductivity of 1 mS/m. As 

discussed in section 5.3, the Stokes force is caused by the EO velocity. Therefore, both 

DEP and Stokes force vary with the power of two with respect to voltage. Consequently 

the ratio does not change with voltage. However, increase in frequency results in higher 

values for the ratio. As illustrated in Figure 5.5, the increase in the ratio from 10 to 100 

kHz is twice as the increase from 1 kHz to 10 kHz. This can be argued from the force 

plots depicted in Figure 5.3. From 1 to 10 kHz, both Stokes and DEP force increase, while 

from 10 to 100 kHz the DEP force increases with the same trend, whereas Stokes force 

decreases. Hence the ratio has a larger increase at this frequency.  

Figure 5.5 also shows how the ratio decreases by more than 100 times with distance from 

the surface. This again confirms the fact that dielectrophoresis is a short range force, 

decreasing quickly with distance from the surface, while Stokes force is a long range 

force and has higher values at a distance from the surface (Figure 5.3 and Figure 5.4).  
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Figure 5.5: log10(FDEP/FStokes) vs. voltage for frequencies of 1, 10, and 100 kHz at a distance of 

(a) 0; and (b) 250 nm above the electrode surface.  

5.5 Visualization Planes 

Figure 5.6 displays the visualization plane A, B, and C used to display arrow and colour 

plots of velocity and force fields. Planes B, and C, demonstrated in the picture, are also 

included in the model design (not used in this work). Plane A runs along the centre axis 

of the electrode on the electrode surface with the electrode centre located in the bottom 

right, normal to the electrode surface with a height and width of 100 µm and 150 µm, 

respectively. Plane B runs normal to the electrode surface, perpendicular to plane A with 

same dimensions. Plane C runs along the axis of symmetry, with the electrode centre 

located in the bottom left, normal to the electrode surface again with similar dimensions.   
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Figure 5.6: Views illustrating planes A, B, and C used for visualization of velocity and force field 

arrow and colour plots. (a) The cross-sectional cut of the chip with visualization planes. (b), (c), 

(d) Top-down view of a 180 square µm. The dashed line shows plane A, B, and C respectively. 

5.6 Velocity and Force Fields 

Figure 5.7 depicts the velocity and force fields at an applied voltage of 8 Vpp across the 

electrodes at a frequency of 1 kHz on plane A. The top right plot shows a normalized 

arrow plot, which indicates the direction of the effective EO velocity. The background 

colour intensity displays the magnitude of this effective velocity. From this viewing angle 

electroosmosis is impelling the particles from the bulk towards the electrode surface on 

top of the electrode centre. The area where this downward velocity exists expands 
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upwards. A few microns away from the electrode centre at the surface the EO velocity 

has the opposite direction making vortex flows appear approximately 50 µm above the 

electrode surface. The magnitude of EO velocity is maximal on the electrode surface and 

closer to the centre. The top right image depicts the Stokes force field. The direction of 

Stokes force is similar to EO flow patterns, as electroosmosis is the dominant effect at 

this frequency range. The bottom left image shows direction and the magnitude of the 

DEP force exerted on suspended particles on this plane. Particles are being impelled 

away from the electrode centre (into the page) and directed to the edge of the fine 

electrode tip from the electrode surface to a height of approximately 30 µm, while above 

this distance they are conveyed downwards to the electrode surface. The DEP has its 

maximum value at the fine edge of the electrode near the centre. The bottom right image 

illustrates the net force acting on a single suspended particle on plane A. The normalized 

arrows show that a single particle is conveyed downwards at the electrode centre, 

however, at the vicinity of the surface and approximately 15 µm from the centre the 

particles are being repelled away from the surface and are either trapped in the EHD 

vortices or return to the bulk of the liquid.  
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Figure 5.7: Electrokinetically induced fluid flow patterns generated in a medium with electrical 

conductivity of 1 mS/m due to application of AC power with a peak-to-peak voltage of 8 Vpp and 

a frequency of 1 kHz on plane A. Top left: Electroosmotic velocity. Top right: Stokes force. 

Bottom left: Dielectrophoretic force. Bottom right: The net force acting on the particles. The 

arrows indicate the direction of fluid motion and forces. The colour background denotes the fluid 

velocity in mm/s and forces in N. 
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Figure 5.8 displays similar plots for a higher frequency of 10 kHz. The potential 

difference across the electrodes and the medium conductivity have values of 8 Vpp and 1 

mS/m, respectively. The EO velocity field has a higher magnitude, directing particles 

towards along the centre but creates flows with no smooth patterns. The Stokes force has 

a similar pattern for reasons explained earlier. The DEP force directs particles 

downwards to the edge of fine electrode tip. The net force arrow plot shows that at 

approximately 50 µm above the electrode surface EHD effects create vortices that bring 

the particles near the surface when the net force is dominated by a downward DEP force.  

Figure 5.9 shows the same velocity and force fields on plane A for a frequency of 100 kHz 

and an applied voltage of 8 Vpp and a medium conductivity of 1 mS/m. The EO velocity 

is decreased by one order of magnitude compared to the frequency of 10kHz. The flow 

and force field patterns are similar to those described for 10 kHz. However, the net force 

acting on a single particles (bottom right plot) shows that the DEP force is dominant at 

this frequency and conveys particles to the surface. The respective maximum DEP and 

net force values are one order of magnitude larger at this frequency.  
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Figure 5.8: Electrokinetically induced fluid flow patterns generated in a medium with electrical 

conductivity of 1 mS/m due to application of AC power with a peak-to-peak voltage of 8 Vpp and 

a frequency of 10 kHz on plane A. Top left: Electroosmotic velocity. Top right: Stokes force. 

Bottom left: Dielectrophoretic force. Bottom right: The net force acting on the particles. The 

arrows indicate the direction of fluid motion and forces. The colour background denotes the fluid 

velocity in mm/s and forces in N. 
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Figure 5.9: Electrokinetically induced fluid flow patterns generated in a medium with electrical 

conductivity of 1 mS/m due to application of AC power with a peak-to-peak voltage of 8 Vpp and 

a frequency of 100 kHz on plane A. Top left: Electroosmotic velocity. Top right: Stokes force. 

Bottom left: Dielectrophoretic force. Bottom right: The net force acting on the particles. The 

arrows indicate the direction of fluid motion and forces. The colour background denotes the fluid 

velocity in mm/s and forces in N. 
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Figure 5.10 presents a top down view of the electrodes (150µm x 150µm window) with 

the electrode centre located at the bottom left. The images show similar velocity and 

force profiles on the surface. The EO velocity field directs along the surface of gold 

electrodes and repels particles from the centre with the maximum intensity at the fine 

electrode tips. Stokes force has similar direction and intensity fields as it is governed by 

electroosmosis. The DEP force is directed toward the electrode edges where the electric 

field intensity has its highest value and repels particles from the centre where the electric 

field intensity is minimal. Since DEP force is dominant at the surface, the net force field 

is nearly the same as the DEP force on this visualization plane, impelling particles to 

accumulate around the electrode edges and move downwards on the fine electrode tips.  

At 10 kHz (Figure 5.11), similar velocity and force profiles can be observed. At this 

frequency, the EO flow and consequently the Stokes force points towards the centre of 

the gold electrode surface with maximum intensity at tips of the electrodes Stokes force is 

one order of magnitude larger than that at 1 kHz DEP force direct particles to the edges 

of electrodes.  There is a point at the symmetry line where the force direction changes by 

either directing the particles towards the fine or thicker edges. The net force has similar 

patterns to DEP, as it is plotted on the surface where DEP has a larger magnitude than 

Stokes force (~three orders of magnitude larger). Similar patterns are observable at 100 

kHz in Figure 5.12. However, the EO velocity and Stokes force are decreased by one order 

of magnitude compared to 10 kHz velocity and force fields.  
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Figure 5.10: Top-down view of electrokinetically induced fluid flow patterns generated in a 

medium with electrical conductivity of 1 mS/m due at a peak-to-peak voltage of 8 Vpp and a 

frequency of 1 kHz. Top left: Electroosmotic velocity. Top right: Stokes force. Bottom left: 

Dielectrophoretic force. Bottom right: The net force acting on the particles. The arrows indicate 

the direction of fluid motion and forces. The colour background denotes the fluid velocity in 

mm/s and forces in N. 
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Figure 5.11: Top-down view of electrokinetically induced fluid flow patterns generated in a 

medium with electrical conductivity of 1 mS/m due to application of AC power with a peak-to-

peak voltage of 8 Vpp and a frequency of 10 kHz. Top left: Electroosmotic velocity. Top right: 

Stokes force. Bottom left: Dielectrophoretic force. Bottom right: The net force acting on the 

particles. The arrows indicate the direction of fluid motion and forces. The colour background 

denotes the fluid velocity in mm/s and forces in N. 
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Figure 5.12: Top-down view of electrokinetically induced fluid flow patterns generated in a 

medium with electrical conductivity of 1 mS/m due to application of AC power with a peak-to-

peak voltage of 8 Vpp and a frequency of 100 kHz. Top left: Electroosmotic velocity. Top right: 

Stokes force. Bottom left: Dielectrophoretic force. Bottom right: The net force acting on the 

particles. The arrows indicate the direction of fluid motion and forces. The colour background 

denotes the fluid velocity in mm/s and forces in N. 
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5.7 Ratio Plots  

Figure 5.13 and Figure 5.14 display visualization plane A and top down view of the ratio of 

the DEP force over the total Stokes force (“Udragf”)  experienced by particles due to the 

total viscous drag. The normalized arrow plots demonstrate the net force acting on 

particles. The colour background shows the positive values of Log10(FDEP/FStokes) for a 

sample of 1 mS/m medium conductivity. In other words, the colour background shows 

the effective area of the dielectrophoretic trap on each plane. On the other hand, the white 

areas correspond to domains where the Stokes force dominates over the DEP force. The 

first column shows the ratio plotted for a similar voltage of 8 Vpp for three frequencies of 

1, 10, and 100 kHz to investigate the effect of frequency on the area of the so-called DEP 

trap. The second column shows similar ratio plots for the three mentioned frequencies, 

this time at the maximum allowable voltages for each frequency. These voltages are 

selected similar to experimental investigation described in section (4.5). The 8 Vpp plots, 

however, show a different trend compared to experimental results. If a larger volume of 

the DEP trap is assumed to result in a more effective collection, the simulation results 

contradict with the trend observed for frequency in section (4.4). Here as the frequency 

decreases, the DEP trap area is also reduced. In addition, the ratio has a higher value in 

the vicinity of the electrode surface at higher frequencies. The simulations at max 

allowable voltages, however, can confirm the experimental investigations. The DEP trap 

has the largest area at 10 kHz and 13 Vpp, where the most effective collection observed 

experimentally. At 20 Vpp and 100 kHz, the value of the ratio is higher, but the DEP trap 
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area is diminished. The 1 kHz and 8 Vpp simulation has the smallest DEP trap area and 

the smallest intensity in the mentioned area, which is in agreement with the weak 

collection observed experimentally, compared to the other two (See Figure 4.6). It is also 

obvious that the DEP trap improves in intensity and the effective area by increasing the 

operating voltage at each single frequency.  

Similar trends are observed in Figure 5.14 for the top-down view of log10(FDEP/FStokes) 

on the surface at 8 Vpp. For the second column, it is obvious that increasing frequency 

results in higher ratio values, which is not consistent with the respective plots on plane A. 

However, these plots are depicted on the surface, where DEP force has a stronger effect 

than the Stokes force, therefore the ratio increases with increasing frequency and 

correlates with DEP force and frequency. As explained before, Stokes force is governed 

by electroosmosis, which is dominant at 10 kHz and reduces for 1 and 100 kHz. 

However, this effect is present at a higher distance from the electrodes and is displayed in 

Figure 5.13 as discussed.  
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Figure 5.13: log10(FDEP/FStokes) plots on plane A comparing the effect of varying voltage and 

frequency. The normalized arrow plots indicate the direction of the net force acting on a single 

particle. 
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Figure 5.14:  Top down view of log10(FDEP/FStokes) plots  comparing the effect of varying voltage 

and frequency. The normalized arrow plots indicate the direction of the net force acting on a 

single particle. 
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5.8 Stokes Velocity Profiles 

The ratio plots presented in the previous section did not permit a complete understanding 

of the collection patterns observed experimentally. However, a better correlation between 

experiments and simulations can be presented if the results are viewed with respect to the 

fluid velocity distribution.  

Figure 5.15 and Figure 5.16 display the colour and arrow plots of log10(Udrag) on plane A 

and on the top-down view of the surface of the electrodes, respectively. The simulations 

were carried out at 1, 10, and 100 kHz at a voltage of 8 Vpp, as well as the maximum 

allowable voltages at each frequency.  

First column of Figure 5.15 shows how the velocity field changes with varying frequency. 

At 1 kHz, the majority of the area, where the velocity field is depicted, has low value 

with respect to the selected range (~10-5.5 -10-6 m/s), with the maximum value near the 

surface and the centre of the electrode tips. At 10 kHz, the velocity appears stronger at 

the vicinity of the electrodes. However, it diminishes quickly with distance from the 

electrode. A single particle located approximately 30 µm above the surface has a velocity 

lower than ~10-6 m/s. At 100 kHz, the respective viscous drag force experience by a 

particle is a lot weaker when compared to those at lower frequencies.  

The second column provides similar plots at highest allowable voltages demonstrated 

experimentally for each frequency. At 1 kHz the operating voltage cannot exceed 8 Vpp. 

At 10 kHz and 13 Vpp, the velocity has its highest value among all the conditions 

depicted in Figure 5.15. The fluid velocity field plot for increased frequency and voltage 
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of 100 kHz and 20 Vpp, respectively, is similar to that of 1 kHz and 8 Vpp, with a uniform 

distribution of small-to-average intensity all over the visualization plane (A) and a 

maximum value near the surface and centre of the electrodes. This is in agreement with 

experimental results shown in Figure 4.6. 

Similar patterns are observed in a top-down view of  a 14x14 µm2 window with the 

electrode centre located in the bottom left corner. Highest velocity is observed at the tips 

of the electrodes at 10 kHz and is most intense for 13 Vpp. Among all, 100 kHz and 8 Vpp 

again has the weakest velocity, which explains the weak collection observed 

experimentally at this point. Again, the effect of increasing viscous drag with increasing 

potential difference across the electrodes at each frequency is obvious. Comparing 

numerical simulation results with experimental results present in Figure 4.6, a correlation 

can be drawn between experimentally observed bacteria capture efficiency and 

convective flow intensity.  
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Figure 5.15: log10(Udrag) plots on plane A comparing the effect of varying voltage and frequency. 

The normalized arrow plots indicate the direction of the Stokes force acting on a single particle. 
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Figure 5.16: Top-down view of log10(Udrag) plots on the electrodes surface comparing  the effect 

of varying voltage and frequency. The normalized arrow plots indicate the direction of the Stokes 

force acting on a single particle. 
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Chapter 6                                                                                       

Conclusions  

Bacteria culturing is presently a bottleneck for the rapid and efficient pathogen detection 

and management. Industrial standard for pathogen detection involves culturing the 

bacteria until they reach detectable levels, which translates into waiting periods of many 

hours to days. Therefore, the capability of concentrating bacteria in-situ without culturing 

or at significantly reduced culture time provides a very unique competitive advantage 

toward addressing a major current problem in pathogen detection.   

The present thesis investigated a concentration amplification method with the potential to 

reduce the required time for detection and identification of bacteria in modern surface-

based biosensors. Specifically, a set of planar quadrupolar microelectrodes was tested in 

terms of its ability to capture K12 E. coli from their samples in water. The arrays’ 

bacteria capture efficiency was tested as a function of electrification time, applied 

voltage, AC frequency, and sample loading (bacteria concentration).  The experiments 

involved samples with electrical conductivity of the order of 1.0 mS/m, which is within 

the range of typical values for lake, recreational, and potable water. Detectable capture of 

bacteria at concentrations as low as 104 particles/mL was demonstrated under certain 

experimental, which translates into particle capture from a (30 µL) droplet containing 

only approximately 300 bacteria. In view of the fact that  many existing bacteria 

detection methods require samples with loadings as high as 108 p/mL, the sampling 
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method presented herein is very promising. Overall, the experimental results indicated 

that the capture efficiency is greater at lower AC field frequencies (1 kHz-10 kHz) for the 

same value of applied potential. As the voltage applied across the electrode increases, the 

collection becomes more intense. However, it was found that the range of permissible 

applied voltages becomes narrower as AC frequency decreases due to prominent 

deleterious electrochemical effects that take place at the tips of the electrodes. 

Electrochemical electrode damage is not apparent at higher frequencies (>100 kHz); 

however an upper boundary also exists here for the applied voltages due to limited power 

output capabilities of the electrical instrument (signal generator). Interestingly enough, 

the most effective frequency/voltage combination (10 kHz/13 Vpp) was not found near the 

extremes of the permissible frequency/voltage value space examined in the present work.  

A better understanding of the mechanism underlying the experimentally observed 

phenomena was sought with the aid of numerical simulations. A three dimensional model 

that captures the electric field effects inside a 30 mL droplet of sample was built by 

combining the Laplace equation with heat transfer and momentum balances. The model, 

which was solved in COMSOL Multiphysics®, yielded the fluid velocity (due to 

electroosmosis and electrothermal effect) and dielectrophoretic force distribution inside 

the droplet. The simulations were in qualitative agreement with the experimental results 

and showed that the maximum bacteria capture occurred at the frequency and voltage at 

which the electroosmotic force attains its maximum value. Overall, the collection 

efficiencies observed experimentally correlated better with electroosmotic flow intensity 
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than dielectrophoresis, i.e., for an optimal collection efficiency the conditions that 

maximize electroosmotic velocity should be sought as opposed to those that maximize 

the dielectrophoretic force. This very important, and somewhat counter-intuitive, result 

suggests that the optimum effect is not always achieved at the extremes of a parameter 

space. As such, the model used in this work may evolve into a significant predictive tool 

for tuning the frequency/voltage parameters in systems employing different 

microelectrode designs and electrical conductivities. Experiments are presently underway 

in order to test the model’s validity under a wider range of experimental conditions.       

Label-free biosensors that can provide accelerated detection of infectious agents from 

dilute samples will be a disruptive technology that can find uses in market segments such 

as food and agriculture, healthcare, environmental monitoring, and bio-defense. 

According to Global Water Intelligence, the market leading analysis of the international 

water industry, worldwide water testing market is approximately $3.6 billion combining 

commercial and in-house water testing including municipal water and wastewater plants, 

beverage bottlers, breweries and pharmaceutical manufacturing plants. Also, according to 

a comprehensive global report on the biosensors market that was released by Global 

Industry Analysts (Jan 2011) the global market for biosensors is forecast to reach US$12 

billion by the year 2015. 
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