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Abstract 

The impedance response of a quadrupolar microelectrode array was studied over a wide 

frequency range to determine whether particles captured at the center of the array could be 

detected impedimetrically. The microelectrode array (denoted as DEP chip) uses dielectrophoretic 

forces to concentrate particles at its center. Initial results showed that there was a large electrode-

silicon-electrode (ESE) capacitance that dominated at high frequencies. This capacitance was 

reduced by decreasing the electrode area and increasing the insulating layer thickness. These 

measures however proved fruitless as this capacitance was still significantly greater then the 

dielectric capacitance of the chip. This ESE capacitance can be eliminated through the use of a 

glass substrate so that the dielectric response of the chip dominates at higher frequencies. Since 

the ESE capacitance prevented experimental validation of impedance spectroscopy as a signal 

transduction method, computer simulations were performed. These simulations indicated that 

capture with the current DEP chips would not have a significant impact on the impedance of the 

chip. Decreasing the electrode gap distance and reducing the area of the electrodes, which is 

recommended for future work, can remedy this. 

As measureable changes in the dielectric capacitance of the chip are not possible, a 

reaction scheme was developed to translate the capture of viral particles into a change in medium 

conductivity. An ELISA type system was proposed where the viral particles would be 

functionalized with urease. This uease would then be used to degrade non-ionic urea into ionic 

products thereby increasing the medium conductivity. A model was formulated to predict the 

conductivity increase expected for low concentrations, and validated using higher concentrations 

of biotinylated-urease. Urease from commercial sources proved not to be a viable option as it does 

not possess a high enough activity to produce a significant conductivity change given the low 

concentrations of viral particles expected after collection. Urease with suitable activity is 

produced by the organism Ureaplasma urealyticum which has an activity of 180 000 µmol urea 
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catalyzed min-1 mg urease-1. It is not recommended that this method be pursued further due to 

technical challenges that would be encountered. 
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Chapter 1 

Introduction 

1.1 Motivations 

The overall goal of this research, to which this project is but a small piece, is to produce a novel 

microfluidic biochip that is able to rapidly detect very small concentrations of a specific virus in a 

serum sample. This system should be as simple to use as current blood-glucose meters. One can 

easily think of how such technology could help healthcare professionals by allowing them to 

determine the relevant infection at the point of care. The two immediate benefits being small 

sample requirements and not having to wait for results from a centralized lab. 

Another, seemingly more fundamental need to produce a portable easy to use detection platform 

can be seen from our current ability to handle pandemics. In the past decade SARS, avian flu 

(H5N1), and swine flu (H1N1) garnered significant media attention, with both SARS and swine 

flu becoming pandemics. According to the global alert and response reports from the World 

Health Organization (WHO) the mortality rates of SARS, H5N1, and H1N1 are 9.6%, >1%, and 

59%, respectively. While H1N1 has the highest mortality rate by far, it has remained an epidemic 

with small outbreaks usually occurring due to animal to human transmission with only 520 

confirmed cases (WHO). H1N1 may not of yet had a significant impact on the human population, 

but a look at the news specials in the journal Nature of these viruses indicate that H5N1 has 

attracted much more attention in this community. While these articles are specifically concerned 

with an outbreak of H5N1, they also paint a picture of the difficulty of controlling any outbreak. 

Medical technology has not yet gotten to the point where it can handle any outbreak as even if a 

vaccine was developed promptly, the worldwide production capacity could only produce enough 

to treat 450 million people in 2005 (timeline for production not given) (Nature 2005). The limited 

production capacity is only more troubling when one thinks of all the political issues involved. 

Nations might be reluctant to give a vast portion of the vaccines produced to severally affected 
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nations, in fear of depleting their stockpiles in case they become affected. The priority must then 

be to manage the virus before it is able to become a pandemic (Nature 2005). This necessity to 

control the virus at its source puts a great importance on being able to rapidly detect cases in 

humans and animals before they are able to spread. However, in the case of avian flu, researchers 

from Indonesia, India, and Nigeria all cite the need for improved surveillance capacity (Nature 

2006). This is because these regions may have only one or two labs equipped to detect H5N1, 

which quickly become overloaded causing costly delays (Nature 2006). Researchers for the US 

Department of Defense suggested setting up a series of internationally funded labs to monitor 

diseases in developing countries, but also warn against a solely technological improvement to 

surveillance capabilities, highlighting the importance of involving the local people (Bulter D. 

2006). This sentiment is also echoed by the researcher in Thailand who credited “village-level 

disease spotters” who went from house-to-house to detect cases of avian flu as being a significant 

innovation worth emulation elsewhere (Nature, 2006). It is here where a portable, easy to use 

virus detection platform could be infinitely more valuable than the current virus detection 

techniques. If these systems are as easy to use as current blood glucose meters, teams consisting 

of local people could be trained to become the “village-level spotters” and confirm cases of the 

outbreak as they become aware of an illness in their village. The ability to diagnose the problem 

at the point of care and not having to wait for the samples to be processed at a centralized lab 

ensures a quick quarantine can be set up to prevent the spread of the disease. The internal 

sophistication of the device could also be increased further so that it logs where a specific sample 

was taken. This information can then be uploaded in a central location to monitor outbreaks and 

provide valuable data for researches that need it in order to create/validate epidemiological 

models (Ferguson et al. 2006). These models can then be used to help provide the most 

appropriate use of available anti-virals and vaccines in the event a serious pandemic does occur. 
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1.2 Scope of Current Research 

The motivation for this work is to provide a signal transduction method for a quadrupolar set of 

microelectrodes (DEP chip) that serve to concentrate and capture viral particles at the center of 

the array. This array and signal transduction method would become the basic elements in the 

development of the portable, easy to use virus sensor imagined above. The quadrupolar 

microelectrode array is used to concentrate viral particles above the center of the array, which is 

functionalized so as to bind any virions that may hit the substrate surface. Docoslis et al. (2007) 

showed the capture of vesicular stomatitis virus (VSV) at the center of such an array, as can be 

seen below in Figure 1. 

 

Figure 1: Docoslis et al. (2007) Fluorescence showing capture of VSV at the center of a 
quadrupolar microelectrode array (a) Control (i.e. no electric field applied) 107 PFU/mL (b) 

107 PFU/mL (c) 106 PFU/mL (d) 105 PFU/mL. 

This work pertains specifically to the use of Impedance Spectroscopy (IS) as the signal 

transduction method for trapped viral particles. The next chapter will review the current literature 

on the detection of pathogens using impedance changes. From this review, pertinent theoretical 

considerations for impedance detection of viruses using the DEP chip will be developed. The 

third chapter will then experimentally characterize the impedance response of the current and 

modified chip designs, culminating with attempts to detect polystyrene particles trapped at the 

center of the electrode array. COMSOL simulations will then be presented in chapter 4 to 
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examine how viral particles trapped at the center of these DEP chips may affect the impedance of 

the system. Finally in chapter 5, an additional reaction scheme that alters the medium conductivity 

is explored to increase changes in impedance seen after the capture. 
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Chapter 2  

Review of Current Literature on Impedance Detection of 

Microorganisms 

2.1 Background of Impedance 

Before reviewing the literature of impedance detection of pathogens it would be prudent to give a 

cursory background on impedance. Impedance is defined as the ratio between the voltage applied 

to a system and the resulting current (Nilsson J. W. & Riedel S. A. 2008). The most general 

scenario is when the applied voltage is a function of time, t. Let the applied voltage be V(t), and 

the resulting current be I(t), therefore as per the proceeding definition, 

!(!) =
!(!)
!(!)

 

In alternating current (AC) systems the applied voltage is sinusoidal in nature such that, 

! ! = !!cos  (!")  

Where ω is the angular frequency of the applied voltage. The resulting current signal will depend 

on the physical attributes of the system. These attributes are generally modeled by various circuit 

elements and the combinations of these elements produce an equivalent circuit representation for 

the system. The circuit elements that will be of importance in defining a model of the DEP chip 

will be a resistor, a capacitor, and a constant phase element. 

2.1.1 Impedance of a Resistor 

A resistor is the simplest circuit element with the current and voltage responses being directly 

proportional to one another, the proportionality constant being, R, the resistance (Nilsson J. W. & 

Riedel S. A. 2008). The circuit diagram for a resistor can be seen in Figure 2. 

 
Figure 2: Circuit representation of a resistor. 
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The current response for a resistor is easily obtained from the definition of resistance as follows. 

    ! =
!(!)
!(!)

.  

! ! =
!!
!
cos  (!")  

It is clear to see based on the defining relations that the impedance for a resistor is just the 

resistance itself. 

! = ! 

2.1.2 Impedance of Capacitor 

The most common and easiest representation of a capacitor is that of two long (with respect to 

their separation distance) parallel conductors, one with charge +Q and the other with charge -Q. 

The circuit depiction of a capacitor mirrors this and can be seen in Figure 3. 

 
Figure 3: Circuit representation of a capacitor. 

The defining relationship for a capacitor in this case gives the proportionality of charge 

accumulated on the plates to the voltage difference between the plates and is denoted by C, the 

capacitance (Nilsson J. W. & Riedel S. A. 2008). From this it is again a simple mater to determine 

the current response of such a system. 

! =
! !
! !

  

! ! = !" !   

!"(!)
!"

=   !
!(!! cos !" )

!
  

∴ ! ! = −!!!!sin  (!") 

The impedance of a capacitor is therefore, 
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! =
!!cos !"

−!!!! sin !"
  

! =
!!cos !"

!" !!cos !" + !
!

 

Using phasor representation of the current and voltage the impedance is seen below (Nilsson J. 

W. & Riedel S. A. 2008), 

! =
!!!

!
!

!"
 

Where j = −1. This equation highlights two important characteristics of a capacitor. The first is 

the dependence on the angular frequency, as the frequency of the applied voltage is increased then 

the impedance of the system will decrease. The second thing to note is that in the case of a 

capacitor, the impedance has information regarding the sinusoidal response of the system. The 

term !!!
!
!  will alter the sinusoidal current response by setting it 90 ° ahead of the voltage signal. 

Thus the impedance holds information on the magnitude and a phase angle or the resulting 

current. 

2.1.3 Impedance of a Constant Phase Element 

Unlike the resistor and capacitor, the constant phase element seen in Figure 4 is not grounded 

with a fundamental background but is instead an empirical relation that is often used to describe 

Impedance data (Barsoukov E. & Macdonald J. R. 2005). 

 
Figure 4: Circuit representation of a constant phase element. 

This element is of interest because it is often used to describe the double layer response of a 

system and is defined by the following relation. 

!!"# =
1

!! !" ! 
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Ao and β are both parameters that are fitted to the relevant impedance data, with β ranging from 0 

to 1. This element keeps the current wave ahead of the voltage wave by !
!
β radians and is a 

straight line when plotted in the complex plane (Barsoukov E. & Macdonald J. R. 2005). 

2.1.4 Impedance Spectroscopy 

The defining relationships above show that these elements are sensitive to the frequency of the 

applied voltage signal. Impedance spectroscopy takes advantage of this dependence by measuring 

the impedance at varying frequencies and then using this impedance spectrum to regress out 

relevant physical parameters. This can be done by using programs such as Zview or LEVMW. 

2.1.5  Equivalent Circuits 

An equivalent circuit to a particular system consists of a combination of circuit elements that will 

achieve the same impedance spectrum. The combination of the circuit elements is determined by 

a physical understanding of the system under consideration. An example of an equivalent circuit 

that is commonly found in the literature, or a derivative thereof, for the detection of bacteria is 

shown in Figure 5. The two elements Cdl and Rsol represent the double layer capacitance and the 

solution resistance respectively. These two elements are common in many different equivalent 

circuit diagrams found in the literature. The other two elements represent phenomena that is 

important when there is a redox probe (often ferrocyanide/ferricyanide, [Fe(CN)6]3-/4-) present in 

the medium that the electrodes are immersed in. The first term, Ret, represents the electron transfer 

resistance and the second term, Zw, is known as the Warburg impedance and represents an 

impedance that arises from the diffusion of the redox probe to the electrodes (Barsoukov E. & 

Macdonald J. R. 2005). 
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Figure 5: Example of an equivalent circuit used to interpret Faradaic impedance data. 

In these systems one electrode (known as the working electrode) is usually functionalized with an 

antibody which has a specificity for a particular antigen expressed on the membrane of the target 

bacteria or virus. When the target analyte binds to the antibodies on the surface of the electrodes 

the parameter that is generally expected to change is the electron transfer resistance as will be 

seen in section 2.3. This change occurs because the analyte acts as another layer of dielectric 

insulation making it harder for the redox probe to interact and exchange electrons with the metal 

surface. 

This point illustrates the interplay between a physical understanding of the system and 

representation by electrical circuit elements. The importance of this interplay will be highlighted 

when equivalent circuits are fitted to impedance data. While this equivalent circuit analysis is 

common in the literature, there is a major limitation of this method that needs to be reviewed. 

2.1.5.1 Limitations of Equivalent Circuit Analysis 

While the use of equivalent circuits to model impedance data does provide a convenient method 

for analysis it must be taken into consideration that no circuit represents a unique solution. That is 

to say that there are an infinite number of equivalent circuit models that can be used to represent a 

certain set of impedance data (Barsoukov E. & Macdonald J. R. 2005). A consequence of this that 

will be important in the future discussion of the DEP chip can be illustrated using a modified 

representation of the equivalent circuit in Figure 5. The equivalent circuits in Figure 6 will 

produce the same impedance spectrum as long as Ceq is defined as a sum of the parallel 

capacitances. 
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Figure 6: An example of two different equivalent circuits with the same impedance spectra. 

The consequence of this is that it is impossible to establish the capacitance values of the 

equivalent circuit depicted in Figure 6 with only impedance data. Since Ca, Cb, and Cdl can be 

varied arbitrarily as long as they maintain the same sum, any regression of the impedance data to 

fit this model will include large errors in the estimation of these elements. Therefore if Figure 6(a) 

does represent actual physical properties of interest, one would have to structure the experiments 

in such a way that one term dominates in the sum (i.e. Cdl>>Ca,Cb such that Ceq≅Cdl) to determine 

it value from regression. 

2.2 Conductiometric Based Pathogen Detection 

The idea of detecting microbial pathogens by using changes in impedance is not a new one, as the 

concept of impedance microbiology has been around for over a century. Impedance microbiology 

looks at the change in the resistance of a solution. This change is brought about by bacterial 

metabolism and growth, which alter the conductivity of the growth medium. First reported by 

Stewart (1899) through the use of freezing point depression and electrical resistance 

measurements, this method did not gain significant popularity until the works of Ur & Brown 

(1974). Using 2 mm glass capillary tubes that were plated with gold on either end to act as the 

electrodes and filled with the appropriate medium, they showed a marked decrease in the 

impedance of these cells versus reference cells.  While the decrease depended on the organism 

present, a significant change was seen in less than 30 minutes for Escherichia coli, and 

Streptococcus faecalis at inoculum concentrations of 105 organisms/mL. They also showed that 
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decreasing the inoculum size would cause a delay in the impedance decrease of the system, and 

that when certain antibiotics were added to a culture of Escherichia coli the impedance of the 

system did not significant increase over a 3 hour period. 

Throm et al. (1977) used an automated impedance monitoring system known as the Bactometer 

32 to monitor 200 clinical urine samples for bacterial contamination and compared detection 

based on conductivity changes to traditional plate counts. They found that of the 200 samples 

tested, 80 tested positive when measured by impedance changes, with 2% of these positive results 

not corroborated by the traditional method and 4% of the bacteria detected by the conventional 

method not detected by the impedance system. The impedance results were obtained within 2-3 

hours for inoculum concentrations of 104-105 organisms/mL, which was a marked improvement 

over the 18-24 hours required to get the results back from traditional culture methods. In the 

research that followed impedance measurements were also used to show the applicability of this 

method in detecting bacteria counts in fish (van Spreekens K. J. A. & Stekelenburg F. K. 1986), 

meat (Hardy D. et al 1977, Bütle M. & Reuter G. 1984, Donaghy J. A. & Madden R. H. 1992), 

and water samples (Silverman M. P. & Munoz E. F. 1979, Bernard C. et al. 1987). While it would 

be hard to make a direct comparison of these works, the results obtained from these sources 

always show a linear relationship between the detection time and initial inoculum concentration, 

with many systems detecting an initial inoculum concentration of 100 CFU/mL in less than 11 

hours. Current research trends in this area are taking advantage of miniaturizing these systems 

using photolithography techniques. Often interdigitated microelectrode arrays are employed to 

perform the impedance measurements and it can be seen that they produce results 3-4 hours 

sooner then that of conventional measurements (Ramirez N. et al. 2009). 

The main distinction between these classical examples and the current system is the target 

pathogen. Bacteria will alter the physical nature of their surroundings as their metabolic processes 

will produce waste products. Viruses on the other hand are not capable of such a feat. There are, 
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however, other ways to detect pathogens that do not require the analyte to alter the medium. 

These techniques alter interfacial phenomena by binding the desired analyte at the surface of a 

functionalized electrode using antibody-antigen reactions.  

2.3 Faradaic Impedance Spectroscopy 

One of the most prevalent techniques used in the literature is Faradaic impedance spectroscopy 

that employs a redox probe to detect bound analytes. These systems are often characterized by a 

Randles type equivalent circuit as seen in Figure 7. 

 

Figure 7: Example of an equivalent circuit used to interpret Faradaic impedance data. 

The two elements Cdl and Rsol represent the double layer capacitance and the solution resistance 

respectively. The other two elements in Figure 7 represent phenomena that is important when 

there is a redox probe present (often ferrocyanide/ferricyanide, [Fe(CN)6]3-/4-). The first term, Ret, 

represents the electron transfer resistance and the second term, Zw, is known as the Warburg 

impedance and represents impedance that arises from the diffusion of the redox probe to the 

electrodes (Barsoukov E., Macdonald J. R. 2005). Faradaic impedance spectroscopy seeks to 

inhibit the ability of the redox probe to get close enough to the electrodes to allow the redox 

reaction to take place.  This is because as the analyte binds to and covers the electrode surface it 

“insulates” the electrode thereby increasing the electron transfer resistance. 

Bardea et al. (2000) used Faradaic impedance spectroscopy to detect antibodies directed against 

Dinitrophenyl (DNP-Ab).  These authors also employed an addition reaction scheme to further 

increase this insulating layer (and therefore impedance change) after the initial analyte binding. A 

gold electrode was functionalized with a dinitrophenyl antigen monolayer, which will bind DNP-
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Ab. After capture of the DNP-Ab another antibody directed against the Fc region of the DNP-Ab 

and functionalized with horseradish peroxidase (HRP) was introduced. The net effect of this 

process is a surface functionalized with HRP. The HRP was then used to produce hydrogen 

peroxide, which oxidizes 4-chloronapthaol creating an insoluble product that precipitates onto the 

electrode. This further increases the “insulting layer” on the electrode and amplifies the difference 

between the before and after capture readings. Using a 2 ng/mL concentration of DNP-Ab the 

electron transfer resistance was seen to increase from 680 Ω to 990 Ω. After treatment with the 

anti-Fc-DNP-Ab-HRP the electron transfer resistance increased to 1270 Ω. Finally after 12 min of 

precipitation the electron transfer had increased to 2390 Ω which is approximately 6 times higher 

than if only the DNP-Ab was captured. They reported a lower detection limit of 0.5ng/mL using 

this method. 

This precipitation amplification method was also used by Ruan et al. (2002) to detect E. coli. A 

similar sandwich technique was preformed using alkaline phosphatase labeled anti-E.coli 

antibodies. The alkaline phosphatase would catalyze the precipitation of 5-bromo-4-chloro-3-

indolyl phosphate onto the surface of the electrode. This reaction scheme was able to detect E. 

coli down to a concentration of 6x103 cells/mL. Later work by the same group looked into directly 

detecting E. coli using interdigitated electrodes without precipitation products (Yang L. et al. 

2004). This system showed less sensitivity though as the limit of detection was 4.36x106  

CFU/mL, with the proceeding 10 fold dilution showing no difference from the bare antibody 

functionalized surface. 

2.4 Non-Faradaic Impedance Spectroscopy 

One can also take advantage of the effect bound analytes have on the interfacial phenomena in the 

absence of a redox probe to provide an impedance based signal transduction method. This is 

generally referred to as non-Faradaic impedance spectroscopy. In non-Faradaic impedance 

spectroscopy the increasing thickness of the insulating layer affects the ionic layer above the 
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electrodes. Examples of non-Faradaic impedance spectroscopy can be seen in the work by 

Lasseter et al. (2004), and Maalouf et al. (2007) who use it to detect avidin and E. coli, 

respectively. The equivalent circuits used to interpret the resulting impedance spectra can be seen 

below in Figure 8. 

 

Figure 8: Examples of equivalent circuits used to represent similar non-Faradaic Impedance 
systems. 

The equivalent circuit presented by Maalouf et al. (2007) represents the impedance of the system 

in the simplest possible terms with the solution resistance in series with the double layer 

component. The constant phase element represents the capacitance of the double layer while the 

parallel resistor represents the “polarization resistance”. In contrast Lasseter et al. (2003) broke up 

the double layer behavior into two zones. The inner zone represents an area before the surface of 

the functional layer, and the outer zone represents everything thereafter. However, a physical 

insight into the nature of the inner and outer resistive elements was not given. 

Maalouf et al. (2007) showed a change in every circuit parameter with Rs, CPE, and Rp increasing 

by 112%, 18%, and 23% respectively for an E. coli concentration of 105 CFU/mL. Lasseter et al. 

(2003) showed an increase in the inner and outer resistive elements of 30%, and 34% respectively 

and a decrease in the outer CPE element of 14% for a avidin concentration of 0.4 mg/mL. While 

the parallel resistive components increased in both cases, the CPE elements do not behave 

similarly. An increase in the CPE element is seen after the binding of E. coli for Maalouf et al. 

(2007) while a decrease is seen after the binding of avidin for Lasseter et al. (2003). Neither 

author comments on the physical reason for the difference seen in their CPE elements: however, 
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this maybe explained by the nature of the analyte captured. In the case of Lasseter et al. (2003) if 

the double layer is viewed as a parallel plate capacitor, then the avidin increases separation 

distance between the electrode and the double layer thereby decreasing the capacitance. However, 

for Maalouf et al. (2003) the binding of E. coli might increase the concentration of ions in the 

double layer as the internal conductivity of the cell might be higher than that of the surrounding 

medium of the double layer, thereby increasing capacitance. 

2.5 Dielectric Properties of Biological Tissues and Suspensions 

There are also other detection schemes that do not rely on changes in interfacial phenomena. 

These systems rely on a difference in dielectric properties of the medium between the electrodes 

before and after capture. It would be prudent at this point to review the dielectric behavior of 

biological tissues and suspensions so one has a more in-depth understanding of what causes these 

impedance changes in these systems. 

The dielectric properties of the medium are related to the impedance of the system through the 

capacitance. Using the case of two long parallel plates with a small separation distance, this 

capacitance can be derived analytically (the derivation can be found in any introductory text to 

electrostatics) and this capacitance is given by equation [1] (Griffiths D. J. 1999). 

! = !!!!
!
!
!  

Where, 

!!   is  the  relative  permittivity  of  the  medium  between  the  plates 

!!  is  the  permittivity  of  free  space,which  is  8.85x10!!"
F
m

 

!  is  the  overlapping  area  of  the  plates   m!   

!  is  the  separation  distance   m  

The dielectric properties of the system are conveyed through the relative permittivity term in 

equation [1]. The capacitance is directly proportional to the relative permittivity of the system, 

which means it is inversely proportional to the impedance. Therefore at the center of the chip 
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where the collection of model polystyrene particles (εr=2.4) displaces water (εr=80) one would 

expect an increase in impedance due to this inverse proportionality relationship. This, however, is 

an over simplified view of the problem as the relative permittivity used in equation [1] is assumed 

to be ideal. For the purposes of this text the assumption of ideality means that the relative 

permittivity of the medium is constant with respect to the frequency of the applied electric field. 

In reality the relative permittivity will depend on the frequency for a number of reasons. 

Firstly, an ideal dielectric as depicted by the relative permittivity in equation [1] is assumed to 

have no conductivity, but this is not the case for many dielectrics. For example, water at a neutral 

pH will have a hydronium and hydroxide ion concentration of 10-7M due to self-ionization. 

Knowing the ionic mobilities of hydronium and hydroxide are 3.63x10-3 cm2 sec-1 V-1 and 

2.05x10-3 cm2 sec-1 V-1, respectively (Bard A. J. & Faulkner L. R. 2001) the conductivity of pure 

water can be calculated to be 0.0548µS cm-1. The conductivity of blood plasma is much greater 

than this due to the ionic species present with a conductivity of around 13-18 S cm-1 (Hirsch F. J. 

et al. 1950). The conductivity of the medium is included in the complex form of the dielectric 

constant as seen in equation [2] (Jones T. B. 1995). 

!∗ = !!!! − !
κ
!
  [2] 

Where, 

!!   is  the  relative  permittivity  of  the  medium  between  the  plates 

!!  is  the  permittivity  of  free  space,which  is  8.85x10!!"
F
m

 

!  is  the  conductivity  of  the  medium  
S
m

  

!  is  the  angular  frequency  of  the  applied  electric  field  
rad
s

 

This complex permittivity can then be substituted in place of the relative permittivity in equation 

[1]. The impedance spectrum of a parallel plate capacitor with an overlapping area of 1 m2, and a 

separation distance of 1 cm fill with pure water can be see below in Figure 9. 
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Figure 9: Impedance spectra of a 1 m2 parallel plate capacitor filled with pure water. 

Unlike the case of an ideal dielectric, the impedance with a non-ideal dielectric will be dominated 

by the conductivity of the dielectric at low frequencies. This is why the impedance begins to 

plateaus at 1 kHz in Figure 9. 

This dielectric behavior is still not the whole picture, however, as the relative permittivity and 

conductivity in equation [2] are also functions of frequency. The dielectric is composed of 

molecules with a permanent dipole moment and these molecules will take a specific amount of 

time to orient themselves to the electric field. The contribution to the overall polarization of the 

medium due to the alignment of molecules to the electric field is expressed in the value of relative 

permittivity. If the field is changing faster then they are able to rotate to orient themselves to the 

field then this contribution to the polarization is lost. Consequently, this loss lowers the relative 

permittivity of the medium. For example, water molecules possess a permanent dipole moment 

and when an electric field is applied these moments will align themselves with the field creating 

an orientational polarization. However, as the frequency increasing into the tens of gigahertz 

range the water molecules are no longer able to completely orient themselves to the field and 

some polarization is lost. The characteristic frequency for this relaxation is 20 GHz where the 

relative permittivity of water decreases from 80 at frequencies an order of magnitude lower then 

this, to 2 at frequencies an order of magnitude higher then this (Morgan H. & Green N. G. 2003). 

This dispersion is illustrated in Figure 10. Essentially at a frequency of 1011 Hz the electric field is 
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changing so fast as to have no affect on the orientation of the water molecules thereby decreasing 

the overall polarization of the medium, as reflected in the value of the relative permittivity. 

 

Figure 10: Dielectric dispersion of water occurring at 20 GHz due to the loss of orientational 

polarization. 

Three such dispersions are commonly observed in biological tissues, which are designated α, β, 

and γ dispersions (Pethig R. 1987). The α, and γ dispersions are generally of no interest with 

respect to the detection schemes that will be presented later. They represent the relaxation of the 

ionic atmosphere near charged membranes, and relaxation of water within the tissues, respectively 

(Pethig R. & Kell D. B. 1987). The β dispersion, which occurs in the low kilohertz to high 

megahertz range, is associated with Maxwell-Wagner polarization phenomena as well as the 

relaxation of proteins within the cells (Pethig R. & Kell D. B. 1987). The relaxation of proteins 

within the cell occurs for the same reasons as for the water example except, since they are larger 

then water molecules, they will incur a larger relaxation time constant (Daniel V. 1967), and have 

a lower characteristic frequency. Therefore, the only thing left to address is the contribution 

brought about by Maxwell-Wagner polarization. 

Maxwell-Wagner polarization comes about due to the build up of charge at the interface between 

two different dielectrics in an electric field. The classical problem that is seen in many 
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introductory texts to electrostatics is the case of a homogeneous ideal dielectric sphere in a 

vacuum subjected to a uniform electric field Ea, as depicted in Figure 11. 

 

Figure 11: Polarization of a homogeneous particle in vacuum for a constant electric field. 

A mathematically vigorous solution for this problem can be found in Schwartz (1972). In the case 

of a particle with radius Rp, subjected to a time varying electric field and suspended in medium of 

permittivity !!∗ , the induced dipole moment is given by equation [3] (Jones T. B. 1995). 

!!"# = 4!!!
!!∗ − !!∗

!!∗ + 2!!∗
!!!!!  [3] 

Here the asterisks denote the complex permittivities of the respective material. Unlike the case for 

a vacuum depicted in Figure 11 the orientation of the induce dipole in this case is dependent on 

the ratio of complex permittivities in equation [3] which is known as the Clausius-Mossotti factor. 

When the contributions of the particle are much greater than that of the medium, the induced 

dipole is aligned with the field and vice versa. 

 Equation [3] can be used to approximate the behavior of bacterial or viral species in solution by 

modeling them as a series of concentric circles. The simplest virion consists only of a protein 

coating, called the capsid, encapsulating the viral DNA or RNA (Prescott L. M. et al. 2005). If the 

capsid can be approximated as sphere with a complex permittivity !!"!∗ ,, surrounding the viral 

DNA solution with a complex permittivity !!∗, then the virion particle is often presented as a 

homogeneous particle as depicted inFigure 12, with complex permittivity !!  !""∗ . 
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Figure 12: Homogeneous representation of a shelled particle through the use of an effective 
complex permittivity. 

Derivations of this equivalent effective particle permittivity can be found in Jones (1995) or 

Huang et al. (1992) and is seen equation [4] (Jones T. B. 1995). 

!!  !""∗ = !!"!∗

!!
!!

!
+ 2 !!

∗!!!"!
∗

!!
∗!!!!"!

∗

!!
!!

!
− !!

∗!!!"!
∗

!!
∗!!!!"!

∗

  [4] 

Substitution of equation [4] for the complex permittivity of a particle in equation [3] gives the 

induce dipole moment for this simplified virion particle. Knowing the polarization of a single 

particle allows the calculation of the complex permittivity of a mixture of particles in a medium, 

with a complex permittivity !!∗ , containing a volume fraction of particles Vf as seen in equation 

[5] (Morgan H. & Green N. G. 2003). 

!!"#∗ = !!∗
1 + 2!!

!!  !""
∗ !!!∗

!!  !""
∗ !!!!∗

1 − !!
!!  !""
∗ !!!∗

!!  !""
∗ !!!!∗

5  

The interpretation of the effects of Maxwell-Wagner Polarization from equation [5] seems to be 

intuitively intractable given the number of variables after the relevant substitutions are made. 

Therefore, to highlight an important point about how a mixture of viral particles behaves in an AC 

electric field it is prudent to perform some simulations of equation [5]. The values for the 

permittivities and particle dimensions were taken from Sun et al. (2007), however, Sun et al.’s 

focus is more towards the time domain response of this system and is not completely relevant to 
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the current discussion. The relevant parameters in the simulations are εi = 60, κi = 0.4 S/m, εmem = 

5, κmem = 1x10-8 S/m, εm = 80, κm = 0.016 S/m or 1.6 S/m, Ro = 3 µm, Ri = 2.995 µm, and Vf = 0.98 

%. The behavior of the relative permittivity of this mixture is presented below in Figure 13. 

 

Figure 13: Relative permittivity behavior for a heterogeneous suspension of shelled particles 
in low conductivity (16 mS/m) and high conductivity (1.6 S/m) water. 

The relative permittivity of a mixture of these model bacterial particles is greater than that of bulk 

water in both cases. From an isolated purely capacitance point of view this increase in relative 

permittivity would correspond to a decrease in the impedance of the system at these lower 

frequency ranges. However, as the frequency of the applied electric field is increased the relative 

permittivity tends to a value just below that of bulk water. To understand this relaxation one can 

take a viewpoint often encountered in these discussions. The membrane surrounding the interior 

of the particle is viewed as having a specific capacitance (Gawad S. et al. 2004). At low 

frequencies the capacitance of this membrane is realized by charge accumulation at the boundary 

giving way to an induced dipole on the particle. However, as the frequency is increased the 

capacitor never gets the opportunity to charge itself before the field changes again and therefore 

the charge accumulation on the surface of the particle decreases. Without the additional 

contribution of the induced dipoles the relative permittivity of the medium falls to around that of 
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bulk water since the inner particle is almost as polarizable as water. Another essential take away 

from this is that at low frequencies the shell of the particle effectively insulates the inner contents. 

As the frequency is increased, the capacitance of the shell is shorted such that charge can be 

conduced through the particles. The significance of this is seen in the conductivity of the mixture 

presented in Figure 14, and Figure 15. 

 

Figure 14: Heterogeneous suspension conductivity for low conductivity (16 mS/m) 
suspending medium. 

 

Figure 15: Heterogeneous suspension conductivity for high conductivity (1.6 S/m) 
suspending medium. 

Due to the membrane insulating the inner portion of the particle, the suspension’s low frequency 

conductivity is lower than the conductivity of the suspending medium in both cases. As the 
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frequency increases the membrane is shorted and current is carried by the inner cell medium 

causing the conductivity of the system to increase. The extent of the increase depends on the 

conductivity of the medium inside the particle. This change in conductivity is important because 

as seen in Figure 14, if the conductivity of the particles is sufficiently higher then that of the 

medium, the conductivity of the mixture can surpass that of the suspending medium for high 

frequencies. While the theoretical underpinnings of this mixture theory relegate its use to purely 

qualitative illustrations of mixture behavior, it can be used to interpret the behavior of two sensor 

designs that bare comparisons to the DEP chips used in this work. 

2.6 Analyte Detection for Non-Functionalized Electrodes 

Work by Suehiro et al. sought to capture E. coli through the use of positive DEP with one of two 

electrode designs represented below in Figure 16.The interdigitated electrodes, Figure 16 (a), and 

the “castle wall” electrodes, Figure 16 (b), are fabricated by depositing chrome on a glass 

substrate using standard photolithography techniques. The E. coli cells were assumed to have an 

inner cytoplasmic conductivity of around 100 mS/m while the suspending medium conductivity 

was 0.2 mS/m. 

 

Figure 16: Pictorial representation of E.coli capture using interdigitated (a) and castle wall 
(b) electrode designs used by Suehiro et al. 

DEP collection of the cells and impedance measurements were performed in tandem using a 

system described in Suehiro et al. (1999), and was referred to as dielectrophoretic impedance 
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measurements (DEPIM). DEPIM was performed at either 100 kHz or 1 MHz. Cell suspensions of 

varying concentration were allowed to flow over the electrodes where they experience positive 

DEP forces and were trapped as depicted in Figure 16 (Suehiro J. et al. 1999, 2003, 2003(2), 

2006). In all cases the conductance and capacitance of the system increased with time as cells 

became trapped in strong field regions. The detection limit for the interdigitated electrodes under 

this tandem capture/measurement technique was 105 CFU/mL; however, this limit could be 

lowered to 102 CFU/mL, if the voltage was increased from 5 Vptp to 20 Vptp after a few minutes of 

capture (Suehiro J. et al. 2003). This voltage step causes the cell membranes to become more 

permeable to ionic species causing the ionic contents of the cells to be released to the suspending 

medium in a region near the electrode. The result of this voltage step is a rapid increase in the 

measured conductivity that then gradually decreases as the ionic species diffuse. The technique of 

using electropermability to increase the sensitivity of the impedance measurements was referred 

to as EPA-DEPIM by the authors. 

DEPIM, and EPA-DEPIM were also used to selectively detect viable E. coli cells (Suehiro J. et al. 

2003(2)) and E. coli cells mixed with Serratia marcescens (Suehiro J. et al. 2006), respectively. 

Selectivity of viable E. coli cells was accomplished through the difference in the dielectrophoretic 

properties exhibited by viable and non-viable cells, while selectivity for the mixed cell population 

case was realized by the use of antibodies functionalized on the surface of the glass substrate. 

Given the experimental conditions for these systems, one would expect them to behave similarly 

to that of the low suspending medium conductivity presented in Figure 13 and Figure 14. 

Detection is possible because the high frequencies used allow at least some current to be 

conducted by the cytoplasm of the cell. Since the cytoplasm has a much greater conductivity than 

the suspending medium and a significant number of cells are captured, the conductivity of the 

medium near the electrodes increases as in Figure 14 thereby increasing the measured 

conductance. 
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Another sensor that warrants attention is a microfluidic flow cytometer developed by a group in 

the UK, and is depicted in Figure 17. This figure represents the sensing area of the cytometer 

where the cell of interests passes between two parallel electrodes that are 20 µm x 20 µm 

separated by a distance of 20 µm. The electrodes are again created using photolithography 

techniques by patterning platinum on a glass substrate. Cells are suspended in a medium that is 

usually made to mimic physiological conductivities and range from 12-18 S cm-1. A differential 

measurement technique is employed where the two sets of the parallel electrodes are used to infer 

impedance changes in the system. As the cell passes over the first set of electrodes it alters the 

dielectric properties of the medium in between these electrodes. The other set of electrodes serves 

as a reference and the current off both of theses electrodes is sent to two current to voltage 

converters. The resulting voltage signals are then sent to an operational amplifier, which outputs a 

voltage based on the difference of the two inputs. After the cell clears the first set of electrodes it 

enters the second set and the sense/reference roles of the electrodes are reversed. 

 

Figure 17: Pictorial depiction of microflow cytometer setup for blood analysis such as 
presented in Gawad et al. 2004. 

Extensive theoretical characterization of impedance changes for this system with respect to 

varying mixture theories (such as equation [5]) (Gawad S. et al. 2004, Sun T. et al. 2007, Morgan 

H. 2007) as well as finite element simulations (Gawad S. et al. 2001, Gawad S. et al. 2003) have 

been performed. Considerations of the signal processing for this system can be found in Gawad et 
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al. (2004), and Sun et al. (2007). The culmination of this work allowed the differentiation of the 

three main cell types that compose the white blood cell population of a whole blood sample that 

was treated with formic acid (Holmes D. et al. 2009). Differentiation was accomplished by 

characterizing and comparing the “high” (1 - 10 MHz range) and “low” (100 kHz – 1 MHz range) 

frequency responses of the system, and the results show good agreement with traditional 

laboratory counts. The reason for comparing the high and low frequency ranges was to get 

information on the size and dispersive properties of the cells. In the low frequency regime the cell 

membrane insulates the particle as per the discussion in section 2.5. The higher frequencies were 

used to probe the dispersions of the particles such as those depicted in Figure 13 which are 

dependent on the dielectric properties of the particles. The treatment with formic acid was used to 

alter the dielectric properties of the cells enough such that the populations could be easily 

differentiated and quantified as the untreated sample had difficulty differentiating the neutrophils 

and monocyte populations. 

These examples illustrate that the detection of micron sized cells between microelectrodes can be 

done using changes in impedance. However, these systems have the advantage of using cellular 

organisms, which are 10-100 times larger, then the viral particles of interest in this work. Whether 

success in these systems can be translated to the detection of viral particles will depend on many 

factors, but before these can be explored one must first characterized the impedance response of 

the current DEP chips. 
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Chapter 3 

Characterization of Current System by Impedance Spectroscopy 

3.1 Current DEP chip design 

In this work there are 5 different DEP concentration chip designs, which are designated as SC100, 

SC 10, T10, SC5, BP5. These designs vary in an approximately 300umx300um area at the center 

of the chips as can be seen below in Figure 18. 

 

 
Figure 18: Schematic depiction of DEP chips designs with capture areas shaded grey. 

The number in the chip designations refers to the electrode gap distance between opposite 

electrodes in microns (i.e. an SC10 will have a 10µm distance between the tips of two opposite 

electrodes). It should be noted that Figure 18 is only a schematic depiction of the designs and only 

approximate the correct relative dimensions of the electrodes. In actuality the narrower portion of 

the SC10 electrodes is wider then that of the SC5 and BP5 designs, however it is impossible to 

convey the difference with images of this scale. The height of the electrodes was 100nm. 

These chips are numbered according to batch with the first number representing the batch number 

and the second number representing that particular chip (e.g. 9/10 would refer to chip 10 of batch 

9).  Each number is engraved onto the top left of each chip and this is used to distinguish between 
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electrode pairs. The vertical electrode pair is denoted as being to the right of the chip designation, 

and the horizontal pair is below this engraving. 

When an appropriate electric field is applied to the electrodes a synergistic effect between the 

electrothermal flows and DEP forces concentrate particles at the center of the chip. The expected 

capture area for the target analyte is shaded gray in Figure 18. The actual area might be a little 

larger (i.e. better depicted by a rectangle at the center of the chip than by a circle) but this 

assumption should not have any significant influence on the conclusion of this work. The hope is 

that this concentration effect will allow one to detect a lower concentration of viral particles in 

those cases where diffusion of viral particles to the sensor surface becomes inhibitory. The initial 

question to be answered now is how sensitive is the impedance response to particles concentrated 

at the center of the chip.  To do this the impedance response was characterized with the help of 

equivalent circuit analysis to determine the contributions of relevant physical phenomena. 

3.2 Materials and Methods 

3.2.1 Standard Chip Fabrication 

Chips were fabricated using standard photolithography techniques. The substrate was a silicon 

wafer with either a 500 nm (batch 10), or 1000 nm (batch 11) insulating layer of silicon dioxide. 

The wafer was first cleaned by thoroughly rinsing it with deionized water, acetone, isopropyl 

alcohol, and then again with deionized water. After the final rinse with water the wafer was blown 

dry with nitrogen and then placed on a hot plate at 100 °C for 15 min to ensure the wafer was dry. 

After drying, the negative photoresist ma-N 1405(Micro Resist Technology, Berlin, Germany) 

was spin-coated onto the wafer. For spin-coating approximately 3mL of the photoresist was 

drawn up into a plastic pipette and deposited onto the wafer during the first stage of the spin 

cycle. This stage consisted of a ramp up to 400 rpm at an acceleration of 18 rpm for 5 sec. Then a 

second stage would ramp up to 2000 rpm at an acceleration of 20 rpm for 30 sec. After spin 

coating the wafer was subjected to a pre-exposure bake step at 100 °C for 2 minutes, and then 
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exposed for 30 seconds. The wafer was then placed in a crystallization dish containing enough of 

the developer ma-S 533(Micro Resist Technology, Berlin, Germany) to submerge the wafer. This 

was then agitated for 45 seconds before a final rinse with deionized water and then blown dry 

with nitrogen. A 50 nm layer of chromium was then deposited onto the wafer using an electron 

beam evaporator to provide an adhesion layer between the gold and silicon dioxide layers. Then a 

100 nm layer of gold was deposited by the same method onto the wafer. After metal deposition 

the wafer was placed in another crystallization dish and submerged in acetone and then agitated 

using sonication until the remaining photoresist was removed leaving only the electrode patterns. 

The chips were then cut out from the wafer using a dicing saw and a diamond coated saw blade. 

3.2.2 Reduced Area Chip Fabrication 

The standard chip fabrication method was slightly altered to reduce the area of the electrodes used 

for impedance measurements for the batch 11 series chips. This was done to reduce a stray 

capacitance that would dominate the high frequency impedance response of the chips. Before the 

metal deposition step, tape was placed over the larger contact pads of a select number of chips. 

Metal deposition and lift-off were performed as before using a sonication bath and the resulting 

wafer can be seen in Figure 19. 

 

Figure 19: Tapped wafer after gold deposition and sonication. 
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The tape remaining on the wafer was then manually removed to get electrodes with a significantly 

reduced area (Figure 20). After the tape was removed, the chips were diced using a dicing saw as 

before. 

 

Figure 20: Wafer after tape removal showing reduced area DEP chips. 

3.2.3 Standard Chip Impedance Measurements 

Impedance measurements were preformed with a Solartron 1260 frequency response analyzer 

(Hampshire, UK) in stand-alone mode. Connections to the chip were made using a specially 

designed stage. Individual 3’ BNC cables were connected to the Gen Output, Current, Voltage1 

High, and Voltage 1 Low ports of the Solartron. The Gen Output and the Voltage1 High were 

then connected via a BNC T adaptor. The output of the adaptor was another 3` length of BNC 

cable that terminated with an alligator clip. The same type of arrangement was used for the 

Current, and Voltage 1 Low cables. The alligator clips were then attached to copper leads of the 

specially designed stage, which were in contact with opposite electrodes of the chips for 

measurements as seen in the schematic presented in Figure 21. 
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Figure 21: Schematic of Solartron 1260 connection to chip. 

Zplot (Huntington Beach, CA) was used to interface with the Solartron and set up the 

experimental parameters, which were then analyzed using Zview (Huntington Beach, CA). Using 

the Zplot software one can change the excitation voltage, frequency range, and number of data 

points. The initial experiments excited the DEP chips with a voltage signal of 100 mV peak-to-

peak in a frequency range from 100 Hz-1 MHz, using a data acquisition rate of 10 points per 

decade. The Zview software was used to regress the circuit parameters from the impedance data 

collected over this frequency range. 

A larger frequency sweep over the range of 1Hz-1MHz was also used to illuminate some issues 

with the regression of parameters. Zview software was again used to regress circuit parameters 

from the same set of data using three different cases. The first regression used the full data set and 

the equivalent circuit used in the initial data set. The second regression used a redacted portion of 

the spectrum. This redacted portion of the spectrum is supposed to mimic the case of DI water 

where the impedance does not include significant portions of the double layer capacitance. The 

redacted frequency spectra for the 95 mS/m and 880 mS/m solutions are 3981 Hz-1 MHz, and 

39810 Hz - 1 MHz, respectively. The final regression uses this reacted spectrum and a simplified 

equivalent circuit that does not include the double layer element, as it does not significantly 

contribute to the impedance. 
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An initial frequency sweep was done to determine the effect of the experimental setup using a 

defective chip. This chip was defective as the electrodes did not fully form and where connected 

essentially making one large electrode. Leads were attached to opposite ends of this large 

electrode where the contact pads would have been and impedance measurements were taken. 

These measurements give the impedance of the setup, including the contact resistance incurred 

from connecting to the electrodes. The impedance response of this setup was observed to be 

orders of magnitude lower then that of a regular chip in the frequency range of interest. The setup 

impedance was therefore ignored for all subsequent experiments. 

Different KCL solutions were used to determine the effect of ionic strength on the impedance 

response of the system. A 67 mM solution of KCL was prepared by dissolving 0.1 g of KCL in 20 

mL of deionized water. This solution was then used to make a 6.7 mM, and 0.67 mM solution by 

taking an appropriate volume of the original solution and diluting it with deionized water. The 67 

mM, 6.7 mM, and 0.67 mM solutions correspond to solution conductivities of 880 mS/m, 95 

mS/m, and 10 mS/m respectively (Wu Y. C. et al. 1989). These conductivities were confirmed 

using a Corning Pinnacle 542 pH/conductivity meter and Corning Laboratory Conductivity Probe 

model M542. For KCL measurements, a 2 µL droplet was placed on the center of the chip using a 

micropipetter ensuring that the droplet was centered and did not extend to the contact pads. After 

the measurement was complete, the chip was rinsed with copious amounts of deionized water and 

then blown dry before the next medium was deposited. 

After these initial experiments, a larger frequency sweep over the range of 1 Hz - 1 MHz was also 

used to illuminate some issues with the regression of parameters. Zview software was again used 

to regress circuit parameters from the same set of data using three different cases.  The first 

regression used the full data set and the equivalent circuit used in the initial data set. The second 

regression used a redacted portion of the spectrum. This redacted portion of the spectrum mimics 

the case of DI water where the impedance does not include significant portions of the double layer 
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capacitance. The redacted frequency spectra for the 95 mS/m and 880 mS/m solutions were 3981 

Hz – 1 MHz, and 39810 Hz – 1 MHz, respectively. The final regression used this reacted 

spectrum and a simplified equivalent circuit that did not include the double layer capacitance 

element, as it did not significantly contribute to the impedance 

3.2.4 Reduced Area Impedance Measurements 

Impedance measurements were carried out using the Solartron 1260 frequency response analyzer 

and the Solartron 1296 dielectric interface (Hampshire, UK), which allows for more accurate 

measurements at higher impedances and frequencies. As the large contact pads were removed a 

Signatone S-1160 probe station (Gilroy, CA, US), and Signatone S-926 micropositioner (Gilroy, 

CA, US), with a 50 µm pin tip were utilized to make the necessary connections. The excitation 

voltage used was again 100 mVptp and the frequency was limited to the range 1 kHz - 1 MHz. 

Zplot and Zview were used as before for setting up the experimental runs and the analysis of the 

results, respectively. A simple RC circuit was used to fit the data during analysis, and for fitting 

the frequency spectra was limited to 100 kHz - 1 MHz. 

In an attempt to validate that the reduced area chips did respond to a change in the dielectric 

medium three different mediums were used to probe the response of the system. The mediums 

used were air, water, and Dimethyl sulfoxide (DMSO), which have relative dielectric 

permittivities of 1, 80, and 48 respectively. Air was used along with either DMSO or water to 

calculate the geometric factor using equation [11]. The results of using DMSO and water were 

then compared. The use of 1590 µm diameter wells, which were created using microscope 

imaging spacers (Sigma-Aldrich), ensured that the wetted area was the same for each medium. To 

do this, three individual spacers were overlaid on top of one another and a 1/16-inch hole punch 

was used to make a well of the appropriate diameter. The well was then placed manually over the 

center of the chip so that both DMSO and water would cover the same area of the chip. Before 

each measurement the well was filled using a micropipetter to dispense 2 µL of the appropriate 
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medium into the well. After the measurement was complete the well was thoroughly rinsed with 

Millipore filtered water, and dried by blowing air into the well. 

3.2.5 Functionalization of Silicon Surface for Particle Capture Experiments 

All chemicals, except for anti-avidin (Polysciences, PA, US), were purchased from Sigma-

Aldrich. Functionalization was carried out under an inert nitrogen atmosphere in a dry box. Using 

a 1 mL pippetter 0.735 mL of (3-mercaptopropyl)trimethoxysilane (MTS) was added to 45 mL of 

anhydrous toluene. This solution was then evenly distributed between five 20 mL scintillation 

vials. These vials were then placed onto a hot plate and heated to 80 °C. After the vials reached 80 

°C the chips to be functionalized where rinsed with toluene and then placed into the MTS-toluene 

solution for 1 hour. The heat was turned off so that over the course of an hour the solution would 

be allowed to cool down. 0.2 g of N-succinimidyl 4-maleimidobutyryloxy (GMBS) was dissolved 

in 0.4 mL of dimethylformamide in a 20 mL scintillation vial, and then the vial was filled with 

ethanol. This GMBS solution was again evenly distributed between five 20 mL scintillation vials. 

After an hour the chips were removed form the MTS-toluene solution (which was around 32 °C), 

rinsed with ethanol and then placed into a vial containing the GMBS solution. Again the vials 

were allowed to react for and hour at room temperature in the dry box. Approximately 1mg of 

anti-avidin was dissolved in 20 mL of phosphate buffered saline (PBS) solution, and then evenly 

distributed between five 20 mL scintillation vials. After an hour in the GMBS solution, the chips 

were removed, rinsed with PBS and then placed in a vial containing the anti-avidin solution and 

allowed to react overnight. The next morning the chips were removed from the anti-avidin 

solution rinsed with PBS and submersed in a vial containing PBS and stored in the fridge till used. 

3.2.6 Particle Capture 

The procedure for capturing model particles at the center of the DEP chips was taken from 

Tomkins et al. (2008). The avidin-antiavidin reaction was utilized to permanently bind the desired 

model particles to the surface of the chip. The model particles used in these experiments were 
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fluorescent 210 nm Neutravidin functionalized polystyrene particles (Invitrogen, Burlington, ON). 

Model particles were suspended in water with a conductivity of 880 mS/m at a concentration of 

1010 particles/mL. 2 µL of this suspension was pippetted onto the center of the chip and then 

particles were concentrated at the center of the electrodes by applying a sinusoidal voltage signal 

with a frequency of 1 MHz and amplitude of 8 Vptp for 12 minutes. The chip was then vigorously 

rinsed with DI water to remove anything that was not specifically bound to the surface. Two SC 

10 chips (11/1, 11/4), one SC 100 chip (11/7), and two SC 5 chips (11/18, 11/20) were used in 

these experiments.  

3.2.7 Impedance Measurements for Particle Capture 

Four runs were done for each chip using water as the medium before and after capture. The 

impedance measurements and analysis are carried out in the same matter as described the 

previous section for reduced area chips with the exception that no wells were used and 2 µL of DI 

water was pippetted directly onto the center of the chip. No well was utilized this time because 

only one medium was used so differences in the hydrophobicity were not a problem. Also, after 

functionalization there was less variability in the wetting of the surface of the chip. 

Capture was determined using a microscope by illuminating the center of the chip with a mercury 

short arc fluorescent lamp (OSRAM, Munich, Germany). The areas with significant particle 

collection would have a noticeable green fluorescence. Images showing examples of capture were 

taken using a CCD camera (Lumera, Infinity 3, Bothell, WA) using an exposure time of 1.75 

seconds 
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3.3 Standard Chip Characterization 

3.3.1 Initial Impedance Spectrum 

Examples of the impedance spectrum for a SC-100 (chip 10-10), and BP 5 (chip 10-24), can be 

seen below in Figure 22, and Figure 23 respectively. The spectra of these two chips are very 

similar and this type of behavior is seen regardless of the chip design. 

 

Figure 22: Initial impedance spectrum for chip 10/10 under varying medium conditions. 

 

Figure 23: Initial impedance spectrum for chip 10/24 under varying medium conditions 
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Over the frequency range tested the two chips have the same general behavior to media of 

increasing conductivity. At the high frequency end of the spectrum, the magnitude of the 

impedance of all solutions tested tends to the same value and the phase angles are approaching 90 

°. The response of these chips to the low-mid frequency range is more complicated and is 

dependent on the solution conductivity. The higher the solution conductivity the sooner the 

impedance strays from the high frequency impedance response. The highest conductivity 

measurements initially deviated from a phase angle of 90 ° even in the upper range of 100 kHz - 1 

MHz. 

3.3.2 Equivalent Circuit Representation of Impedance Data 

As there was no redox probe and initially particles are not present, the relevant sources of 

impedance for the DEP chips should be the set up resistance, double layer capacitance, solution 

resistance, and dielectric capacitance. With this in mind a probable equivalent circuit element was 

purposed for the DEP chips, which can be seen in Figure 24. 

 
Figure 24: Initially proposed general circuit model for DEP chips. 

The impedance data was fit to this equivalent circuit model, and two examples of the fit can be 

seen below in Figure 25. By visual inspection, these two cases present the “best” and “worst” fit 

for the data gathered for chip 10/10. In both examples, the fit results followed closely with the 

impedance data and it appears that the model presented in Figure 24 was an accurate 

representation of the DEP chips when judged by this standard. 



 

 

 

38 

 

Figure 25: Visually (a) best and (b) worst fit results for Chip 10/10. 

However, this conclusion does not seem as accurate when looking at the equivalent circuit 

parameters values and corresponding percent error provided by Zview for all chip 10/10 runs. 

These values can be seen in Table 1 chip 10/10 under various medium conditions. 

Table 1: Equivalent circuit parameter estimates for chip 10/10 initial data 

 Air DI Water 10 mS/m 95 mS/m 880 mS/m 

RSetup (Ω) 8.35   
±39.59 % 

8.67   
±3.28% 

16.99 
±20.82% 

20.65 
±22.77% 

48.16 
±17.45% 

RSol (Ω) 1.01x106 
±4.19e7% 

1.61 
±4.03e7% 

1.46x105 
±5.71% 

2.63x104 
±1.05% 

2.10x103  
±1.38% 

CPE-Ao 9.24x10-10 
±3.91e4% 

2.09x10-7 
±9.96% 

1.68x10-6 
±16.07% 

4.03 x10-7 
±8.03% 

2.59x10-7 
±6.74% 

CPE-β 1.89x10-7 
±3.86e7% 

9.17x10-2 
±27.25% 

0.29 
±12.39% 

0.66 
±1.75% 

0.82    
±1.04% 

Cdi (F) 4.73x10-10 
±0.2543% 

4.78x10-10 
±0.30% 

4.83x10-10 
±0.37% 

5.00x10-10 
±0.56% 

5.92x10-10 
±1.77% 

Sum of Square 
Residuals  

17.60 0.57 0.19 0.19 0.46 

 

(a) (b) 
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If the fit were judged solely on the basis of the sum of square residuals value then the conclusion 

would now be that the 880 mS/m fit is better then the DI water fit. However, one should also 

evaluate the fit of the parameters based on a third criterion, namely the physical understanding of 

the system. 

When the constant phase element is used to describe the double layer impedance it often has a 

value between 0.7-0.9 (Bard A. J & Faulkner L. R 2001). The only time this was seen in Table 1 

was for the 880 mS/m solution. To understand why this was happening the frequency range was 

extended to sweep from 1 Hz -1 MHz. By extending the frequency sweep it is easier to make out 

the low frequency capacitance which physical intuition tells us should be due to double layer 

effects. However the first regression seems to cast doubt on this assumption. The new frequency 

range extends the data set and should increase the accuracy in estimating the values of parameters 

that are responsible for the low frequency response, i.e. the solution resistance and double layer 

capacitance. 

 

Figure 26: Chip 10/10 impedance spectrum for extended frequency sweep. 
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Regression of the full spectrum data using the general circuit model is located in the first section 

of Table 2.This data is the benchmark as it makes use of the full spectrum and is assumed to most 

accurately estimate system parameters. Note that now for the 95 mS/m solution the beta value for 

the CPE element is in the correct range. The second section of Table 2 represents fitting the 

general circuit model to a redacted portion of the impedance spectrum. The final section of Table 

2 represents the fit when the double layer capacitance is ignored (i.e. the CPE is removed from the 

equivalent circuit model) and the only contribution to the impedance spectrum is the solution 

resistance, and dielectric capacitance. 

Table 2: Chip 10/10 parameter estimates for varying frequency ranges and circuit elements 

 General Circuit, Full 
Spectrum 

General Circuit, Redacted 
Spectrum 

General Circuit minus 
CPE, Redacted Spectrum 

 880 mS/m  95 mS/m 880 mS/m 95 mS/m 880 mS/m 95 mS/m 

RSetup (Ω) 54.74 
±18.78 % 

25.13 
±48.02 % 

29.65 
±19.08 % 

14.05 
±29.30 % 

37.99 
±18.86 % 

21.24 
±45.54 % 

RSol (Ω) 2900 
±1.30% 

26000 
±1.53% 

2100 
±1.30% 

9700 
±84.48% 

2500 
±1.62% 

23000 
±2.05% 

CPE-Ao (F) 1.50x10-7 
±2.29% 

1.45x10-7 
±3.12% 

4.15x10-5 
±2.29% 

1.41x10-7 
±40.40% 

N/A N/A 

CPE-β 0.93 
±0.45% 

0.89 
±0.79% 

0.30 
±86.61% 

0.15 
±59.64% 

N/A N/A 

Cdi (F) 5.57x10-10 
±1.86% 

5.14x10-10 
±1.42% 

5.20x10-10 
±1.65% 

4.88x10-10 
±0.72% 

5.45x10-10 
±1.31% 

5.11x10-10 
±1.16% 

 

If the full spectrum is the benchmark used in judging the other two fits, then the case were the 

constant phase element is removed from the general circuit is the most accurate. All circuit 

parameters estimated using the redacted spectrum no CPE case are closer to the full spectrum 

results than the redacted spectrum case. This result would seem to indicate that in situations where 

a full spectrum measurement is not possible it is better to use a physical understanding of the 

system to reduce the general equivalent circuit into important circuit elements. Otherwise the 

regression will use these less important elements, which should have minimal impact on the 
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impedance, to create a better mathematical fit to the data. This is what causes the solution 

resistance to be dramatically reduced in the redacted general circuit fit in table 2. The regression 

uses the CPE element to produce a better mathematical fit however to do this the β parameter is 

dramatically reduced. The smaller β parameter necessitates the reduction of the solution resistance 

element as now the CPE element is being used to simulate a portion of the solution resistance. 

Even when full spectrum measurements are possible one should use a physical understanding of 

the circuit elements to produce a more accurate equivalent circuit representation. Such is the case 

for the chip in air data presented in Figure 22. Some of the parameter estimates for this data have 

very large errors as can be seen in Table 1. From a physical point of view, as the conductivity of 

the system goes down the capacitance of the double layer should decrease and the solution 

resistance should increase. For the case of air the solution resistance is essentially infinite as there 

are no significant charge carriers. This means that the impedance of the Rsol-Cdi branch is 

essentially infinite and the current would flow solely through the dielectric capacitance branch. 

This would reduce the equivalent circuit representation of Figure 24 to that seen in Figure 27. 

 

Figure 27: Equivalent circuit representation of DEP chips in air. 

When this equivalent circuit model is used to represent the impedance data for chip 10-10 in air 

the values for RSetup, and Cdi are 8.349 Ω ± 38.85%, and 4.727x10-10 F ± 0.2476% respectively. 

While the relevant parameters are essentially unchanged, the sum of squares in this case is 81.08, 

which indicates an even worse fit. As with any type of regression the sum of square residuals can 

be reduced by increasing the number of fitting parameters to provide a better mathematical fit. 

This example is a more cut-and-dry case of what was happening with the CPE elements above 

with the redacted spectrum. The regression tries to provide the best mathematical fit and does not 

care if every element has physical significance. From a physical point of view, the equivalent 
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circuit represented in Figure 27 is a better fit to the data even if some of the regression diagnostics 

are less favorable. 

For these reasons different equivalent circuits will be used throughout this work to estimate 

various circuit parameters based on the impedance spectrum being evaluated. These equivalent 

circuits will however, always be a derivative of a more general equivalent circuit model that takes 

into account all the important physical phenomena present in this system under the most general 

circumstances. 

3.3.3 Initial Validation of the General Equivalent Circuit Model Parameters 

Visual inspection of the high frequency response of the impedances spectra presented in Figure 22 

and Figure 23 should call into question of the validity of the general equivalent circuit model 

presented in Figure 24. At this point it would be prudent to try and validate the circuit elements by 

isolating their behavior to frequency ranges where these elements dominate. 

3.3.3.1 Low Frequency Limit – Domain of the Double Layer Capacitance 

A theoretical consideration of the double layer can be very complex (Bazant M. Z. et al. 2009) 

and at this current stage is unwarranted. Therefore to determine if the low limit frequency 

response is due to a double layer type capacitance one should see if it has sensitivity to the ionic 

strength of the medium. From Figure 26 it does appear that the low limit frequency response does 

behave as one would expect when the ionic strength of the medium is increased. That is to say the 

double layer capacitance increases as the medium conductivity increases. Another thing that 

points to a double layer type capacitance is that this portion of the frequency spectrum can be 

described with a constant phase element wherein the β parameter falls within values stated in the 

literature if regression is performed correctly.  
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3.3.3.2 Middle Frequency Spectrum – Domain of the Solution Resistance 

The deviation from capacitive behavior seen in the mid frequency range was assumed to be due to 

the solution resistance of the system. The value of this level portion of the impedance does seem 

to correspond well to the estimations of the solution resistance given in Table 2, which gives 

credence to this circuit element. A more compelling argument than visual inspection can be made 

with reference to the values of solution resistance found for the general circuit model fit to the full 

data presented in Table 2. General measurements of solution resistance usually incorporate a cell 

constant to relate the solution conductivity to the measured solution resistance. This cell constant 

is dependent on the geometry of the electrodes and setup being used, e.g. for parallel plate 

electrodes this cell constant is given by A/d (Bard A. J & Faulkner L. R 2001). For a general case 

the cell constant will be denoted as Gf and the relation between solution resistance and solution 

conductivity is given in equation [6]. 

!!"# =
!!
!
    [6] 

Assuming this general proportionality holds true for the DEP chips it was possible to determine 

the measured solution resistance of the 95 mS/m solution given the measured solution resistance 

of the 880 mS/m solution as follows. 

!!"#!"!"/!
!!"#!!"!"/!

=

!!
!!"!"/!
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                    !!"#!"!"/! = 26680Ω 

When comparing this value of solution resistance to the one determined by the regression it is 

seen that they differ by less then 2 %. This result seems to validate the use of the solution 
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resistance in the equivalent circuit model, and implications of this for impedance detection of 

viral particles will be further explored in chapter 5. 

3.3.3.3 High Frequency Limit – Domain of the Dielectric Capacitance 

As the frequency is increased for all the systems it is clear that they all tend to the same value of 

impedance. However, this behavior is troubling because while it would make sense for all the 

aqueous solutions to tend to the same value at high enough frequencies, this limit should not be 

the same as for air. The relative permittivity of air is approximately 1, as opposed to a value of 

around 80 for water. Therefore if the general equivalent circuit is correct the dielectric 

capacitance of water should be 80 times that of air. The DI water case presented in Table 1 should 

provide the best estimate for the Cdi of aqueous solutions as the dielectric capacitance dominates 

most of the frequency spectrum. Comparing the dielectric capacitance elements for water and air 

one finds a value of 4.864x10-10 F ±0.4589%, and 4.727x10-10 F ±0.2476%, respectively. These 

values of capacitance do not vary as one would expect, which indicates that the general equivalent 

circuit should be given by Figure 28, where the dielectric capacitance is instead replaced by some 

unknown capacitance. 

 

Figure 28: Equivalent circuit representation of DEP chips with unknown capacitance. 

From this preliminary evaluation of the impedance of the DEP chips it appears that the initial 

hope for viral detection will not be possible as the high frequency limit of capacitance is not 

dominated by a dielectric capacitance. Determination of the actual cause of this unknown 

capacitance will allow the development of a more complete picture of the system to emerge along 
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with a more comprehensive equivalent circuit. To pursue this avenue, modifications will have to 

be made to the DEP chips to alter the unknown capacitance. 

3.3.4 Determination of Unknown Capacitance 

As discussed, the chip does not noticeably respond when the dielectric medium on the top of the 

chip is changed. It was hypothesized that the reason for this behavior had to do with the electrode 

area as when the electrode pads were damaged the impedance response of the system would 

drastically change. As an example, the data presented before for chip 10/24 in Figure 23 

represented the scenario when the vertical electrodes were used to probe the response of the 

system. If one were to connect the horizontal electrodes of chip 10/24 to perform the impedance 

measurements, there is significant deviation that does not follow the equivalent circuit models 

presented. An example of this can be seen in Figure 29 for impedance measurements in air. 

 

Figure 29: Chip 10/24 impedance response for vertical and horizontal electrode pairs. 

For air one would expect the system to be modeled by the equivalent circuit given in Figure 27, 

however in the case of the horizontal electrodes this cannot be the case as there is a significant 

drop in the phase angle at lower frequencies. Both sets of electrodes should respond similarly, and 
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with most chips this is the case; however, the two sets of electrodes on this chip are not 

completely the same. The vertical electrodes are normal and free of defects, but the horizontal 

pair of electrodes on this chip has been damaged during fabrication by the dicing process. That is 

to say, the saw blade caused chipping at the top of the electrode pads. For a various number of 

other chips, this anomalous behavior can only be seen when the electrode pads are damaged in 

this way. These damaged chips also have higher impedance in the high frequency region than that 

of the undamaged electrodes as can be seen in Figure 29, which corresponds to them having a 

lower capacitance in this region. This behavior means that the high end frequency response is 

sensitive to the electrode area and when the electrodes are damaged causing a reduction in area, 

one can also see a reduction in capacitance. This sensitivity to the electrode area leads to the 

hypothesis that there is a parallel plate type capacitance between the electrodes and the silicon 

substrate. 

If the unknown capacitance is a parallel plate type capacitance due to a build up of charges 

between the electrode and silicon substrate then this capacitance should be affected by the 

separation of these two layers as well as the electrode area. For a parallel plate capacitor where 

the separation distant between the two plates is much smaller then the overlapping area of the 

plates the capacitance can be calculated using equation [1] from chapter 2. The separation 

distance between the gold electrodes and the silicon substrate can easily be increased by 

increasing the silicon dioxide insulating layer of the wafers used for fabrication. Therefore, 

keeping everything else constant, if the separation distance is increased by a factor of 2 the 

capacitance should be reduced by a factor of 2 by equation [1]. 

The results of these experiments can be seen in Table 3 and Table 4. The capacitance estimates 

are very consistent with an average value of 4.70x10-10 F for the 500 nm chips and 2.30e-10 F for 

the 1000 nm chips. Comparing the average capacitance values for each set of chips shows that as 

the separation distance between the electrodes and silicon substrate is increased by a factor of 2 
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the capacitance decreases by a factor of 2.04, which is close to what one would expect. This result 

presents very clear evidence that the large unknown capacitance that dominates in the high 

frequency impedance spectra is due to a parallel plate type capacitance between the gold 

electrodes and the silicon substrate. 

Table 3: High frequency equivalent circuit parameters for chips produced on silicon with a 
500 nm oxide layer thickness 

Oxide	  Layer	  Thickness	   500	  nm	   Average	  Capacitance	  	   	  	  	  	  4.70x10-‐10F	  
Chip	   R1	  (Ω)	   C1	  (F)	   %err(R1)	   %err(C1)	  
10/10	  (horizontal)	   13.6	   4.70E-‐10	   36.3	   0.47	  
10/13	  (horizontal)	   13.8	   4.70E-‐10	   37	   0.49	  
10/14	  (horizontal)	   12.08	   4.71E-‐10	   42.2	   0.49	  
10/14	  (vertical)	   11.36	   4.70E-‐10	   45	   0.49	  
10/22	  (horizontal)	   15.2	   4.70E-‐10	   33.5	   0.49	  
10/22	  (vertical)	   20.97	   4.69E-‐10	   24.6	   0.49	  
10/24	  (vertical)	   16.48	   4.71E-‐10	   31.2	   0.49	  

 

Table 4:High frequency equivalent circuit parameters for chips produced on silicon with a 
1000 nm oxide layer thickness 

Oxide	  Layer	  Thickness	   1000	  nm	   Average	  Capacitance	   2.30x10-‐10F	  
Chip	   R1(Ω)	   C1(F)	   %err(R1)	   %err(C1)	  
11/2	   36.5	   2.29E-‐10	   18.9	   0.32	  
11/3	   18.3	   2.30E-‐10	   37.2	   0.32	  
11/4	   18.9	   2.27E-‐10	   36.3	   0.32	  
11/5	  (horizontal)	   19.5	   2.22E-‐10	   35.7	   0.31	  
11/5	  (vertical)	   19.3	   2.30E-‐10	   35.7	   0.32	  
11/7	   33.8	   2.31E-‐10	   20.2	   0.32	  
11/8	   18.7	   2.32E-‐10	   36.2	   0.32	  
11/13	   23.5	   2.27E-‐10	   28.3	   0.31	  
11/14	   30.9	   2.29E-‐10	   21.5	   0.31	  
11/15	  (vertical)	   27.1	   2.31E-‐10	   24.4	   0.31	  
11/16	  (horizontal)	   64.0	   2.31E-‐10	   10.6	   0.32	  
11/17	  (horizontal)	   27.7	   2.31E-‐10	   24.1	   0.31	  
11/18	   22.2	   2.30E-‐10	   30.5	   0.32	  
11/20	   20.3	   2.31E-‐10	   32.3	   0.31	  
11/21	   30.3	   2.30E-‐10	   22.6	   0.32	  
11/24	  (horizontal)	   21.9	   2.31E-‐10	   30.1	   0.31	  
11/25	  (horizontal)	   19.6	   2.31E-‐10	   32.3	   0.30	  
11/25	  (vertical)	   18.8	   2.30E-‐10	   33.8	   0.30	  
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With this information a theoretical derivation of the expected capacitance can be made by making 

two simple assumptions. First, the silicon acts like an ideal conductor (note that the conductivity 

of the silicon substrate used in chip 11 fabrication was 0.002-0.005 Ω/cm which indicates fairly 

good conductance through the silicon) such that the electric field in the silicon is zero. Secondly, 

to accomplish the cancellation of the electric field within the silicon, the surface charge density σx 

that accumulates on the first electrode side is equal to the surface charge density on the silicon 

side under the opposite electrode. This scenario is depicted below in Figure 30. 

 

Figure 30: Depiction of likely charge distribution in DEP chips responsible for high 
frequency capacitance. 

This situation has been recast so that it more resembles the classical parallel plate problems in 

Figure 31. Recasting the problem does not change or add any information that was not already 

present before, but helps to put the problem in a familiar light. 

 

Figure 31: Parallel plate representation of DEP chips. 
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From here the problem can be solved as would be done with the classical parallel plate capacitor 

problem (Lorrain P. and Corson D. 1970, Griffiths D. J. 1999). This derivation includes all the 

assumptions that are included in the simple parallel plate derivations; most notably that fringe 

fields are ignored. It also ignores charging of the electrodes by other means, i.e. it ignores the 

dielectric response of the chips. This particular assumption is validated as the high frequency 

capacitive element tends to the same value regardless of the dielectric placed on the top of the 

chip as seen in Table 2. 

By drawing the appropriate Gaussian surfaces once can be convinced that the distribution 

depicted in Figure 31 produces and electric field only within the silicon dioxide layer and the 

fields cancel out in the gold electrodes and the silicon. From these elementary problems the 

electric field is given by equation [7] (Griffiths D. J. 1999). 

! =
!
!!!!

!    [7] 

Where, 

!  is  the  magnitude  of  the  surface  charge  density  

!  is  the  vector  perpendicular  to  the  surface  of  negative  charge  density  pointing  to  the  surface  

        of  postive  charge  density 

Before or after points a and d, and between points b and c of Figure 31the electric field is zero. 

Between points a and b, and c and d, the electric field is given by equation [7]. Integrating along a 

line parallel to vector !, but in the direction of d to a, the voltage can be found to be, 
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Where, 

!!"   is  the  thickness  of  the  oxide  layer 

From the definition of capacitance, 

! =
!
!

 

! =
!!!!!
2!!"

  [8] 

Using equation [8] to calculate the capacitance of the 500nm silicon dioxide chips it is found that 

this does have good agreement with the experimentally determined values. 

! =
3.9×(8.85×10!!") !

!
× 1.386×10!! !!

2× 5×10!! !
 

This result is close to the average capacitance presented in Table 3 of 4.70x10-10 F. The difference 

between the capacitances calculated from equation [8] and those determined experimentally is 

only 1.7% for the 500 nm oxide case and 3.7% for the 1000 nm oxide case, which indicates a 

good agreement given all the simplifying assumptions that have gone into the derivation of 

equation [8]. 

The previous results make the case that the unknown ESE capacitance that dominates at high 

frequency is a parallel plate type capacitance very convincing, and with this information a new 

equivalent circuit can be proposed. This new circuit takes into account ESE capacitance, 

represented by CESE, and can be seen in Figure 32. The equivalent capacitance of the two 

individual electrode-silicon capacitances is given by equation [8]. Also, in this representation the 

dielectric capacitance was broken up into and upper and lower components as only the upper 

component is relevant for detection and the lower component represents a stray capacitance. 
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Figure 32: New Equivalent circuit representation of DEP chips. 

Assuming the frequency range is kept sufficiently high such that the double layer and solution 

resistance branch can be ignored, the equivalent circuit can be represented by Figure 33. 

 

Figure 33: High frequency equivalent circuit representation of DEP chips accounting for the 
stray and ESE capacitances present. 

Using this equivalent circuit it is easy to explain why the high frequency response of the air and 

water systems is the same despite the large difference in relative permittivity. The impedance 

response of a system represented by Figure 33 is indistinguishable from the response of a system 

represented by a simple RC circuit such as Figure 27. This is because the three capacitors in 

Figure 33 can be replaced by a single capacitor whose value is the sum of the three individual 

elements. Since the measurements represents the sum of all three capacitors if one element has a 

much higher capacitance than the other two elements this element will dominate the impedance 
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signal. Therefore any changes in the two lesser elements will not be represented in the measured 

response of the system. To determine a response from the lesser elements it is required to either 

increase the capacitance of these elements or to decrease the capacitance of the dominant element. 

With there being no way to significantly increase the capacitance of the two lesser elements given 

their fixed geometry, the only viable option is to reduce the ESE capacitance by reducing the chip 

area and increasing the silicon dioxide layer. 

3.4 Reduced Area Chip Characterization 

3.4.1 Evaluation of Upper Dielectric Response 

As long as the frequency is restricted to a high enough frequency range, a simple RC circuit can 

be used to fit to the data as per the discussion in section 3.3.2. Referring back to Figure 33, it is 

clear that in this case the capacitance measured experimentally represents the sum of the ESE, 

upper dielectric, and lower dielectric capacitances. Therefore if the measured capacitance of two 

different dielectrics (denoted as di1 and di2) is measured one could write, 

!!"#$%&"'  !"! = !!"! + !!""#$  !"! + !!"#$%  !"     [9] 

!!"#$%&"'  !"! = !!"! + !!""#$  !"! + !!"#$%  !"     [10] 

!!"#$%&"'  !"! − !!"#$%&"'  !"! = !!""#$  !"! − !!""#$  !"!    [11] 

When looking at equation [8] for a parallel plate capacitor one can write, 

! = !!!!     [12] 

Where, 

!! =
!!!
2!!"

  [13] 

GC will be called the geometric constant and has all the information on the geometry of the 

system. A similar assumption will be made on the form of !!""#$  !"!, and   !!""#$  !"!, for the 
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chips.  That is to say there is some constant dependent on the geometry of the system, !!  !""#$, 

that relates the capacitance to the relative permittivity as seen below in equations [14] and [15]. 

!!""#$  !"! = !!""#$  !"!!!  !""#$   [14] 

  !!""#$  !"! = !!""#$  !"!!!  !""#$   [15] 

Therefore, 

!!"#$%&"'  !"! − !!"#$%&"'  !"! = !!""#$  !"!!!  !""#$ − !!""#$  !"!!!  !""#$   [16] 

!!  !""#$ =
!!"#$%&"'  !"! − !!"#$%&"'  !"!

!!""#$  !"! − !!""#$  !"!
  [17] 

Therefore, if the ESE capacitance can be lowered enough such that it no longer dominates the 

high frequency response one should be able to figure out the capacitance of the upper layer by 

measuring the impedance response of the chip under two different dielectrics. From there one can 

determine a geometric factor of the upper dielectric capacitance using equation [17], and then 

calculate the relevant capacitances with equations [14] and [15]. 

3.4.1.1 Impedance Spectra of Reduced Area Chips for Different Dielectrics 

An example of the spectra collected can be seen below in Figure 34, which shows the impedance 

response of chip 11/20 to various media. As one can see the high frequency responses are 

noticeably different compared to the full electrode spectrum in the previous section. 
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Figure 34: Chip 11/20 reduce area electrode impedance response showing sensitivity to the 
dielectric medium on top of the chip. 

When looking at Figure 34 one can see that the two DMSO runs do not line up with one another 

as expected. Upon closer inspection of the phase angle behavior at high frequencies, one can see 

that indeed during one of the runs there was significant deviation from the expected RC behavior, 

as seen in Figure 35. 

 

Figure 35: Anomalies in impedance response observed in 105-106 Hz region for reduced area 
electrodes of chip 11/20. 
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 In Figure 35 the phase angle of the first DMSO run starts off very low in comparison with the 

other 3 runs and does not change significantly over the frequency range depicted. This behavior is 

uncharacteristic of even the complete model presented in Figure 32, as it cannot explain the 

constant phase element behavior seen. Since this anomaly cannot be explained and the chip does 

behave as expected on the subsequent run, spectra such as this were ignored. It was felt that 

ignoring these anomalies could be justified because this anomalous behavior was rare as this was 

one of only two cases where such behavior was seen (also seen in water run 1 of chip 11/14), and 

could indicate contamination of some sort. 

Upon inspection of Figure 35 one may say that representing this truncated portion of the spectrum 

with a simple RC circuit is not valid. For a real RC circuit one would expect the high frequency 

impedance to be dominated by the resistance and the lower frequency impedance to be dominated 

by the capacitor. Such behavior would mean at high frequencies the phase angle would tend to 

zero while for low frequencies the phase angle would approach -90 °. This type of behavior can 

only truly be seen for air which starts off at around -87 ° and then approaches and stays at -90 °. 

For DMSO and water the phase angle begins lower and starts to rise as expected, but then begins 

to decrease again; more so for water than for DMSO. This decrease in the phase angle is because 

the solution resistance-double layer branch depicted in Figure 32 begins to contribute to the 

impedance spectra. Therefore it is true that the RC assumption that is being made is not rigorously 

valid. However, the reason for using a simple RC circuit to fit a truncated portion of the data 

instead of using a more complete model and data set is that the solution resistance and double 

layer capacitance are hard to control. Therefore they can have significant changes from one run to 

another due to small sources of contaminates. Subsequent fitting of a complete model can cause 

the high frequency capacitance to be altered to provide a better overall fit of the data. This fit 

however does not fit the high frequency impedance data as well as if only a simple RC circuit was 

used. 
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3.4.1.2 Reduced Area Chip Dielectric Response 

The measured capacitance in air was always used as Cmeasured di2 and then either the measured 

capacitance of DMSO or water was used in equation [17] to determine the geometric constants in 

each case, denoted as Gc(DMSO) and Gc(water) respectively. These results, as well as the 

resulting upper dielectric capacitances, can be seen in Table 5. 

Table 5: Comparison of DMSO and water high frequency capacitance estimates 

	   Gf(DMSO) 
(F)	  

Gf(water) 
(F)	  

Capacitance	  
DMSO	  

(F)	  

Capacitance	  
H2O	  
(F)	  

Ratio	  
H2O/DMSO	  

Chip	  11/8	   1.01x10-‐14	   9.26x10-‐15	   4.85x10-‐13	   7.41x10-‐13	   1.53	  
Chip	  11/13	   1.03x10-‐14	   8.80x10-‐15	   4.93x10-‐13	   7.04x10-‐13	   1.43	  
Chip	  11/14	   9.85x10-‐15	   8.75x10-‐15	   4.73x10-‐13	   7.00x10-‐13	   1.48	  
Chip	  11/19	   8.64x10-‐15	   9.20x10-‐15	   4.15x10-‐13	   7.36x10-‐13	   1.77	  
Chip	  11/20	   9.43x10-‐15	   8.99x10-‐15	   4.52x10-‐13	   7.19x10-‐13	   1.59	  
 

The first thing to note is that the geometric constants in Table 5 for DMSO and water are not the 

same. This discrepancy also shows itself when comparing the ratio of water/DMSO capacitance 

were the average is 1.53, but the actual ratio should be 1.67. These differences could be attributed 

to the fact that the assumptions that are being made are not rigorously valid as was seen before. 

While the error in fitting the capacitance element for air was relatively low at around 0.6% the 

error in fitting the equivalent capacitance for DMSO or water was usually in the 1.5-2% range. 

This error is very significant as even when reducing the area of the chips as much as possible the 

water capacitances presented in Table 5 only represent 10-13% of the overall capacitance. 

Ignoring other sources of experimental error such as the variance of the capacitance between 

different runs, this factor alone would mean that the geometric constants calculated in Table 5 are 

at best accurate within 10-20%. Other experimental factors also come into play such as the well 

used to make sure the same area of the chip was covered for all media. After each run the well 

was rinsed vigorously with DI water and then blown dry to prevent water from evaporating within 

the well and leaving behind residue. The problem with this method is, with repeated use the well 
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would start to show minor signs of detachment from the chips surface on the inside of the well. 

While generally only minor detachment was seen, the extent to which this occurred depended on 

the well, and some wells held up better then others. Again, the assumption that the medium covers 

the same area of the chip every time does not always hold valid as the area covered from one 

media to the next could have changed with detachment of the well, impacting the results. 

While these limitations prevent one from drawing a definitive conclusion about the dielectric 

response, it is felt that these reduced area electrodes do show evidence that the circuit depicted in 

Figure 33 is representative of the physical elements of this system. With the reduced area 

electrodes there is evidence that the dielectric medium on the top of the chip does play a role in 

the high frequency impedance spectra of the chip. Now it is possible to determine if collecting 

particles at the center of this chip will have an affect on the dielectric capacitance of the chip. 

3.5 Dielectric Capacitance Measurements of Trapped Model Particles 

As was stated before the polystyrene model particles that are captured at the center of the chip 

have a relative permittivity that is much lower than that of water. If the center of the chip 

contributes the majority to this high frequency dielectric response, then the difference before and 

after capture should be similar to the difference between the water and air spectra of Figure 34. If 

this scenario is true then there may be a chance that this method can be used to detect viral 

particles trapped at the center of the chip. 

An example of the fluorescence seen after capture using SC 10 chips is seen below in Figure 36. 

There is significant fluorescence coming from the center of the chip as well as along the electrode 

arms that indicates that particles have been captured in these areas. It should be noted that the 

fluorescence can be seen to decrease after sonication and the capture presented in Figure 36 is 

pre-sonication which coincide with the impedance measurements. 
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Figure 36: Fluorescence at the center indicating capture of 210 nm fluorescent particles 
such as was seen for chips 11/2 and 11/4. 

While there were areas of significant fluorescence for the SC 10 chips, no such capture was 

observed for the other chips. Instead a slight green fluorescence was seen over the entire chip, 

which was much less intense than that observed at the center of the electrodes in Figure 36. The 

same fluorescence intensity can be seen in the SC 10 chips the surrounding areas where one 

would not expect any enhanced concentration of particles and most likely represents natural 

diffusion of particles towards the surface of the chip. This fluorescence is so low that it cannot be 

imaged with the fluorescent lamp available and much, if not all, is gone after sonication. 

If particle capture did influence the impedance of the system one would expect to see a greater 

change for the SC 10 chips as fluorescence indicates a greater number of particles. The results 

presented in Table 6 do not show any significant difference in the high frequency capacitance 

before and after capture. The error in fitting the capacitances presented in Table 6 is around 

1.0x10-13 F and the largest change in capacitance is an order of magnitude less then this. Another 

thing to note is that the largest change in capacitance is in the wrong direction as the capacitance 

increased after capture. In light of the data presented in Table 6 the collection of particles does not 

significantly impact the impedance of the chip. These results means with the current form of the 

DEP chip, dielectric measurements would not prove a viable signal transduction strategy. 
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Table 6: Comparison of high frequency capacitance estimate before and after capture 

	   HF	  Capacitance	  
Before	  Capture	  

(F)	  

HF	  Capacitance	  
After	  Capture	  

(F)	  

Reduction	  in	  
Capacitance	  

(F)	  
Chip	  11/2	   6.9905x10-‐12	   7.0060x10-‐12	   -‐1.55x10-‐14	  
Chip	  11/4	   6.4420x10-‐12	   6.4230x10-‐12	   1.90x10-‐14	  
Chip	  11/7	   9.0840x10-‐12	   9.1025x10-‐12	   -‐1.85x10-‐14	  
Chip	  11/18	   7.1813x10-‐12	   7.1810x10-‐12	   2.50x10-‐16	  
Chip	  11/21	   6.8225x10-‐12	   6.8185x10-‐12	   4.00x10-‐15	  

                * Error in fitting capacitances is around 1.0x10-13 F 

While detection at high frequency is not possible with these chips one may argue that this is 

because the ESE capacitance is still too high. Using the data presented in Table 5 one can 

calculate that the upper dielectric capacitance is only 10-13% over the overall capacitance when 

water is used as the medium. It may be that detection is not possible because the dielectric 

capacitance only changes by a few percent, which is insignificant in terms of the overall high 

frequency capacitance. Assuming the ESE capacitance can be removed (i.e. by using glass as a 

substrate) the question is how much does the center of the electrodes contribute to the overall 

dielectric response of the chip. One way to probe this question is to calculate the electrode 

capacitance using FEM computer software. 
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Chapter 4   

COMSOL Simulations of Dielectric Capacitance Changes 

4.1 Generalized Theory of Capacitance 

A more general approach to capacitance is needed to move forward at this point such as the one 

presented by Schwartz (1972) (the following discussion pertains to this approach). In a more 

general sense, the capacitance can be defined as the charge induced on conductor i by conductor j, 

which is at a voltage of Vj. This capacitance will be denoted as Cij. In a system of n conductors 

each conductor will induce a charge on conductor i dependent on its voltage (the dependence 

being its capacitance) and the total charge on conductor i will be the sum of these individual 

contributions. This relationship is highlighted in equation [18]. 

!! = !!"!!     [18]
!

!!!

 

For the DEP chips n=4, therefore the total charge on conductor 1 is, 

!! = !!!!! + !!"!! + !!"!! + !!"!! 

With the conductors being numbered as shown in Figure 37, 

 

Figure 37: Electrode numbering. 

1
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However, when measuring the impedance it is the current that is of interest not the total charge on 

the conductor. Assuming all other conductors are held at a constant potential and conductor 3 is 

used to probe the system with a sinusoidal voltage wave, the current through conductor 1 is, 

!! ! = !!cos  (!") 

!"!
!"

= !!!
!"!
!"

+ !!"
!"!
!"

+ !!"
!"!
!"

+ !!"
!"!
!"

 

!! = !"!"!! sin !"   [19] 

Therefore, if all other bodies are held at a constant potential (i.e. grounded), and the conductor 

opposite to the one of interest is used to probe the system, then the only relevant capacitance is 

C13.However, as one can see from the experimental procedures of the previous chapter, the leads 

were only connected to opposite electrodes while the other two adjacent electrodes were left free. 

This connection configuration means there is nothing ensuring that the voltage of the adjacent 

electrodes remains constant, and as they are insulated from the silicon their charge is constant 

throughout the experiment. Therefore the derivatives of V2 and V4 are not zero in this case and 

this system cannot be simplified to equation [19]. Using the original relation presented in equation 

[18], and denoting the variables that change with time appropriately, the system can now be 

written as follows, 

!! !
!!
!! !
!!

=

!!! !!" !!" !!"
!!" !!! !!" !!"
!!"
!!"

!!"
!!"

!!!
!!"

!!"
!!!

!!
!! !
!! !
!! !

 

Again the interest is in the current response, so differentiation with respect to time yields, 

!! !
0

!! !
0

=

!!! !!" !!" !!"
!!" !!! !!" !!"
!!"
!!"

!!"
!!"

!!!
!!"

!!"
!!!

0
!"! !
!"

!"! !
!"

!"! !
!"
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Because of the symmetry of the system the capacitance coefficient matrix can be reduce to, 

!!! = !!! = !!! = !!! = !!"#$ 

!!" = !!! = !!" = !!" = !!" = !!" = !!" = !!" = !!"# 

!!" = !!" = !!" = !!" = !!"" 

!"! !
!"

=
!"! !
!"

=
!"!"# !

!"
 

!! !
0

!! !
0

=

!!"#$ !!"# !!"" !!"#
!!"# !!"#$ !!"# !!""
!!""
!!"#

!!"#
!!""

!!"#$
!!"#

!!"#
!!"!"

0
!"! !
!"

!"! !
!"

!"! !
!"

 

Therefore from the second row, 

0 = !!"#$
!"!"# !

!"
+ !!"#

!"! !
!"

+ !!""
!"!"# !

!"
 

!"!"# !
!"

=
−!!"#

!!"#$ + !!""
!"! !
!"

 

Therefore from the first row, 

!! ! = 2!!"#
!"!"# !

!"
+ !!""

!"! !
!"

 

!! ! = 2!!"#
−!!"#

!!"#$ + !!""
!"! !
!"

+ !!""
!"! !
!"

 

!! ! = !!"" −
2!!"#!

!!"#$ + !!""
!"! !
!"

    [20] 

The current through conductor one for this case is also dependent on the self-capacitance and 

adjacent capacitance factors. Using equations [19] and [20] the impedance of each situation can 

be determined from the definition of impedance. The only information needed now is the values 
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for the capacitance coefficients and how they change when there is particle collection. The answer 

of how to determine these coefficients can again be found in Schwartz M. (1972). While it is easy 

to generalize to n conductors, equation [18] is again used to create a matrix of capacitance 

coefficients for a 4-conductor system to illustrate the approach that will be taken to determine the 

capacitance coefficients. As before using equation [18] yields,  

!!
!!
!!
!!

=

!!! !!" !!" !!"
!!" !!! !!" !!"
!!"
!!"

!!"
!!"

!!!
!!"

!!"
!!!

!!
!!
!!
!!

 

If all other conductors except 1 are grounded so that their potential is zero, the potential vector is, 

!!
!!
!!
!!

=

!!! !!" !!" !!"
!!" !!! !!" !!"
!!"
!!"

!!"
!!"

!!!
!!"

!!"
!!!

!!
0
0
0

 

Therefore, 

!!
!!
!!
!!

=

!!!!!
!!"!!
!!"!!
!!"!!

 

Under these circumstances, 

!!! =
!!
!!
,!!" =

!!
!!
,!!" =

!!
!!
,!!" =

!!
!!

 

Therefore, to determine the capacitance coefficients that relate the charge on all other conductors 

to the voltage applied to conductor 1, one need only ground all other conductors and then measure 

the charge on each conductor. Also it can be shown that Cij=Cji (Schwartz M. 1972), which means 

that all capacitance coefficients needed to determine the charge on conductor 1 (i.e. C11, C12, C13, 

and C14) can be calculated as shown in equation [21]-[24]. 

!!! = !!"#$ =
!!
!!

21                                   !!" = !!" = !!"# =
!!
!!

22  
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!!" = !!" = !!"" =
!!
!!

23                   !!" = !!" = !!"# =
!!
!!
  [24] 

Determining how these capacitance coefficients change after the collection of dielectric particles 

will determine the feasibility of high frequency impedance measurements as a signal transduction 

scheme, and this was accomplished through COMSOL simulations. 

4.2 Methods 

4.2.1 Simulation Geometry 

COMSOL (Burlington, MA, US) was used to simulate a small area at the center of the chip to 

determine the capacitance coefficients expressed in equations [21]-[24]. The SC10 chip design 

was the only geometry used as this was the only chip that was able to capture a significant number 

of particles during experiments. The geometric model created in COMSOL can be seen below in 

Figure 38. 

 

Figure 38: Domain of DEP chip used for COMSOL simulations (axes scale are presented in 

µm). 

As was outlined in the previous sections, the high frequency impedance response of the current 

chips is dictated by a parallel plate type capacitance between the electrodes and the silicon wafer. 
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Therefore, the large cylindrical domain below the electrodes has a relative permittivity of 4.7 to 

simulate glass, as glass would be the next choice of substrate to be used now that silicon has been 

ruled out. This domain extends for 60 µm and has a diameter of 300 µm. The large cylindrical 

domain above has the same dimensions and has a relative permittivity of 80 to simulate water. At 

the very center of the chip is a circular domain with a height of 0.2 µm and a diameter of 9.7 µm. 

Capture is simulated by changing the relative permittivity of this domain, where the before and 

after capture simulations are done with a relative permittivity of 80 and 2.4, respectively. In 

Figure 38 one can also see two smaller cylindrical domains that extend 5 µm above and below the 

center plane. These domains have the same dielectric properties of the larger domains they are 

contained within and are only there to allow finer meshing directly above and below the 

electrodes. The electrodes have a height of 0.2 µm and have the same geometry as the current 

SC10 chip designs. 

4.2.2 The Electrostatic Problem and Determination of Charge on Electrodes 

Since this is an electrostatic problem COMSOL solves for the electric displacement within each 

domain. As there is no charge within each domain the appropriate form of Gauss’s law within 

each domain is, 

∇ ∙ ! = 0 

After the electrostatic problem is solved and the electric potential is known the charge on each 

conductor can be simply determined using the integral form of Gauss’s law, i.e., 

∮! ∙ d! = !!"##  !"#$%&'( 

The reason the electrical displacement form of Gauss’s law is used as opposed to the electric field 

form is because the only charge of interest is that which flows through the conductor. Integrating 

the electric field would also include the bound charges that correspond to the reorientation of the 

dielectric within the field. 
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4.2.3 Boundary Conditions 

The potential of every surface of 3 conductors were specified at 0 V, while the potential of every 

surface on the remaining conductor (which will be denoted as conductor 3) was specified as 1V. 

Finally the remaining boundaries, which represented the end of the system, were set to have zero 

charge density. 

4.2.4 Meshing 

The meshing for the cylindrical domain extending 5 µm into the water domain has 372292 

elements with an average element quality of 0.7398, and a minimum element quality of 0.02212. 

The meshing for the cylindrical domain extending 5 µm into the glass domain has 267100 

elements with an average element quality of 0.2765 and a minimum element quality of 0.006273. 

The remaining cylindrical domains have a combined 475285 elements with an average element 

quality of 0.8046 and a minimum element quality of 0.2804. Therefore, the mesh consists of a 

total of 1114677 elements. It is clear that the 5 µm glass domain has poor meshing characteristics 

compared to the other domains; however, this could not be remedied with the current computer as 

any additional meshing caused issues with processing time.  This issue means that no meshing 

studies were preformed to ensure that the solution was mesh independent. However, it should be 

noted that when the mesh density was increase from a total of 900 000 elements to its current 

density (density was increased in the 5 µm domains) the capacitances calculated were consistent 

to one decimal place. Therefore, the current studied can be used as an illustrative example but 

may not be rigorously valid. These simulations should be used as starting point to redesign the 

geometry for better detection characteristics, and then these ideas tested using this framework and 

more rigorous simulations. 

4.3 Results and Discussion 

The simulation took around 6000 s to solve using a MacBook with a 2.4 GHz Intel Core 2 Duo 

processor and 4 GB of RAM. The resulting electrical potential distribution for the no dielectric 
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capture case can be seen below in Figure 39. It should be noted that the no dielectric and 

dielectric cases are visually indistinguishable from one another. To get a better look at the 

solution, two cut planes were created which corresponded to the yz-plane (a vertical slice through 

the middle of electrodes 1 and 3 of Figure 39 (a)) and the xy-plane (a horizontal slice at the base 

of all electrodes). The solution on these planes is presented in Figure 39 (b) & (c), respectively. 

 

 

a 
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Figure 39: Solutions to the Laplace equation depicting the potential distribution for the (a) 
whole domain, (b) yz-plane through center of excitation and sense electrodes, (c) xy-plane at 

the base of all electrodes (axes scale are presented in µm, colorbar in V). 

The potential distribution in Figure 39 (b) is smooth as one would expect and devoid of any 

anomalies created by inadequate meshing. However, the potential distribution around the wider 

electrodes in Figure 39 (c) does seem to have some issues created by inadequate meshing. Adding 

more meshing nodes can easily solve this problem; however doing so to any significant degree 

near the electrodes proves computationally infeasible for the current computer. These issues 

dissipate quickly above and below the electrodes and are not noticeable 1 µm above or below the 

electrodes. Also since these areas are far away from the center of the electrode they are not likely 

to impact the overall conclusions drawn from these simulations. The reason these areas are not as 

important is because the potential in these areas is not significantly affected by the dielectric at the 

center of the chip, and therefore will cancel out when determining the change in capacitance. 

From these solution sets the surface charge density was integrated over the electrode surface area 

to obtain the overall charge. Since 1 V was used in these simulations the capacitance will have the 

same numerical value as the overall charge on the electrode. This data is presented in Table 7 for 

the three capacitance values of interest. 
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Table 7: Capacitance for a center dielectric relative permittivity of 80 (before capture) and 
2.4 (after capture) 

 Cself (F) Copp (F) Cadj (F) 

Before Capture -4.574x10-15 5.946x10-16 1.991x10-15 

After Capture -4.571x10-15 5.937x10-16 1.981x10-15 

Difference -3x10-18 9x10-19 1x10-17 

 

It should be noted that if the whole chip geometry was simulated the capacitance values presented 

in Table 7 would be larger. However, again as these areas are further from the center, the change 

in capacitance after capture should not be significantly influenced. Note that all the changes in 

capacitances are below the one decimal place of the relevant capacitance element. However, for 

illustrative purposes it is advantageous to overlook that this solution may not be completely 

rigorous in favor of developing ideas on a new geometry that may be more favorable toward 

impedance signal transduction. 

Assuming that the conditions that lead to equation [19] are met, the change of capacitance 

observed would only be 9x10-19 F. On the other hand if the conditions leading to equation [20] are 

imposed the change in capacitance is 2x10-17 F, which is a 22-fold increase. The reason that the 

capacitance is so much higher in the second case is because electrode 3 is being used to also 

induce a voltage change on the two adjacent electrodes. These adjacent electrodes then induce a 

charge on conductor number 1 and both of these induction steps are sensitive to the center 

dielectric. Hence, one gets a compounded effect from a change in the center dielectric, which 

gives a 22-fold increase in the change of the capacitance, even though the same two electrodes are 

used to measure the capacitance. This change in capacitance is also 70% greater than what would 

be seen if all 3 other electrodes were used to excite the system with the same voltage signal. Even 

with these synergistic affects, a change in capacitance of 4x10-17 F is extremely small and the 

Solartron 1296 dielectric interface is only able to accurately measure capacitances down to 1x10-

12 F. Therefore it is safe to conclude that using the current electrode design and assuming 



 

 

 

70 

complete capture at the center of the chip, high frequency impedance measurements would not be 

a suitable signal transduction method. 

One may propose to increase the signal by connecting many individual chips into an array such as 

the one depicted in Figure 40. Only the narrower 10 µm wide electrode arms were kept, and it 

was assumed that this does not have a significant effect on the change in capacitance for the 

reasons stated before. With this configuration an individual unit in the array would take up 

approximately 4x10-8 m2. By making parallel connections the overall capacitance of the system 

would simply be the sum of the individual capacitances. For this scenario the overall change in 

capacitance is just the sum of each individual change. Therefore, assuming the conditions of 

equation [20], to bring the change in capacitance within the lower bounds of what is detectable 

using the Solartron 1296 dielectric interface (1pF) one would need 10,000 individual units. This 

would amount to an array with an area of around 10 cm2. 

 

Figure 40: DEP array for increased capacitance change response. 

4.3.1 Implications for Viral Capture 

The above discussion tries to infer if detection will be possible form homogeneous polystyrene 

particle capture, however the behavior of viral particles is markedly different from these particles 

as was discussed in section 2.5. The low suspending medium conductivity mixture simulation 

presented in figures 12 and 14 of section 1.6 can be redone using a particle diameter of 200 nm to 
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get an idea of how this system would react. The mixture relative permittivity and medium 

conductivity are seen in Figure 41 and Figure 42, respectively. 

 

Figure 41: Simulation of mixture relative permittivity response for 200 nm shelled particles. 

 

Figure 42: Simulation of mixture conductivity response from for 200 nm shelled particles. 

As seen in Figure 41, the relative permittivity of the “viral” mixture is much lower than the 

“bacterial” case. The reason for this can be found with reference to the induced dipole equation in 

chapter 1, which shows a cubed radius proportionality. Therefore these dipoles are smaller and 

their contribution to the overall polarization of the medium is smaller as reflected in the value of 

the relative permittivity. The implications of the smaller viral dipoles with regard to the 

COMSOL simulations are that the changes seen for the viral particles will be even less than that 
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seen for the polystyrene case. Granted one must take this argument with a grain of salt as the 

concentration of virus particles at the center of the chip should far exceed that which allow for the 

valid use of the induced dipole equation. That is to say the induced dipoles might interact with 

one another as to increase the overall polarization, which was not accounted for in Figure 41. The 

polystyrene relative permittivity however, is 40 times lower than that of the suspending medium 

and one would expect that an equivalent increase is needed from the captured particles to 

maintain the changes in capacitances seen in the simulations. 

Figure 42 pertains to the conductivity increase of the system and in this case the two examples are 

comparable. While the COMSOL simulations do not take into account the medium conductivity 

they can be used to get a qualitative view as to how viral capture and its accompanying affect on 

conductivity will influence conduction through the medium. The relative magnitude of the electric 

field vectors are presented below in Figure 43. 

 

Figure 43: Electric field in the yz-plane near the center of the chip (Arrow lengths are 
proportional to the electric field strength, axis in microns, gold rectangles represent 

electrodes (electrodes are not drawn to scale)). 
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Since the arrows are proportional to the electric field vector in this plane, the fact that the left 

portion of Figure 43 is barren does not mean there is no electric field here. It only means that the 

field is relatively weak in this region compared to the maximum, which occurs at the closest point 

of the adjacent electrodes. The electric field and the current density are related through Ohm’s law 

(equation [25]) (Griffiths D. J. 1999). 

! = !!  [25] 

The term J, which represents the electric current density (A m-2), is related to the electric field by 

the conductivity of the system. The interesting thing to note from Figure 43 is that the relative 

strength of the electric field at around 10-12 µm above the electrodes becomes negligible. 

According to equation [25] this means that a significant conduction current passes below this 

region. This strong conduction region does not mean that the sum of contributions from the rest of 

the system is minimal, just that the fluxes near the center are going to be much higher than 

elsewhere. This significant conduction area is much larger in size than that of a viral particle, 

which is generally characterized by submicron dimensions. Therefore, it stands to reason that the 

capture of a monolayer of viral particles will only protrude a couple hundred nanometers above 

the xy-plane, and not have a significant influence on the conduction current in this significant 

conduction region. 

Returning to the work done by Suehiro et al. for interdigitated and castle wall electrodes one can 

see an interesting implication for this strong conduction region. The inter electrode gaps in these 

systems were always comparable to the cell dimensions being captured. The refined interdigitated 

electrode design had a gap equal to that of the single cell diameter (Suehiro et al. 2003). For the 

castle wall designs, the regions of high field strength where cells are captured are located at the 

smallest electrode gap. The closest point between two opposite electrodes was about 3 µm, and 

the cells collected had a radius of 1 µm (Suehiro et al. 2006). The interesting implication being 

that in these cases of successful detection, the cell and electrode gap dimension are very similar. 

Hence, if a 10 µm cell was capture at the center of the DEP chip it would greatly affect the high 
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conduction region depicted in Figure 43. Another case where such a conclusion can be found is 

the work done by Van Gerwen et al. (1998) who analytically solved the Laplace equation for an 

interdigitated electrode array with finger widths and gap distances of 250 nm. Through these 

calculations they reported that 80 % of the current flows through a region 250 nm above the 

electrode surface. These examples seem to indicate that for an analyte to have a significant impact 

on the conduction current its dimension would have to be similar to, or larger than, the electrode 

gap. This condition is obviously not met with the current chip designs. 

4.4 Conclusions for Label Free Impedance Detection 

From the work presented in the last two chapters it seems that label free impedance detection (i.e. 

detection that does not use additional reaction steps such as those employed by Bardea et al. 

(2000) with the current electrode design is not suitable for the detection of viral particles for two 

reasons. Firstly, the capacitance that occurs between the electrodes and the silicon completely 

dominates the high end of the spectrum. Work to reduce this capacitance by greatly reducing the 

electrode area and increasing the insulating layer thickness failed to reduce it significantly enough 

and it still dominated over the dielectric contributions to impedance. Secondly, simulations of the 

current DEP chip design indicate that it is not very sensitive to the capture of small analytes. The 

solution to both these problems is to change the fabrication procedure and design of the chip; 

however, as this is not easily implemented at this time an additional reaction scheme was explored 

for use with the current chip design. 
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Chapter 5 

Considerations of Additional Reaction Schemes for Impedance 

Detection 

5.1 Introduction to the Conductiometric Reaction Scheme and the Urease-Urea 

System 

The change in medium conductivity seen in section 2.1 is brought about by taking non-ionic 

species and metabolizing them such that the products are ionic. Theoretically then, 

conductiometric detection should be possible if by some means the trapped particles can be 

bestowed with the ability to do exactly that. In bacteria the degradation of non-ionic species is 

accomplished though the use of enzymes, so it seems only natural to try and extend this method 

for use in the current system. That is to say, use an enzyme-substrate system to bestow trapped 

viral particles with the ability to change the conductivity of the surrounding medium. 

Functionalizing the enzyme with another antibody and introducing it to the system after the initial 

capture process would accomplish this scheme. This sandwich type ELISA technique is outlined 

below in Figure 44. 

 
a 

PBS solution 
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Figure 44: Proposed conductiometric reaction scheme (MP represent the model particles). 

First, a sample with a certain analyte load is placed on the antibody functionalized chip and 

particles are trapped using negative DEP as in Figure 44(a). The sample is then rinsed from the 

center of the chip and the functionalized enzyme solution is introduced, Figure 44(b). Finally, the 

center is thoroughly washed and a substrate solution is placed on the center of the chip and the 

impedance is recorded as a function of time, Figure 44(c). If the target analyte has been captured 

from the solution in the first step then the enzyme-conjugated antibody will bind to the particles 

on the chip. These functionalized, bound particles will then catalyze the degradation of a 

substrate, which will cause the conductivity of the solution to change, which in turn will cause a 

change in the impedance of the system. 

The enzyme urease was chosen for this purpose for two reasons. The first is that the urease-urea 

system is very well characterized as evident by the many thorough reviews on urease (Mobley H. 

b 

c 

Tris buffer solution 

PBS solution 
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L. T. & Hausinger R. P. 1989, Qin Y. & Cabral J. M. S. 2002, Krajewska B. 2009). One of the 

advantages of using urease is that there are published kinetic studies available (Wall M. C. & 

Laidler K. J. 1953, Qin Y. &Cabral J. M. S. 1994) for the modeling this reaction. Another 

advantage is that the urease-urea system produces a significant increase in conductance versus 

other such enzymes (Lawrence A. J. & Moores G. R. 1972). The overall reaction for the 

decomposition of urea by urease gives two equivalents of ammonia and one of carbonic acid. The 

overall reaction proceeds as follows (Mobley H. L. T. & Hausinger R. P. 1989). 

Overall Reaction 

!"! − !" − !"!
!"#$%#

2!"! + !!!"!      [26] 

1) Degradation of urea to carbamate and ammonia by urease 

!"! − !" − !"! + !!!
!"#$%#

!"! − !" −!" + !"!      [27] 

2) Auto-Hydrolysis of carbamate 

!"! − !" −!" + !!!⟶ !"! + !!!"!        [28] 

With the important equilibrium conditions, 

!"! + !!! ⇌ !!!! + !!!,     !"!!"! = 9.25 [29] 

!!!"! ⇌ !"#!! + !!,     !"!!"#! = 6.35 [30] 

!"#!! ⇌ !"!!! + !!,     !"!!"! = 10.33 [31] 

!"#$%! ⇌ !"#$ + !!,     !"!"#$% = 8.1 [32] 

!!! ⇌ !!! + !!,     !"! = 14 [33] 

The interplay between the equilibria above will determine the magnitude of the conductance 

change observed. If the system is at a pH around 7, the prevalent ionic species will be ammonium 

and TrisH+ and these species will be responsible for the majority of the solution conductivity. As 

the pH rises, the proportion of ammonium and TrisH+ will begin to decrease, but the 

concentrations of HCO3
- and CO3

2- will increase. The final change in conductivity is therefore due 

to the complex interplay between the equilibriums and the mobilities of the important ionic 
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species. This equilibrium will be modeled by solving for a 6th order polynomial, which is derived 

in manner akin to the development in Stewart (1989) for modern quantitative acid base chemistry. 

There are some important considerations that have to be taken into account when using enzymes 

to increase the conductivity of a system. The most important of which is that enzyme are sensitive 

to changes in pH and therefore buffers are often employed to maintain the pH of the system at an 

optimal level (Lawrence A. J. &Moores G. R. 1972). The implication of using buffers is that the 

buffers employed to control the pH have an influence on the initial conductivity of the medium, 

which will decrease the detection threshold. This decrease in sensitivity is because if there is only 

a small amount of enzyme present to catalyze the reaction then it will take longer to produce a 

significant change if the background conductivity is high. 

The number of particles collected at the center constitutes a very small molar concentration, 

which means the concentration of functionalized urease will also be small. To detect any change 

in medium conductivity from the background conductivity might therefore be very difficult. Also, 

since the current DEP chips are not self-contained microfluidic systems, it would be very hard to 

completely prevent evaporation. It is prudent then to develop a model and then use this to infer 

the feasibility of conductivity changes as a signal transduction means. This model can then be 

validated using higher biotinylated-urease concentrations where contaminates and other issues are 

not significant problems. 

5.2 Materials and Methods 

All water used in these experiments was filtered using a Millipore Synergy unit, and will 

henceforth be referred to as MP water. The Urea 98% (U5378-500g), and Tris-buffer 99.9% 

(154563-100g) used in these experiments was purchased from Sigma Aldrich (Oakville ON, 

Canada). 1 mL of 2.5mg/mL biotinylated-urease was purchased from GeneTex (Irving CA, USA).  
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5.2.1 Biotinylated-Urease Conductivity Experiments 

A 0.1 M urea solution was prepared in a 250 mL Erlenmeyer flask by dissolving 1.20 g of urea 

into 200 mL of MP water. To this 24.4 mg or 244 mg of Tris-buffer was added to the flask, 

depending on whether the desired buffer concentration was 1mM or 10mM, respectively. This 

solution was then pippetted into 20 mL scintillation vials using a 1 mL pippetter. A 0.1 M HCl or 

H2SO4 solution was then used to bring these solutions down to a pH of 8.0 as measured by a pH 

meter. For the 1 mM solutions only 50 µL of 0.1 M H2SO4 was needed, which does not 

appreciably change the overall volume. This however is not the case for the 10 mM Tris solutions, 

and therefore the simulation results for these solutions have been adjusted accordingly. The 

solutions where then left for 3-4 days to equilibrate. 

A 125 µL or 500 µL 5x10-7 M stock urease solution was created before each experiment by 

diluting 12 µL, or 48 µL of the 2.5 mg/mL stock, respectively. This stock solution was then added 

to the scintillation vials to create 10-8M, or 10-9M solutions. 

After the addition of urease the conductivity of the system was recorded every 10 minutes for 3 

hours using a Corning Pinnacle 542 pH/conductivity meter and Corning Laboratory Conductivity 

Probe model M542. The conductivity meter was calibrated using an 8.4mS/m KCl solution before 

each experimental run. 

5.2.2 Modeling the Kinetics of a Urease-Urea System 

A basic model was created using Matlab (Natick, MA, US) to predict the conductivity change of 

the system under varying conductions, which then can be used to used to infer the feasibility of 

the reaction scheme presented in section 4.2 as a signal transduction method. The model was 

created using the Michaelis-Menten equation modified to include product inhibition affects, 

which can be seen in equation [34] (Krajewska B. 2009). 

! =
!!"#!!

1 + !!
!

1 + !! !
    [34] 
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Where, 

!  is  the  Velocity  of  the  reaction  
Moles  Urea  Converted

s ∙ L
 

!!"#   is  the  maximum  velocity  of  the  reaction  
Moles  Urea  Converted

s ∙ L
 

!!  is  the  Michaelis −Menten  Constant   M  

!!   is  the  product  inhibition  constant   M!!  

!   is  the  substrate  concentration   M  

!!  is  a  correction  polynomial  which  takes  into  account  pH  dependence   unitless  

Since there is no literature on the kinetics of biotinylated-urease the value of the Vmax was based 

on estimating the specific activity of the enzyme, which can vary from 9.27 - 180000 µmol urea 

catalyzed min-1 mg urease-1 depending on the source of the urease (Mobley H. L. T. &Hausinger 

R. P. 1989). The biotinylated-urease that is commercially available is usually obtained from jack 

beans. The range of activity for jack bean urease is 23 - 3500 µmol urea catalyzed min-1 mg 

urease-1 (Qin Y. & Cabral J. M. S. 2002, Krajewska B. 2009), and one is able to buy urease from 

jack beans from Sigma-Aldrich with activities ranging from 0.5 - 400 µmol urea catalyzed min-1 

mg urease-1. 

The literature shows a consensus for range of the Michaelis-Menten constant which is 2.5 mM - 4 

mM, however there are many different possible values for the product inhibition constant. The 

product inhibition constants can vary over almost three orders of magnitude from Wall M. C. 

&Laidler K. (1953) who gives a value of 425 M-1 reported for a TRIS-H2SO4 buffer, to 32M-1Qin 

Y. & Cabral M. S. (1994) for a buffer free system. A range of 8.5 - 500 M-1 was presented in the 

review by Karjewski B. (2009). Since it is not possible at this time to determine the inhibition 

constant experimentally for this biotinylated-urease system this is a parameter of the model that 

was changed to adequately fit the data. 
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A correction polynomial is used to introduce a pH dependence on the reaction velocity because 

there are conflicting reports on the actual pH optima and degree of dependence of urease in 

different buffers. The plots of Vmax vs. pH do, however, show consistent parabolic behavior; 

therefore, the appropriate form of the polynomial is seen in equation [35]. 

!! = ! ∙ !"! + ! ∙ !" + ! [35] 

Based on data in the literature the coefficients of cp are chosen such that cp is 100 % at the pH 

optima, and X% at dx above and below the optima. For example, if maximum velocity occurred 

at a pH of 7.2 the value of cp there would be 1, and then if it dropped to 75 % at a pH of 6.4 & 8 

the value of cp would be 0.75. With this information and equation [35] the coefficients of the 

correction polynomial can be solved for algebraically. This way the pH dependence of the model 

can easily be changed depending on the reference used since again it is not possible at this time 

determine them experimentally. 

Using equation [34] the generation and consumption terms can easily be determine and are 

presented in equations [36]-[38]. 

! !"#$
!"

= −!        [36] 

! !"!
!"

= 2!        [37] 

! !!!"!
!"

= !        [38] 

These equations were simply solved by breaking down the system into tn time steps. Equations 

[36]-[38] were evaluated in an interval Δt using the concentration values from the previous time 

step, and this differential generation or consumption was then added to that of the previous time 

steps to give an overall generation at time step ts. 

At time step ts a simple mass balance around ammonia, carbonic acid, and Tris generates 3 

equations, [39]-[40], which together with the equilibriums conditions in [29]-[33], and the 
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electroneutrality equation, [42], can be used to solve the equilibrium of the system. Equation [43] 

is the result of the algebraic manipulation of these equations. 

!"! + !"!! = !"#    [39] 

!!!"! + !"#!! + !"!!! =
!"#
2
      [40] 

!"#$%! + !"#$ = !!"#$%    [41] 

!"!! + !"#$%! + !! − !"! − !"#!! − 2 !"!!! − 2 !"!!! = 0    [42] 

! ∙ !"! ! + ! ∙ !"! ! + ! ∙ !"! ! + ! ∙ !"! ! + ! ∙ !"! ! + ! ∙ !"! + ! = 0  [43] 

Where, 
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Equations [29]-[32] were rearranged for the non-ionic species using the pKb form of the 

equilibrium equation. This rearrangement is done because the coefficients found using the pKa 

method are too small and therefore the system has numerical trouble when solving. The 

polynomial in equation [43] was solved in Matlab using the fzero algorithm, and the previous 

hydroxide ion concentration as the initial guess. It should be noted that only one of the roots of 

equation [43] prove to be positive and therefore this root is the only physically relevant answer. 

After the hydroxide ion concentration is determined at time step ts it is a simple matter to calculate 

the concentration of the remaining species by algebraic manipulation of equations [29]-[32] & 

[39]-[41]. 

Once the concentration profile is solved it is a very easy manner to convert this to a conductivity 

change based on the ionic mobility (Bard A. J. and Faulkner L. R. 2001), assuming that there are 

no ionic interactions among the species, which is true only at low enough dilution. The 

conductivity for a general system can be calculated as follows (Bard A. J. and Faulkner L. R. 

2001), 

! = ! !! !!!!

!

!

  [44] 

Where the sum is taken over all ionic species present and, 

!  is  the  conductivity  of  the  system  
S
m

  

!  is  Faraday!s  constant  96485.3  
C
mol

 

!!   is  the  the  valency  of  the  ion  i  

!!   is  the  mobility  of  ion  i  
m!

s ∙ V
 

!!   !s  the  concentration  of  ion  i  
mol
m!  

Therefore for this system at time s, 
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!! =
!

1000
1 !!"!! !"!

!
! + 1 !!"#$%! !"#$%!

! + 1 !!! !!
! + −1 !!"! !"!

!

+ −1 !!"#!! !"#!
!
! + −2 !!"!!! !"!

!!
! + + !!   [45] 

Where (Bard A. J. and Faulkner L. R. 2001), 

!!! =   3.63×10!!
!!

! ∙ !
 

!!"! =   2.05×10!!
!!

! ∙ !
  

!!"!! =   7.61×10!!
!!

! ∙ !
 

∗ !!"#$%! =   5.19×10!!
!!

! ∙ !
 

* This mobility was not found in the literature and was estimated based on the mobility of a 

sodium ion given that the two have a similar ionic radius (Hurley I. 1986). Note there is other 

literature that has the mobility of Tris at 2.95×10!! !
!

!∙!
 (Pospichal J. et al. 1989), which would 

affect the estimates of the unknown parameters.  This difference however does not completely 

explain the discrepancies in the data that will be seen given the idealities assumed. 

!!"#!! =∗∗ !!"!!! =   4.61×10!!
!!

! ∙ !
 

**A similar argument is made for equating the mobilities of HCO3
- and CO3

2- as it is assumed that 

there isn’t a significant difference in their ionic radii. 

The term κc is the initial constant conductivity that represents the inherent conductivity of the 

water plus the conductivity of any ions that contaminate the system. The contaminating ions can 

come from the acid used to adjust the buffer to the correct pH, contaminates present in the urea 

from manufacturing, and other unanticipated sources. Assuming these ions are not affected by the 

reaction or equilibrium, this term should always be constant. 
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5.2.3 Estimating Unknown Parameters 

When estimating the unknown parameters the first step was to select a characteristic polynomial 

to match published literature data. With this characteristic polynomial set the two remaining 

parameters were varied until a good fit was found for the data of runs 2 and 3. The maximum 

velocity was varied by altering the enzyme activity parameter only within the published literature 

values for jack bean urease of 23 - 3500 µmol urea catalyzed min-1 mg urease-1. The inhibition 

constant was also only varied within the published literature values of 8.5 - 500 M-1. After a good 

fit was found for runs 2 and 3 these parameters were used to simulate the experimental conditions 

of the remaining runs and the fit examined. This fitting was repeated until it was felt that the best 

parameter estimates of the reaction velocity and inhibition constant were found for a certain 

characteristic polynomial. The maximum velocity and inhibition constant estimation process was 

then restarted using another characteristic polynomial. The two cases were then compared against 

one another to determine which one was a better fit to the experimental data over all conditions. 

This whole process was continued until it was felt that all relevant polynomial combination had 

been considered and the best estimates selected. It should be noted that the fit was assessed based 

on visual inspection. 

5.3 Comparison of Experimental and Simulation Results 

The simulation results presented here represent the best scenario encountered. That is, since the 

model has 3 unknown parameters Vmax, Ki, and cp, the simulations presented here represent values 

for these parameters that provide simulation results that are the closest to following the 

experimental data over the varying conditions. In these simulations Vmax is based on a specific 

enzyme activity of 90 µmol urea catalyzed min-1 mg urease-1 which is well within the published 

values for urease activity. Ki was found to be 57 M-1, which again is well within the published 

literature data. The correction polynomial was based on the data published by the Qin Y. and 
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Cabral M. S (1994), which has a maximum at a pH of 7.2 and dropped to approximately 96% at 

pH 6.4 & 8. In this case the correction polynomial coefficients can be seen in equation [46]. 

!! = −0.0625 ∙ !"! + 0.9 ∙ !" − 2.24 [46] 

The experimental and simulation results for varying experimental conditions can be seen below in 

Figure 45-Figure 49. The results presented in Figure 45 and Figure 46 all represent the same 

experimental conditions; however, the data presented in Figure 46 has a different initial constant 

conductivity value. The reason for the difference in initial conductivity is because the medium 

used in experimental runs 2 and 3 in Figure 45 come from the same batch, while the medium used 

in run 10 of Figure 46 is from a different batch. The deviation of initial conductivities likely 

comes from the fact that it is impossible to make each batch exactly the same due to errors in 

weighing out medium components. In Figure 45 and Figure 46 the initial constant conductivity 

used to match the initial experimental conductivity was 8 mS/m and 5 mS/m, respectively. In both 

situations the model has good agreement to the experimental data despite the fact they come from 

two different medium batches. 

 

Figure 45: Conductivity increase seen in experimental data and simulation results for 1x10-9 
M urease in 0.1 M urea, 1 mM Tris-H2SO4 buffer solution, kc = 8mS/m. 
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Figure 46: Conductivity increase seen in experimental data and simulation results for 1x10-9 

M urease in 0.1 M urea, 1 mM Tris-H2SO4 buffer solution, kc = 5mS/m. 

These conditions, however, show a slight discrepancy with the data when the urease concentration 

is increase by an order of magnitude as is presented in Figure 47.The medium used in run 10 of 

Figure 47 is the same as that used for runs 2 and 3 of Figure 45 and therefore the same initial 

constant conductivity was used for the simulation presented here. The simulation differs from the 

experimental data by 6.5% at 3 hours. 

 

Figure 47: Conductivity increase seen in experimental data and simulation results for 
9.8x10-9 M urease in 0.1 M urea, 1 mM Tris-H2SO4 buffer solution. 
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Figure 45-Figure 47 represent a low initial conductivity system where the amount of buffer used 

was kept small. The amount of buffer used was kept low because increasing the initial 

conductivity decreases the sensitivity, however, also means that the buffering power of the 

medium is reduced. Higher buffer concentrations were used to determine if the trade off between 

improved kinetics and overall percent change in medium conductivity was justified, and is 

presented in Figure 48 and Figure 49. Both experimental runs 5 and 9 were preformed using 

medium form the same batch and the initial constant conductivity used in these simulations was 

53 mS/m. For the lower urease concentrations the overall change in conductivity for the low 

buffer conductivity runs 2, 3, and 10 are 60.37 mS/m, 61.13 mS/m, and 62.72 mS/m, respectively, 

which is not justifiably less then the overall change for the high conductivity run 5 of 83.9 mS/m. 

The overall change in conductivity increases by only about 38% between the high and low 

conductivity buffers while there is a 560% increase in the initial constant conductivity, which 

means the percent change in conductivity would be significantly smaller for the higher buffer 

concentrations. The situation is even worse when comparing the higher urease concentration data 

presented in Figure 47 and Figure 49 where the overall change in conductivity for runs 6 and 9 are 

363.17 mS/m, and 366.7 mS/m, respectively. In this scenario there is no gain in the overall 

change in conductivity in a three hour period when the higher buffer concentration is used. 
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Figure 48: Conductivity increase seen in experimental data and simulation results for 
9.7x10-10 M urease in 0.1 M urea, 10 mM Tris-H2SO4 buffer solution. 

 

Figure 49: Conductivity increase seen in experimental data and simulation results for 
9.5x10-9 M urease in 0.1 M urea, 10 mM Tris-H2SO4 buffer solution. 

The experimental data and simulation show fairly good agreement for the lower urease 

concentration presented in Figure 48, however, there again seems to be deviation in Figure 49 
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when a larger amount of urease is used. This time the simulations overpredict the conductivity 

change and the difference between experimental and simulation results is 7 % at 3 hours. 

5.4 Model Predictions for Capture Conditions 

Finally the simulation was used to probe a hypothetical situation based on the paper by Tomkins 

et al. (2008) where 200 nm polystyrene particles functionalized with Neutravidin were capture at 

the center of a SC10 chip. From this article an estimated 85 particles were captured in the 10 µm 

× 10 µm area between the electrodes. Based on wells created around the center of the DEP chips 

using SU-8, and ignoring the fact that the particles are trapped at the center of the chip, leads to 

effective urease concentrations of 1x10-12 - 1x10-13 M. It should be clear that if the concentration 

is lowered 3 - 4 orders of magnitude compared to the results presented in Figure 45 and Figure 46 

no significant change would occur at the present activity. To this end, Figure 50 probes what 

urease activity would be necessary for detection at these lower concentrations. A middle ground 

of 5x10-13 M urease was chosen for the simulation and other relevant model parameters are the 

same as those for the simulations of Figure 46. 

 

Figure 50: Estimated conductivity change based on expected capture and varying urease 

activities. 
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Since the results are presented as the percent change in conductivity it should be noted again that 

the initial conductivity of these simulations is 5 mS/m. The linear results presented in Figure 50 

are as one would expect for such low urease concentration with the final conductivity change after 

a period of 3 hours being just over 1 % for A = 100, just over 10% for A = 1000, and just under 

100% for A = 10000. Based on a detection threshold change of 6% (according to the worst error 

presented in Table 1 of section 3.3.2, which is a gross idealization of a detection threshold as this 

is associated with the fitting of the data only), one would detect capture within 2 hours for the 

1000 µmol urea catalyzed min-1 mg urease-1 case and in under 30min for 10000 µmol urea 

catalyzed min-1 mg urease-1. 

5.5 Discussion 

The simulations seem to be somewhat consistent with the experimental data; however, they are 

unable to predict the conductivity behavior over a wide range of conditions accurately. One 

possibility for this discrepancy could be because the values of Vmax, Kp, and cp are not correct. 

While these simulations represent the best scenario encounter, it is very possible that some 

combination providing a better fit was overlooked. It is however, unlikely that this could account 

for all the discrepancy seen. 

5.5.1 Discussion of Model Limitations 

The simplistic model presented here was only meant as an attempt to get a very general sense of 

what conditions, if any, are required for conductance changes to be used as a signal transduction 

method. As such, enzyme behavior that could not be easily quantified from data in the literature, 

like the dependence of Ki on pH, and the non-ideal behavior of electrolytes were ignored. These 

factors might explain some of the discrepancy seen above, and one must note that incorporating 

these changes could cause significant change in the parameters Vmax, Ki, and cp quoted earlier. 
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5.5.1.1 Dependence of Ki on pH 

Since the simulations of lower urease concentrations seems to have fairly good agreement with 

the experimental data the cause of the discrepancy could have to do with the product inhibition 

constant. Product inhibition would not be very important in the early stages of the reaction or at 

lower urease concentrations as there is very little ammonia to inhibit the reaction, which would 

explain why the results for the lower urease concentrations are more consistent. However, if the 

inhibition constant was dependent on the pH of the system as is reported by Qin Y. & Cabral M. 

S. (1994) this dependence might account for the discrepancy seen at higher urease concentrations. 

While the inhibition constant can be seen to double when moving from a pH of 7 to a pH of 8 this 

dependence was ignored due to the fact that after a pH of 8 the inhibition constant of their system 

does not change significantly. Since the simulation and experimental runs presented in Figure 45-

Figure 49 are always at or above a pH of 8 it was assumed that the inhibition constant would be 

independent of pH. Also, to be consistent with the data one would expect the opposite behavior 

for the dependence of Ki on pH. This behavior is expected because in the high urease 

concentration 1mM Tris buffer simulations there is very little buffer and the pH approaches its 

maximum value of around 9.2 very early in the reaction. This coupled with the fact that the 

simulations for this scenario underestimate the conductivity change would indicate that the 

product inhibition constant is too high at higher pH values. The high urease concentration 10 mM 

Tris buffer scenario on the other hand requires longer to approach the maximum of 9.2 but the 

simulations overestimate the conductivity. This would indicate that the inhibition constant is too 

low and product inhibition is not strong enough at the early stages for this simulation. 

5.5.1.2 Heavy Metal Contamination 

Another phenomenon that could account for the discrepancy in the results of the high buffer 

system is the fact that more buffer was used. While there is no literature on the inhibition of 

urease by Tris buffer, when the buffer is increased one may also have to consider contaminates 
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that are associated with the buffer. Micro-molar concentrations of Hg, and Pb as well as other 

heavy metal ions inhibit urease (Zhylyak G. A. et al 1995, Volotosky V. et al. 1997, Soldatkin A. 

P. et al. 2000) both of which are contaminates present in the Tris buffer and the sulphuric acid 

used to adjust the pH. While they are only present in ppm quantities the sum total of heavy metal 

contamination could be within the micro-molar range for the 10 mM Tris buffer solutions. If this 

were the case, one could easily assume that the activity urease in the 10 mM solutions is lowered 

to find conditions, which provide a better match for the data for the given parameters. While this 

contamination is something one would have to worry about if the buffer concentration was 

increased further it is probably not the most likely scenario available to explain the current 

deviation. 

5.5.1.3 Effect of Ionic Strength on Equilibrium Constants 

For simplicity the dissociation constants quoted for equations [29]-[32] in section 5.1 were 

assumed to be constant. This, however, is not the case as they are dependent on the ionic strength 

of the medium, which is one half the sum of the concentrations of ionic species multiplied by their 

respective charge squared. Since the dissociation constants are reported for infinite dilution (i.e. 

zero ionic strength) a low initial conductivity system will be the closest approximation to these 

constants. However, as the conductivity increases, or if the initial conductivity is high to begin 

with, the dissociation constants can show marked deviation from these values. To get a general 

idea of error introduced into the system by assuming that the dissociation constant are not a 

function of the ionic strength one could use the Debye-Hückel equation to correct for the expected 

concentration disassociation constant at a particular ionic strength (Wright M. R, 2007). To this 

one would first solve for the specific ion activity using the Debye-Hückel equation, which is seen 

in equation [47] (Wright M. R, 2007). 

log !! = −
!!"!!! !  !"#$%&"!!
1 + !  !"#$%&"!!

      [47] 
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Where, 

!!   is  the  activity  coefficent  of  species  i 

!!   is  the  the  valency  of  the  ion  i 

!  !"#$%&"!  is  the  ionic  strength  of  the  medium  
mol
L

 

!!"   is  a  constant  with  the  value  0.510  
mol
L

!
!
 

A concentration disassociation constant can then be defined as follows, 

!!"#$% =
! [!]
! [!]

!!!!
!!!!

     

!!"#$%
!!!!
!!!!

=
! [!]
! [!]

 

!!"#! =
!!"#$%
!!

=
! [!]
! [!]

 

Where, 

!   is  the  concentration  of  species  i  

!!   is  the  activity  coefficent  of  species  i  given  by  equation  [47] 

!!"#$%   is  the  disassociation  constant  at  zero  ionic  strength  (i. e. the  pKa  of  the  species) 

!!   is  the  ratio  of  activities  dictated  by  the  equilibrium  expressions   

!!"#!   is  the  concentration  disassociation  constant  at  the  relevant  ionic  strength 

Equation [47] provides a good estimate of the activities if the ionic strength of the medium is 0.01 

mol/L or lower (Wright M. R, 2007). Using the current form of the simulations to estimate the 

ionic strength of the medium after 3 hours, the maximum ionic strength can vary from 0.0065 

mol/L to 0.043 mol/L for the conditions represented in Figure 45, and Figure 49 respectively. 

While the low urease situation presented in Figure 45 is always below this limit, one would have 

to use another model for the high urease situation such as the extended Debye-Hückel equation, as 

the Debye-Hückel equation tends to underestimate the activities for ionic strengths above 0.01 
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mol/L (Wright M. R, 2007). Using the Debye-Hückel equation, and the conditions used in Figure 

45 to estimate the variation of Kconc from the ideal case of Kideal for ammonia, one can see from 

Figure 51 that there is a significant difference between the two constants. 

 

Figure 51: Deviation of ammonia concentration dissociation constant from equilibrium 
dissociation constant. 

While Figure 51 shows how the actual dissociation constant would vary over the time course of 

the reaction one has to keep in mind that the actual deviation would be even greater than what is 

presented here. As the ionic strength increase so did the actual disassociation constant. This 

causes the equilibrium to shift towards the ionic species in the case of ammonia and Tris which 

intern further increases the ionic strength of the medium. Therefore one would expect the actual 

dissociation constant to vary by more then the 19% depicted in Figure 51. 

While this would help explain the deviation from the model seen in Figure 45 for the high urease, 

low buffer situation, it would only make the deviation seen in Figure 49 worse. The problem, 

however, is far from linear, as the variations in the dissociation constants would also affect the 
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buffering power of the Tris and the final equilibrium pH of the reaction. This affect in turn is 

likely to have a significant impact on the simulation behavior with the current estimates of Vmax, 

Ki, and cp, and completely different values may be required to provide an accurate fit to the data. 

Without performing further experiments to determine these parameters independently it is hard to 

assess how the model fit will be affected by incorporating the ionic strength effect on the 

dissociation constants. The only thing that can be said is that, unlike inactivation by heavy metals, 

deviation in concentration expressed dissociationconstant alone does not explain the deviations 

seen for the current estimates of Vmax, Ki, and cp. 

5.5.1.4 Assumed Ideal Behavior of Ionic Conductance 

Another large assumption made has to do with the way the conductance is calculated using 

knowledge of the molar concentrations. Equation [44] uses ionic mobilities that are based on 

values of equivalent conductivities extrapolated to infinite dilution (Bard A. J. and Faulkner L. R., 

2002). This equation assumes an idealized behavior were the values of mobilities represent the 

proportionality between the limiting velocity and the strength of the electric field (Bard A. J. and 

Faulkner L. R., 2002). However, at concentrations relevant for this work, the assumption of ideal 

behavior is inexact as there are relaxation and electrophoretic forces that retard the motions of 

ions and decrease their mobilities by adding additional drag forces (Wright M. A. 2007). The 

models for correcting the conductance of a solution are generally more empirical such as the one 

used to make the conductivity standards for this work (i.e. Wu Y. C. et al. 1989). However, as the 

effect of non-ideal equilibrium constants is to increase the conductivity and the effect of non-ideal 

mobilities is to decrease conductivity, the incorporation of these two elements might lead to better 

parameter estimates and provide a closer fit to the data thereby eliminated the discrepancies seen 

before. 
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5.6 Conclusions 

The experimental results depicted in Figure 45 through Figure 49 indicate that using urease to 

increase the conductivity would not work with the commercially bought urease as it does not 

possess the required activity. Given the expected capture of analyte at the center of the chip 

correlates to a very small concentration of urease, the urease activity required would have to be 

orders of magnitude above what is commercially available. Assuming that the modeling is 

accurate at low concentration where inhibition and non-ideal affects are small, one would need an 

enzyme activity of the order of magnitude of 10,000 µmol urea catalyzed min-1 mg urease-1 or 

greater as seen in Figure 50. Given that enzymes generally lose some activity after 

functionalization this would mean that it is necessary to have greater activity than this initially. 

The only urease found to have such activity is that produced by Ureaplasma urealyticum 

(Krajewska B. 2009), which cannot be bought commercially and would have to be grown, 

purified, and functionalized by the party desiring to use this as a signal transduction method.  
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Chapter 6 

Conclusion 

With the current equipment and chip designs, impedance spectroscopy cannot be used as a signal 

transduction method for particle capture. Experimentally, the chips show a large parallel plate 

type capacitance at higher frequencies. This capacitance is likely due to the fact that the silicon 

acts as a conductor so this issue can be addressed by switching over to a glass substrate for 

fabrication. Theoretical considerations for a monolayer of particles at the center of the electrode 

array indicate that the impedance of the DEP chips is not sensitive to the dielectric nature of this 

layer. From an electrostatic point of view, and using a more generalized theory of capacitance, a 

change in capacitance of 4x10-17 F is seen when a monolayer with a relative permittivity of 2.4 

replaces water at the center of the chip. This change is orders of magnitude less then the total 

capacitance of the chip, and significantly below the detection limit of the current equipment 

which is 1x10-12 F These considerations also only apply to the polystyrene particles used as viral 

particle substitutes for this work. When considering the frequency dependent dielectric response 

of actual virions captured at the center of the chip the dielectric behavior could be much different 

depending on the composition of the virion. The change in the relative permittivity at sufficiently 

low frequencies might not be as great for a monolayer of viral particles as was used for the 

simulations. At high enough frequencies the difference in relative permittivity may disappear 

altogether. Finally, a monolayer of viral particles only extends a couple hundred nanometers 

above the substrate surface. If a strong conduction current region can be inferred from the electric 

field strength at the center of the chip, this region would extend approximately 10 µm above the 

substrate surface. Therefore the monolayer only affects a very small portion of this strong 

conduction region and most likely has a negligible influence on the solution resistance in this 

region. There is also some indication that the strong conduction region has a correlation to the 

electrode gap distance. Theoretical considerations and successful detection from other works used 

electrode gaps with similar dimensions to the analyte of interest. These examples may indicate 
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that impedance might be possible if the electrode gap distance of the DEP chips is reduced to be 

closer to that of the virus being captured. 

Impedance detection through the use of an ELISA technique, which would increase conductivity 

through the enzymatic degradation of urea, was tried and also ruled out for the current DEP chips. 

Simulation results indicate that for the concentration of particles expected after capture, 

commercially available sources of urease will not produce a significant conductivity change. 

Urease from Ureaplasma urealyticum has a much larger activity and maybe able to produce a 

significant conductivity change. 

6.1 Recommendations 

The main recommendation of this work is to alter the chip designs and fabrication materials to 

address some of the issues brought up in Chapters 3 and 4. Chips should be fabricated on a glass 

substrate to eliminate the ESE capacitance seen from the silicon. Glass would also be beneficial in 

moving towards a sealed microfluidic system to prevent evaporation, which is desirable for 

measurements that are sensitive to the ionic strength of the medium such as the conductiometric 

method described in Chapter 5. The electrode area of these chips should also be reduced to limit 

stray capacitance from the rest of the chip. Finally, for label free detection, the electrode gap 

distance should be reduced as currently it is almost 2 orders of magnitude larger then the desired 

analyte and these systems maybe more sensitive to capture if the gap distance and analyte size are 

of comparable magnitude. 

Assuming these modifications to the chip design are meet, future work should try to 

experimentally validate or disprove some of the points brought up here about the electrode 

capacitance and dependence on gap distance. Since capture of particles or viruses at this point is a 

dubious task it would be best to use photolithography to probe these points. A cylinder can be 

fabricated at the center of the chip with varying heights using standard fabrication methods. By 

altering the electrode gap distance and cylinder height one should be able to experimentally 
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determine if the relations in chapter 4 above hold as claimed. It is also an easy matter to alter the 

dielectric properties of this cylinder by altering the photoresist used for its fabrication. This work 

however might need to employ different electrical equipment as the limitations of the Solartron 

seem to be a hindrance to the small changes expected from a single chip, and a differential 

measurement set up such as is used in the flow cytometer (Gawad et al. (2004)) may be necessary. 

It is not recommended that the urease-urea system be pursued any further. Although the 

advantage of this method if it does prove fruitful is that it can be adapted to work for any type of 

analyte by changing the functionalization of the urease there are significant disadvantages. The 

knowledge base and technical skill required for the isolation and functionalization of urease are 

significant. This is only complicated by the fact that there is no guarantee that the functionalized 

form of urease will still have the required activity. 
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