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Abstract 
 

Research in label free methods for biological analysis has brought interesting 

developments. Cell impedance spectroscopy has been one of the promising outcomes. It 

allows the measurement of cell proliferation and motility whereby it is possible to study 

wound healing and cell behavior in vitro. This thesis presents the progress towards an 8-

well impedance measurement setup that uses conducting polymers as electrode material in 

cell impedance spectroscopy. A step by step fabrication of devices with PEDOT:PSS 

electrodes is described along with the hardware and software, developed and integrated, to 

perform impedance measurements of cell cultures.  

Electrochemical analysis was performed for PEDOT:PSS and Au electrodes to 

compare the two materials for use in cell impedance spectroscopy. PEDOT:PSS electrodes 

showed lower interfacial impedance and reach electrochemical equilibrium faster than Au 

electrodes. It was observed through electrochemical impedance analysis that the lower 

interfacial impedance is due to the low charge transfer resistance of PEDOT:PSS. MDCK 

cell proliferation experiments were performed using both types of electrode materials to 

provide a comparative study. The impedance measurement results showed differences 

between the two materials that led to a different kind of electrical model for the changes 

measured due to cell proliferation. Curve fitting results to the electrical model provided an 

understanding of the cell-substrate interactions and the capabilities of cell impedance 

spectroscopy. 

The application of cell impedance spectroscopy to human embryonic stem cells 

was also explored. The impedance changes of pluripotent stem cells during differentiation 

to trophoblasts were measured and analyzed. Analysis of changes to the phase values in the 

frequency spectrum show that by measuring the frequency where the phase is minimum, it 

is possible to distinguish between the two cell types. It provides a new method of using cell 

impedance spectroscopy to study stem cells behavior in real time and help researchers in 

the maintaining of stem cell cultures in the lab. Another new application of cell impedance 

spectroscopy to determine cell types based on the flexibility of the cytoskeleton was also 

explored. Some preliminary data is presented in the last chapter.  
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Chapter 1:  Introduction 
 

The human race is distinguished for its intellect, curiosity, and creativity. Where once 

an artificial heart or a fully walking robot were anything but a dream, today they are 

realities. The history of our endeavors in science, provide us with a constant belief that we 

can achieve more. We recognize that our knowledge of the laws of Nature and how it 

works are not complete. Many times we have mimicked Nature or developed tools that 

work on the very basics that drive it. The human body is perhaps one of the greatest pieces 

of complexity devised by Nature. What better melting pot of chemistry, physics, and 

mechanics to explore than ourselves. We have studied our bodies to know how to repair 

them, enhance them and simply understand how they work for many centuries and have 

achieved a lot over that extensive time. The understanding of mammalian cells and their 

working over many years have enabled us to cure diseases and perform techniques like 

genetic engineering and cloning. It is vital to biologists to be able to understand more about 

the response and behavior of cells during experiments. Techniques such as fluorescent 

staining, polymerase chain reaction (PCR) analysis, scanning electron microscopy and 

various optical microscopy techniques, to name just a few, have been paramount to 

biologists over many decades. Development of such research tools is essential to the 

development of cell biology. 

The need for label free and real time analysis in cell biology is constantly 

increasing. While traditional techniques of staining and chemical analysis are still the 

mainstay of biological analysis, there is a need of analyzing biological experiments without 

destroying the samples. Furthermore, there is a need to be able to know more about the 

processes and cell behavior as they progress through time such as measurement of wound 

healing rates and drug toxicity. The nature of cell biological research also requires parallel 

experiments in large numbers that yield cumulative statistical results. Research to meet 

these demands has led to many technological advances in fields such as lab-on-chip 

devices and instrumentation that process large work intensive experiments in a factory line 

style. Most lab-on-chip devices still require cells to be labeled before analysis [1].  Novel 

ways of detection along with parallel processing are required which do not interfere with 

the cells in culture. Electrical cell-substrate impedance sensing (ECIS), a method pioneered 
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by Giaever and Keese [2] , provides such a possibility. ECIS has been an evolving label-

free tool for over two decades. It allows cells to be monitored in vitro and data can be 

collected for multiple experiments in parallel. Early research showed that the method could 

not only be applied for cell proliferation and motility measurements, but also be used to 

assess morphological characteristics (confluence of the cells) and behavioral aspects (such 

as metastasis) of the cells [3, 4]. With the addition of multiple frequencies, some have 

termed it a spectroscopic technique and called it cell impedance spectroscopy (CIS). The 

applications and research for CIS have been growing rapidly including in field 

toxicological studies [5], drug testing [6], measuring mesenchymal stem cell differentiation 

[7-9] , the measurement of cell substrate separation [10] and the monitoring of relaxation 

and contractility of muscle cells [11]. Electrodes for CIS have predominantly been based 

on noble metals. Conducting polymers have been researched thoroughly for antistatic 

coatings, electrodes (electrochemical capacitors [12], electrochromic devices, ion sensors 

[13]) and have been instrumental in new forms of biosensors.  [14].  

Conducting polymers were first reported in the mid 20th century [15-17] but it was 

the discovery by Shirakawa et al. in 1977 that is considered the highlight for their 

discovery of polyacetylene [18] and earned him, along with Alan J. Heegar and Alan G. 

MacDiarmid, the Nobel Prize in chemistry in 2000. By the 1980’s organic semiconductor 

based FET’s were made possible and polymer field effect transistors in 1988 by R.Friend 

and colleagues [19]. Organic light emitting diodes were already under research before the 

discovery of polyacetylene and now the field of organic electronics is under heavy 

investigation by researchers [20]. The combination of conducting polymers, 

organics/polymer light emitting diodes and organic/polymer semiconductors for transistors 

has spewed out remarkable applications such as transparent flexible screens and plastic 

touch screen displays. There is a lot of room for further development and understanding 

about the materials and their mechanics as well as room for growth in their applications. 

The conductivities of many types of conducting polymers are low for most of the current 

electronic applications, however many biomedical applications do not have such a 

requirement. The characteristics and flexibility of applications with conducting polymers 

makes them very useful in biomedical applications. The fact that conducting polymers are 

organic materials, flexible, chemically/structurally alterable, versatile, inexpensive and can 

be fabricated on various organic substrates gives them a great advantage over metals. It 

also opens the doors to new ideas and methods for sensing applications.  
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Polymer Conductivity 

(S/cm) 

Stability Applications in Biomedical 

Polyacetylene 104 Poor  

Polyphenylene 500 Poor  

Polypyrole (PPy) 100-200 Good Tissue Engineering, neural probes, drug 
delivery, bio-actuators, amperometric sensors 

Polythiophene  100-200 Good Neural process, tissue engineering, drug 
delivery, micropumps 

Polyanaline 

(PANI)  

10 Good Tissue Engineering, bio-actuators. 

Table 1: Table of different conducting polymers, th eir conductivities (from [21, 22]) and 

some applications in biomedical research. 

The application of conducting polymers in biological research are numerous and 

they are being extensively used for tissue engineering, neural probes, biosensors, drug 

delivery and actuators [22]. Their conductivity, hydrophobic characteristics and reactive 

functionalities can be tuned. This allows them to be used in applications like detecting 

binding events[22], timed release of drugs [23], drug delivery [24] ,tissue engineering[25, 

26], neural probe applications [27-29], bio-sensors [30-32], bio-actuators[33], 

electrochemical DNA sensors[34] and new form of ion pumps used for micro fluidic 

delivery in implants[35, 36]. They can be modified using physical adsorption, entrapment 

of molecules, doping (can be done during synthesis of the polymers), and covalent 

attachment. Such modifications have allowed biomedical engineers to use conducting 

polymers as a form of tool for sensing, enhancing adhesion and proliferation and also 

improve their biocompatibility [14, 22]. Their mechanical properties can also be varied by 

various means including addition of other polymers or addition of molecules to their 

backbones [37]. One of the most common uses is in transducers that pick up signals 

produced by elements such as enzymes for biological sensing applications. These could be 

based on measuring current, voltage, resistance, absorbance or emission spectra or 

mechanical variations.   
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Figure 4: Modification strategies used with conduct ing polymers. From Guimard et al  [22]. 

 Polypyrole (PPy) has often been used for biosensor applications. In 1994 Wong, 

Langer and Ingber studied cell attachments on PPy films and their dependence on the 

proteins in the media by excluding the serum. It was also found that by varying the 

electrochemical state (by means of applying potential) cell adhesion and shape differed. 

Thus giving conducting polymers a new useful property [25]. Commercially available 

conducting polymers, such as poly(3,4-ethylenedioxythiophene) (PEDOT), are commonly 

used as conductive coatings and intermediate layers in organic electronics [38]. PEDOT 

has the advantage of being transparent and biocompatible [32, 39] while being considered 

the most stable (in the atmosphere and oxidizing environments) conducting polymer 

currently available [40-42]. It allows for simple and flexible methods for patterning, and 

also has the ability to be blended with other polymer compounds to create novel materials 

with unique properties [43, 44]. By using lithography techniques and inkjet printing, it is 

possible to create printable, inexpensive, flexible and simple electrodes for biological 

experiments.  

PEDOT has been found to retain its conductive properties better than PPy in an 

aqueous environment [28, 45, 46]. PEDOT has been proven to have good electrochemical 

stability in phosphate buffer solutions, even when polarized [46, 47]. It has been studied as 

a neural electrode coating and is considered one of the promising new materials with 

higher charge injection limits and better signal to noise ratio in measurements of neural 
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activity. [48-50]. However it suffers from delamination [28] and variation in its conductive 

properties which are not always linear nor necessarily follow any pattern which could be 

expressed mathematically. Thaning et al’s study [28] on the stability of PEDOT showed 

that the delamination depends on the substrate the PEDOT layer is coated on, however 

during the course of my work I have found that delamination might also be dependent on 

the thickness of the layer and the dimensions of the structure. The delamination occurs 

over a period of a few weeks when in a saline solution [47]. Reza et al. [51] found PEDOT 

nano tube based coatings, on their neural electrodes,  have improved adhesion to the 

substrate and the lower impedance provides better neural signal recordings. They also 

found that the material improved the neural attachment and neurite outgrowth [52] and by 

coating an electrospun biodegradable polymer (loaded with drugs) with PEDOT, they were 

able to use electrical stimulations to release these drugs [53]. Furthermore, Hansen et al. 

have been able to integrate PEDOT with PDMS substrates to create a more mechanically 

strong and adhesive conducting polymer network which can also be considered for creating 

the electrodes.  

  Most CIS setups work at frequencies where the higher impedance of metal 

electrodes is of little concern. However lower frequencies can contain information useful 

for curve fit analysis and possibly distinguish the cell type. Not only can PEDOT as an 

electrode material for CIS to provide a lower interfacial impedance but due to its 

transparency, cells are accessible to high resolution microscopy, which makes this a well 

suited material for this application. This thesis presents the development of a cell 

impedance measurement device that utilizes PEDOT:PSS (solution processable PEDOT 

with poly(styrenesulfonate) (PSS) as doping agent) as the electrode material. The devices 

were fabricated using photolithographic methods and a complete impedance measurement 

setup was implemented using Labview, which provides more flexibility in the device 

design and data analysis. A multiplexer was also designed and implemented for a multi-

well device that allows me to measure eight experiments in parallel. The design has the 

same electrode connection lengths, ensuring, that results for all the wells are not impacted 

by variations in inductance and series resistance of the material. The design shows the 

possibilities of creating simple and cost effective polymer based cell impedance 

measurement electrode devices. 

The electrodes were characterized and compared to Au electrodes. Impedance 

measurements with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) saline 

solution showed a lower interfacial impedance (at frequencies below 1 kHz) of 

PEDOT:PSS electrodes in comparison to similar sized and shaped Au electrodes, 
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highlighting the electrical advantage of PEDOT:PSS as an electrode material. Through 

electrochemical impedance analysis and curve fitting of the results to Randle’s theoretical 

model [54] of an electrode-electrolyte interface, I determined that the lower charge transfer 

resistance of PEDOT:PSS as compared to Au is the reason for the reduced interfacial 

impedance. Experiments with the epithelial Madin-Darby Canine Kidney (MDCK) cell 

line showed that the PEDOT:PSS electrodes were fully capable of being used for CIS. Due 

to the fast charge transport capabilities of PEDOT:PSS, the electrodes quickly reach their 

equilibrium state. Curve fitting of the experimental data to typical electrical models of 

biological cells in series with the electrode equivalent circuit, show the versatility of CIS as 

a method to observe not only cell growth but also the cell-substrate interaction. 

Human embryonic stem cells (hESCs) were first isolated in 1998 [55] and have 

become a hot topic for research due to their potential. Their most important property is 

their pluripotency, that is their ability to differentiate into almost any type of cell. Adult 

stem cells can only differentiate in relation to their particular germ layers (multipotent). 

Another advantage of hESCs is that extraction of adult stem cells can be problematic and 

they tend to loose their multipotency if cultured for too long. The extraction of adult neural 

stem cells is far too risky and it can be difficult to pinpoint where to extract them from. In 

such cases hESCs can help provide stem cells to derive into neurons and related cells for 

research and health care applications. However they can be hard to maintain and require 

strict conditions to maintain their pluripotency. They must be well monitored and their 

pluripotency can be checked by staining for transcription factors (Oct4, Sox2 or Nanog) 

that maintain the pluripotency by inhibiting the genes that cause differentiation [56].  It 

would be highly beneficial to be able to monitor hESC cell cultures in real-time without 

the need for staining [57]. Bagnaninchi et al. [44] used ECIS systems from Applied 

Biophysics to monitor differences between adipogenic and osteogenic induction, adipose 

derived stem cells. I have used hESCs and induced them using BMP4 to differentiate into 

trophoblasts and monitored their impedance changes during the induction. Analysis of the 

frequency spectrum shows changes in the phase peaks that can possibly be used as an 

indicator of the cell type. 
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Chapter 2:  Theory 
 

2.1 Conducting Polymers 
There are a vast number of semiconducting and conducting organic materials that 

are produced and characterized. The basis of their conductivity lies in the particular 

bonding arrangement, the alternating single and double bonds along the polymer chain. 

This type of arrangement is called a conjugate bond and thus the name for these materials, 

“Conjugated Polymers”. Before we understand this conjugated bonding in detail we need 

to look at carbon’s hybrid orbitals.  

 Electrons are arranged in orbitals around a nucleus. These orbitals are regions 

where the probability of finding the electron is high. Each orbit is a subunit of a shell. Each 

orbit is described by its shell number (1,2,3 etc) its orbital type (s,p,d) and if a hybrid type, 

it will have a power value which describes how many of that orbital type, are part of that 

hybrid (sp2, meaning one s joined with two p orbitals). The last shell is called a valence 

shell. According to Pauli’s exclusion principle, each orbital can have a maximum of 2 

electrons and those electrons must be of opposite spin.  In the case of carbon, it has 4 

electrons in its valence shell (shell 2). These are arranged as shown in Figure 1 (a). By 

looking at this configuration we would assume that the 2s orbital has reached stability and 

has no need for bonding, thus it would only make two bonds. However this is not the case 

in reality and carbon quite often makes four bonds. This is due to the fact that carbon 

makes hybrid orbitals of various types depending on the type of bond it will make. In the 

case of conjugated polymers it will make a sp2 hybrid orbital by combing one s orbital and 

two p orbitals in its valence shell. The new configuration of electrons is shown in Figure 1 

(b). The 2pz orbital is left un-hybridized.  
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Figure 1 : Electron configuration of carbon valence shell. ( a) Basic 
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: (a) 3D representation of hybridized orbital in a carbon atom. (b) Delocalized orbital 

in a carbon carbon bond. The pz orbitals are yellow in color and the blue orbital a re the sp

hybrid orbitals. 

In cyclic conjugated systems such as benzene, these π-bonds are shared by the 

carbons in the chain. They are not “fixed” to a single atom and  are shared by constantly 

nating double and single bonds between the carbon atoms, also termed

This provides the basis for conduction in conjugated  polymers

conductors, there is a valence and conduction band for pristine conjugated 

polymers. These are the π-band (highest occupied molecular orbit, HOMO) and the 

band (lowest unoccupied molecular orbital, LUMO). The energy difference between the 

two provides us with the band gap of these materials and gives rise to the semiconducting 
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properties of conjugated polymers

these materials we can create conducting polymers. While inorganic semiconductors 

produce donor energy levels close to their conduction or valance bands (when doped), 

conjugated polymers have

along the chain. When ionic compounds are used as dopants, they will cause delocalization 

in the polymer. As such localized states are formed along the chain where stable defects 

are present. Such a mechanism gives rise to quasi

bipolarons. Solitons are un

delocalized conjugation. This confinement is caused by a deformation in the polymer 

chain. It can only occur in polyacetylene due to the nature of the chain in the

polaron is a similar confinement but occurs due to the addition of an extra charge carrier, 

radical anion or cation to the polymer matrix. The intro

energy than the rest of the neutral chain and thus limit

distortion occurs over

deformation   creates energy levels in the band gap

introduced into the chain, continous bipolaron bands will form and eventually lead 

overlapping of the band gaps causing metallic like conductivity 

Figure 3:Energy bands of different states of a conjugated polymer w ith variation in states.

Although polarons and bipolarons are known to be the reason for conductivity

the chain, the exact mechanism is still not know

induced hopping) model describes how charges move from one localized state to another. 

Other models use band theory and delocalization over the entire chain. 

conjugated polymers decreases with lower tempe

behavior ruling out perfect delocalization

 

properties of conjugated polymers. By adding other chemical substances, termed

these materials we can create conducting polymers. While inorganic semiconductors 

produce donor energy levels close to their conduction or valance bands (when doped), 

conjugated polymers have a different conduction mechanism. They rely on charge storage 

long the chain. When ionic compounds are used as dopants, they will cause delocalization 

in the polymer. As such localized states are formed along the chain where stable defects 

are present. Such a mechanism gives rise to quasi-particles called solitons, p

bipolarons. Solitons are un-charged and are a local confinement of the generally 

delocalized conjugation. This confinement is caused by a deformation in the polymer 

chain. It can only occur in polyacetylene due to the nature of the chain in the

polaron is a similar confinement but occurs due to the addition of an extra charge carrier, 

radical anion or cation to the polymer matrix. The introduction of a radical requires higher 

energy than the rest of the neutral chain and thus limits how many chain lengths the 

occurs over. Further addition of dopant will generate bipolarons. Each 

deformation   creates energy levels in the band gap [60]. As more and more bipolarons are 

introduced into the chain, continous bipolaron bands will form and eventually lead 

overlapping of the band gaps causing metallic like conductivity [59

bands of different states of a conjugated polymer w ith variation in states.

[59] 

Although polarons and bipolarons are known to be the reason for conductivity

, the exact mechanism is still not known. Mott’s variable range hopping (phonon 

induced hopping) model describes how charges move from one localized state to another. 

Other models use band theory and delocalization over the entire chain. 

conjugated polymers decreases with lower temperatures and thus fails to imitate metallic 

ruling out perfect delocalization. Another issue to consider is
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materials are highly disordered. The exact theories on how conduction occurs in organic 

material are still widely debated. Though the variable range hopping model is perhaps the 

most commonly accepted mechanism, it may well be that every type of organic conductor 

or semiconductor will have its own mechanism or a hybrid of various types [62].  

 

Figure 4: Polaron formations in PEDOT:PSS. Figure f rom “On the conductivity of 

PEDOT:PSS thin films” , thesis by A. M. Nardes [61]. 

PEDOT:PSS (poly (3,4 ethylenedioxythiophene) : polystyrene sulfonate)  is one of 

the well known conducting polymers that is commercially available. PSS acts as the dopant 

and also allows solubility in water allowing the polymer to be spin coated. PSS is an anion 

and causes the solution to have a low pH. The PEDOT:PSS solution is a colloidal solution 

where the PSS surrounds the PEDOT chains. When dry powder PEDOT:PSS is immersed 

in an aqueous solution, the hydrophobic PEDOT will automatically orient itself in such a 

way that the hydrophilic PSS is on the outside of the colloidal micelle like particle. The 

size of this particle in solution and the conductivity of the polymer layer after coating will 

depend on the temperature the solution is at during the spin coating [63, 64]. PEDOT:PSS 

is used for anti-static coatings, as hole-injection layers in organic light emitting devices and 

in electrochromic devices. For a conducting polymer, it is highly stable in atmospheric 

conditions, which is a problem with most organic conductors and semiconductors. It also 

shows good thermal, electrochemical and electrical stability over time and in various 

conditions. PEDOT:PSS is a highly disordered polymer and is amorphous. It forms small 

globular groups of PEDOT surrounded by PSS rich layers [65, 66]. Figure 5 shows the 

AFM results of a PEDOT:PSS film spin coated on to glass. It shows high surface 

roughness.  
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Figure 5 : AFM results of a PEDOT:PSS

was generated for the data along a path down the mi ddle (1µm mark) from top to bottom.

  Additives such as DMSO (dimethyl sulfoxide), ethylene glycol, sorbitol and 

glycerol can be added to PEDOT:PSS to imp

folds [67-69]. This has led to improvements in photovoltaic and ot

devices. There are different t

molecules surround the 

been known to move towards the surface and generate PSS rich surface layers. Thus these 

highly polar additives help

the highly conducting PEDOT layer 

such additives between the counter ions and the polymer chain are 

conduction [72] while Inganas 

Another theory is related to the fact that additives change the morphology of the 

once heated. This is due to the reorientation of the chains and the change in the chemical 

structure of the PEDOT. The chain varies from a benzoid to a quinoid stru

allows delocalization over the entire chain increasing carrier mobility 

looked into all the theories and deduced that while the observations shows that all of these 

effects were taking place, phase segregation of

influence into increase in conductivity due

also been found to improve conductivity of PEDOT:PSS 

 The PEDOT:PSS used in my experiments w

product name of Orgacon. I used the IJ1000 ink for inkjet printing and S203, S305 plus for 

the spin coating processes. S

adhesion and stability properties due to further surfactant addition, albeit the layers were 

 

: AFM results of a PEDOT:PSS  spin coated on a glass slide. The roughness graph 

was generated for the data along a path down the mi ddle (1µm mark) from top to bottom.

Additives such as DMSO (dimethyl sulfoxide), ethylene glycol, sorbitol and 

glycerol can be added to PEDOT:PSS to improve its conductivity 

. This has led to improvements in photovoltaic and ot

devices. There are different theories as to why this occurs. One states that the PSS 

molecules surround the PEDOT chains and reduce its overall conductivity. PSS has also 

been known to move towards the surface and generate PSS rich surface layers. Thus these 

highly polar additives help reduce the PSS enrichment at sites and give charges

the highly conducting PEDOT layer [70, 71]. Kim et al state that the screening effect of 

such additives between the counter ions and the polymer chain are 
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nto increase in conductivity due to the additives [68]. Addition of surfactants has 

also been found to improve conductivity of PEDOT:PSS [75]. 

The PEDOT:PSS used in my experiments was acquired from AGFA under the 

product name of Orgacon. I used the IJ1000 ink for inkjet printing and S203, S305 plus for 

the spin coating processes. S305 plus was a later version of the S203 and had better 

adhesion and stability properties due to further surfactant addition, albeit the layers were 
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was generated for the data along a path down the mi ddle (1µm mark) from top to bottom.  
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consider such additives to act as plasticizers [73]. 

Another theory is related to the fact that additives change the morphology of the polymer 

once heated. This is due to the reorientation of the chains and the change in the chemical 

structure of the PEDOT. The chain varies from a benzoid to a quinoid structure which 

allows delocalization over the entire chain increasing carrier mobility [74]. Hsiao et al 

looked into all the theories and deduced that while the observations shows that all of these 

PEDOT and PSS domains had the major 

. Addition of surfactants has 

acquired from AGFA under the 

product name of Orgacon. I used the IJ1000 ink for inkjet printing and S203, S305 plus for 

305 plus was a later version of the S203 and had better 

adhesion and stability properties due to further surfactant addition, albeit the layers were 



Theory  30 

thinner and had higher total resistance as a consequence. The S305 plus solution has 0.54 

% (by weight) PEDOT:PSS and includes ethylene glycol (EG) along with surfactants and 

stabilizers to improve its properties.  

 

2.2 Electrode Impedance Theory 
 

The moment a metal comes into contact with a liquid, it will go through a process of 

charge transfer and adsorption with particles (ions and molecules) in the electrolyte. These 

interactions are highly dependant on the conditions and the energy levels of the electrode 

and electrolyte. The interface eventually reaches a balance (net charge flow into the 

electrode and out of the electrode is equal). The balance can change depending upon 

external potential applied to the electrode. However such electron transfer is not in our 

interest for cell impedance sensing as this can cause an unwanted chemical change in the 

biological system being studied. Hence for that reason we will use impedance spectroscopy 

techniques, with low alternating current (AC) signals to perform measurements that are 

discussed later.  

The second interaction that occurs is due to the process of adsorption and 

desorption, the so called non-Faradaic processes. When there is no charge transfer across 

the interface, then an ideally polarized electrode is formed. However there are very few 

practical cases that come close to this ideal (some liquid metal electrodes and some gold 

electrodes)[76, 77].  In all cases however the adsorption creates what is called the electrical 

double layer and any charge transfer occurs inside this layer. The entire system that 

includes the anode and cathode is called a cell and when only one electrode is looked at, 

we call it a half cell which is relevant to this study. 

 

2.2.1 Electrical Double Layer 

 The metal surface will accumulate charge on its surface and the net polarity will 

depend on the charge transfer that occurs (if any) and the type of ions/molecules that are 

present in the solution side of the system. The solution side of this interface will have two 

regions defined as the inner and outer Helmholtz layers. The inner Helmholtz layer (also 

called the inner Stern layer) is formed by specifically adsorbed ions and molecules. The 

outer Helmholtz layer consists of solvated ions and particles that are attracted due to 
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electrostatic forces. Both these layers will create a 

capacitance) on the surface of the metal and certain theories need to be considered when 

modeling this interaction with electrical elements.

Figure 6: Scheme of the

The Helmholtz model considers one side of the capacitor to be the charges at the 

metal surface and the other to be the ions at a minimum distance from the surface

in Figure 6) . This model assumes ions to be in a single plane

concentrations. When considering just the Helmholtz model, the capacitance is given by:

 

Where dohp (d1 in 

plane, �� is the dielectric permittivity of space and 

electrolyte. For lower concentrations this

were considered.  The Gouy

coulombic forces, thermal motion also influences the 

not a single layer sitting on top of the electrode but have a varying 

 

Both these layers will create a capacitance (the 

he surface of the metal and certain theories need to be considered when 

interaction with electrical elements. [76, 77] 

of the  double layer on electrode (Gouy- Chapman

taken from Wikipedia [78]. 

The Helmholtz model considers one side of the capacitor to be the charges at the 

l surface and the other to be the ions at a minimum distance from the surface

. This model assumes ions to be in a single plane and 

concentrations. When considering just the Helmholtz model, the capacitance is given by:

�� � ������	
 

(d1 in Figure 6) is the distance from electrode to the outer Helmholtz 

is the dielectric permittivity of space and εr is the relative permittivity of the 

. For lower concentrations this model was inaccurate when experimental results 

The Gouy-Chapman model takes into consideration

coulombic forces, thermal motion also influences the distribution of ions

sitting on top of the electrode but have a varying 
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the “double layer” 

he surface of the metal and certain theories need to be considered when 

 

Chapman -Stern model). Diagram 

The Helmholtz model considers one side of the capacitor to be the charges at the 

l surface and the other to be the ions at a minimum distance from the surface (0 to d1 

 is only valid for high 

concentrations. When considering just the Helmholtz model, the capacitance is given by: 

Eq. 1 

is the distance from electrode to the outer Helmholtz 

relative permittivity of the 

model was inaccurate when experimental results 

model takes into consideration that along with 

of ions [76]. The ions are 

sitting on top of the electrode but have a varying concentration as we 
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move away from the interface towards the bulk solution forming a cloud of ions with a 

gradient of varying potential (layer 3 in Figure 6). This potential is described by: 

 ��
� � �����	 ���� Eq. 2 

Here Vo is the potential at the electrode and x is the distance from the electrode towards 

the bulk. LD is the Debye length (Figure 7) which characterizes the thickness of the diffuse 

layer and is given by:  

 �� � � ������2����� 

Eq. 3 

Vt is the thermal voltage (kT/q), c0  is the bulk concentration of ions (ions/dm3), z is the 

charge on the ion, and q is the elementary charge. For a solution of concentrations such as 

200-300 mM, this length can be approximately 10 Angstroms. The capacitance due to this 

theory is given by:  

 �� � ������ cosh	����2��� Eq. 4 

The Stern model as shown in Figure 6, includes adsorption of the counter ions onto 

the surface (and not just the solvent molecules) [76]. This means we have a layer of 

adsorbed ions and a layer of ions beyond the distance that is dependent on the radius of the 

adsorbed ions. The model is thus essentially a combination of the Helmholtz, Gouy-

Chapman and Stern models. The adsorption behaves in accordance to the Langmuir 

adsorption isotherm and is thus dependant on temperature and pressure. The Helmholtz 

layers (also called the internal Stern layer) can be divided into two parts, the inner 

Helmholtz layer that is due to specific adsorption of non hydrated ions (or neutral 

molecules) and the outer Helmholtz layer which is due to the hydrated ions. Water 

molecules may also adsorb to the surface, either themselves or as a hydration sphere of a 

counter ion (water molecules surround the ion due to the dipolar nature of water). The 

hydration layer is sometimes referred to as the hydration sheath and causes an increase in 

the activation energy for electron transfer which will hence influence the Faradaic 

impedance path. The total interfacial capacitance is thus the sum of the Helmholtz 

capacitance and the Gouy-Chapman capacitance: 

 
1�$ � 1�� + 1�� 

Eq. 5 
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Figure 7: (a) E xponential decay of 

the electrode (L d

concentration of the electrolyte. V

value for the Helmholtz capacitance which is domina nt for high concentrations of 

electrolyte. Fi

LD is dependant on the

potential causes the ions to move closer to the electrode causing 

interfacial capacitance 

Figure 7 (b). Considering

concentration of ions in the electrolyte causes the interfacial capacitance to increase.

 Molar Concentration 

(mMolar)

1000

100

10 

1 

0.1

 

xponential decay of electric potential near the electrode against dista nce from 

d). (b) Interfacial capacitance against electric pot ential varying with 

concentration of the electrolyte. V pzc is the potential where charges are zero and C

value for the Helmholtz capacitance which is domina nt for high concentrations of 

electrolyte. Fi gures from Borkholder’s thesis [

is dependant on the concentration of ions and the applied voltage.

potential causes the ions to move closer to the electrode causing C

interfacial capacitance is dominated by CH. The affect of this on the value of 

Considering Figure 7 (b) and Table 2, we can see that increasing the 

concentration of ions in the electrolyte causes the interfacial capacitance to increase.

Table 2: Values for LD at 25°C [76]. 

Molar Concentration 

(mMolar)  

LD (Å) 

1000 3.0 

100 9.6 

 30.4 

96.2 

0.1 304 

33 

 

electric potential near the electrode against dista nce from 

). (b) Interfacial capacitance against electric pot ential varying with 

is the potential where charges are zero and C H is the 

value for the Helmholtz capacitance which is domina nt for high concentrations of 

[79]). 

concentration of ions and the applied voltage. Increasing the 

CG to increase and the 

. The affect of this on the value of CI is shown in 

, we can see that increasing the 

concentration of ions in the electrolyte causes the interfacial capacitance to increase. 
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Neutral species can be adsorbed to the surface. They may partake in electron transfer 

however if they do not then they can block reaction sites. As the effective surface area of 

the electrode will also change, the double layer capacitance will also be reduced. [76, 77, 

79-81] 

 

2.2.2 Charge Transfer Resistance 

 There are Faradaic reactions and redox reactions taking place at the electrode 

interface. These reactions depend on Faraday’s Law , that is the amount of electrons 

transfered are proportional to the amount of electricity passed). The electrodes are also 

called charge transfer electrodes due to this.  

Charge transfer across the interface can also be limited by the need for external 

potential since some reactions will require extra energy for the charge to be transferred. 

The overall energy of the system and the required potential (and the polarity) for charge 

transfer depends on the reaction species, the electro-negativity, the equilibrium potential 

that is established across the interface, the concentrations of the redox species and non-

Faradaic processes discussed earlier. At equilibrium the net current will be zero but if a DC 

voltage is applied, the electrode potential will deviate from its equilibrium value and a 

current will flow. The additional potential needed to drive the reaction at a certain rate is 

termed the ‘over- potential’ η (difference between applied potential E and the equilibrium 

potential Eeq). This over potential is the sum of four potentials related to the processes 

discussed earlier: 

 & � &� + &' + &� Eq. 6 

Here ηt is the potential required for charge transfer, ηd is due to diffusion of reactant, ηr is 

potential required for chemical reactions to take place at the electrode and precedes charge 

transfer. In most cases ηt will dominate at low voltages and at higher voltages ηd will have 

a greater effect. For impedance spectroscopy the voltages are small and thus charge 

transfer potential is of most importance.  

 At equilibrium the net value of current across the interface will be zero. The 

absolute value of this current however is called the exchange current and is often measured 

as exchange current density Jo. It is determined by measuring the charge transfer resistance 

around the equilibrium potential of the electrode. The Butler-Volmer equation states that 

for an applied potential the resulting current density is given by: 
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Where J is the current density (usually in A/cm

the symmetry factor (

reactions) and z is the number of 

Figure 8 : (a) Current density against overpotential. (b) Li near region for small signal 

analysis provides charge transfer resistance 

By looking at the 

resistance to represent this charge transfer. 

show that the system behaves like two parallel 

would be difficult to find a linear relationship. However 

there is a linear region and the slope here can provide us with the 

resistance Rt. This can be proven mathematically u

 

From Taylor’s Theorem we know that:

 

( � (� )�*�+�,�∙.∙/010 2 3 �*�,∙.∙/010 24 
is the current density (usually in A/cm2), Jo is the exchange current density, 

the symmetry factor (the energy barrier differences for the oxidation and reduction 

the number of electrons transferred per molecule.

: (a) Current density against overpotential. (b) Li near region for small signal 

analysis provides charge transfer resistance Rt. Figures from Borkhold’s thesis 

By looking at the J and ηt relationship we can find a theoretical value for a 

resistance to represent this charge transfer. The exponential terms 

that the system behaves like two parallel ideal diodes in reverse directions. 

would be difficult to find a linear relationship. However if small signal analysis is applied

there is a linear region and the slope here can provide us with the charge transfer 

This can be proven mathematically using Eq. 7 

567	8 � 0.5 
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2 Eq. 7 

is the exchange current density, β is 

the energy barrier differences for the oxidation and reduction 

electrons transferred per molecule.[76, 79] 

 

: (a) Current density against overpotential. (b) Li near region for small signal 

Figures from Borkhold’s thesis [79]. 

relationship we can find a theoretical value for a 

 in the equation above 

in reverse directions. So it 

if small signal analysis is applied, 

charge transfer 
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FℎHI	J5	K � 0.5 ∙ �
�� 	Fℎ�@	 

�K&F � 1 + K&F + �K&F�22! + (K&F)33! + (K&F)44! ⋯ 

�−K&F = 1− K&F + (K&F)
2

2! − (K&F)33! + (K&F)44! ⋯ 

LℎHI	�M/0 − ��M/0 = 2NK&� + (K&�)
O

3! + (K&�)=5! ⋯P 

 

However if we consider small signal analysis, 	&� ≪ 1 then the higher order terms become 

small enough that they can be ignored, thus: 

( = (� *� ∙ &��� 2	 

R�	��5J@�	�ℎS7T�	F7S@I5�7	7�IJIFS@��	SI		UV =	&�( 	ℎ�@�� 

 U�(Ω. �W�) = ��(� ∙ � 
Eq. 8 

2.2.3 Warburg Impedance 

 In the charge transfer resistance section we considered mostly the effects due to 

kinetic processes (charge transfer) and ignored the issue of mass transport (ions will be 

moving in the solution and concentrations at the electrode varying). As a reaction is taking 

place at the electrode, the concentration of ions is changing. The products need to move 

away to the bulk and fresh ions need to move from the bulk to the interface. This creates a 

limit on the rate of reaction which is dependent on the rate of diffusion. As a sinusoidal 

potential is applied to the gradient of charged particles, they will move in response to the 

applied potential. It creates a sinusoidally varying concentration of ions. At higher 

frequencies the charges find it harder to follow the field. Warburg (1899) found that the 

concentration wave spreads out further at lower frequencies. He also found that the 

concentration and voltage at the electrode surface are 45° and -45° (respectively) out of 

phase from the current irrespective of the frequency (thus called a constant phase element). 

He defined a diffusion zone (k) as the distance from the electrode at which concentration is 

1/e of the initial value.  



Theory  37 

 X � *2YZ 2+� 

 

Eq. 9 

Where D is the diffusion constant and ω is the frequency in radians/s. To measure this 

impedance with negligible phase distortion the length of the measurement cell (distance 

between both electrodes) should be several centimeters long. Finite length Warburg 

impedances will not have an exact 45° behavior which is usually the case for this research 

as the electrodes are spaced almost 2mm apart.  

Warburg proposed a model for the impedance due to diffusion: 

 [\ � ]\√Z 3 _]\√Z  
Eq. 10 

Where Aw is the Warburg coefficient also represented as σ in texts and is calculated by: 

 ]\ � UL��`�]√2a 1Y�+/���c +
1Yd+/��dce 

Eq. 11 

Where ��c and �dc are the bulk concentration of the oxidizing and reducing species, Y� and  Yd are the diffusion coefficients of the two species, z is the number of electrons involved 

in the reaction, F is Faraday’s constant, R the gas constant, T is the temperature and A is 

the area of the electrode. Derivations and details of the equations will not be discussed here 

and can be found in texts [76, 80, 81]. The Warburg impedance form shown above is only 

valid if the diffusion layer has an infinite thickness. In the case where is not infinite, the 

“Finite” Warburg impedance is given by:  

 [\ � *]\√Z 3 _]\√Z2 tanh	 ij�*_ZY 2k 

Eq. 12 

Where δ is the Nernst diffusion layer thickness. In the models and analysis later, I have 

used the assumption of an infinite diffusion layer thickness. This will keep the model less 

complicated yet sufficiently accurate for the analysis. [76, 79, 80] 

 

2.2.4 Spreading Resistance and Bulk Resistance 

As the dimensions of electrodes get smaller, geometrical effects need to be 

considered for the flow of current. The bulk resistance of an electrolyte solution is similar 

to that of a conductor, given by Eq. 13. 
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 U � l�]  
Eq. 13 

Where ρ is the resistivity of the electrolyte, A is the cross sectional area and L is the length. 

Geometry of an electrode also plays an important role and small planar electrodes have a 

“spreading resistance”. This spreading resistance is caused due to constraints on the 

electric field not being able to spread in a hemispherical profile. For a circular electrode the 

spreading resistance would be found using [82].   

 U � l47 Eq. 14 

The reference electrodes in the devices used in my work are much larger than the 

measuring electrode (details in section 3.2). With such a large area, the impedance due to 

the electrode becomes negligible.   

 

2.2.5 Electrochemical and Impedance Analysis 

 We have looked at the basic interface of an electrode from a physical and chemical 

point of view. The elements discussed up to now can be analyzed by different methods. 

The methods selected are based on the materials being measured and to what type of detail 

the overall chemical system needs to be understood. There are two methods that are 

relevant and will be discussed, “Cyclic Voltammetry” and “Electrochemical Impedance 

Spectroscopy” (EIS). Cyclic voltammetry is one of the most commonly used techniques to 

analyze electrochemical reactions. It provides an insight into the reaction/kinetic 

characteristics of a half cell. By understanding the energy required for a reaction and the 

rates we can determine the half cell redox reactions and by-products. Impedance 

spectroscopy will help us evaluate the physical elements in the form of an electrical circuit 

model. Doing so, we can understand the double layer and the Faradaic components of the 

system as well as the double layer. I will discuss both methods with impedance 

spectroscopy in further detail as it forms the basis of cell impedance spectroscopy and most 

of the results. Cyclic voltammetry results will also give some support to the impedance 

spectroscopy analysis for the material comparison.  

 The concept of impedance and its complex nature is important to 

understand CIS. Alternating current (AC) is current that is periodically changing its value. 

The ‘signal’ wave is defined by a sinusoidal function. A sinusoid signal (current or 

voltage) has two important properties (Figure 9). The amplitude of the signal is the value 
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from the reference to the peak of the sinusoid. The phase is the relative 

the signal in comparison to a refer

material having an impedance

measured through impedance measurement instruments 

impedance of that material or component. 

absolute impedance (|Z|) that represents changes in the amplitude of the signal, and the 

phase (θ) that represents changes caused to the phase. These two

value and phase) can also be represented as the rea

of the impedance when represented as a complex value. 

Figure 9: Co mplex and Polar representations are related mathema tically as shown

   

Impedance spectroscopy works by measuring changes to such a signal due to the 

impedance of the half cell. By measuring at various frequencies we can get an impedance 

spectrum. These measurements can then be analyzed by fitting to an equivalent electrical 

circuit model. Data from an impedance spectrum can be shown as either a 

Nyquist plot. A Bode plot shows the absolute impedance (|Z|) and the phase (

frequency on the x-axis. It can also be used to show the real impedance (Z’) and the 

imaginary impedance (Z’’) against frequency. Nyquist plots show th

on the x-axis and Z’’ on the y

example of the two plots of a 1nF capacitor in parallel to a 10kOhm resistor is

Figure 10 and will be useful when understanding the differ

 

from the reference to the peak of the sinusoid. The phase is the relative 

the signal in comparison to a reference sinusoid. When an AC signal is passed through any 

having an impedance, its amplitude and phase may change. These changes

measured through impedance measurement instruments and used to calculate the 

impedance of that material or component. Thus impedance has two values as well, the 

absolute impedance (|Z|) that represents changes in the amplitude of the signal, and the 

) that represents changes caused to the phase. These two polar

can also be represented as the real (a or Z’ ) or imaginary

of the impedance when represented as a complex value. [83] 

mplex and Polar representations are related mathema tically as shown

pectroscopy works by measuring changes to such a signal due to the 

impedance of the half cell. By measuring at various frequencies we can get an impedance 

spectrum. These measurements can then be analyzed by fitting to an equivalent electrical 

Data from an impedance spectrum can be shown as either a 

ode plot shows the absolute impedance (|Z|) and the phase (

axis. It can also be used to show the real impedance (Z’) and the 

dance (Z’’) against frequency. Nyquist plots show th

axis and Z’’ on the y-axis of the plot. Both have their merits and will be used. 

example of the two plots of a 1nF capacitor in parallel to a 10kOhm resistor is

and will be useful when understanding the different results
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from the reference to the peak of the sinusoid. The phase is the relative angular position of 

an AC signal is passed through any 

change. These changes can be 

to calculate the 

has two values as well, the 

absolute impedance (|Z|) that represents changes in the amplitude of the signal, and the 

polar values (absolute 

or imaginary (b or Z’’  ) part 

 

mplex and Polar representations are related mathema tically as shown  [84]. 

pectroscopy works by measuring changes to such a signal due to the 

impedance of the half cell. By measuring at various frequencies we can get an impedance 

spectrum. These measurements can then be analyzed by fitting to an equivalent electrical 

Data from an impedance spectrum can be shown as either a Bode or a 

ode plot shows the absolute impedance (|Z|) and the phase (θ) against 

axis. It can also be used to show the real impedance (Z’) and the 

dance (Z’’) against frequency. Nyquist plots show that the results with Z’ 

axis of the plot. Both have their merits and will be used. An 

example of the two plots of a 1nF capacitor in parallel to a 10kOhm resistor is shown in 

ent results. 
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Figure 10 : Impedance plots of a circuit with 1nF capacitor

Bode plot (a ) and 

 

2.2.6 Randle’s Cell Model

Randle’s model

electrochemical cells. The model

resistance, and the electrodes own Ohmic resistance

PEDOT electrodes, all summ

microelectrodes, we also need to add the sp

‘total series resistance’

transfer resistance Rt 

considered a simplified Randle’s circuit, shown in

given by: 

 

The Bode plots and the Nyquist plots for a simplified Randle’s circuit are shown in 

Figure 12. The Nyquist plot 

shift to the right on the x

frequencies is the only element contributing to the total impedance. 

higher frequencies the impedance of the capacitor will be extremely small, and 

 

: Impedance plots of a circuit with 1nF capacitor  parallel to 10kOhms resistor. 

) and Nyquist plot (b). The arrows on the Nyquist plot show increasing 

frequency. 

s Cell Model 

model [54, 81] is one of the most common impedance models used for 

electrochemical cells. The model includes a solution resistance, the electrode 

, and the electrodes own Ohmic resistance which is significant in 

, all summed up as a series resistance called Rs.

microelectrodes, we also need to add the spreading resistance. Thus 

‘total series resistance’ is in series with a parallel double layer capacitance

 (also called polarization resistance in some texts).  

considered a simplified Randle’s circuit, shown in Figure 11 with the impedance equation 

[ � Um +	 1
1
U� % Z�'

 

ode plots and the Nyquist plots for a simplified Randle’s circuit are shown in 

e Nyquist plot is a semicircle similar to that shown in 

the x-axis due to the added series resistance which at higher 

is the only element contributing to the total impedance. 

higher frequencies the impedance of the capacitor will be extremely small, and 

40 

 

parallel to 10kOhms resistor. 

plot show increasing 

f the most common impedance models used for 

the electrode spreading 

which is significant in the case of 

 When dealing with 

. Thus Rs, now termed as the 

is in series with a parallel double layer capacitance Cd and a charge 

(also called polarization resistance in some texts).  This circuit is 

with the impedance equation 

Eq. 15 

ode plots and the Nyquist plots for a simplified Randle’s circuit are shown in 

is a semicircle similar to that shown in Figure 10 but with a 

ce which at higher 

is the only element contributing to the total impedance. This is because at 

higher frequencies the impedance of the capacitor will be extremely small, and Rt will be 
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bypassed. Thus the intersect (with the x

of Rt and Rs as shown in

changes the resonant frequencies 

Rt increases the maximum values of the impedance. Another thing to notice is that the 

phase falls and then rises again

did not without it. Also this peak in the curve shifts with varying component values.

Figure 12 : Bode and Nyquist plot for simplified Randle

values are shown in the legend

Now let’s consider 

shows the impedance plots of a Randle’s circuit with Warburg impedance

Faradaic path is dominant at lower frequencies, and the straight line shows that at lower 

frequencies the Warburg impedance dominates as shown by the 45

the curve. 

 

he intersect (with the x-axis) of the semi circle provides us with the values 

as shown in Figure 12. The graphs also show how increasing 

changes the resonant frequencies as the minimum phase peaks are shifting. I

increases the maximum values of the impedance. Another thing to notice is that the 

falls and then rises again for a parallel RC circuit with a series resistance added but 

Also this peak in the curve shifts with varying component values.

Figure 11: Simplified version of Randel's circuit

: Bode and Nyquist plot for simplified Randle ’s circuit from 1

values are shown in the legend  as Rt // Cd. Rs is 1 kΩ 

consider the effects due to diffusion, the Warburg impedance. 

shows the impedance plots of a Randle’s circuit with Warburg impedance

Faradaic path is dominant at lower frequencies, and the straight line shows that at lower 

frequencies the Warburg impedance dominates as shown by the 45

Rs 
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axis) of the semi circle provides us with the values 

The graphs also show how increasing values of the Cd 

as the minimum phase peaks are shifting. Increasing the 

increases the maximum values of the impedance. Another thing to notice is that the 

for a parallel RC circuit with a series resistance added but 

Also this peak in the curve shifts with varying component values. 

 

Randel's circuit . 

 

s circuit from 1  Hz-1 MHz. Rt and Cd 

 in all cases. 

effects due to diffusion, the Warburg impedance. Figure 14 

shows the impedance plots of a Randle’s circuit with Warburg impedance (Eq. 16). The 

Faradaic path is dominant at lower frequencies, and the straight line shows that at lower 

frequencies the Warburg impedance dominates as shown by the 45° line that is the tail of 

Rs + Rt 
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Figure 

Figure 14: Bode and Nyquist plots of Randle's circuit from 1

Rs is 20 Ω and the Warburg coefficient 

 

Figure 15 shows 

affects the impedance of the circuit. As the Warburg impedance becomes more domi

the Nyquist plot straightens out more.

we can see that for a large Warburg and 

will change shape and increase in their impedance values.

vital information in the frequencies below

spectrum shown in these plots is slightly wider (down to 1 Hz) than what was achievable 

with the instruments available to me (minimum 20 Hz). However the curve fitting 

techniques used in section 

vast differences between the two types of materials that will be discussed. We do

necessarily need to cover the frequencies where we can see the tail of the Warburg 

 

Figure 13: Randle's circuit with Warburg impedance

Nyquist plots of Randle's circuit from 1  Hz-1 MHz. 

 and the Warburg coefficient Aw is 100 Ω(black), 50 Ω
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shows how changing values of the Faradaic impedance

s the impedance of the circuit. As the Warburg impedance becomes more domi

the Nyquist plot straightens out more. In the bode plots of both Figure 

we can see that for a large Warburg and charge transfer resistance, the lower frequencies 

will change shape and increase in their impedance values. The plots 

he frequencies below 100 Hz and even 20 Hz. 

spectrum shown in these plots is slightly wider (down to 1 Hz) than what was achievable 

with the instruments available to me (minimum 20 Hz). However the curve fitting 

section 5.2 can be accurate enough for our analysis, especially given the 

vast differences between the two types of materials that will be discussed. We do

necessarily need to cover the frequencies where we can see the tail of the Warburg 
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: Randle's circuit with Warburg impedance  [83]. 

 

MHz. Rt is 50 Ω,  Cdl  40 µF, 

Ω(red) and 10 Ω(blue). 

Eq. 16 

how changing values of the Faradaic impedance components 

s the impedance of the circuit. As the Warburg impedance becomes more dominant, 

Figure 14 and Figure 15, 

charge transfer resistance, the lower frequencies 

plots also show that there is 

d even 20 Hz. The frequency 

spectrum shown in these plots is slightly wider (down to 1 Hz) than what was achievable 

with the instruments available to me (minimum 20 Hz). However the curve fitting 

can be accurate enough for our analysis, especially given the 

vast differences between the two types of materials that will be discussed. We do not 

necessarily need to cover the frequencies where we can see the tail of the Warburg 
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impedance. Though it would provide more accurate results if the frequencies down to 1 Hz 

were covered as the lower end of spectrum contains more information. This would l

the curve fitting having to fit with more data points with values that are dominated by the 

Warburg impedance. 

Figure 15 : Bode and Nyquist plots from 1

The characteristics in the plots will help just

consider for the electrochemical impedance analysis of the electrode materials,

saline.  

2.2.7 Constant Phase Element

While it is useful to use electrical analogies and 

and analyze electrochemical junctions, we must realize that they may not always imitate 

the actual physics with perfect accurac

modeling is that the elements are frequency dependant. 

kind of frequency dependence where the measured phase is independent of the frequency 

but not necessarily having a phase

called constant phase elements (CPE)

 

The constant n

the element. It has a value between 1 and 0. When 

capacitor. Y0 is the capacitance of the element. Constant phase element behavior is a 

consequence of various surface conditions: surface roughness; non

 

Though it would provide more accurate results if the frequencies down to 1 Hz 

were covered as the lower end of spectrum contains more information. This would l

the curve fitting having to fit with more data points with values that are dominated by the 

  

: Bode and Nyquist plots from 1  Hz to 1 MHz while varying values of 

values in the legend are in Ohms. 

characteristics in the plots will help justify the selection of the models that

for the electrochemical impedance analysis of the electrode materials,

Constant Phase Element 

While it is useful to use electrical analogies and ideal electrical elements to model 

and analyze electrochemical junctions, we must realize that they may not always imitate 

hysics with perfect accuracy. One issue often found in electrochemical

modeling is that the elements are frequency dependant. Capacitors in EIS show a particular 

kind of frequency dependence where the measured phase is independent of the frequency 

having a phase value of -90° like in ideal capacitors

called constant phase elements (CPE). The impedance of a CPE is given by:

[n
o � 1
�_Z�pq� 

n is an empirical constant that accounts for the non

s a value between 1 and 0. When n is 1 the equation repres

is the capacitance of the element. Constant phase element behavior is a 

consequence of various surface conditions: surface roughness; non
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Though it would provide more accurate results if the frequencies down to 1 Hz 

were covered as the lower end of spectrum contains more information. This would lead to 

the curve fitting having to fit with more data points with values that are dominated by the 

 

while varying values of Rt and Aw. All 

ify the selection of the models that we 

for the electrochemical impedance analysis of the electrode materials, in HEPES 

electrical elements to model 

and analyze electrochemical junctions, we must realize that they may not always imitate 

. One issue often found in electrochemical 

Capacitors in EIS show a particular 

kind of frequency dependence where the measured phase is independent of the frequency 

like in ideal capacitors. These elements are 

The impedance of a CPE is given by: 

Eq. 17 

is an empirical constant that accounts for the non-ideal behavior of 

1 the equation represents an ideal 

is the capacitance of the element. Constant phase element behavior is a 

consequence of various surface conditions: surface roughness; non-uniform current 
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distribution; or multiple reaction rates at the surface. The double layer capacitance in 

Randle’s circuit can be replaced by a CPE to provide a better model [76, 85-87].  

 

2.3 Cell Impedance Sensing 
 

Cell – substrate interactions are an important part of research in cell biology. 

Currently most assays utilize force (laminar flow etc) to separate cells which have or have 

not adhered to the substrate. They can then be counted which requires either manual 

counting, microscopy with image analysis software or colorimetric assays. The impedance 

measurement of cells cultured on a substrate was an idea that started in the 1990’s by I. 

Giaever and C. Keese [2]. The technique was subsequently named by them as Electric 

Cell-substrate Impedance Sensing, or ECIS for short. It relies on the fundamentals of 

electric current flow in solutions and dielectrics. When a potential is applied between two 

electrodes, the value of the current will depend on the resistance of the path it crosses. In 

the case of an alternating current the resistance would be replaced by impedance, that is 

having a real (resistive) and an imaginary (reactive) component. As cells grow on top of 

this electrode the impedance of the path will change. Figure 16 shows how the current 

would have two paths. Higher frequencies will face lower impedance from the cell 

membrane and will mostly pass through the cell. Lower frequencies would pass from 

around the cell and through the cell – cell junctions as these will be the lowest impedance 

paths at those frequencies. This means that depending on the frequency, we can determine 

what the changes mean for the cell culture. We should be able to determine the behavior of 

cells, their adhesion to the substrate, and their cell – cell interactions [3, 4, 88-91]. 

Currently Coulter counter methods are available that use electrical means to detect the 

number of cells [92]. However they require the cells to flow through an aperture where 

they are detected and thus cause massive disturbance in the environment of the culture. 

This also makes it impossible to detect the cells while they are on the surface and spread 

out over the surface. By using the ECIS we can quantify the cell growth, its behavioral 

changes to drugs as well as detect cell motility.  
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Figure 16 : ECIS theory, how the growth of cells hinders the

ECIS has also been adapted into research for drug testing and understanding of cell 

behavior. Products based on ECIS are already available and being used for drug testing. 

Altough the results are not always conclusive

quantitative data that reflects the cell growth or behavior 

methods. Recently the method has been advanced further in by varying the frequency of 

the signal over a certain range and taking measurements.

Impedance Spectroscopy (E

circuit of the entire cell electrode system. Due to its non invasive methodology, 

used to characterize growth of 

[94]. Bouafsoun et al

using EIS [95]. Yiling Qui 

the results to characterize and 

analyzed fibroblasts and done work to understand the impedance model of cells with a 

more elongated shape

develop FEM (finite element method) simulations of impedance changes due to cell

electrodes [97]. They have looked at simulations and results of impedance changes on 

electrodes partially covered with cells

for partially covered electrodes,

useful. Results in the later parts of this thesis are contradictory to this assumption. 

current path can flow in various ways when a cell is on top of the electrode.

through the cell layers (trans

overall impedance would depend on these two paths, the cell

 

: ECIS theory, how the growth of cells hinders the  current path. Diagram from 

Applied Biophysics [93]. 

ECIS has also been adapted into research for drug testing and understanding of cell 

behavior. Products based on ECIS are already available and being used for drug testing. 

esults are not always conclusive, they have however provided excellent 

quantitative data that reflects the cell growth or behavior to go along

methods. Recently the method has been advanced further in by varying the frequency of 

nal over a certain range and taking measurements. Now considered as an Electrical 

Impedance Spectroscopy (EIS) it has provided further insight into the electrical equivalent 

circuit of the entire cell electrode system. Due to its non invasive methodology, 

used to characterize growth of mesenchymal stem cells without the use of external markers

et al characterized adhesion onto different protein and gold electrodes 

. Yiling Qui et al have used it to monitor cardiomyocyte adhesion and used 

the results to characterize and derive a circuit model of the system

analyzed fibroblasts and done work to understand the impedance model of cells with a 

more elongated shape [96].  Another interesting piece of work is from Xiaoqiu 

develop FEM (finite element method) simulations of impedance changes due to cell

They have looked at simulations and results of impedance changes on 

electrodes partially covered with cells. Their modified equivalent model is more accurate 

for partially covered electrodes, but they did not find the phase part of the impedance 

Results in the later parts of this thesis are contradictory to this assumption. 

current path can flow in various ways when a cell is on top of the electrode.

through the cell layers (trans-cellular) or around the cell membrane (Pa

overall impedance would depend on these two paths, the cell-substrate distance, electrodes 
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current path. Diagram from 

ECIS has also been adapted into research for drug testing and understanding of cell 

behavior. Products based on ECIS are already available and being used for drug testing. 

however provided excellent 

alongside with other test 

methods. Recently the method has been advanced further in by varying the frequency of 

Now considered as an Electrical 

IS) it has provided further insight into the electrical equivalent 

circuit of the entire cell electrode system. Due to its non invasive methodology, it has been 

stem cells without the use of external markers 

characterized adhesion onto different protein and gold electrodes 

ardiomyocyte adhesion and used 

circuit model of the system [10]. Lo et al have 

analyzed fibroblasts and done work to understand the impedance model of cells with a 

Another interesting piece of work is from Xiaoqiu et al is to 

develop FEM (finite element method) simulations of impedance changes due to cells on 

They have looked at simulations and results of impedance changes on 

. Their modified equivalent model is more accurate 

did not find the phase part of the impedance very 

Results in the later parts of this thesis are contradictory to this assumption. The 

current path can flow in various ways when a cell is on top of the electrode. It can travel 

cellular) or around the cell membrane (Para-cellular). The 

substrate distance, electrodes 
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and any coating on it (e.g. proteins) and th

and the type of path taken by the current will affect bo

measurements.  

Figure 17 : 3D sketch of a cell on the surface of an electrod e and the effects due to it to the 

electric fields. The electrode design here is one u sed in my experiments describ

 While terms like ECIS and EIS are usually used for commercial products and 

electrochemical methods, I will use Cell Impedance Spectroscopy (CIS) throughout this 

thesis for clarity.  

 

2.4 Relevant Cell Biology Background
 

2.4.1 Eukaryotic Cells

 The animal eukaryotic cell is one of the most basic building block of a biological 

mammal. It consists of an outer plasma membrane that acts as the cell boundary which 

contains the cytosol, organelles

molecules. The cytosol

of molecules and fills most of the volume of the cell. The nucleus of the cell is where the 

DNA is stored and is the

inside the cell that perform specific functions such as generating, transporting, sorting and 

storing proteins, along with many other

 

and any coating on it (e.g. proteins) and the medium for the culture growth. The frequency 

and the type of path taken by the current will affect both the absolute and phase parts of the 

: 3D sketch of a cell on the surface of an electrod e and the effects due to it to the 

electric fields. The electrode design here is one u sed in my experiments describ

While terms like ECIS and EIS are usually used for commercial products and 

electrochemical methods, I will use Cell Impedance Spectroscopy (CIS) throughout this 

Cell Biology Background 

Eukaryotic Cells 

eukaryotic cell is one of the most basic building block of a biological 

mammal. It consists of an outer plasma membrane that acts as the cell boundary which 

contains the cytosol, organelles, the nucleus, the cytoskeleton as well as proteins and 

. The cytosol, or intercellular fluid, is a solution filled with many different forms 

of molecules and fills most of the volume of the cell. The nucleus of the cell is where the 

DNA is stored and is the control center for the cell. The organelles are 

inside the cell that perform specific functions such as generating, transporting, sorting and 

storing proteins, along with many others such as generating ATP, the energy source for all 
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e medium for the culture growth. The frequency 

th the absolute and phase parts of the 

 

: 3D sketch of a cell on the surface of an electrod e and the effects due to it to the 

electric fields. The electrode design here is one u sed in my experiments describ ed later. 

While terms like ECIS and EIS are usually used for commercial products and 

electrochemical methods, I will use Cell Impedance Spectroscopy (CIS) throughout this 

eukaryotic cell is one of the most basic building block of a biological 

mammal. It consists of an outer plasma membrane that acts as the cell boundary which 

, the cytoskeleton as well as proteins and 

or intercellular fluid, is a solution filled with many different forms 

of molecules and fills most of the volume of the cell. The nucleus of the cell is where the 

. The organelles are little sub-units 

inside the cell that perform specific functions such as generating, transporting, sorting and 

such as generating ATP, the energy source for all 
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functions in a cell. The cytoskeleton is a set of thre

structural integrity to the cell as well as transport pathways. 

Animal cells are very complex and a human body alone has over 230 different kinds of 

cells. They can be separated and grown in 

discussion of cells is beyond t

important aspects of cells essential to ce

cell structure that is being measured through AC impedance measurements and the 

behavior that affects the measu

 

2.4.2 Plasma Membrane

A cell is a composition of various organelles, nucleus, proteins and many chemical 

compounds all wrapped up inside a bubb

plasma membrane. The membrane is composed of 

important of which are 

are long fatty chains (amphiphatic mo

water soluable and the other hydrophobic. Through self assembly, they create a bilayer 

where the hydrophilic ends are set outwards 

creates a membrane where by a wall is created with water regions on both sides. The 

plasma membrane also includes unique complex protein structures that act as gateways for 

chemical interactions (signaling) and 

membrane is also semi

 

The cytoskeleton is a set of three types of protein filaments that provide 

structural integrity to the cell as well as transport pathways.  

Figure 18: The eukaryotic cell. Image from [ 98

Animal cells are very complex and a human body alone has over 230 different kinds of 

cells. They can be separated and grown in cell cultures. Detailed description

discussion of cells is beyond the scope of this work but I will describe some of the 

important aspects of cells essential to cell impedance spectroscopy. These are the overall 

cell structure that is being measured through AC impedance measurements and the 

behavior that affects the measurements as well. [99] 

Plasma Membrane and Lipid Bilayer 

A cell is a composition of various organelles, nucleus, proteins and many chemical 

compounds all wrapped up inside a bubble like membrane. This outer shell is called the 

plasma membrane. The membrane is composed of different organic components

are the phospholipids that create the lipid bilayer. 

(amphiphatic molecules)with a charged head group making one end 

water soluable and the other hydrophobic. Through self assembly, they create a bilayer 

where the hydrophilic ends are set outwards and the hydrophobic ends come together. This 

creates a membrane where by a wall is created with water regions on both sides. The 

plasma membrane also includes unique complex protein structures that act as gateways for 

chemical interactions (signaling) and transport of chemical substances when required. The 

membrane is also semi-permeable to certain gases and small molecules. This allows a 
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e types of protein filaments that provide 

98] 

Animal cells are very complex and a human body alone has over 230 different kinds of 

descriptions and in-depth 

he scope of this work but I will describe some of the 

ll impedance spectroscopy. These are the overall 

cell structure that is being measured through AC impedance measurements and the 

A cell is a composition of various organelles, nucleus, proteins and many chemical 

le like membrane. This outer shell is called the 

different organic components, most 

the phospholipids that create the lipid bilayer. The phospholipids 

with a charged head group making one end 

water soluable and the other hydrophobic. Through self assembly, they create a bilayer 

and the hydrophobic ends come together. This 

creates a membrane where by a wall is created with water regions on both sides. The 

plasma membrane also includes unique complex protein structures that act as gateways for 

transport of chemical substances when required. The 

permeable to certain gases and small molecules. This allows a 
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unique set up where the cell can exchange certain molecules and still keep its intercellular 

functionality separated fro

2.4.3 Cytoskeleton

The cytoskeleton is an 

cytoplasm and gives the cell a structural integrity. The cytoskeleton is highly dynamic and 

is also responsible for transport pathways inside the cell as well as the movement of the 

cell itself. It is built on the framework of three types of protein filaments: the intermediate 

filaments; the microtubules; and the actin filaments. The intermediate filaments are 

composed of a large family of proteins. They are a rope like structure and are the

durable of the three types of filaments. Their main function is to provide 

the cell.  

The microtubules provide organization in a cell. They are stiff hollow tubes that begin 

from a single location called the 

They are built by tubulin molecules and can rapidly disassemble at one point and assemble 

at another. They allow organelles to anchor to them and are the tracks along which 

organelles, vesicles and other cell components can 

 

unique set up where the cell can exchange certain molecules and still keep its intercellular 

functionality separated from the outside.  [99] 

Figure 19: Plasma Membrane. Image from [ 100

Cytoskeleton 

The cytoskeleton is an intricate network of protein filaments that extends throughout the 

cytoplasm and gives the cell a structural integrity. The cytoskeleton is highly dynamic and 

is also responsible for transport pathways inside the cell as well as the movement of the 

self. It is built on the framework of three types of protein filaments: the intermediate 

filaments; the microtubules; and the actin filaments. The intermediate filaments are 

composed of a large family of proteins. They are a rope like structure and are the

durable of the three types of filaments. Their main function is to provide 

The microtubules provide organization in a cell. They are stiff hollow tubes that begin 

from a single location called the centrosome and extend out towards the cel

ubulin molecules and can rapidly disassemble at one point and assemble 

at another. They allow organelles to anchor to them and are the tracks along which 

organelles, vesicles and other cell components can move.  
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unique set up where the cell can exchange certain molecules and still keep its intercellular 

 

100] 

intricate network of protein filaments that extends throughout the 

cytoplasm and gives the cell a structural integrity. The cytoskeleton is highly dynamic and 

is also responsible for transport pathways inside the cell as well as the movement of the 

self. It is built on the framework of three types of protein filaments: the intermediate 

filaments; the microtubules; and the actin filaments. The intermediate filaments are 

composed of a large family of proteins. They are a rope like structure and are the most 

durable of the three types of filaments. Their main function is to provide tensile strength to 

The microtubules provide organization in a cell. They are stiff hollow tubes that begin 

out towards the cell periphery. 

ubulin molecules and can rapidly disassemble at one point and assemble 

at another. They allow organelles to anchor to them and are the tracks along which 
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Actin filaments are responsible for cell motility. They are 

are usually unstable but can form stable structures in cells when required. They perform 

different functions by working with different actin binding proteins

shape of a cell and interact with myosin to perform a muscle like function for a cell

also create a contractile ring that helps separate the cytoplasm during cell division. 

Figure 20 : Fluroscent staining of the cytoskeleton of a cell . Actin is shown in red, the 

nucleus is shown in blue and the intermediate filam ents in gree

 

2.4.4 Cell Cycle 

Eucryotic cells reproduce by replicating DNA and then performing cell division. 

They have a complete cell cycle wh

and when it must do so. There are 

M phase, where the splits and creates daughter cells

its DNA. 3) G1 phase, which occurs between the M phase and S phase, where the cell 

grows and prepares itself (accumulates required molecules and materials) for DNA 

synthesis. 4) Finally the G

and controls when to begin each phase by cyclically activating and inactivating key 

proteins and protein complexes that regulate DNA replication, mitosis, and cytokinesi

Each type of cell has a

cellular organisms must insure that this organization and timeline is strictly regulated else 

abnormalities can occur

In the G1 phase, or the first gap phase, is where the cell manufactures all the 

necessary proteins which are required for DNA replication. This is the longest phase (10

12 hours from a 24 hour cell cycle).  Once it is ready, the DNA replication takes place

the S phase. Then another gap phase, G2, takes place during which the synthesis of all the 

material required for the actual cell division takes place. Finally M phase occurs where the 

 

Actin filaments are responsible for cell motility. They are formed by subunits of actin and 

are usually unstable but can form stable structures in cells when required. They perform 

different functions by working with different actin binding proteins

and interact with myosin to perform a muscle like function for a cell

also create a contractile ring that helps separate the cytoplasm during cell division. 

: Fluroscent staining of the cytoskeleton of a cell . Actin is shown in red, the 

nucleus is shown in blue and the intermediate filam ents in gree

Eucryotic cells reproduce by replicating DNA and then performing cell division. 

They have a complete cell cycle which determines the timeline for what the cell must do 

and when it must do so. There are four phases in their cell cycle as shown in 

splits and creates daughter cells. 2) S phase, where the cell replicates 

phase, which occurs between the M phase and S phase, where the cell 

grows and prepares itself (accumulates required molecules and materials) for DNA 

synthesis. 4) Finally the G2 phase which occurs after the S phase. A cell measures its state 

when to begin each phase by cyclically activating and inactivating key 

proteins and protein complexes that regulate DNA replication, mitosis, and cytokinesi

Each type of cell has a time approximation for their cell cycles to complete

must insure that this organization and timeline is strictly regulated else 

abnormalities can occur .  

In the G1 phase, or the first gap phase, is where the cell manufactures all the 

necessary proteins which are required for DNA replication. This is the longest phase (10

12 hours from a 24 hour cell cycle).  Once it is ready, the DNA replication takes place

the S phase. Then another gap phase, G2, takes place during which the synthesis of all the 

material required for the actual cell division takes place. Finally M phase occurs where the 
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formed by subunits of actin and 

are usually unstable but can form stable structures in cells when required. They perform 

different functions by working with different actin binding proteins. They can influence the 

and interact with myosin to perform a muscle like function for a cell. They 

also create a contractile ring that helps separate the cytoplasm during cell division. [99] 

 

: Fluroscent staining of the cytoskeleton of a cell . Actin is shown in red, the 

nucleus is shown in blue and the intermediate filam ents in gree n.  [101] 

Eucryotic cells reproduce by replicating DNA and then performing cell division. 

ich determines the timeline for what the cell must do 

as shown in Figure 21. 1) 

. 2) S phase, where the cell replicates 

phase, which occurs between the M phase and S phase, where the cell 

grows and prepares itself (accumulates required molecules and materials) for DNA 

phase which occurs after the S phase. A cell measures its state 

when to begin each phase by cyclically activating and inactivating key 

proteins and protein complexes that regulate DNA replication, mitosis, and cytokinesis. 

time approximation for their cell cycles to complete and multi 

must insure that this organization and timeline is strictly regulated else 

In the G1 phase, or the first gap phase, is where the cell manufactures all the 

necessary proteins which are required for DNA replication. This is the longest phase (10-

12 hours from a 24 hour cell cycle).  Once it is ready, the DNA replication takes place in 

the S phase. Then another gap phase, G2, takes place during which the synthesis of all the 

material required for the actual cell division takes place. Finally M phase occurs where the 
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cell nucleus divides (mitosis

mitosis the cell must perform pairing, alignment and  separation of duplicated 

chromosomes. In cytokinesis

new cells. At times cells may also go into a G0 phase where the

and wait for a signal to re

in a cell culture is achieved. 

 

Figure 21: The Cell cycle

(mitoses) and Phase S (DNA replication).

 

2.4.5 Cell Adhesion

The extra cellular matrix (ECM) is a collection of various proteins and carbohydrates 

which surround the cellular membrane in a cell culture. They are present in any culture 

media which is supplemented with serum. The ECM is essential for connections to form 

between cells and for cells to adhere to the su

themselves. The ECM must itself attach to the substrate surface and by controllin

ECM attaches to the surface, we can control the behavior of cells on the surface. 

Fibronectin is an important

 

mitosis) and the cell splits in two (cytokinesis

the cell must perform pairing, alignment and  separation of duplicated 

cytokinesis the cell performs the physical procedure of splitting into two 

new cells. At times cells may also go into a G0 phase where they enter a quiescent state 

and wait for a signal to re-enter their cell cycle. This can often be the case once confluence 

in a cell culture is achieved. [99, 102] 

Cell cycle . Phases G1 and G2 are the growth phase in between ph ase M 

(mitoses) and Phase S (DNA replication).  The daughter cells then start the cycle 

[103] 

Cell Adhesion 

The extra cellular matrix (ECM) is a collection of various proteins and carbohydrates 

which surround the cellular membrane in a cell culture. They are present in any culture 

media which is supplemented with serum. The ECM is essential for connections to form 

between cells and for cells to adhere to the substrate. Cells also generate ECM compounds 

themselves. The ECM must itself attach to the substrate surface and by controllin

ECM attaches to the surface, we can control the behavior of cells on the surface. 

Fibronectin is an important plasma glycoprotein (a component of ECM) for cell adhesion 
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is) daughter cells. In 

the cell must perform pairing, alignment and  separation of duplicated 

the cell performs the physical procedure of splitting into two 

y enter a quiescent state 

enter their cell cycle. This can often be the case once confluence 

 

Phases G1 and G2 are the growth phase in between ph ase M 

start the cycle once again. 

The extra cellular matrix (ECM) is a collection of various proteins and carbohydrates 

which surround the cellular membrane in a cell culture. They are present in any culture 

media which is supplemented with serum. The ECM is essential for connections to form 

bstrate. Cells also generate ECM compounds 

themselves. The ECM must itself attach to the substrate surface and by controlling how the 

ECM attaches to the surface, we can control the behavior of cells on the surface. 

(a component of ECM) for cell adhesion 
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and is quite often used to coat the surface before cells are seeded.

and fibroblasts and consists of two disulfide linked polypeptide chains which posses 

several structural domains which can react with cells and the ECM (example heparin and 

collogen). It binds itself to the surface and 

regions where cells adhere are called 

detach and attach to the

transmembrane proteins called 

actin filament through a chain of other proteins and anchor the cells cytoskeleton to the 

surface.   

Figure 22: A schematic of the mechanism of c

take part in the mechanism to help the integrin pro teins to help anchor the cell to the 

fibronectin which is adsorbed to the substrate. 

Cells use the fibronectin and ECM components to anchor themselves to the surface and 

move over it. In order for a cell to 

three involve actin. The cell must 1) create a protrusion towards the front, 2) adhere to the 

surface at the front, 3) and drag the rest of the cell forward by traction. For the first 

process, the actin filaments grow in the direction of the movement, stretching the 

membrane forward. Once the membrane reaches a favorable patch of surface, a protein 

present in the plasma membrane, integrin, will help the cell stick to it. The integrin attaches 

internally to the actin filaments and after anchoring the cell, contractions take place at the 

back end of the cell. Thus the force helps release the adhesion at the back and pulls the 

entire cell forward. [79

 

and is quite often used to coat the surface before cells are seeded. It is ma

and fibroblasts and consists of two disulfide linked polypeptide chains which posses 

structural domains which can react with cells and the ECM (example heparin and 

It binds itself to the surface and allows the cells to attach themselves

regions where cells adhere are called focal contacts or  adhesion plaques.

detach and attach to the disulfide linked polypeptide sequence of fibronectin through 

transmembrane proteins called integrins. The integrins themselves are connected to the cell 

actin filament through a chain of other proteins and anchor the cells cytoskeleton to the 

A schematic of the mechanism of c ell adhesion to a substrate

take part in the mechanism to help the integrin pro teins to help anchor the cell to the 

fibronectin which is adsorbed to the substrate. From thesis by D. A. Borkholder 

Cells use the fibronectin and ECM components to anchor themselves to the surface and 

In order for a cell to move, three interrelated processes must occur and all 

three involve actin. The cell must 1) create a protrusion towards the front, 2) adhere to the 

surface at the front, 3) and drag the rest of the cell forward by traction. For the first 

filaments grow in the direction of the movement, stretching the 

membrane forward. Once the membrane reaches a favorable patch of surface, a protein 

present in the plasma membrane, integrin, will help the cell stick to it. The integrin attaches 

to the actin filaments and after anchoring the cell, contractions take place at the 

back end of the cell. Thus the force helps release the adhesion at the back and pulls the 

79, 99, 102, 104]. 
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It is made by hepatocytes 

and fibroblasts and consists of two disulfide linked polypeptide chains which posses 

structural domains which can react with cells and the ECM (example heparin and 

attach themselves to it. The 

adhesion plaques. Cells themselves 

of fibronectin through 

. The integrins themselves are connected to the cell 

actin filament through a chain of other proteins and anchor the cells cytoskeleton to the 

 

ell adhesion to a substrate . Special proteins 

take part in the mechanism to help the integrin pro teins to help anchor the cell to the 

From thesis by D. A. Borkholder [79]. 

Cells use the fibronectin and ECM components to anchor themselves to the surface and 

move, three interrelated processes must occur and all 

three involve actin. The cell must 1) create a protrusion towards the front, 2) adhere to the 

surface at the front, 3) and drag the rest of the cell forward by traction. For the first 

filaments grow in the direction of the movement, stretching the 

membrane forward. Once the membrane reaches a favorable patch of surface, a protein 

present in the plasma membrane, integrin, will help the cell stick to it. The integrin attaches 

to the actin filaments and after anchoring the cell, contractions take place at the 

back end of the cell. Thus the force helps release the adhesion at the back and pulls the 
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Figure 23: Cells u se focal contacts

rearrange themsel ves to roll the front end of the cell

contact , the actin filaments at the backend will be 

itself at the back and continue moving forward.

 

2.4.6 Cell – Cell Junctions

Many cells create tissues that perform specific functions inside the body. Onc

closer and interact with each other (especially confluent cultures), they form junctions. 

These junctions can be of different types, classified according to their function. The 

“Tight” junction seals neighboring cells together to prevent passage of water soluble 

molecules easily. They are formed from proteins called 

junctions join actin bundles of neighboring cells to create mechanical attachments. 

“Desmosome” junctions join the intermediate filaments and both, adheren and desmosome 

junctions are built using proteins called 

the filaments to the basal lamina (or fibronectin) using integrin proteins. Finally the “

junctions are small passageways that allow molecules and ions to pass between cells. They 

are created by protein complexes called 

protruding into the membrane of another cell and vice versa. In the case of

cells, before they reach confluence, they have a shape similar to that of fibroblasts. They 

proliferate and show motility as well. Once cells contact each other and form junctions, 

they behave differently. Their cytoskeleton will change its sh

rest state where they stop growing and reproducing. They also stop responding to growth 

factors. This is essential as they can move to recover from wounds and then maintain their 

 

se focal contacts  to pull themselves forward. The actin filaments can  

ves to roll the front end of the cell . When the c

, the actin filaments at the backend will be reorganized allowing the cell to release 

itself at the back and continue moving forward.  Figure by Gwen Childs 

Cell Junctions 

Many cells create tissues that perform specific functions inside the body. Onc

closer and interact with each other (especially confluent cultures), they form junctions. 

These junctions can be of different types, classified according to their function. The 

junction seals neighboring cells together to prevent passage of water soluble 

molecules easily. They are formed from proteins called claudins and 

junctions join actin bundles of neighboring cells to create mechanical attachments. 

junctions join the intermediate filaments and both, adheren and desmosome 

junctions are built using proteins called cadherins. “Hemidesmosome” 

the filaments to the basal lamina (or fibronectin) using integrin proteins. Finally the “

junctions are small passageways that allow molecules and ions to pass between cells. They 

are created by protein complexes called connexons (which are present in the membrane) 

protruding into the membrane of another cell and vice versa. In the case of

cells, before they reach confluence, they have a shape similar to that of fibroblasts. They 

proliferate and show motility as well. Once cells contact each other and form junctions, 

they behave differently. Their cytoskeleton will change its shape and the cells move into a 

rest state where they stop growing and reproducing. They also stop responding to growth 

factors. This is essential as they can move to recover from wounds and then maintain their 
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to pull themselves forward. The actin filaments can  

. When the c ell creates a new focal 

allowing the cell to release 

Figure by Gwen Childs [105] 

Many cells create tissues that perform specific functions inside the body. Once cells come 

closer and interact with each other (especially confluent cultures), they form junctions. 

These junctions can be of different types, classified according to their function. The 

junction seals neighboring cells together to prevent passage of water soluble 

and occludins. “Adheren” 

junctions join actin bundles of neighboring cells to create mechanical attachments. 

junctions join the intermediate filaments and both, adheren and desmosome 

“Hemidesmosome” junctions anchor 

the filaments to the basal lamina (or fibronectin) using integrin proteins. Finally the “Gap” 

junctions are small passageways that allow molecules and ions to pass between cells. They 

(which are present in the membrane) 

protruding into the membrane of another cell and vice versa. In the case of endothelial 

cells, before they reach confluence, they have a shape similar to that of fibroblasts. They 

proliferate and show motility as well. Once cells contact each other and form junctions, 

ape and the cells move into a 

rest state where they stop growing and reproducing. They also stop responding to growth 

factors. This is essential as they can move to recover from wounds and then maintain their 
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layer once confluence is reached so that there 

106]. 

Figure 24: (Left) Cell -

(Right) Confluent cell layer (bottom) and sparse ce ll layer (

 

2.4.7 Embryonic Stem Cells

Stem cells have the ability to differentiate into specialized cell types. They are 

important for replenishing adult tissues as well as the post fertilization development of an 

embryo. There are two types of stem cells, embryonic and adult stem cells. Embry

stem cells are isolated from the inner cell mass of blastocysts and adult stem cells 

harvested /extracted from adult bodies. 

 

layer once confluence is reached so that there is no breach in systems such as vessels 

- Cell junctions. Taken from “Essential Cell Biology”  by B. Alberts 

(Right) Confluent cell layer (bottom) and sparse ce ll layer ( top), taken from “Endothelial cell

cell junction” by E.Dejana [106]. 

Embryonic Stem Cells 

Stem cells have the ability to differentiate into specialized cell types. They are 

important for replenishing adult tissues as well as the post fertilization development of an 

embryo. There are two types of stem cells, embryonic and adult stem cells. Embry

stem cells are isolated from the inner cell mass of blastocysts and adult stem cells 

harvested /extracted from adult bodies. [55, 99] 
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is no breach in systems such as vessels [99, 

 

Cell junctions. Taken from “Essential Cell Biology”  by B. Alberts [99]. 

top), taken from “Endothelial cell -

Stem cells have the ability to differentiate into specialized cell types. They are 

important for replenishing adult tissues as well as the post fertilization development of an 

embryo. There are two types of stem cells, embryonic and adult stem cells. Embryonic 

stem cells are isolated from the inner cell mass of blastocysts and adult stem cells 
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Figure 25 : Stem cells differentiate into other cells that cr eate the orga

cells in the body. Diagram by M. Jones f

Stem cells have the ability to self renew 

limit to how many times they can divide before the

Cell cultures of regular cells usually degrade after a certain number of passages. In the 

event that there is a need to generate a large number of cells, this property of stem cells can 

be really useful. For instance if there was a need to generate 

require over a trillion cells. It would not be possible to do so by culturing blood cells alone. 

The ability of Stem cells to differentiate into blood cells

such large quantities of cell generation. 

   

 

: Stem cells differentiate into other cells that cr eate the orga

cells in the body. Diagram by M. Jones f rom Wikipedia 

Stem cells have the ability to self renew indefinitely unlike most common cells that have a 

limit to how many times they can divide before they reach the Hayflick limit

Cell cultures of regular cells usually degrade after a certain number of passages. In the 

event that there is a need to generate a large number of cells, this property of stem cells can 

be really useful. For instance if there was a need to generate a litre of blood, we would 

require over a trillion cells. It would not be possible to do so by culturing blood cells alone. 

The ability of Stem cells to differentiate into blood cells without degradation

such large quantities of cell generation.  
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: Stem cells differentiate into other cells that cr eate the orga ns and the rest of the 

Wikipedia [107]. 

indefinitely unlike most common cells that have a 

y reach the Hayflick limit [108-111]. 

Cell cultures of regular cells usually degrade after a certain number of passages. In the 

event that there is a need to generate a large number of cells, this property of stem cells can 

re of blood, we would 

require over a trillion cells. It would not be possible to do so by culturing blood cells alone. 

without degradation would help in 
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Chapter 3:  Materials and Methods 
 

When I started on this project in the beginning of 2010, I had no understanding of 

the complications involving interfacial capacitance, impedance measurement technology or 

cell biology. Initially I went on to create my own instrument using a National Instruments 

Data Acquisition Module, the PCI-6221. This worked well however lacked the accuracy 

and the bandwidth required. The connection method also limited the accuracy further (2-

port connection). My initial devices were also created using inkjet printing which proved 

difficult to work with. After almost eight months I turned to using an Agilent Impedance 

Analyzer (A-4294) and a better designed device fabricated using standard 

photolithography steps. In time, the setup was improved with an automated LabView 

measurement program and a QuadTech 1920 LCR meter was used for a secondary setup as 

described under “Instrumentation” later.   

 

3.1 Materials 
 

Commercially available poly (3,4 ethylenedioxythiophene) poly(styrenesulfonate) 

(Orgacon S305 plus,AGFA) was used which is a 0.54% by weight aqueous solution of 

PEDOT:PSS. The S305 plus includes binders to help adhesion to substrates and stabilizers 

for improved environmental stability. SU8-3005 (Microchem, Newton, MA, USA) and 

Microposit S-1818 (Shipley, Coventry, UK) photo resists were used for fabrication. EC 

solvent (Ethyl Lactate, Microposit, Shipley, Coventry, UK)  was used to develop SU-8, 

and MicroDev (Microposit, Shipley, Coventry, UK) was used for S-1818 development 

after a 1:1 dilution with RO water. The glass substrates used were 50mm x 75mm 

microscope slides (Corning, Amsterdam, The Netherlands). Acetone, methanol and iso-

propanol (Sigma Aldrich, Dorset, UK) were used for cleaning the substrates and devices at 

various steps. Wells were created using µ-slide 8-well culture dishes (Ibidi, Munich, 

Germany). 
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3.2 Device Design and Fabrication 
There were basically three phases of the development of the devices. The first  

device design was one inspired by Giaever’s original works [112]. The original design was 

simply two or more lines of a metal / conducting material coming from their respective 

contact points inside a chamber capable of holding fluid. These were insulated with wax 

and exposed at the ends to create electrodes and contact points respectively. One electrode 

had large dimensions and this was the reference electrode. These were good for initial 

testing of the theory and for my own cell culture learning. They were also fabricated using 

inkjet printing which provided a fabrication method with flexibility in design changes and 

used material where required, reducing waste. However the fabrication output was rather 

inconsistent (Figure 28) and became terribly inconvenient not only to fabricate but also to 

analyze the results. The insulation layer was hand painted PMMA and the connections 

were carefully soldered wires to silver conducting paint on the PEDOT:PSS electrodes. 

This initial version was not good enough and a more evolved device was then developed 

based on lithographic techniques and with a proper electrical contact and cable design. My 

aim with the device fabrication was that they should be simple, should use all the materials 

that are commonly available and that those materials should be relatively cheap. So the 

second type of device used glass slides as substrates and the well size was made so that 

simple cut outs of Eppendorf 1.5 ml containers could be used as the wells. It used 5µm of 

SU-8 as the insulation layer and the electrode shape and sizes were designed by looking at 

products available from “Applied Biophysics”. It had three wells (Figure 27) so that three 

experiments could be measured in parallel. The discussion of the instrumentation for this 

setup and its evolution is done under its own heading. The connector patterns were initially 

sized and placed so that the device could easily slot into PC connectors. However later I 

found it more convenient to use a customized connector with soldered pins which provided 

more reliability in the connections. The design of that connector was done according to the 

patterns already set for the PC connectors.  
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Figure 26 : A culture dish available from Applied 

around the design of these devices

are the exposed electrode surface and the black par ts are the insulated ones. 

The third device was initiated due to the realization that three 

were not enough and biological cell experiments required 

cultures under similar conditions. 

with constant failures in a single well due to cell deaths, measurement failures, or random 

issues such as loss in media volume due to evaporation etc. Another failure in the second 

device was that the Eppendorf tubes were hand cut and did not have proper covering that 

allowed easy handling and reliability. The mechanical design was flawed and time

constantly wasted in device fabrication and restarting the experiments. So I designed a 

device with eight wells and used culture dishes that were acquired from Ibidi. The number 

of wells was limited by the dish design available and that the size of each w

1 cm x 1 cm . These culture dishes/wells were ideal to be applied on substrates which were

microscope slides of dimensions that were easy to handle and easily available (50mm 

x75mm glass slides). The overall mechanical design was 

design and all the electrodes had the same lengths which provided more similarity in the 

results. The Ibidi culture dishes also had properly designed covers that worked very well as 

would be expected.  
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: A culture dish available from Applied Biophysics. The device design was based 

around the design of these devices  as shown in the schematic on the right

are the exposed electrode surface and the black par ts are the insulated ones. 

The third device was initiated due to the realization that three 

ugh and biological cell experiments required measurement of 

cultures under similar conditions. Most of my time with the earlier version was wasted 

constant failures in a single well due to cell deaths, measurement failures, or random 

sues such as loss in media volume due to evaporation etc. Another failure in the second 

device was that the Eppendorf tubes were hand cut and did not have proper covering that 

allowed easy handling and reliability. The mechanical design was flawed and time

constantly wasted in device fabrication and restarting the experiments. So I designed a 

device with eight wells and used culture dishes that were acquired from Ibidi. The number 

of wells was limited by the dish design available and that the size of each w

ese culture dishes/wells were ideal to be applied on substrates which were

microscope slides of dimensions that were easy to handle and easily available (50mm 

x75mm glass slides). The overall mechanical design was not flimsy

design and all the electrodes had the same lengths which provided more similarity in the 

results. The Ibidi culture dishes also had properly designed covers that worked very well as 
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iophysics. The device design was based 

as shown in the schematic on the right . The blue parts 

are the exposed electrode surface and the black par ts are the insulated ones. [93]  

The third device was initiated due to the realization that three parallel experiments 

measurement of more wells and 

Most of my time with the earlier version was wasted 

constant failures in a single well due to cell deaths, measurement failures, or random 

sues such as loss in media volume due to evaporation etc. Another failure in the second 

device was that the Eppendorf tubes were hand cut and did not have proper covering that 

allowed easy handling and reliability. The mechanical design was flawed and time 

constantly wasted in device fabrication and restarting the experiments. So I designed a 

device with eight wells and used culture dishes that were acquired from Ibidi. The number 

of wells was limited by the dish design available and that the size of each well was roughly 

ese culture dishes/wells were ideal to be applied on substrates which were 

microscope slides of dimensions that were easy to handle and easily available (50mm 

not flimsy like the three well 

design and all the electrodes had the same lengths which provided more similarity in the 

results. The Ibidi culture dishes also had properly designed covers that worked very well as 
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Figure 27: (Top left) Inkjet printed PEDOT:PSS on a plain transparency

of the 2 nd and 3 rd generation 

 The design and sizes of

device designs (apart from the first one which just had exposed front ends for electrodes). 

When considering the electrodes, the working

respective reference electrode. 

growth etc) will be minimized in comparison to the measuring electrode. The impedance of 

the reference electrode will also be minimized due to its large area. 

based on an assumption that the average cell diameter is 20

diameter would be a good estimate for the measuring electrode for initial testing as this 

would give enough space for 

the geometry of a 3x5

similar to devices available from “Applied Bio

and being much larger than the measuring electrode ensu

the impedance measurements as the area covered by a single cell is much smaller. B

third design I started using 500

appropriate for cell coverage and provided better results. 

impedance values that were in acceptable ranges (not too low and not too high based on the 

measurement capabilities of the instruments)
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Inkjet printed PEDOT:PSS on a plain transparency

generation device s. (Bottom) Schematic diagrams of the two devices w ith 

only one row of the 3 rd generation device shown

design and sizes of the electrodes were pretty much constant for the various 

device designs (apart from the first one which just had exposed front ends for electrodes). 

ng the electrodes, the working electrode should be much smaller than its 

respective reference electrode. By doing so, changes on the reference electrode (due to cell 

growth etc) will be minimized in comparison to the measuring electrode. The impedance of 

the reference electrode will also be minimized due to its large area. 

assumption that the average cell diameter is 20 µm, I felt that a 250

diameter would be a good estimate for the measuring electrode for initial testing as this 

would give enough space for approximately 150 cells. For the reference electrode, I choose 

3x5 mm rectangle. The reference electrode was designed in

similar to devices available from “Applied BioPhysics”, encompassing the 

and being much larger than the measuring electrode ensures that it has minimal impact on 

the impedance measurements as the area covered by a single cell is much smaller. B

third design I started using 500 µm diameter measuring electrodes as I felt them more 

appropriate for cell coverage and provided better results. After getting good results and 

impedance values that were in acceptable ranges (not too low and not too high based on the 

measurement capabilities of the instruments) I decided to stay with these values.
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Inkjet printed PEDOT:PSS on a plain transparency . (Top Right) Pictures 

s. (Bottom) Schematic diagrams of the two devices w ith 

generation device shown . 

pretty much constant for the various 

device designs (apart from the first one which just had exposed front ends for electrodes). 

electrode should be much smaller than its 

By doing so, changes on the reference electrode (due to cell 

growth etc) will be minimized in comparison to the measuring electrode. The impedance of 

the reference electrode will also be minimized due to its large area. For the second design, 

m, I felt that a 250 µm 

diameter would be a good estimate for the measuring electrode for initial testing as this 

eference electrode, I choose 

rectangle. The reference electrode was designed in a shape 

”, encompassing the microelectrode 

res that it has minimal impact on 

the impedance measurements as the area covered by a single cell is much smaller. By the 

electrodes as I felt them more 

After getting good results and 

impedance values that were in acceptable ranges (not too low and not too high based on the 

I decided to stay with these values. During 
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the course of my work, I also explored using inter digitated electrodes but these covered 

such a large area over the device that the sensitivity to changes in the cell culture was 

reduced and it was not possible to analyze the culture through microscopy at all the 

locations in a suitable manner. I deemed it simpler to be able to look closely at a single 

point (the center) of the culture and relate them to changes in the measurements.  

Patterning PEDOT:PSS reliably, at resolutions below 20 µm , is difficult using the 

chemical oxidation process described in section 3.2.3. Therefore I have used a larger 

PEDOT:PSS microelectrode pattern (2mm diameter) and then created a 250 µm window in 

the insulation layer instead. This way the microelectrode area is far more accurate. The 

device needed to have more than one well as this would allow me to have a control well, 

and more experiments running at the same time under the same conditions. Given the 

space of the slide and the requirements, I set the total number of wells to three. Later this 

was increased to eight wells. Figure 29 and  Figure 30 shows the final device design. 

 

3.2.1 Evolution of the Device Fabrication 

The device fabrication is fundamentally based on exploiting the solution processing   

capability of conducting polymers (especially PEDOT:PSS). PEDOT:PSS can be patterned 

by many methods. These include inkjet printing, gravure printing and lithographic 

procedures. Gravure printing is good for mass producing and requires proper stamps, not 

something easily done in our lab and it is difficult to create new designs quickly with this 

process. Inkjet printing is good for quick design implementations and prototyping but lacks 

reliability unless one can control the drops much better than I was able to. The technique is 

very sensitive to the surface energy (wetting) which may not necessarily remain constant 

over the entire duration of the printing. Humidity of the surrounding can also affect the 

results and can be difficult to control unless the printer is modified to do so. The final 

inkjet printed pattern is also bound to have a rough surface and non-vertical edges. This 

can make the dimensions of the electrodes and patterns unreliable. Figure 28 shows some 

good and bad printed patterns using a Dimatix DMP-2800 inkjet printer from Fujifilm 

(USA).  
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Figure 28:(Top) Inkjet printed patterns of the minimum possible res olution with the 

praticular cartridge type that was used. Lower reso lution

harder to achieve. Note how there are vertical line  patterns. This is because the printer 

prints in a raster format from left to right. Verti cally adjacent drops do not join together as 

the time duration between them is 

second line is reached.

Liquid flow (and hence the spot covered by a drop,) is highly dependant on the 

surface tension of the ink and the surface energy of the surface. If the surface tension of a 

liquid is higher than the surface energy of the surface than the drop will not spread out onto 

the surface to form a film. Furthermore the liquid will move to the adjacent sp

new drop is falls (or vice versa

inconsistency in the pattern. As the surface energy is increased, the drop begins to spread 

out more but will have poor adhesion once dry. A much higher surface energy would allow 

the drop to spread but the

drop increases, limiting the resolution of the print. 

to alter the properties of the ink by adding surfactants, however in the case of the Orgacon 

ink used, it already has such additives. 

spots (with the same drop) but then a dried up portion will not flow to join new drops 
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Inkjet printed patterns of the minimum possible res olution with the 

praticular cartridge type that was used. Lower reso lution s should be possible but it is much 

harder to achieve. Note how there are vertical line  patterns. This is because the printer 

prints in a raster format from left to right. Verti cally adjacent drops do not join together as 

the time duration between them is long enough for the first drop to dry out before th e 

second line is reached.  (Bottom) Pictures of prints gone wrong. The white scale bars are 

marked as 200  microns. 

Liquid flow (and hence the spot covered by a drop,) is highly dependant on the 

ion of the ink and the surface energy of the surface. If the surface tension of a 

liquid is higher than the surface energy of the surface than the drop will not spread out onto 

the surface to form a film. Furthermore the liquid will move to the adjacent sp

or vice versa), to create larger spots leaving gaps and creating 

inconsistency in the pattern. As the surface energy is increased, the drop begins to spread 

out more but will have poor adhesion once dry. A much higher surface energy would allow 

the drop to spread but then this spreading means the dimensions of the wetted region by the 

drop increases, limiting the resolution of the print. One way of controlling these factors is 

to alter the properties of the ink by adding surfactants, however in the case of the Orgacon 

used, it already has such additives. Heating the surface can also 

spots (with the same drop) but then a dried up portion will not flow to join new drops 
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Inkjet printed patterns of the minimum possible res olution with the 

s should be possible but it is much 

harder to achieve. Note how there are vertical line  patterns. This is because the printer 

prints in a raster format from left to right. Verti cally adjacent drops do not join together as 

long enough for the first drop to dry out before th e 

The white scale bars are 

Liquid flow (and hence the spot covered by a drop,) is highly dependant on the 

ion of the ink and the surface energy of the surface. If the surface tension of a 

liquid is higher than the surface energy of the surface than the drop will not spread out onto 

the surface to form a film. Furthermore the liquid will move to the adjacent spot where a 

to create larger spots leaving gaps and creating 

inconsistency in the pattern. As the surface energy is increased, the drop begins to spread 

out more but will have poor adhesion once dry. A much higher surface energy would allow 

n this spreading means the dimensions of the wetted region by the 

One way of controlling these factors is 

to alter the properties of the ink by adding surfactants, however in the case of the Orgacon 

also help create smaller 

spots (with the same drop) but then a dried up portion will not flow to join new drops 
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causing the formation of a rough inhomogeneous surface. Getting the ink formulation 

correct, along with printing process and parameters is not trivial and often a trial and error 

method is used to find them. The biggest problem I faced was that these parameters would 

vary from day to day (most possible due to atmospheric conditions). Keeping the substrate 

surface characteristics consistent was difficult as well since the effects of a oxygen plasma 

clean (to increase the contact angle) can wear down within a few hours if not minutes. 

[113-115]. I thought of various other methods in which I could control the shape of drops 

on the surface of the substrate. One of these ideas was to use surface micro patterns but due 

to time constraints I was not able to pursue it. Inkjet printed patterns suffered from poor 

adhesion in cell culture media and the cost of the inkjet cartridges which were difficult to 

be reused since the pores would clog quite often, made it prohibitive. It just did not seem 

reliable nor feasible as the fabrication method for this project. I felt that inkjet printing and 

improving my process would be too time consuming and was a project on its own right. I 

thus opted to use photolithography. Photolithography was an excellent choice given the 

facilities available and the insulation used in the final step fit well into this scheme as I was 

able to use SU8 photo resist. It is a material already used quite often with biology. Its 

thickness and resistive properties fit well with the criteria and it is highly transparent. It can 

also be hardened and made chemically un-reactive after development by heating at 180ºC.  

Photolithography masks for our features can also be produced relatively cheaply by using 

plastic (acetate) laser printed sheets temporarily stuck on a quartz slide. This is a good 

alternative (given that feature sizes are larger than 10 µm) to the chrome and ferric masks 

used traditionally but which are far more expensive and time consuming to produce. It also 

encouraged me to explore various designs without worrying about cost or perfecting my 

designs before I had masks made. 

 The scheme of the device fabrication is listed below and is followed by a detail 

description of each step: 

1. Substrate cleaning and alignment layer 

2. PEDOT:PSS layer and patterning 

3. SU8 insulation layer and patterning 

4. Attaching wells and preparing connections 
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Figure 29 : Mask patterns used for photolithography. (left) f or the Alignment layer, (middle) 

for the PEDOT:PSS layer, (right) for the SU

Figure 30 : Diagram showing a single row of the device (left)  with the insert showing 

8 window that defines the working electrode geometry. The fa brication steps are shown on 

the right , a)PEDOT:PSS is spin coated onto the surface, b) S 1818 photoresist

coated onto the surface, c) the photoresist is expo sed and developed,

PEDOT:PSS is oxidized using bleach and the photores ist removed using acetone, e) SU

(yellow) photoresisit is spin coated onto the patterned poly mer and substrate, f) the 

photoresist is exposed and developed to give window s that create the

 

3.2.2 Substrate Cleaning and Alignment Layer

The glass slide

3 min each. S1818 photo resist is spun at 3000 RPM for 30

on a hot plate. Exposure of the pattern is performed 

and a power density of 7.1 mW/cm

will be higher than for

reduced. Development is done in 

developer) for 70 s, rinse

Al (aluminum) patterned as shown in 
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: Mask patterns used for photolithography. (left) f or the Alignment layer, (middle) 

for the PEDOT:PSS layer, (right) for the SU -8 layer.

: Diagram showing a single row of the device (left)  with the insert showing 

that defines the working electrode geometry. The fa brication steps are shown on 

, a)PEDOT:PSS is spin coated onto the surface, b) S 1818 photoresist

coated onto the surface, c) the photoresist is expo sed and developed,

PEDOT:PSS is oxidized using bleach and the photores ist removed using acetone, e) SU

photoresisit is spin coated onto the patterned poly mer and substrate, f) the 

photoresist is exposed and developed to give window s that create the

contacts for the device. 

Substrate Cleaning and Alignment Layer 

The glass slide is rinsed (ultrasonic bath) in acetone, methanol, and iso

S1818 photo resist is spun at 3000 RPM for 30 s and dried for 2

on a hot plate. Exposure of the pattern is performed using an MA6 mask aligner for 10

and a power density of 7.1 mW/cm2. Note that the exposure duration for glass substrates 

for silicon substrates since the reflections from the substrate

Development is done in  a developer solution (1:1 RO water to 

s, rinsed in RO water and dried. The alignment layer

patterned as shown in Figure 29, and it is done by evaporating Al
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: Mask patterns used for photolithography. (left) f or the Alignment layer, (middle) 

8 layer.  

 

: Diagram showing a single row of the device (left)  with the insert showing the SU-

that defines the working electrode geometry. The fa brication steps are shown on 

, a)PEDOT:PSS is spin coated onto the surface, b) S 1818 photoresist  (red) is spin 

coated onto the surface, c) the photoresist is expo sed and developed,  d) the exposed 

PEDOT:PSS is oxidized using bleach and the photores ist removed using acetone, e) SU -8 

photoresisit is spin coated onto the patterned poly mer and substrate, f) the 

photoresist is exposed and developed to give window s that create the  electrodes and 

in acetone, methanol, and iso-propanol for 

and dried for 2 min at 90ºC 

MA6 mask aligner for 10 s 

exposure duration for glass substrates 

from the substrate are 

a developer solution (1:1 RO water to microposit 

in RO water and dried. The alignment layer is a 30 nm layer of 

and it is done by evaporating Al in Plassys 
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II and followed with a liftoff procedure ( 15

ultrasonic bath for 5 min

 

3.2.3 PEDOT:PSS Layer

The glass slide with

cleaned in an oxygen 

1000 RPM for 30 s and then baked on a 9

more time as each layer is approximately 

100 nm thickness of PEDOT:PSS. This

connections and a more appropriate 

high series resistance in the measurements and

device failure, however additional layers do not

PEDOT:PSS layers an

then baked for an extra 5

important to bake the device on a 

oven since otherwise 

differential interference microscopy (Normaski microscopy) on a Leica INM20 

microscope. This is most probably since in an oven the top part of the spin coated layer 

gets dried first with vapors being released by the lower part o

leads to holes being generated

Figure 

Immediately after the PEDOT:PSS layer is dried off, 

S1818 layer and bake
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II and followed with a liftoff procedure ( 15 min in acetone in a 50

min).  

PEDOT:PSS Layer and Patterning 

The glass slide with an aligment layer is again rinsed in acetone and IPA, 

 plasma asher for 3 min at 180 W. Orgacon S305 is spin coated at 

and then baked on a 95 ºC hot plate for 1 min. This is then repeated one

more time as each layer is approximately 50-60 nm thick and it is important to have above

nm thickness of PEDOT:PSS. This provides reliability of the device

d a more appropriate conductivity for our work. Thinner layers often have 

high series resistance in the measurements and have breaks in the patterns causing

e, however additional layers do not always adhere well to 

and peel off during experiments as shown in Figure 

then baked for an extra 5 min on a 95 °C hotplate and another 5 min

important to bake the device on a 95 ºC hotplate to dry the wet layers before placing in an 

 small craters form in the layer as shown in Figure 

differential interference microscopy (Normaski microscopy) on a Leica INM20 

. This is most probably since in an oven the top part of the spin coated layer 

t with vapors being released by the lower part of it at the same time. This 

generated and deformations as those vapors try to escape.  

Figure 31: PEDOT:PSS second layer peeling off of the first.

after the PEDOT:PSS layer is dried off,  it is spin coat

S1818 layer and baked on a 95ºC hot plate for 2-5 min. It is then patterned by 
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cetone in a 50ºC hot bath and then an 

layer is again rinsed in acetone and IPA, then it is 

. Orgacon S305 is spin coated at 

. This is then repeated one 

d it is important to have above 

provides reliability of the device’s electrical 

for our work. Thinner layers often have 

breaks in the patterns causing frequent 

always adhere well to previously deposited 

Figure 31 . The device is 

min in a 120 ºC oven. It is 

hotplate to dry the wet layers before placing in an 

Figure 32 (a), using 

differential interference microscopy (Normaski microscopy) on a Leica INM20 

. This is most probably since in an oven the top part of the spin coated layer 

f it at the same time. This 

and deformations as those vapors try to escape.   

 

: PEDOT:PSS second layer peeling off of the first.  

spin coated with an 

. It is then patterned by 
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photolithography similar to that done in the alignment layer for the S1818 patterning. 

When creating PEDOT:PSS

would lose adhesion and break off during this development process. I tried using some 

primer to help with the adhesion but to no avail. There is also a slight color change 

grayish blue to a slight brown sha

being developed. I had looked at the variations in conductivity of PEDOT:PSS (and thus 

any sign of oxidation)  when exposed to the microposit developer but it did not cause any 

problems. This leads me to believe that the byproducts of the development process cause

oxidation of the PEDOT:PSS layer which possibly in turn leads to adhesion loss. However 

I was not able to explore the problem due to time constraints, especially given I could 

escape the problem by using larger dimensions for the PEDOT:PSS pattern. 

Figure 32 : Pictures taken during fabrication (Normasky micrs copy). (a) Shows a well defined 

line and (b) shows an overexposed pattern. The firs t figure also sh

form when baked in an oven at high temperatures.

After development, the device is placed in a 1.6% bleach solution (20

10% with 100 ml RO water) for 6

This step will etch the exposed PEDOT:PSS by first oxidizing it and then physically 

stripping the weakened layer by the flowing water. If the oxidized layer is left, it should 

theoretically be passive and should not conduct. However I f

is residual conductivity in the layer

covers such a large area

possible that the total number of ions that react with the PEDOT:PSS chains are of the 

right amount required to etch the exposed area and not seep into the required conducting 

pattern. Once the majority of ions are used up, the speed of the reaction reduces 

significantly due to lower concentration of ions and allows flexibility on the processing 

times (which is quite fast, 5
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photolithography similar to that done in the alignment layer for the S1818 patterning. 

When creating PEDOT:PSS patterns of less than 50 µm I found that the S1818 patterns 

would lose adhesion and break off during this development process. I tried using some 

primer to help with the adhesion but to no avail. There is also a slight color change 

slight brown shade of the PEDOT:PSS that is exposed when S1818 is 

being developed. I had looked at the variations in conductivity of PEDOT:PSS (and thus 

any sign of oxidation)  when exposed to the microposit developer but it did not cause any 

s leads me to believe that the byproducts of the development process cause

oxidation of the PEDOT:PSS layer which possibly in turn leads to adhesion loss. However 

I was not able to explore the problem due to time constraints, especially given I could 

pe the problem by using larger dimensions for the PEDOT:PSS pattern. 

: Pictures taken during fabrication (Normasky micrs copy). (a) Shows a well defined 

line and (b) shows an overexposed pattern. The firs t figure also sh

form when baked in an oven at high temperatures.

After development, the device is placed in a 1.6% bleach solution (20

RO water) for 6 s and immediately rinsed under an RO water tap

This step will etch the exposed PEDOT:PSS by first oxidizing it and then physically 

stripping the weakened layer by the flowing water. If the oxidized layer is left, it should 

ally be passive and should not conduct. However I found 

conductivity in the layer and even though it is highly resistive, given that it 

such a large area, this conductivity significantly hinders our measurements. It is 

possible that the total number of ions that react with the PEDOT:PSS chains are of the 

right amount required to etch the exposed area and not seep into the required conducting 

jority of ions are used up, the speed of the reaction reduces 

significantly due to lower concentration of ions and allows flexibility on the processing 

times (which is quite fast, 5 s, and difficult to manually process in exactly the same way on 
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photolithography similar to that done in the alignment layer for the S1818 patterning. 

m I found that the S1818 patterns 

would lose adhesion and break off during this development process. I tried using some 

primer to help with the adhesion but to no avail. There is also a slight color change from 

is exposed when S1818 is 

being developed. I had looked at the variations in conductivity of PEDOT:PSS (and thus 

any sign of oxidation)  when exposed to the microposit developer but it did not cause any 

s leads me to believe that the byproducts of the development process causes 

oxidation of the PEDOT:PSS layer which possibly in turn leads to adhesion loss. However 

I was not able to explore the problem due to time constraints, especially given I could 

pe the problem by using larger dimensions for the PEDOT:PSS pattern.  

 

: Pictures taken during fabrication (Normasky micrs copy). (a) Shows a well defined 

line and (b) shows an overexposed pattern. The firs t figure also sh ows the crevices that 

form when baked in an oven at high temperatures.  

After development, the device is placed in a 1.6% bleach solution (20 mL NaClO 

and immediately rinsed under an RO water tap[116]. 

This step will etch the exposed PEDOT:PSS by first oxidizing it and then physically 

stripping the weakened layer by the flowing water. If the oxidized layer is left, it should 

 that in most cases there 

even though it is highly resistive, given that it 

conductivity significantly hinders our measurements. It is 

possible that the total number of ions that react with the PEDOT:PSS chains are of the 

right amount required to etch the exposed area and not seep into the required conducting 

jority of ions are used up, the speed of the reaction reduces 

significantly due to lower concentration of ions and allows flexibility on the processing 

in exactly the same way on 
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each occasion).  However bleach often degrades over time and its true concentration keeps 

changing in storage. Due to this reason the bleach was usually simply diluted in a 2:1 water 

to bleach solution ratio instead of using the accurate values mentioned above. This

possibly cause over oxidation due to the anisotropic nature of the process, but given the 

large dimensions of the electrodes it should not matter. This was one of the limiting factors 

when I tried to create PEDOT:PSS inter digitated electrodes of wi

Some SEM images are shown in 

electrodes, but there were far too many e

them, the entire device may not have a good yield. Another problem was that for such thin 

lines, I was not able to over expose and completely etch the exposed PEDOT:PSS. This 

meant that there was a resistive 

detrimental to our impedance measurement experiments. More work on the oxidation and 

patterning process done by J. Zaveri is available in his dissertation 

There are other methods of 

polymer directly onto the substrate. Long 

same method, but this makes the total fabrication more complicated and expensive. 

Patterning of PEDOT:PSS has 

however the time taken using O

it an expensive process and therefore I stuck to using chemical oxidation instead. 

Agrose stamps and gravure printing can make use of chemical oxidation to mass produc

such devices as well.[

Figure 33 : SEM images of interdigitated electrodes. The imag e contrast is created due to the 

different conductivities between exposed and unexpo sed patterns. (left) Well defined 
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However bleach often degrades over time and its true concentration keeps 

. Due to this reason the bleach was usually simply diluted in a 2:1 water 

to bleach solution ratio instead of using the accurate values mentioned above. This

possibly cause over oxidation due to the anisotropic nature of the process, but given the 

large dimensions of the electrodes it should not matter. This was one of the limiting factors 

when I tried to create PEDOT:PSS inter digitated electrodes of widths less than 50

Some SEM images are shown in Figure 33. It was possible to create 10

electrodes, but there were far too many errors and while the picture shows a good set of 

them, the entire device may not have a good yield. Another problem was that for such thin 

lines, I was not able to over expose and completely etch the exposed PEDOT:PSS. This 

meant that there was a resistive contact between lines, which was large in its resistance but 

detrimental to our impedance measurement experiments. More work on the oxidation and 

patterning process done by J. Zaveri is available in his dissertation 

There are other methods of creating PEDOT patterns, such as synthesizing the 

onto the substrate. Long et al also managed to create nano wires using the 

same method, but this makes the total fabrication more complicated and expensive. 

Patterning of PEDOT:PSS has also been done using reactive ion etching.

however the time taken using O2 plasma was over 20 mins for a 120

it an expensive process and therefore I stuck to using chemical oxidation instead. 

Agrose stamps and gravure printing can make use of chemical oxidation to mass produc

[119] 

: SEM images of interdigitated electrodes. The imag e contrast is created due to the 

different conductivities between exposed and unexpo sed patterns. (left) Well defined 

µm lines, (right) overexposed 50 µm lines.
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However bleach often degrades over time and its true concentration keeps 

. Due to this reason the bleach was usually simply diluted in a 2:1 water 

to bleach solution ratio instead of using the accurate values mentioned above. This would 

possibly cause over oxidation due to the anisotropic nature of the process, but given the 

large dimensions of the electrodes it should not matter. This was one of the limiting factors 

dths less than 50 µm. 

. It was possible to create 10 µm interdigitated 

rrors and while the picture shows a good set of 

them, the entire device may not have a good yield. Another problem was that for such thin 

lines, I was not able to over expose and completely etch the exposed PEDOT:PSS. This 

contact between lines, which was large in its resistance but 

detrimental to our impedance measurement experiments. More work on the oxidation and 

patterning process done by J. Zaveri is available in his dissertation [117]. 

creating PEDOT patterns, such as synthesizing the 

also managed to create nano wires using the 

same method, but this makes the total fabrication more complicated and expensive.  

also been done using reactive ion etching.[118] I did try this 

s for a 120 nm layer, thus making 

it an expensive process and therefore I stuck to using chemical oxidation instead. [119] 

Agrose stamps and gravure printing can make use of chemical oxidation to mass produce 

 

: SEM images of interdigitated electrodes. The imag e contrast is created due to the 

different conductivities between exposed and unexpo sed patterns. (left) Well defined 100 

m lines.  
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Finally the S1818 resist was removed by rinsing in acetone and IPA.  The device 

was then dried out on a 95 ºC hotplate for 5 min and 120 ºC oven for 2 min as PEDOT:PSS 

absorbs some solvents during the processes. Then the device was cleaned for 20-24 s in the 

oxygen plasma asher for the next step. This last plasma clean can be quite important and 

one of the possible reasons why Su-8 peels off during cell cultures. The other possibility is 

that thinner layers of PEDOT:PSS will absorb water which (since the absorption follows a 

diffusion pattern [120]) will reach the bottom, losing its own adhesion as well as allowing 

water under the SU-8 layer. This usually ends in the cell culture failing as well. 

  

3.2.4 SU8 Insulation Layer and Patterning 

 SU-8 3005 (5 µm thickness) is used for the insulation layer as it is thick enough for 

a reliable and decent insulation layer while not creating an entire wall for cells to climb in 

and out off. Its processing is far easier as well when compared to the SU-8 3050 (50 µm 

thickness), which takes far longer baking times and exposure times. Immediately after the 

plasma ash step in the last process, the device was spin coated with SU-8 3005 at 

3000RPM for 30 s and baked on a 95 ºC hotplate for up to 15-20 min. This ensures all 

bubbles and deformations are removed as unexposed (not yet cross-linked) SU8 has a glass 

transition temperature around 50ºC [121].  After this, it is exposed in the MA6 with the 

appropriate mask for 28 s. Post exposure bake is highly important and was done on a 95 ºC 

hotplate for 1-3 min (The pattern edges should be visible after cooling). Development was 

done in EC solvent for 1 min, rinsed in IPA and dried out. Finally a bake at 170 ºC-180 °C 

for 5-10 min on a hot-plate was performed to harden the SU-8 layer else it can be prone to 

adhesion problems when the device is rinsed with 70% Ethanol. SU-8 is commonly 

hardened at 180°C in an oven. The oven is not used for any baking as the PEDOT:PSS 

releases vapors that will form bubbles in the SU-8 layer above. Perhaps a longer bake 

before the SU-8 layer is spun would be a good option, but I did not wish to bake the 

PEDOT:PSS too often as I need to consider each extra bake can also degrade the polymer. 

A final plasma clean in the oxygen asher was done (60 W for 2 min) as I found that it 

reduced failures due to cells not adhering to the SU-8 surface, or not looking very healthy 

in many experiments. As mentioned earlier, a problem I faced was delaminating of the SU-

8 during cell culturing (after a day or two). One explanation to this is that as the 

PEDOT:PSS absorbs water it expands slightly. The water also penetrates between the SU-

8 and the PEDOT:PSS layers. This causes the SU-8 to lose adhesion and  the experiment 

can fail as water creeps in and the actual surface area of the electrode varies. Also in the 
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case of stem cells, they would usually die around the area, possibly due to release of 

chemicals under the SU-8 (IPA etc). Perhaps the SU-8 needs a longer exposure time by a 

slight amount. The very bottom of the SU-8 is not cross linking properly and would 

delaminate over longer exposure to the solvents. I however found that baking at 180 °C for 

15-20 min really improves this issue which could further explain the need for longer 

exposure for cross linking. The extra exposure would worsen the resolution for the 

lithography though. In the final set of devices I used 35 s exposures and this improved the 

situation. There could be other causes as well. When the devices were scratched at various 

areas, the SU-8 showed that it is a thin crusty layer. Online resources talk about this 

problem. It is related to stress in the SU-8 due to cross-linking and subsequent baking. 

Some people have also considered that the UV exposure over long periods of time (more 

than 20 s) causes stress and needs to be done in steps. It could also be due to poor adhesion 

to the glass substrate which could be improved by adhesion promoters (such as AP300). 

There are techniques of varying SU-8 characteristics by lowering or increasing temp and 

time during prebake. This is due to the solvent retention being manipulated [122, 123]. 

Another possible cause for these failures could be that the SU-8 was old. When I used 

fresh SU-8 at the end of research, I found the layers to be smoother and had no failure in 

adhesion. However I had only two devices with the new SU-8 and not enough experiments 

with those devices, along with the fact that I did bake them at 180°C as well, and feel that 

there may not be enough evidence to completely discard the other possibilities discussed. 

The final baking can cause PEDOT:PSS to create small pockets of air/solvent that create 

little bubbles in the SU-8 (Figure 34). These are not holes, just semi spherical bubbles and 

do not really cause any known adverse effects to the devices. This can be prevented by 

baking before spin coating SU-8 and baking on a hotplate before any baking in a 

convection oven. Thus the final baking was a more elaborate process and is described in 

the device fabrication summary. 
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Figure 34 : PEDOT:PSS

PEDOT:PSS and the Su

 

I also fabricated devices that had micropillar structures on the working electrode for 

the experiments in Chapter 8: 

regular devices. The only difference is the mask used for the lithography of the SU

include the pattern for the pillars. I used two masks in a single lithography step but two 

separate exposures. One mask had the original electrode pattern and the second one 

exposed only the square pillars on top of the electrode. 

Figure 35: Micrograph showing
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: PEDOT:PSS electrode with deformation due to bubble formations , between the 

PEDOT:PSS and the Su -8 layers, being used in experiment with MDCK cells.

I also fabricated devices that had micropillar structures on the working electrode for 

Chapter 8: . The fabrication of these devices was the same as for the 

regular devices. The only difference is the mask used for the lithography of the SU

include the pattern for the pillars. I used two masks in a single lithography step but two 

separate exposures. One mask had the original electrode pattern and the second one 

exposed only the square pillars on top of the electrode.  

Micrograph showing  7 µm x 7 µm SU-8 micro pillars placed 7

on Au electrodes. 
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electrode with deformation due to bubble formations , between the 

8 layers, being used in experiment with MDCK cells.  

I also fabricated devices that had micropillar structures on the working electrode for 

The fabrication of these devices was the same as for the 

regular devices. The only difference is the mask used for the lithography of the SU-8 must 

include the pattern for the pillars. I used two masks in a single lithography step but two 

separate exposures. One mask had the original electrode pattern and the second one 

 

8 micro pillars placed 7  µm apart fabricated 
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 Au electrode devices were made using a lift-off process. First a glass substrate was 

cleaned thoroughly using acetone, methanol and iso-propanol. It was then cleaned using a 

oxygen plasma for 3 min at 180 W. The substrate was then coated with S-1818 at 3000 

RPM for 60 s and baked for 1-2 min on a 95°C hotplate. The resist was then exposed under 

the appropriate electrode mask for 10 s in the MA-6. It was then developed in a 1:1 

microposit developer and RO water solution for 60 s and thoroughly rinsed with RO water. 

First 2 nm of Ti are evaporated onto the surface followed by 60 nm of Au (using Plassys 

MEB) and then the device was left in acetone for 30 – 60 min, with the beaker in a 50°C 

water bath. The beaker was removed and sonicated in a ultrasonic bath for 3 min. The 

device was then removed and rinsed with acetone and iso-propanol. After a oxygen plasma 

clean (180 W, 3 min) the device was coated with SU-8 3005 at 3000 RPM for 30 s and 

baked for 20 min on a 90 °C hotplate. The SU-8 resist was patterned using 

photolithography in the MA-6 (35 s exposure, developed in EC solvent for 1 min and 

rinsed in iso-propanol) to define the electrode windows, contacts of the device and the 

micropillars if required.  

3.2.5 Attaching Wells and Preparing Connections 

 The PEDOT:PSS connection ends were coated with silver conducting paint to help 

the contact with the device connector pins. This needs to be baked on a hotplate at 50-

80ºC. Later this coating was also not required once I began using “ZEBRA” elastomeric 

connectors on the PCB.  The wells were attached to the devices using silicone glue which 

was non-toxic to the cells. An epoxy resin was initially used in some of the second 

generation devices on the outside to give mechanical strength but due to its toxic properties 

was not used in the third generation of the devices. Finally the devices need to be rinsed 

with 70% ethanol to sterilize them. This was done by simply adding the solution to the 

wells using a pipette and leaving it for 10 s, then removing it using a pipette and leaving 

the device to dry. Just before any cell experiment, the devices were exposed to oxygen 

plasma (120 W, 1 – 2 min) in the asher. This was followed by any protein coating if 

needed and then cells were seeded. 

3.2.6 PEDOT:PSS Device Fabrication Summary 

This is the final fabrication procedure used at the end of my work: 

Substrate Cleaning 

1. Clean the substrate using acetone, methanol and iso-propanol for 3 min each. 

2. Clean the substrate using oxygen plasma at 180 W for 3 min. 
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Alignment Layer and Lift Off 

3. Spin coat S-1818 photo resist at 3000 RPM for 60 s. 

4. Expose the resist in the MA-6 with the alignment mask for 10 s (7.1mW/cm2). 

5. Develop the resist in Microposit developer (diluted 1:1 with RO water) or MF 319 

developer for 60 s followed by rinsing in RO water and drying. 

6. Evaporate 30 nm of Al onto the sample surface using Plassys MEB  

7.  Leave the sample in a beaker of acetone. Place the beaker in a 50 °C water bath for 

30 min. 

8. Place the beaker in a ultrasonicator for 3 min till all the excess metal has lifted off 

the surface. 

PEDOT:PSS Layer 

9. Clean the substrate in fresh acetone and iso-propanol. 

10. Clean the substrate using oxygen plasma at 180 W for 3 min. 

11. Spin coat PEDOT:PSS (Orgacon S305) at 1000 RPM for 30 s 

12. Bake for 30 s on a 95 °C hotplate 

13. Spin coat a second layer of PEDOT:PSS at 1000 RPM for 30 s 

14. Bake for 5 min on a 95 °C hotplate 

15. Spin coat S-1818 photo resist at 3000 RPM for 60 s. Use a primer coating if 

adhesion is poor. 

16. Bake for 1 min on a 95 °C hotplate 

17. Expose the resist in the MA-6 with the electrode pattern mask for 10 s 

18. Develop using only Microposit developer (diluted 1:1) for 60 s, rinse in RO water 

and dry. DO NOT USE MF319 as the byproducts will oxidize the PEDOT:PSS and 

cause the required pattern to lose adhesion and ruins the quality 

19. Expose to a 5% bleach solution for 10 s and then rinse under flowing RO water till 

all the exposed PEDOT:PSS is stripped away.  

20. Rinse in acetone to remove the S-1818. 

21. Bake on a 95 °C hot plate for 5 min to help remove any solvent that may have been 

absorbed by the polymer during fabrication. Follow up with 5 min baking in a 120 

°C oven. 

SU-8 Layer 

22. Clean in oxygen plasma for 30 s at 80 W. 

23. Spin coat SU-8 3005 at 3000 RPM for 30 s. 
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24. Bake on a hot plate at 95 °C for 20 min 

25. Expose the resist using the MA-6 with the contacts and electrode pattern mask, for 

35 s. 

26. Perform a post exposure bake for 1 min on a 95 °C hotplate.  

27. Develop using EC solvent for 1 min. Rinse using iso-propanol. 

28. Bake the finished device on a 95 °C hotplate for 5 min, followed by a bake in the 

120 °C oven for 5 min and a 2 min bake in the 180 °C oven.  
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3.3 Instrumentation: Design and Development 
The impedance measurement kit was designed and developed by myself and was an 

important part of the project. It went through many changes and alterations over the course 

of my work. The final setup used a commercial impedance measurement instrument along 

with self made software and hardware and is summarized at the end of this chapter. 

Initially I tried to develop a system for impedance measurement using a NI data acquisition 

(DAQ) device PCI 6221. A PCB was designed to connect the devices and also provided a 

high pass filter, attenuator and an amplifier for the receiving end. By applying a signal 

which was the sum of sinusoids at different frequencies, and performing a fast Fourier 

transform on the received signal, it was possible to measure multiple frequencies at very 

fast rates, without having to generate them separately. A Labview program was made to 

perform all the tasks for generation, measurement, timing and display. This setup however 

suffered from the fact that the DAQ could not be used for frequencies higher than 25 kHz 

as its maximum sampling rate was 250 kS/s and if lesser samples were taken per period, 

the accuracy of FFT was reduced as well as the overall measurements. I felt that I needed 

to look at a larger bandwidth. The lower frequency spectrum is important for the 

electrochemical analysis of the interfacial impedance where the Warburg impedance and 

impedance of the interfacial capacitance are highest. Higher frequencies (up to 500 kHz) 

are useful for cell impedance measurements. A two wire connection was inappropriate for 

the accuracy required for the experiments as it suffers from cable parasitic and contact 

resistance. Thus I started to use a proper Impedance Analyzer (Agilent 4294A) with proper 

4 wire sensing (Kelvin connections) which removes the cable parasitic and contact 

resistance. It also allows us to place a multiplexer circuit in the connection path to the 

device under test without too much adverse effects to the results. 
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Figure 

In time I also used a Quadtech 1920 LCR meter to measure from 20

as the Agilent analyzer’s minimum frequency was 40

allowed me to have two setups as I was looking at measuring human 

differentiation while continuing my MDCK experiments

The measurement 

LABVIEW program created and run from desktop PC. This program controls all 

equipment, records the measurements and stores them in files and folders named according 
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Figure 36: The setup with the Agilent 4294A in the lab.

In time I also used a Quadtech 1920 LCR meter to measure from 20

as the Agilent analyzer’s minimum frequency was 40 Hz (maximum of 110

allowed me to have two setups as I was looking at measuring human 

continuing my MDCK experiments.  

Figure 37: Measurement Setup 

The measurement setup has four components as shown in Figure 

LABVIEW program created and run from desktop PC. This program controls all 

equipment, records the measurements and stores them in files and folders named according 
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Agilent 4294A in the lab.  

In time I also used a Quadtech 1920 LCR meter to measure from 20 Hz to 1 MHz 

Hz (maximum of 110 MHz).  It 

allowed me to have two setups as I was looking at measuring human embryonic stem cell 

 

Figure 37. The first is the 

LABVIEW program created and run from desktop PC. This program controls all of the 

equipment, records the measurements and stores them in files and folders named according 
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to the experiment and the well measured. It allows configuration of the hardware and the 

experimental parameters such as measurement time periods, voltages of the signals, 

bandwidths of measurements etc. The program will be described in detail after the 

hardware which constitutes the rest of the set-up has been described.  

The second component is the national instruments data acquisition (NI-DAQ) unit 

which provides an interface between the hardware and the LabView program. Multiple 

ones were used (PCI 6221, NI-USB 6211 and NI-USB 6008) throughout my work 

depending on where I was working and with which set of equipment. It does not make 

much of a difference as they simply provide logic ouput and ADC conversion if the sensor 

data was utilized.  

The third component of Figure 37 is the impedance measurement instrument which 

is either the Agilent 4294A or Quadtech 1920 LCR meter. Both instruments work using an 

auto-balancing bridge (Figure 38). The auto-balancing bridge techniques allow us to 

measure impedance with frequencies up to 110 MHz with a 4 terminal connection. The 4 

terminal connections are based on the Kelvin connection method whereby separating the 

current and voltage measurement cables we reduce the effects of stray parasitic and cable 

impedances (the voltage cables carry very little current reducing the effects of series 

resistance etc). The signal source will generate current that will pass through the DUT (Ix) 

from the Hc (high current) terminal. The Hp (high potential) terminal is isolated so that 

accurate measurements of the voltage (Vx) can be performed. The current Ix flows into the 

Lc (low current) terminal. If there is any potential generated at Lc this can cause stray 

capacitance to be formed between it and the ground leading to errors. The null detector 

creates a feedback loop that has a virtual ground at the Lc terminal. This null detector can 

be a differential amplifier in a voltage follower configuration but for accurate 

measurements above 100 kHz the circuit is more complicated and not discussed here. The 

current Ir will flow through the Rr (range resistor) and balances Ix. By measuring the 

voltage drop across Rr we can measure the current and find the impedance of the DUT. 
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Measuring impedance can be complicated and depending on the actual impedance 

value of the device under test (DUT) and the frequency, the problems vary 

method of connection for the 4 terminals 

extremely important for the accuracy and precision of the measurements over the entire 

frequency range. The configurations will affect the accuracy of the measurements either 

for the range of the impedance

complicated to find the right kind of configuration and in many cases, where my 

theoretical convention failed me I resorted to trial and error by measuring 

calibration PCB. The PCB was a replica of the electrode patterns for the devices wit

discrete components (

The type of configuration I aimed for was the four terminal pair which also uses the 

cable shielding to form a loop for the return current. This allows us to cancel mutual 

inductance between the cable as the signal current flowing through the cores is opposite in 

direction but same in magnitude to the return current flowing in the shield. 

configuration is supposed to cover a wide range of impedance values (1

in the required bandwidth (20 Hz 

ground of the multiplexer to the cable shields helps with noise reduction. The cables 

themselves have a finite length along with internal resis

affect the cabling. In the case of the Quadtech LCR meter, it has 

compensate for 1m length coaxial cable inaccuracies. In the case of the Agilent impedance 

analyzer the cables were longer (extensions attached) due to the instruments size and

requiring it to be placed in a manner further from the cable port of the incubator. This had 

some adverse effects and 

experiments I have don

scripting) without any adverse effects as the informati
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Figure 38: Auto-balance bridge 

Measuring impedance can be complicated and depending on the actual impedance 

value of the device under test (DUT) and the frequency, the problems vary 

method of connection for the 4 terminals also. The cable connection configuration can be 

emely important for the accuracy and precision of the measurements over the entire 

The configurations will affect the accuracy of the measurements either 

for the range of the impedance or the bandwidth of the test signal. 

complicated to find the right kind of configuration and in many cases, where my 

theoretical convention failed me I resorted to trial and error by measuring 

The PCB was a replica of the electrode patterns for the devices wit

s (SMD component package type used was 1206

of configuration I aimed for was the four terminal pair which also uses the 

cable shielding to form a loop for the return current. This allows us to cancel mutual 

n the cable as the signal current flowing through the cores is opposite in 

direction but same in magnitude to the return current flowing in the shield. 

configuration is supposed to cover a wide range of impedance values (1

ed bandwidth (20 Hz – 1 MHz). Eventually I also found that connecting the 

ground of the multiplexer to the cable shields helps with noise reduction. The cables 

themselves have a finite length along with internal resistance and inductance that also 

he cabling. In the case of the Quadtech LCR meter, it has internal settings that 

1m length coaxial cable inaccuracies. In the case of the Agilent impedance 

analyzer the cables were longer (extensions attached) due to the instruments size and

requiring it to be placed in a manner further from the cable port of the incubator. This had 

some adverse effects and Figure 39 demonstrates the large error above 125 

experiments I have done the analysis with a bandwidth from 40 Hz to 100 kHz (Matlab 

scripting) without any adverse effects as the information above 100 kHz is not essential. I 
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Measuring impedance can be complicated and depending on the actual impedance 

value of the device under test (DUT) and the frequency, the problems vary as does the 

The cable connection configuration can be 

emely important for the accuracy and precision of the measurements over the entire 

The configurations will affect the accuracy of the measurements either 

or the bandwidth of the test signal. It can be pretty 

complicated to find the right kind of configuration and in many cases, where my 

theoretical convention failed me I resorted to trial and error by measuring a self designed 

The PCB was a replica of the electrode patterns for the devices with 

SMD component package type used was 1206).  

of configuration I aimed for was the four terminal pair which also uses the 

cable shielding to form a loop for the return current. This allows us to cancel mutual 

n the cable as the signal current flowing through the cores is opposite in 

direction but same in magnitude to the return current flowing in the shield. The 

configuration is supposed to cover a wide range of impedance values (1 mΩ to 10MΩ) and 

Eventually I also found that connecting the 

ground of the multiplexer to the cable shields helps with noise reduction. The cables 

tance and inductance that also 

internal settings that 

1m length coaxial cable inaccuracies. In the case of the Agilent impedance 

analyzer the cables were longer (extensions attached) due to the instruments size and shape 

requiring it to be placed in a manner further from the cable port of the incubator. This had 

rates the large error above 125 kHz. In some 

e the analysis with a bandwidth from 40 Hz to 100 kHz (Matlab 

on above 100 kHz is not essential. I 
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was able to reduce the error to a satisfactory level later using calibration procedures in the 

impedance analyzer. However calibrations to a certain standard did not necessarily remove 

all measurement problems over the entire bandwidth. The cable configuration (even with 

calibration) is dependant over the impedance values being measured and the bandwidth. 

Certain cable configurations work best for large impedance values at lower frequencies but 

are inaccurate for impedances at higher frequencies. Figure 39 shows measurements plots 

of a 51 kΩ surface mount resistor on the calibration PCB using the Agilent impedance 

analyzer. The blue plot shows the PCB directly connected to the instrument (no 1 m cables 

or multiplexer). The measurement is accurate and for frequencies above approximately 500 

kHz it shows a small change (negative) in the phase. This is likely due to the parasitic 

capacitance of PCB pads that the resistor is soldered on. The red plot shows the 

measurement of the same resistor but with the cabling applied and the multiplexer as well. 

After approximately 100 kHz the impedance measurement shows inaccuracies. I found that 

calibrations would improve the higher frequency measurements but at a loss of accuracy at 

lower frequencies or with some noise being observed. At this point we can consider that 

our measurements are of parallel resistor and capacitor circuit. That means higher 

impedance at the lower frequencies and lower impedance at the higher end of the 

bandwidth.  

 

Figure 39: 51 kOhm measurement results with the cal ibration PCB inside the incubator and 

connected through the system (System) and the PCB c onnected directly to the 

measurement instrument using a adaptor close to the  ports (Direct). 
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Thus I measured the impedance of a 51

(SMD) on the calibration PCB. 

circuit and the impedance results calculated from a  mathematically modeled circuit with 

the same values. The results show an excellent fit an

system over such impedance

Figure 40 : Plots of the measured and modeled impedance value s of a circuit with a 51kOhm 

Figure 

 The overall system configuration is shown in 

parasitic coupling and cross talk paths expected to be present in the multiplexer PCB. The 

cross talk between channels of the ADG726 would be minute in comparison to the 
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Thus I measured the impedance of a 51 kOhm resistor in parallel with a 1

(SMD) on the calibration PCB. Figure 40 shows the results of the measured values of this 

circuit and the impedance results calculated from a  mathematically modeled circuit with 

the same values. The results show an excellent fit and prove that the accuracy of the 

such impedance conditions is good. 

: Plots of the measured and modeled impedance value s of a circuit with a 51kOhm 

resistor in parallel with 1nF capacitor. 

Figure 41: Measurement configuration and parasitic elements.

The overall system configuration is shown in Figure 41 along with the possible 

arasitic coupling and cross talk paths expected to be present in the multiplexer PCB. The 

cross talk between channels of the ADG726 would be minute in comparison to the 
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: Measurement configuration and parasitic elements.  
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cross talk between channels of the ADG726 would be minute in comparison to the 



Materials and Methods  78 

inductance and resistance of the PCB traces and the coupling between electrodes etc. These 

values may not be measured as easily as I would have liked but by measuring known 

elements (calibration PCB) I felt confident in the results. When considering the 

PEDOT:PSS electrodes own resistivity and the fact that the material would not behave like 

some ideal metal, the errors were small, and can be ignored. What is important is that the 

measurement system should be able to measure reasonably well in the mega Ohm range for 

frequencies below 1 kHz and below 100 kOhms at higher frequencies (conforming to the 

impedance spectrum of a typical capacitor and resistance in parallel, which is what 

corresponds to anticipated values in the cell measurement).   

Finally the fourth component in Figure 37 is the multiplexer (MUX) circuit (Figure 

42) which allows measurement of multiple wells one at a time. This circuit utilizes 

ADG726 integrated circuits (IC’s) to connect a set of electrodes to the measurement 

equipment. Initially I used the ADG904 (4:1) multiplexer IC’s which provided very low 

‘ON’ resistance and bandwidth up to 1 GHz. This however limited the number of 

experiments I could perform at a time and was alright till the second generation devices. 

After I realized that I required more wells, I switched to the ADG726 which has a good 

bandwidth (-3dB @ 34 MHz) for our requirements and a decently low ‘ON’ resistance (4 

Ohms). The ADG726 is dual 16 channel analog multiplexer thus allowing four 16 channel 

multiplexing using only 2 IC’s (for a 4 probe Kelvin connection). The current and voltage 

paths are joined right after the multiplexer so that errors due to the IC’s are reduced in the 

path. This is another reason why using the four probe method is essential as it negates 

effects of the impedance due to the IC’s in the path similar to what happens to cable 

parasitics. The IC’s are powered with a 2.5V and a -2.5V supply. The circuit is connected 

to the main power supply and NI-DAQ units via a DB25 connector. The main power 

supply is a DC power supply that provides 12V, -12V and a ground. The circuit has its 

own power supply regulation (using Low drop out regulators LDO’s) so that it can provide 

5V,-5V, 2.5V and -2.5V supplies to IC’s and sensor board. The NI-DAQ provides all the 

logic for the multiplexing and all the IC’s are connected to the same 4 bit data connection. 

This way each MUX is configured for the same input/output for each measurement. This 

can limit the device design but provides a simpler PCB layout and reduces the chances of 

creating errors due to logic and programming.  The PCB was made on a double sided 

board, meaning it was not possible to shield the tracks. However the paths from the point 

where the high and low contact would join (after passing through the IC) to the contacts of 

the device were not very long. Ideally it would be good to have some form of four layer 

PCB with ground planes above and below the tracks and separate contacts for each voltage 
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and current wire. Results shown in 

frequencies and around the expected impedance values.

time improving the PCB.

The circuit board also has a sensor board which has a temperature and humidity 

sensor, outputs of which are s

DAQ unit. This was used initially to understand the effects of temperature and the 

surroundings especially when the incubator door was opened frequently by other users. 

Later once I started using a cont

exclusively for my project

the sensors were on separate PCB’s which could be slotted easily using board edge 

connectors. This allowed 

without having to constantly redo the power supplies and sensor circuitry. The MUX board 

is also the connector for the device. For the second generation devices this was a horizontal 

board edge connector and the device was simply slotted into it. Later with the 8

devices, I changed to something more different as I had many mechanical failures due to 

scratching of the device connections (PEDOT:PSS and the silver paint). I designed the 

PCB such that it could host pins that were bent (allowing for a mechanical spring action) 

that would connect to the device and were tightened by force applied with screws on the 

PCB. Later the pins were chang

allowed direct connection to the PEDOT:PSS layer without the need for silver conducting 

paint.  

Figure 42 : Multiplexer circuit board, layout (left) and hold ing a device inside the plastic 

The LABVIEW program 

how it collects the data, but overall is the same in terms of storing that data and how it 
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Results shown in Figure 40 show good accuracy over the required 

frequencies and around the expected impedance values. Therefore I did not spend more 

time improving the PCB. 

The circuit board also has a sensor board which has a temperature and humidity 

sensor, outputs of which are sent through the DB25 connector to the ADC’s of the NI

This was used initially to understand the effects of temperature and the 

surroundings especially when the incubator door was opened frequently by other users. 

Later once I started using a container to cover the device (and ended up using a

exclusively for my project) and the circuit, it did not matter much. The power supply and 

the sensors were on separate PCB’s which could be slotted easily using board edge 

connectors. This allowed me to play around with my multiplexing switch PCB design 

without having to constantly redo the power supplies and sensor circuitry. The MUX board 

is also the connector for the device. For the second generation devices this was a horizontal 

ctor and the device was simply slotted into it. Later with the 8

devices, I changed to something more different as I had many mechanical failures due to 

scratching of the device connections (PEDOT:PSS and the silver paint). I designed the 

t it could host pins that were bent (allowing for a mechanical spring action) 

that would connect to the device and were tightened by force applied with screws on the 

PCB. Later the pins were changed to gold “ZEBRA” elastomeric connectors that then 

direct connection to the PEDOT:PSS layer without the need for silver conducting 

: Multiplexer circuit board, layout (left) and hold ing a device inside the plastic 

container. 

The LABVIEW program differs for the two impedance measurement systems in 

how it collects the data, but overall is the same in terms of storing that data and how it 
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surroundings especially when the incubator door was opened frequently by other users. 
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the sensors were on separate PCB’s which could be slotted easily using board edge 

me to play around with my multiplexing switch PCB design 

without having to constantly redo the power supplies and sensor circuitry. The MUX board 

is also the connector for the device. For the second generation devices this was a horizontal 

ctor and the device was simply slotted into it. Later with the 8-well 

devices, I changed to something more different as I had many mechanical failures due to 

scratching of the device connections (PEDOT:PSS and the silver paint). I designed the 

t it could host pins that were bent (allowing for a mechanical spring action) 

that would connect to the device and were tightened by force applied with screws on the 

gold “ZEBRA” elastomeric connectors that then 

direct connection to the PEDOT:PSS layer without the need for silver conducting 

 

: Multiplexer circuit board, layout (left) and hold ing a device inside the plastic 

differs for the two impedance measurement systems in 

how it collects the data, but overall is the same in terms of storing that data and how it 
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displays it. Initially it will configure the instrument and save all the configuration details in 

a file (“expparam.txt”). The program creates a folder with the experiment name (set by the 

user) and saves the configuration data file in that folder. All the files for the particular 

experiment will be saved in the same folder. This is extremely important for all the 

MATLAB scripts that are used to generate different graphs and analyze data (results 

section) as all the scripts have a general method of loading the data into memory before 

processing it. It will then move into a while loop that will have its iterations separated by a 

time gap which is set by the user. This time gap is the delay between each measurement 

and must be larger than the overall time taken by the instrument to complete measurements 

of all 8 wells. The total time taken depends on the total number of frequency points that are 

measured and at which kind of accuracy setting (Quadtech 1920 has different modes of 

accuracy that affect its measurement time per frequency point). In most experiments the 

number of frequency points was set to 50 and a safe bet for the minimum delay was 5 

minutes. The program will end once the user stops the entire program from running. The 

configurations cannot be changed once the program has started.  

 Inside the while loop we have sequences which occur one after the other. 

Each sequence will first set the logic for the multiplexer to connect the appropriate 

electrodes to the instrument. Then the instrument is called upon to measure the data and 

pass it on to the program which will then arrange the data to be sent for graph display and 

file storage. Each while loop iteration will also save the data files to a network location 

specified. This allows me to monitor my experiments from any location. The length of 

each experiment can be long and the program needs to be paused or stopped when media is 

being changed or pictures taken of the cells. I found that if the program is paused and run 

over the entire duration of more than 2 days, the PC can run out of memory and the 

program crashes. This is a problem (possibly due to the graphs being displayed) as 

memory is not being used in a efficient manner. Perhaps there is a need to specify memory 

release however this would not be possible if that data was being used to display graphs. It 

was not an essential requirement and I proceeded by simply stopping instead of the pausing 

the program. The folders were separated by numbers at the end of the experiment name 

and the data was later put together using a MATLAB script.  
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Figure 43: MUX PCB holding the device inside the co ntainer. This is the final result of all the 

fabrication and system design work which sits insid e the incubator. 

 

3.4 LABVIEW Software Design: 
I used Labview to create a control program for the measurement devices and experimental 

setup. There were two different instruments used, the Quadtech 1920 LCR meter, and the 

Agilent 4294A Impedance analyzer. This required two different programs as the LCR 

meter did not do frequency sweeps, thus the program had to cater for this. For the 

impedance analyzer, it only needed to be provided with the input parameters and triggered 

for each frequency sweep. Then the data can be extracted and the iteration repeats once all 

the wells have been measured.    
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Figure 44 : Screen shots of the Labview pr

Figure 44 shows the screen shots of the 

input controls and the graphs to display the data while the experiment is being run. The 

block diagram contains all the VIs (virtual 

the PC and the instruments were taken from the National Instruments database. The

then used to create my own

storing all the user input information (voltage, time started, folder name, total number of 

frequency points etc) and stores them in a file (“exp

the MATLAB scripts to generate the graphs. The program will then enter a loop (this one 

will continue till the user presses stop) where the measurement, graph generation and data 

storage VIs will perform their functions. The measur

communicate with the instrument via GPIB protocol and also provide the logic for the 

multiplexer via a NI-DAQ (National Instrument Data Acquisition) hardware device. These 

are run in a loop until the final well is also measured an

are passed to the main program once the iterations are completed. In the case of the LCR 

meter, a single frequency is measured, the frequency is changed and the measurement 

started again until the final frequency is meas

another well. Once all the measurements are done, the data

data storage VIs which will display them in the front control panel and store the data in the 

respective files and folders. 

storage drive so that the data can be monitored from anywhere. Once this is all finished, 

the main program will wait till the delay period between each measurement iteration for 

the experiment has elapsed before beginning another one. The whole program will stop 

only once the user requests it. The graphs can be generated using the data files and 
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: Screen shots of the Labview pr ogram. (Left) Front panel, (Right) block diagram 

window. 

shows the screen shots of the main program. The front panel contains the user 

controls and the graphs to display the data while the experiment is being run. The 

block diagram contains all the VIs (virtual instrument). The VIs for the interface between 

the PC and the instruments were taken from the National Instruments database. The

then used to create my own VIs that were part of the main program. The program starts by 

storing all the user input information (voltage, time started, folder name, total number of 

frequency points etc) and stores them in a file (“expparasetup.txt”) which is essential for 

the MATLAB scripts to generate the graphs. The program will then enter a loop (this one 

will continue till the user presses stop) where the measurement, graph generation and data 

storage VIs will perform their functions. The measurement VI has the VIs that 

communicate with the instrument via GPIB protocol and also provide the logic for the 

DAQ (National Instrument Data Acquisition) hardware device. These 

are run in a loop until the final well is also measured and the data is stored in arrays that 

are passed to the main program once the iterations are completed. In the case of the LCR 

meter, a single frequency is measured, the frequency is changed and the measurement 

started again until the final frequency is measured before the multiplexer switches to 

another well. Once all the measurements are done, the data will be passed to the graphs and 

data storage VIs which will display them in the front control panel and store the data in the 

respective files and folders. The network upload VI will store all these files onto a network 

storage drive so that the data can be monitored from anywhere. Once this is all finished, 

the main program will wait till the delay period between each measurement iteration for 

has elapsed before beginning another one. The whole program will stop 

only once the user requests it. The graphs can be generated using the data files and 
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storage drive so that the data can be monitored from anywhere. Once this is all finished, 

the main program will wait till the delay period between each measurement iteration for 

has elapsed before beginning another one. The whole program will stop 

only once the user requests it. The graphs can be generated using the data files and 
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MATLAB scripts. The curve fitting algorithms and scripts also use the same files for 

analysis.  

Figure 45 : Flow diagram for the Labview program to control t he 1920 Quadtech LCR meter.

 

3.5 Curve Fitting Using Complex Nonlinear Least 

Square Method:
 Regression analysis helps to understand the change in a dependant variable to a 

independent variable by keeping other independent variables constant.

will relate the dependant variable 

Eq. 18, where β are the unknown parameters.
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MATLAB scripts. The curve fitting algorithms and scripts also use the same files for 

 

: Flow diagram for the Labview program to control t he 1920 Quadtech LCR meter.

Curve Fitting Using Complex Nonlinear Least 

Square Method: 
Regression analysis helps to understand the change in a dependant variable to a 

dependent variable by keeping other independent variables constant.

will relate the dependant variable Y to the independent variable X as shown in equation 

are the unknown parameters. 
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MATLAB scripts. The curve fitting algorithms and scripts also use the same files for 

: Flow diagram for the Labview program to control t he 1920 Quadtech LCR meter.  

Curve Fitting Using Complex Nonlinear Least 

Regression analysis helps to understand the change in a dependant variable to a 

dependent variable by keeping other independent variables constant. A Regression model 

as shown in equation in 

Eq. 18 
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Non-linear least square method is a type of regression analysis that tries to minimize the 

sum of the squares of the residuals (Eq. 19).  

 u�8� � ?vwx 3 5�
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Eq. 19 

 

The Levenberg-Marquardt algorithm most commonly used to solve the problem of 

minimizing the function. The method is iterative and will vary each parameter separately 

till it finds the minimum residual. In complex non-linear least square (CNLS) complex data 

is used to find parameters of a complex function. Its implementation in MATLAB is not so 

straight forward and the real and imaginary parts are split into two parts but form the same 

array. The real parts are placed first (assume n number of elements) and the imaginary 

parts of each of the kth real part is placed at n+k in the array. This is then used as a single 

set of data for the lsqcurvefit function of MATLAB and the complex results of the function 

being fitted are placed in a similar manner in its own function file. It is important to make 

sense of the results of the curve fitting as one must realize that the numbers could be 

simply providing a good curve fit but not necessarily realistic values. Some of the 

unknowns can be calculated (such as Rs and Rt) and be used as initial conditions for the 

curve fit with some limits applied.  

 

3.6 Summary Of Instrumentation Setup 
 

The final kit was based on around a Quadtech LCR meter that connected to the 

fabricated device via a multiplexer circuit. The multiplexer circuit allowed 4 probe 

connections (Kelvin connections) by having four multiplexer for each current and voltage 

line. The connections would join just before the metal connector that would touch the 

connector pattern on the fabricated device (the silver paint coated ends). This was not ideal 

as there would be contact resistance, however it removed impedance due to cabling and the 

multiplexer IC’s sitting in between. It was limited as such due to PCB design constraints 

and can be improved in the future by simply adding more contacts and separating the metal 

traces at the contacts. The setup could measure high impedance values (approximately up 
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to 3 MΩ) below a frequency of 100 kHz and low impedance (approximately under 50 kΩ) 

above that frequency. 

The multiplexer circuit board also acted as a mechanical housing for the device and 

had its own power regulation, requiring only positive and negative 12 voltage inputs (along 

with a reference ground) and digital logic (from a National Instrument data acquisition 

device). The multiplexer circuit was the only component from the setup that required to be 

placed inside an incubator during an experiment.  

A software program (made using Labview) ran the entire kit, measuring each well of 

the fabricated device. The software provided variation in voltages, biasing, and timing of 

the data acquisition. It also allowed the data to be stored continuously onto a network drive 

for external access. The data was analyzed using Matlab scripts which could generate 

graphs and perform curve fitting to custom mathematical models. 
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Chapter 4: 
 

During the course of my work, I

me gain confidence in each step as I went along. Since the fabrication, 

impedance, and the cell culturing are all related, it is important to alleviate ourselv

conflicting thoughts else it could affect the other analyses as well. These experiments are 

presented here. 

 

4.1 Fabrication Chemical Tests
In order to insure that the chemicals involved in the fabrication process did not 

degrade the polymer, I performed a few tests to see what happens to the polymer 

impedance when exposed to them. The experimental setup (

the most accurate but helps provide enough information about the effects of the chemicals, 

whether they totally degrade the polymer or have negligible effect on 

was done using strips of glass substrates coated with PEDOT:PSS. The ends were coated 

with silver conducting paint and soldered with wires that were connected to an impedance 

analyzer. A cut off from

edges. Measurements were started and the chemical was poured just enough to cover the 

PEDOT:PSS layer. The end values shown in 

approximately 1 min. 

 

  

Chapter 4:  Early Experiments 

During the course of my work, I performed quite a few experiments that would help 

me gain confidence in each step as I went along. Since the fabrication, 

impedance, and the cell culturing are all related, it is important to alleviate ourselv

conflicting thoughts else it could affect the other analyses as well. These experiments are 

Fabrication Chemical Tests 
order to insure that the chemicals involved in the fabrication process did not 

degrade the polymer, I performed a few tests to see what happens to the polymer 

impedance when exposed to them. The experimental setup (Figure 

the most accurate but helps provide enough information about the effects of the chemicals, 

whether they totally degrade the polymer or have negligible effect on 

was done using strips of glass substrates coated with PEDOT:PSS. The ends were coated 

with silver conducting paint and soldered with wires that were connected to an impedance 

off from a tube was glued onto the center of the strip fully covering the two 

edges. Measurements were started and the chemical was poured just enough to cover the 

PEDOT:PSS layer. The end values shown in Table 3 are the measurements after 

min.  

 

Figure 46 : Chemical test experimental setup.
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performed quite a few experiments that would help 

me gain confidence in each step as I went along. Since the fabrication, the electrochemical 

impedance, and the cell culturing are all related, it is important to alleviate ourselves of any 

conflicting thoughts else it could affect the other analyses as well. These experiments are 

order to insure that the chemicals involved in the fabrication process did not 
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Figure 46) was simple and not 

the most accurate but helps provide enough information about the effects of the chemicals, 
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with silver conducting paint and soldered with wires that were connected to an impedance 
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: Chemical test experimental setup.  
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Chemical |Z| Ω @ 20Hz, Start |Z|Ω @20Hz, End (after 1 min) 

Acetone 1269 1296 

Bleach 1667 349140 

Microposit Developer 1000 1309 

RO water 1558 1645 

Table 3: |Z| measurements of conducting polymer str ip exposed to chemicals.  

There is the possibility that current will travel through the solvent as well, especially in the 

event the PEDOT:PSS strip looses its conductivity (bleach). Nevertheless the results can 

be indicative of chemical behavior. RO water and Acetone do not do anything significant 

but the Microposit developer does increase the resistivity slightly, and the bleach shows 

expected results due to its oxidative behavior. Observations during fabrication tell me that 

the byproduct produced while developing S1818 (using Microposit developer) cause 

serious oxidation of the PEDOT:PSS. I have not performed any tests or experiments to 

prove this however I have seen the PEDOT:PSS layer exposed to the developed S1818 

become brownish and shows loss of adhesion. It does not matter for my fabrication step as 

the mask is positive.  

 

4.2 Tests with Saline Solutions and Temperature 

Dependance 
 In order to be certain out about our controls during the experiments, I measured the 

characteristics of the different media that would be used over 24 hrs. Interestingly all types 

of media used showed a constant change in |Z|. This change would be reset (in all the 

wells) when media was changed during cell experiments. This behavior could be related to: 

changes in pH (should not really happen with control wells); absorption of CO2 (should 

probably be a logarithmic change with time as it would be a diffusion process [124]); 

interactions on the electrode-electrolyte interface (should not happen over such long time 

periods); or could be related to changes in concentration due to evaporation of solvent once 

placed in the incubator. In the case of PEDOT:PSS it can also be due to the polymer 

changing its chemical characteristics by absorbing water or ions travelling into and out of 

it, its redox state or slow dissolution.  

I did some tests using a 0.154 molar NaCl solution and a Au electrode device to 

understand the effects due to possible evaporation of solvent leaving behind an increase in 

ionic concentration, or what happens if I add more media to the wells. The first one (Figure 
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47) shows the impedance of different volumes of the same salt solution. A higher volume 

has larger impedance at the lower frequency

path. If we look at the earlier modeling shown in 

lower frequency impedance with a flattening of the p

plot) shows that the majority of the increm

consider the finite length Warburg impedance model, and assume that the Nernst diffusion 

layer is larger than the height of the liquid in the well, then this increase in the Warburg 

impedance can be related to an

only travel a path parallel to the surface but will span out into the solution. Since the 

solution is now higher, the path length for the electric field has increased hence increasing 

the value of the Warburg impedance.

Figure 47 : Impedance of a 200mmolar NaCl solution, 400

Second test I did was to use same volume

concentrations of NaCl. 

the lines at 100 kHz. The insert shows there is substantial change in series resistance as

well. At both of the frequency ends we can see that lower concentrations lead to higher 

impedance. In the case of the lower frequenc

path. However the impedance due to the capacitance of the double layer is in para

will also contribute if it changes. As explained in

capacitance will increase for higher concentrations of ions. By increasing the concentration 

  

) shows the impedance of different volumes of the same salt solution. A higher volume 

has larger impedance at the lower frequency showing higher impedance in the 

If we look at the earlier modeling shown in Figure 15 we can see that the increasing 

lower frequency impedance with a flattening of the phase (and straightening of the N

plot) shows that the majority of the increment here is in the Warburg impedance. 

consider the finite length Warburg impedance model, and assume that the Nernst diffusion 

layer is larger than the height of the liquid in the well, then this increase in the Warburg 

impedance can be related to an increase in the length of the solution. Electric fields will not 

only travel a path parallel to the surface but will span out into the solution. Since the 

solution is now higher, the path length for the electric field has increased hence increasing 

lue of the Warburg impedance. 

: Impedance of a 200mmolar NaCl solution, 400

Second test I did was to use same volume (400 µL) of solutions with different 

concentrations of NaCl. Figure 48 shows the measured impedances

kHz. The insert shows there is substantial change in series resistance as

At both of the frequency ends we can see that lower concentrations lead to higher 

impedance. In the case of the lower frequencies we would usually analyze

. However the impedance due to the capacitance of the double layer is in para

will also contribute if it changes. As explained in 2.2.1 and shown by 

capacitance will increase for higher concentrations of ions. By increasing the concentration 
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) shows the impedance of different volumes of the same salt solution. A higher volume 

showing higher impedance in the Faradaic 

we can see that the increasing 

hase (and straightening of the Nyquist 

ent here is in the Warburg impedance. If we 

consider the finite length Warburg impedance model, and assume that the Nernst diffusion 

layer is larger than the height of the liquid in the well, then this increase in the Warburg 

increase in the length of the solution. Electric fields will not 

only travel a path parallel to the surface but will span out into the solution. Since the 

solution is now higher, the path length for the electric field has increased hence increasing 

 

: Impedance of a 200mmolar NaCl solution, 400 µL and 200µL. 

of solutions with different 

shows the measured impedances with an insert showing 

kHz. The insert shows there is substantial change in series resistance as 

At both of the frequency ends we can see that lower concentrations lead to higher 

ies we would usually analyze the Faradaic 

. However the impedance due to the capacitance of the double layer is in parallel and 

and shown by Figure 7, the 

capacitance will increase for higher concentrations of ions. By increasing the concentration 
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of the solution, we have thus reduced the impedance. 

inversely proportional to the concentration however looking at the results of the volume 

experiment above, we can observe that the difference due to concentration is mostly due to 

changes to the interfacial capacitance. The charge transfer resistance is not dependan

the concentration of the solution, though neutral species and a lesser access to ions could 

increase it. At higher frequencies 

conductivity.  

Figure 48 : Changing the so

concentrations in the legend show Molar (

 Another thing to consider is the 

found that the setup was susceptible to temperature changes even if

opened for a short duration (5 secon

temperature shown in the plot is lower by 11

change of 2°C can cause the impedance to change by a large amount especially in the case 

of Au electrodes. The resistance of a 0.1 M NaCl solution for 3mm (distance between 

electrodes) at 37 °C is 22.8 

Figure 49 shows the change in |Z| to be of almost 15 k

due to simply a change in the resistivity of the electrolyte. 

change is dependent on the frequency and larger for lower frequencies. Hence this may 

have to do with Rt, A

thermal voltage and hence the te

temperature will play an important role in the impedance measurements

lower frequencies.   

  

of the solution, we have thus reduced the impedance. The Warburg impedance 

proportional to the concentration however looking at the results of the volume 

experiment above, we can observe that the difference due to concentration is mostly due to 

changes to the interfacial capacitance. The charge transfer resistance is not dependan

the concentration of the solution, though neutral species and a lesser access to ions could 

At higher frequencies it is simply a case of lower concentrations having less 

: Changing the so lutions salt concentration, results of two wells

concentrations in the legend show Molar ( Mol/dm 3

Another thing to consider is the temperature. During my MDCK experiments

found that the setup was susceptible to temperature changes even if

opened for a short duration (5 seconds or less). This is highlighted in 

temperature shown in the plot is lower by 11°C due to an offset error in my setup. Even a 

change of 2°C can cause the impedance to change by a large amount especially in the case 

The resistance of a 0.1 M NaCl solution for 3mm (distance between 

electrodes) at 37 °C is 22.8 Ω and at 35 °C is 23.5 Ω (calculation shown in Appendix)

shows the change in |Z| to be of almost 15 kΩ at 100 Hz. That is too large to be 

due to simply a change in the resistivity of the electrolyte. Figure 49

change is dependent on the frequency and larger for lower frequencies. Hence this may 

, Aw and the interfacial capacitance, Cd as all three are dependent on the 

and hence the temperature. It is therefore expected 

temperature will play an important role in the impedance measurements

89 

The Warburg impedance is also 

proportional to the concentration however looking at the results of the volume 

experiment above, we can observe that the difference due to concentration is mostly due to 

changes to the interfacial capacitance. The charge transfer resistance is not dependant on 

the concentration of the solution, though neutral species and a lesser access to ions could 

is simply a case of lower concentrations having less 

 

lutions salt concentration, results of two wells . The 
3) values. 

temperature. During my MDCK experiments, I 

found that the setup was susceptible to temperature changes even if the incubator door was 

ds or less). This is highlighted in Figure 49. The 

°C due to an offset error in my setup. Even a 

change of 2°C can cause the impedance to change by a large amount especially in the case 

The resistance of a 0.1 M NaCl solution for 3mm (distance between 

(calculation shown in Appendix). 

 at 100 Hz. That is too large to be 

49 also shows that the 

change is dependent on the frequency and larger for lower frequencies. Hence this may 

as all three are dependent on the 

mperature. It is therefore expected that the variation in 

temperature will play an important role in the impedance measurements, especially at 
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Figure 49 : Changes due to temperature variations. The temper ature

offset. The temperature was actually 37

 

 

 

  

: Changes due to temperature variations. The temper ature

offset. The temperature was actually 37 °C when it shows as 26 °

frequency values of the plots shown. 
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: Changes due to temperature variations. The temper ature  measurements had an 

°C. The legend shows 
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Chapter 5:  “G old vs Pedot”: A Comparison 

Study 
 

Cell impedance measurement sensitivity is dependent on the characteristics of the 

electrode-electrolyte interface. The interfacial capacitance and charge transfer resistance 

are the most crucial in this respect. Higher impedance values due to the two can result in 

the noise obscuring the impedance changes due to the cells. It also means any 

measurements of current/potential at the electrodes (example the action potential for 

electrodes used in neural implants) will have high impedance in its path that is undesirable. 

(These characteristics are related to the material used, electrode geometry, applied 

potential and the media being used. The media we are using is chosen in regards to the cell 

being used and cannot be altered else it could affect cell growth and behavior. The 

electrode geometry can be altered; however we would like to keep it as small as possible if 

we want to focus on single or handful of cells. The changes due to fewer cells being would 

have a larger effect on the measurements and  would help in understanding the 

experiments. If we prefer to look closer at the cells through a microscope then to see the 

entire well plate and having a small electrode helps to insure that the results are related to 

only the area being monitored. The electrode surface area can also be increased using 

methods such as platinization to create platinum black, but this leaves us with a question 

about what affect does the surface morphology have and what actually is the exact surface 

area. The material choice for electrodes is crucial and having different available options is 

very useful. 

We investigated the differences between using PEDOT:PSS and Au as electrode 

materials for CIS. The basic differences between the two in their physical characteristics is 

common knowledge, but the electrical behavior of the two electrode materials under cell 

culture conditions needed to be studied further. Earlier research had shown the benefits of 

PEDOT:PSS for its charge injection capabilities and its electrochemical behavior. Here we 

would like to assimilate those studies and use them to compare the electrochemical 

characteristics of the two materials. The materials are compared by analyzing results of a 

cyclic voltammetry experiment and looking at the impedance models of the electrode 
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interface. By using complex non

find values for our electrical models of the electrode interface that match the impedance 

measurements from experiments. 

 

5.1 Cyclic Voltammetry
 The cyclic voltammetry wa

electrolyte used was HEPES

coating (Ag\AgCl) was used as a reference electrode.

Labview and the voltage swee

Figure 50 : Voltammetry results of (a) PEDOT:PSS electrodes ( and Au electrodes) and (b) 

 The PEDOT:PSS results

end of the reverse current are far apart. T

and setup of the instrument as it would reduc

quick rates one after another. The second error is the 
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By using complex non-linear least square (CNLS) curve fit techniques we can 

find values for our electrical models of the electrode interface that match the impedance 

from experiments.  

Cyclic Voltammetry  
The cyclic voltammetry was done with a Keithly 2400 series source meter. The 

e used was HEPES saline (HS solution) and a silver wire with silver chloride 

AgCl) was used as a reference electrode. The instrument was controlled using 

voltage sweep rate was 0.1V/sec, ranged from -0.5V to 0.5V.

: Voltammetry results of (a) PEDOT:PSS electrodes ( and Au electrodes) and (b) 

only Au electrode, with HS solution. 

The PEDOT:PSS results (Figure 50 (a)) show an error as the start of the forward and the 

end of the reverse current are far apart. This was most probably due to some form of delay 

and setup of the instrument as it would reduce if measurements were

quick rates one after another. The second error is the discontinuity
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linear least square (CNLS) curve fit techniques we can 

find values for our electrical models of the electrode interface that match the impedance 

s done with a Keithly 2400 series source meter. The 

) and a silver wire with silver chloride 

The instrument was controlled using 

0.5V to 0.5V.  

 

: Voltammetry results of (a) PEDOT:PSS electrodes ( and Au electrodes) and (b) 

as the start of the forward and the 

his was most probably due to some form of delay 

e if measurements were started constantly at 

discontinuity between the forward 
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and reverse paths which can be seen in both graphs. This is because the setup was not 

designed to start again from the same positive voltage for the reverse sweep but just 

continues on from the forward sweep and doesn’t measure the first voltage for the reverse 

sweep in the manner it should. These features do not negate the validity of the results and 

are accurate enough to support this discussion. The first graph (a) shows results from 

PEDOT:PSS electrodes and Au electrodes both. The difference in current is so vast (almost 

by a factor of 300) that the gold curve looks like a flat line. The current and rate of voltage 

change relationship is given by Eq. 20 

 | � � ∙ 	���F  
Eq. 20 

This indicates that for the same rate of change of voltage, the current is proportional to the 

capacitance of the electrodes. Thus PEDOT:PSS has a higher interfacial capacitance that 

requires a larger charging current. This is further proven with electrochemical impedance 

analysis of the electrodes. 

5.2 Electrochemical Impedance Spectroscopy: 
 Impedance spectroscopy results of Au and PEDOT:PSS electrodes were used to 

find the model parameters that will characterize the electrodes. The electrodes were of the 

same dimensions, with a working electrode area of 4.15x10-4 cm2 (230 µm in diameter) 

and the reference electrode area being 6x10-2 cm2, which is sufficiently large enough to 

have minimal contribution on the impedance values measured. The amplitude of the 

signals used for the electrochemical comparison was 20mV, which is low enough to work 

in the linear region of the current-over potential relationship [76, 79]. The amplitude for 

CIS measurements was kept higher (80mV) which was set after it was observed to be free 

of any noise when measured using both types of electrodes. It is small enough to be free of 

harmonic distortion and neither caused any adverse effect to the cell culture. I have used 

complex non-linear least square (CNLS) curve fitting to find the values for the theoretical 

electrical equivalent model. I have also applied weights to the curve fit to better evaluate 

the results. Initially the model used was a simple capacitor (the double layer capacitance 

‘Cdl’) in parallel with a resistor (charge transfer resistance ‘Rt’) and both in series with 

another resistor (solution plus any other series resistance ‘Rs’).  

 
[o}on���'o � Um % 1

_Z�' + 1U�
 Eq. 21 



“Gold vs Pedot”: A Comparison Study

Figure 51 shows the results of the curve fit to this model. While the model does 

show significantly close behavior in the real part (R) and the imaginary

impedances, the fit is not perfect. The points marked 1 and 2 show large deviations (the 

values are with a factor of 10

At point 2 in the plot for R, we can see how the actual measurements have higher 

impedance in the middle region of the spectrum. 

are positioned differently over the frequency spectrum. It can be judged that there is

further frequency dependency 

Figure 51 : Curve fitting results for Au electrodes with HEPE S saline solution using a simple 

model. Blue line (circle marker) is the results of using the initial para

shows the real measurements, and the green (star ma rked) line shows the final curve fit 
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shows the results of the curve fit to this model. While the model does 

show significantly close behavior in the real part (R) and the imaginary

impedances, the fit is not perfect. The points marked 1 and 2 show large deviations (the 

values are with a factor of 105). At point 1 the measured R is lower than the calculated one.

At point 2 in the plot for R, we can see how the actual measurements have higher 

impedance in the middle region of the spectrum. The phase shows similarity in shape but 

are positioned differently over the frequency spectrum. It can be judged that there is

further frequency dependency element required in the model. 

: Curve fitting results for Au electrodes with HEPE S saline solution using a simple 

model. Blue line (circle marker) is the results of using the initial para

shows the real measurements, and the green (star ma rked) line shows the final curve fit 

results. 
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shows the results of the curve fit to this model. While the model does 

show significantly close behavior in the real part (R) and the imaginary part (X) of the 

impedances, the fit is not perfect. The points marked 1 and 2 show large deviations (the 

At point 1 the measured R is lower than the calculated one. 

At point 2 in the plot for R, we can see how the actual measurements have higher 

The phase shows similarity in shape but 

are positioned differently over the frequency spectrum. It can be judged that there is a 

 

: Curve fitting results for Au electrodes with HEPE S saline solution using a simple 

model. Blue line (circle marker) is the results of using the initial para meters, the red line 

shows the real measurements, and the green (star ma rked) line shows the final curve fit 
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Figure 52 : Nyquist and 3D plots of the curve fit results.

fitted result and the red dots are measured data. In the right pl ot, the blue line 

using initial values and the green plot shows the f inal curve fit results.

Table 4: Values of parameters used to fit the simple model  to the measured data.

This then required me to look into more advanced models and further in 

electrochemical methods and modeling. The Warburg element is quite important as 

discussed in section 2.2.3

which is considered to be the simplest model that provides a good interpretation of an 

electrochemical cell catering for both the double layer capacitance and t

components [54]. I have used a Warburg element model that assumes an infinite Nernst 

diffusion layer thickness. 

diffusion model in even more detail and consider even lower frequencies in our 

measurements. This was not possible with the time constraints and the equipment available 

to me at the time. As a figure of merit for the curve fit, I have taken the mean of the 

absolute value of the residuals at each point of frequency (with the weighting removed) 

and called this value ‘

electrode reduces by more than a factor of 25 when compared to the simple Randle’s 
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: Nyquist and 3D plots of the curve fit results.  In the left figure the blue line is the 

and the red dots are measured data. In the right pl ot, the blue line 

using initial values and the green plot shows the f inal curve fit results.

Parameter Value 

Rt (Ohms) 1.73x107 

CI (Farad) 2.48x10-9 

Rs (Ohms) 31.44x103 

Avg. Residual 44193 

: Values of parameters used to fit the simple model  to the measured data.

This then required me to look into more advanced models and further in 

electrochemical methods and modeling. The Warburg element is quite important as 

2.2.3. I then focused on the Randles’ circuit (with a Warburg element) 

which is considered to be the simplest model that provides a good interpretation of an 

electrochemical cell catering for both the double layer capacitance and t

I have used a Warburg element model that assumes an infinite Nernst 

usion layer thickness. For far more accurate modeling we would require to consider the 

diffusion model in even more detail and consider even lower frequencies in our 

measurements. This was not possible with the time constraints and the equipment available 

As a figure of merit for the curve fit, I have taken the mean of the 

absolute value of the residuals at each point of frequency (with the weighting removed) 

and called this value ‘Avg. Residual’. The Avg. Residual of the new model for th

electrode reduces by more than a factor of 25 when compared to the simple Randle’s 
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In the left figure the blue line is the 

and the red dots are measured data. In the right pl ot, the blue line shows results 

using initial values and the green plot shows the f inal curve fit results.  

: Values of parameters used to fit the simple model  to the measured data.  

This then required me to look into more advanced models and further in 

electrochemical methods and modeling. The Warburg element is quite important as 

. I then focused on the Randles’ circuit (with a Warburg element) 

which is considered to be the simplest model that provides a good interpretation of an 

electrochemical cell catering for both the double layer capacitance and the Faradaic 

I have used a Warburg element model that assumes an infinite Nernst 

For far more accurate modeling we would require to consider the 

diffusion model in even more detail and consider even lower frequencies in our 

measurements. This was not possible with the time constraints and the equipment available 

As a figure of merit for the curve fit, I have taken the mean of the 

absolute value of the residuals at each point of frequency (with the weighting removed) 

of the new model for the gold 

electrode reduces by more than a factor of 25 when compared to the simple Randle’s 



“Gold vs Pedot”: A Comparison Study

circuit used initially. The largest impedance value is 4.436x10

electrode (at 20 Hz) and the 

this impedance value. This allows me to assume that the new

accurate for this analysis. 

as it had a frequency dependant double layer capacitance that is m

as a constant phase element 

curve fits as shown in 

element behavior could rise du

distribution of reaction rates with the many chemical compounds  present in HEPES saline, 

and non uniform current distribution paths as the electrodes are not directly facing each 

other [76, 85]. Thus once again, using CNLS curve fitting I found the values 

layer capacitance ‘Q’

and Zcpe = 1/Q(jω)n), charge transfer resistance ‘

and electrodes ‘Rs’ and the Warburg impedance coefficient ‘

impedance for the electrode, where 

 

Figure 53 : Plots of curve fitting results (Au electrode) usi ng the Randle's circuit model with 

CPE to model the double layer behavior.

parameters and the green plot in the final curve fi t results to the data points (red dots).
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circuit used initially. The largest impedance value is 4.436x106 Ohms for the gold 

electrode (at 20 Hz) and the Avg. Residual using the new model is less than 0.04 pe

this impedance value. This allows me to assume that the new model used is sufficiently 

accurate for this analysis. The model used varied slightly from the original Randle’s circuit 

as it had a frequency dependant double layer capacitance that is m

as a constant phase element [86] as discussed in section 2.2.7 . It also provided the best 

curve fits as shown in Figure 53 and the Nyquist plot in Figure 54. This constant phase 

element behavior could rise due to surface roughness (more likely in PEDOT:PSS

distribution of reaction rates with the many chemical compounds  present in HEPES saline, 

and non uniform current distribution paths as the electrodes are not directly facing each 

Thus once again, using CNLS curve fitting I found the values 

Q’ and ‘n’ (modeled as a constant phase element, where 

), charge transfer resistance ‘Rt’, series resistance of the bulk solution 

’ and the Warburg impedance coefficient ‘Aw’. Eq. 

impedance for the electrode, where ω is the angular frequency. 

[o}on���'o � Um + 1
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: Plots of curve fitting results (Au electrode) usi ng the Randle's circuit model with 

CPE to model the double layer behavior.  The blue lines are the results using the initial 

parameters and the green plot in the final curve fi t results to the data points (red dots).
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Ohms for the gold 

using the new model is less than 0.04 percent of 

model used is sufficiently 

from the original Randle’s circuit 

as it had a frequency dependant double layer capacitance that is modeled mathematically 

. It also provided the best 

. This constant phase 

e to surface roughness (more likely in PEDOT:PSS), 

distribution of reaction rates with the many chemical compounds  present in HEPES saline, 

and non uniform current distribution paths as the electrodes are not directly facing each 

Thus once again, using CNLS curve fitting I found the values for the double 

’ (modeled as a constant phase element, where Cdl=Q(jω)n-1 

, series resistance of the bulk solution 

Eq. 22 shows the total 

]\
√Z

 
Eq. 22 

 

: Plots of curve fitting results (Au electrode) usi ng the Randle's circuit model with 

The blue lines are the results using the initial 

parameters and the green plot in the final curve fi t results to the data points (red dots).  
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Figure 54 : Nyquist and 3D plot of curve fit results (Au elec trode) using Randle's 

model with CPE. In the left figure the blue line is the fitted resu lt and the red dots are 

measured data. In the right plot, the blue line sho ws results using initial values and the 

Table 5: Values of parameters used to curve fit (Au electr ode) using Randle's circuit with 

The values (Table 

of the charge transfer resistance is quite high. 

noble metal in the particular electrolyte.

as well. It may simply be reflecting high impedance in the 

forget that curve fitting is a mathematical process that can be er

influences our interpretation of the results. From the 

one red marker (data point of measure
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: Nyquist and 3D plot of curve fit results (Au elec trode) using Randle's 

In the left figure the blue line is the fitted resu lt and the red dots are 

measured data. In the right plot, the blue line sho ws results using initial values and the 

green plot shows the final curve fit results

Parameter Value  

Aw (Ohms) 9.41x107 

Rt (Ohms) 3.16x107 

Rs (Ohms) 0.78x103 

Q (S.sn) 2.12x10-9 

n  0.95 

Avg. Residual 1737.6 

: Values of parameters used to curve fit (Au electr ode) using Randle's circuit with 

CPE. 

Table 5) of the curve fit to this model are quite interesting. The value 

of the charge transfer resistance is quite high. This shows relatively inert beh

noble metal in the particular electrolyte. The Warburg impedance coefficient is quite high 

may simply be reflecting high impedance in the Faradaic

forget that curve fitting is a mathematical process that can be erroneous and highly

our interpretation of the results. From the Nyquist plots in 

one red marker (data point of measured impedance) in between the 6x10
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: Nyquist and 3D plot of curve fit results (Au elec trode) using Randle's circuit 

In the left figure the blue line is the fitted resu lt and the red dots are 

measured data. In the right plot, the blue line sho ws results using initial values and the 

green plot shows the final curve fit results  

: Values of parameters used to curve fit (Au electr ode) using Randle's circuit with 

of the curve fit to this model are quite interesting. The value 

This shows relatively inert behavior of the 

The Warburg impedance coefficient is quite high 

Faradaic path. We must not 

roneous and highly 

yquist plots in Figure 54, we can see 

d impedance) in between the 6x105 and 4x105 values 
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of Z` as a slight bend in the curve. This maybe a small error or beginning of the tail due to 

the Warburg impedance. It may require further analysis using different electrode 

dimensions and lower frequency measurements to elaborate the Warburg effect in order to 

precisely measure it. Considering these results to be within acceptable accuracy standards, 

we can however be confident that the Warburg impedance plays little part as there is very 

little charge transfer in any case. This kind of Nyquist plot and behavior is typical of noble 

metals [85, 125], even with larger electrodes.  

The series resistance is quite low. The Au is roughly 50 nm thick and thus will 

show some resistivity (resistance of the electrodes calculated to approximately 15 Ohms, 

with resistivity assumed to ρ=2.4x10-8 Ohms·m) and the rest can be attributed to the 

solution and geometrical spreading resistance. Another interesting value is that of n which 

is near 1. This shows a highly polarizable surface and behavior very close to that of an 

ideal capacitor. Again this is not unexpected for noble metals and the results give 

confidence in the model and the electrochemical analysis. Figure 55 shows the results of 

the curve fit to measured data for PEDOT:PSS electrodes with HEPES saline. Apart from 

the slight deviation at the higher frequency end, the majority of the fit is quite good. The 

high frequency bend in the measured impedance could be due to errors in the measurement 

or shows a behavior of PEDOT:PSS (such as inductive behavior due to length or low 

mobility of charges or even related to the flow of charges in the solution) that is not yet 

fully understood by me. This can be ignored as the important part of the curve fitting for 

electrochemical analysis is the lower frequency spectrum. Table 6 shows the values of the 

parameters found from the curve. 
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Figure 55: Curve fit results of PEDOT:PSS electrodes in HEPES saline.

the results using the initial parameters and the gr een plot in

Table 6: Values of parameters from the

Figure 56 shows the comparison between absolute impedance |Z| values 

with HEPES saline using Au and PEDOT:PSS electrodes respectively. The table in 

57 shows the results per unit area 

for Rs are shown, one that is per unit area and the other which is the actual value. This is 

because in the case of PEDOT:PSS, the majority of the series resistance will be due to t

electrode to connector length and not necessarily relevant to the understanding of the 

impedance model of the electrode or bulk of the solution.

the added resistivity of the PEDOT:PSS, the actual potential drop across t

electrolyte interface is not the same anymore. However, given the fact that we are already 

in the linear region of the current and over
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Curve fit results of PEDOT:PSS electrodes in HEPES saline.

the results using the initial parameters and the gr een plot in  the final curve fit results to the 

data points (red dots). 

Parameter Value 

Aw (Ohms) 0.057x107 

Rt (Ohms) 0.016x107 

Rs (Ohms) 69.9x103 

Q (S.sn) 133.2x10-9 

n  0.907 

Avg. Residual 934.8 

Values of parameters from the  curve fit ting results for PEDOT:PSS

Randle's circuit with CPE. 

shows the comparison between absolute impedance |Z| values 

with HEPES saline using Au and PEDOT:PSS electrodes respectively. The table in 

per unit area of curve fit to the model shown in 

are shown, one that is per unit area and the other which is the actual value. This is 

because in the case of PEDOT:PSS, the majority of the series resistance will be due to t

electrode to connector length and not necessarily relevant to the understanding of the 

impedance model of the electrode or bulk of the solution. It can also be argued that due to 

the added resistivity of the PEDOT:PSS, the actual potential drop across t

electrolyte interface is not the same anymore. However, given the fact that we are already 

in the linear region of the current and over-potential relationship, the charge transfer 
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Curve fit results of PEDOT:PSS electrodes in HEPES saline.  The blue lines are 

the final curve fit results to the 

ting results for PEDOT:PSS  electrodes using 

shows the comparison between absolute impedance |Z| values measured 

with HEPES saline using Au and PEDOT:PSS electrodes respectively. The table in Figure 

of curve fit to the model shown in Figure 56. Two values 

are shown, one that is per unit area and the other which is the actual value. This is 

because in the case of PEDOT:PSS, the majority of the series resistance will be due to the 

electrode to connector length and not necessarily relevant to the understanding of the 

It can also be argued that due to 

the added resistivity of the PEDOT:PSS, the actual potential drop across the electrode-

electrolyte interface is not the same anymore. However, given the fact that we are already 

potential relationship, the charge transfer 
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resistance value will hold true even for smaller voltages. Also

resistance in the case of PEDOT:PSS is less than half the value of 

across the interfacial impedance will still be larger than 10 mV and the difference between 

the two materials is still 

absolute impedance |Z| values measured with HEPES saline using Au and PEDOT:PSS 

electrodes respectively. The table

[85, 87] shown in Figure 

plots represent impedance predicted by the theoretical model using the results of the fit. 

Each frequency point is marked and the gra

values (the red dots).The results show that the Au electrodes are more polarizable and have 

high values for the Faradaic

show low Faradaic impedance and a larger double layer capacitance with lower value of 

‘n’, meaning that its characteristics are further from that of an ideal capacitor. 

Figure 56: Absolute impedance (|Z|) results of PEDOT:PSS and A u electrodes (

diameter) with HEPES saline solution and the interf acial impedance equivalent circuit 

model. Z cpe is the impedance of the frequency dependant double layer capacitance (a 

constant phase element). Z

Bobacka et al

electrode to the electrolyte and that the polymer has an excess of supporting electrolyte 

which provides good charge transfer capability. Hernandez

diffusion of ions into the pol

dependant Warburg behavior 

cases, however we must consider that the PEDOT:PSS layer here, since it has been spin 

coated, is not as porous or thick as what they have  polymerized electrochemically in their 

experiments. The possibility of excess solvent in the PEDOT

supported by the signs of adhesion loss after prolonged exposure to aqueous solvents 
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resistance value will hold true even for smaller voltages. Also, given that the series 

resistance in the case of PEDOT:PSS is less than half the value of 

across the interfacial impedance will still be larger than 10 mV and the difference between 

the two materials is still significantly large. Figure 56 shows the comparison between 

absolute impedance |Z| values measured with HEPES saline using Au and PEDOT:PSS 

electrodes respectively. The table in Figure 57 shows the results of curve fit to the model

Figure 56(mathematically represented in Eq. 22

plots represent impedance predicted by the theoretical model using the results of the fit. 

Each frequency point is marked and the graphs show a tight fit to the measured impedance 

values (the red dots).The results show that the Au electrodes are more polarizable and have 

Faradaic impedance components of the circuit. PEDOT:PSS electrodes 

impedance and a larger double layer capacitance with lower value of 

’, meaning that its characteristics are further from that of an ideal capacitor. 

Absolute impedance (|Z|) results of PEDOT:PSS and A u electrodes (

diameter) with HEPES saline solution and the interf acial impedance equivalent circuit 

is the impedance of the frequency dependant double layer capacitance (a 

constant phase element). Z w is the Warburg impedance.

et al. have shown that PEDOT:PSS has fast charge transport from 

electrode to the electrolyte and that the polymer has an excess of supporting electrolyte 

which provides good charge transfer capability. Hernandez-Labrado 

diffusion of ions into the polymer layer due to its porous nature causing a frequency 

dependant Warburg behavior [120, 126]. The results here are in close 

cases, however we must consider that the PEDOT:PSS layer here, since it has been spin 

coated, is not as porous or thick as what they have  polymerized electrochemically in their 

experiments. The possibility of excess solvent in the PEDOT:PSS electrodes is also 

supported by the signs of adhesion loss after prolonged exposure to aqueous solvents 
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, given that the series 

resistance in the case of PEDOT:PSS is less than half the value of Rt, the potential drop 

across the interfacial impedance will still be larger than 10 mV and the difference between 

shows the comparison between 

absolute impedance |Z| values measured with HEPES saline using Au and PEDOT:PSS 

shows the results of curve fit to the model 

). The blue lines in the 

plots represent impedance predicted by the theoretical model using the results of the fit. 

phs show a tight fit to the measured impedance 

values (the red dots).The results show that the Au electrodes are more polarizable and have 

impedance components of the circuit. PEDOT:PSS electrodes 

impedance and a larger double layer capacitance with lower value of 

’, meaning that its characteristics are further from that of an ideal capacitor.  

 

Absolute impedance (|Z|) results of PEDOT:PSS and A u electrodes ( 230 µm 

diameter) with HEPES saline solution and the interf acial impedance equivalent circuit 

is the impedance of the frequency dependant double layer capacitance (a 

is the Warburg impedance.   

n that PEDOT:PSS has fast charge transport from 

electrode to the electrolyte and that the polymer has an excess of supporting electrolyte 

Labrado et al. have discussed 

ymer layer due to its porous nature causing a frequency 

. The results here are in close agreement to those 

cases, however we must consider that the PEDOT:PSS layer here, since it has been spin 

coated, is not as porous or thick as what they have  polymerized electrochemically in their 

:PSS electrodes is also 

supported by the signs of adhesion loss after prolonged exposure to aqueous solvents 
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during our experiments

inquiry into this electrochemical research. 

Figure 57: (Left) Table and (Right) Nyquist plots of curve fit  results using the model shown 

in Figure 2 for the impedance of both types of elec trodes. Z’ is the real value and Z’’ is the 

imaginary value of impedance (Z) measured from 20 H z to

Table 7 shows results collected from three different theses. The work D. Borkhold 

provide some calculated values and those from R. Tang are a r

minimum values measured for his Flex MEA device electrodes made using platinum. We 

can see how the results for the FlexMEA’s vary so much. One thing to mention here is that 

the models used are similar but not

circuit, the results from my work consider CPE’s for the interfacial electrodes which 

provide better curve fits if compared to those in R. Tang’s work, once again emphasizing 

the importance of the element itself.  While values can be 

accurate as one may think. As discussed earlier the models for electrodes are by no means 

a complete description for what occurs at the electrode interface. It is also hard to create 

similarities amongst electrodes and their v

parameters such as quality of the metal deposition, 

can change the overall results. The table however does show that vast difference between 

all those metal based electrodes and t
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during our experiments. The requirements of CIS however, do not necessitate any further 

inquiry into this electrochemical research.  

(Left) Table and (Right) Nyquist plots of curve fit  results using the model shown 

in Figure 2 for the impedance of both types of elec trodes. Z’ is the real value and Z’’ is the 

imaginary value of impedance (Z) measured from 20 H z to

shows results collected from three different theses. The work D. Borkhold 

provide some calculated values and those from R. Tang are a range of maximum to 

minimum values measured for his Flex MEA device electrodes made using platinum. We 

can see how the results for the FlexMEA’s vary so much. One thing to mention here is that 

the models used are similar but not the same. While most have used the basic Randle’s 

circuit, the results from my work consider CPE’s for the interfacial electrodes which 

provide better curve fits if compared to those in R. Tang’s work, once again emphasizing 

the importance of the element itself.  While values can be calculated they may not be as 

accurate as one may think. As discussed earlier the models for electrodes are by no means 

a complete description for what occurs at the electrode interface. It is also hard to create 

similarities amongst electrodes and their values when the design and experimental 

quality of the metal deposition, distance from reference and shape etc 

can change the overall results. The table however does show that vast difference between 

all those metal based electrodes and the PEDOT:PSS electrodes.   
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The requirements of CIS however, do not necessitate any further 

 

(Left) Table and (Right) Nyquist plots of curve fit  results using the model shown 

in Figure 2 for the impedance of both types of elec trodes. Z’ is the real value and Z’’ is the 

imaginary value of impedance (Z) measured from 20 H z to  1 MHz. 

shows results collected from three different theses. The work D. Borkhold 

ange of maximum to 

minimum values measured for his Flex MEA device electrodes made using platinum. We 

can see how the results for the FlexMEA’s vary so much. One thing to mention here is that 

ed the basic Randle’s 

circuit, the results from my work consider CPE’s for the interfacial electrodes which 

provide better curve fits if compared to those in R. Tang’s work, once again emphasizing 

calculated they may not be as 

accurate as one may think. As discussed earlier the models for electrodes are by no means 

a complete description for what occurs at the electrode interface. It is also hard to create 

alues when the design and experimental 

distance from reference and shape etc 

can change the overall results. The table however does show that vast difference between 
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Element Gold 

Measured 

PEDOT 

Measured 

 

Pt-bare 

Calculated 

(Borkhold) 

R. Tang 

Measured 

FlexMEAs Pt-bare 

Ci (nF) 2.12  133.3 -- 2-0.5 

Ci (��/���) 0.05 3.2 0.7 -- 

Rt (��) 31.6  0.16  -- 254- 0.97  

Rt (�� ∙ ���) 1.313 0.006 3.3 -- 

Table 7: Results comparison with those from Theses by D. A. Borhold [79] (both for 

154mMolar NaCl solution) and R. Tang [127] (100mMol ar NaCl solution). The values of CI for 

my results shown in Gold measured and PEDOT measure d are taken from Q assuming it 

can be considered as the interfacial capacitance. R . Tang’s results show large variations 

even for a similar design but separate electrodes.  

 

5.3 Effects Due To Over Heating PEDOT:PSS 
If the PEDOT:PSS based devices were baked at high temperatures in order to better cure 

the SU-8, they were prone to degradation and showed anomalous behavior over the 

frequency spectrum.  Hence results from control wells of three different experiments were 

looked at. The devices in each case had a different final bake during their fabrication. 

These baking temperatures were 120 °C, 150 °C and 170 °C. Figure 58 shows the results 

of an MDCK experiment done using a device that was baked at 170°C for almost an hour 

before processing for cell seeding. In this experiment wells 1 and 2 were the control wells 

and the rest had similar number of MDCK cells seeded in them. The impedance spectrum 

of the control well (well1) shows how the impedance at higher frequencies has increased 

above that of the lower frequencies making it behave unlike a parallel RC circuit or a 

Randle’s circuit. The impedance measurements over time show how the impedance is 

constantly increasing for all wells over time and there are large fluctuations at the points of 

media change and even when just removed for microscopy, meaning temperature variation 

is just as significant. The overall absolute impedance values of the electrodes have also 

increased for a typical PEDOT:PSS device with a window diameter of 500 µm.  
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Figure 58 : PEDOT:PSS device heated to 17

Spectrum of the control well

impedance instability increases. Red vertical lines shows med ia change, black vertical line 

shows device removed only for microscopy

disturbance of th

 These results were some of the last few experiments done and it is possible that are 

affected by the PEDOT:PSS solution passing its expiry date (12 months as specified by the 

manufacturer). Figure 

were taken from four 

PEDOT:PSS electrode devices and one

points where media is changed is not consistent

points. One of the device

electrodes with different final 
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: PEDOT:PSS device heated to 17 0deg for 1 hour to bake SU

Spectrum of the control well 1 at 0 hrs. (b)The results of the MDCK experiment show

instability increases. Red vertical lines shows med ia change, black vertical line 

shows device removed only for microscopy  (hence variation in temperature

disturbance of th e solution all affect the measurements at this poin t

These results were some of the last few experiments done and it is possible that are 

affected by the PEDOT:PSS solution passing its expiry date (12 months as specified by the 

Figure 59 shows plots of changes in the control wells (no cells). The plots 

were taken from four experiments of different types of devices. Three of the devices were 

PEDOT:PSS electrode devices and one was from a Au electrode device

points where media is changed is not consistent, the large spikes occur at different time 

. One of the devices was a Au electrode device, the others were using PEDOT:PSS 

electrodes with different final baking recipes. Measurements from two frequencies are 
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0deg for 1 hour to bake SU -8. (a) Impedance 

MDCK experiment show s how 

instability increases. Red vertical lines shows med ia change, black vertical line 

temperature , time delay and 

e solution all affect the measurements at this poin t). 

These results were some of the last few experiments done and it is possible that are 

affected by the PEDOT:PSS solution passing its expiry date (12 months as specified by the 

shows plots of changes in the control wells (no cells). The plots 

. Three of the devices were 

was from a Au electrode device. Since the time 

occur at different time 

was a Au electrode device, the others were using PEDOT:PSS 

baking recipes. Measurements from two frequencies are 



“Gold vs Pedot”: A Comparison Study

shown. The Au electrode shows large but consistent variation at 40 Hz but almost no 

observable change at 4 kHz. The PEDOT:PSS device with a final bake for 10 min at 120

shows very little change and se

The device baked at 150

with spikes of roughly 2.5 k

higher temperature shows

and high frequencies. It also shows constantly increasing impedance after the first initial 

drop, which is opposite to the Au behavior. 

Figure 59 : |Z| changing 

wells of different experiments of known devices, th us the time points of media changes 

varies for each device, but the sudden (almost vert ical) changes in the values are the points 

where the me dia was changed for the specific device.

normalized graphs (with reference to the first meas urement

There is a clear relationship with this instability and the fabrication process. 

provides values of the absolute impedance (|Z|) at the two frequencies. The instability as 

seen in Figure 59, increases for the device (at that frequency) which has a higher |Z|. This 

holds for the Au electrode device as well. 

three PEDOT:PSS devices. We can see that the device baked at higher temperatures have 

higher impedance over all frequencies. The device baked at 170

58) shows far higher impedance than the other two devices and also abnormality 

curve shape at higher frequencies. This may 

polymer backbone, or the morphology of the film layer changing (PSS moving to the top 

Comparison Study  

shown. The Au electrode shows large but consistent variation at 40 Hz but almost no 

observable change at 4 kHz. The PEDOT:PSS device with a final bake for 10 min at 120

shows very little change and settles down very fast when there is a change in the media. 

The device baked at 150°C has more variation in comparison to the 120

with spikes of roughly 2.5 kΩ. The last device which was baked for much longer and at a 

higher temperature shows spikes as large as those shown by the Au devices and at both low 

and high frequencies. It also shows constantly increasing impedance after the first initial 

drop, which is opposite to the Au behavior.  

: |Z| changing when media is changed. The data was collected from the control 

wells of different experiments of known devices, th us the time points of media changes 

varies for each device, but the sudden (almost vert ical) changes in the values are the points 

dia was changed for the specific device.  Bottom two graphs show the 

normalized graphs (with reference to the first meas urement

There is a clear relationship with this instability and the fabrication process. 

provides values of the absolute impedance (|Z|) at the two frequencies. The instability as 

, increases for the device (at that frequency) which has a higher |Z|. This 

holds for the Au electrode device as well. Figure 60 shows the impedance spectrum of the 

three PEDOT:PSS devices. We can see that the device baked at higher temperatures have 

higher impedance over all frequencies. The device baked at 170°C for 

shows far higher impedance than the other two devices and also abnormality 

at higher frequencies. This may be due to degradation of the conducting 

polymer backbone, or the morphology of the film layer changing (PSS moving to the top 
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shown. The Au electrode shows large but consistent variation at 40 Hz but almost no 

observable change at 4 kHz. The PEDOT:PSS device with a final bake for 10 min at 120°C 

ttles down very fast when there is a change in the media. 

C has more variation in comparison to the 120°C baked device, 

. The last device which was baked for much longer and at a 

spikes as large as those shown by the Au devices and at both low 

and high frequencies. It also shows constantly increasing impedance after the first initial 

 

when media is changed. The data was collected from the control 

wells of different experiments of known devices, th us the time points of media changes 

varies for each device, but the sudden (almost vert ical) changes in the values are the points 

Bottom two graphs show the 

normalized graphs (with reference to the first meas urement  at 0hrs). 

There is a clear relationship with this instability and the fabrication process. Table 8 

provides values of the absolute impedance (|Z|) at the two frequencies. The instability as 

, increases for the device (at that frequency) which has a higher |Z|. This 

shows the impedance spectrum of the 

three PEDOT:PSS devices. We can see that the device baked at higher temperatures have 

C for 1hr (used in Figure 

shows far higher impedance than the other two devices and also abnormality in the 

be due to degradation of the conducting 

polymer backbone, or the morphology of the film layer changing (PSS moving to the top 
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of the film, hole formatio

change is a shift up of the curve, showin

Another thing is that the

the devices with higher base impedance (that is the initial impedance at that frequency). 

Now Au electrode also show large

higher. It could be that this behavior is more to do with the base impedance then the 

chemical structure of the PEDOT:PSS devices itself. 

Device 

PEDOT:PSS 10min@120

PEDOT 10min@150

PEDOT 1hr@170

Au 

Table 

Figure 60 : Impedance spectrum of all three PEDOT:PSS

measurements are from the beginning of the experime nts.
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of the film, hole formation in the polymer layer etc). In all cases, we can see that the 

change is a shift up of the curve, showing an increment in the series resistance (

at the changes during impedance measurement over time are larger for 

the devices with higher base impedance (that is the initial impedance at that frequency). 

Now Au electrode also show larger variation at frequencies where the base impedance is 

higher. It could be that this behavior is more to do with the base impedance then the 

chemical structure of the PEDOT:PSS devices itself.  

|Z| kΩ @ 40Hz |Z| 

PEDOT:PSS 10min@120°C 23.65 21.29

PEDOT 10min@150°C 33.79 31.56

PEDOT 1hr@170°C 70.48 68.45

237.5 4.786

Table 8: |Z| values for the devices at 40 Hz and 4

: Impedance spectrum of all three PEDOT:PSS  devices (control well1).

measurements are from the beginning of the experime nts.
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In all cases, we can see that the 

es resistance (Rs). 

changes during impedance measurement over time are larger for 

the devices with higher base impedance (that is the initial impedance at that frequency). 

variation at frequencies where the base impedance is 

higher. It could be that this behavior is more to do with the base impedance then the 

 kΩ @ 4kHz 

21.29 

31.56 

68.45 

4.786 

Hz and 4 kHz. 

 

devices (control well1).  All 

measurements are from the beginning of the experime nts.  
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Parameter 120 °C 150 °C 170 °C 

Aw (Ohms) 220x103 162x103 133.38x103 

Rt (Ohms) 30.5x103 9.88x103 29.38x103 

Rs (Ohms) 19.3x103 31.4x103 68.6x103 

Q (S.sn) 1131x10-9 715x10-9 559x10-9 

n  0.89 0.95 1 

Avg. Residual 51.04 105.6471 4560 

Table 9: Curve fitting results for the three device s at the beginning of the experiments. Avg. 

Residual values show the devices are becoming diffc ult to fit to the same model for higher 

baking temperatures.  

Table 9 shows the curve fit results for the three PEDOT:PSS devices. The data to which 

the fitting was done was taken from the first measurement (shown in Figure 60) of the 

experiment. The Avg. Residual is higher for the two devices that were baked at 150 °C and 

170 °C. For the device baked at 170 °C, the fitting is worse due to the odd trend after 10 

kHz which is far from the model used. In the other two cases, the capacitance (Q) values 

are really high and in the case of the 120 °C device the curve fitting gives varying results 

depending on the initial parameters and restrains. Artifacts in the nyquist plot suggests that 

the proteins in the solutions have an effect. Ideally these measurements should be done in a 

simple NaCl solution. The results show trend of increasing series resistance,increasing n 

value, and a decreasing capacitance for higher baking temperatures. 

This limits the final bake temperature and time which can be problematic as the possibility 

of device failure due to Su-8 adhesion loss during an experiment increases. The adhesion 

loss could also be due to the Su-8 being expired or old, however a final bake above 150°C 

will alleviate the problem significantly. It may be the Su-8 adhesion to glass itself or it 

could possibly be due to PEDOT:PSS absorbing lesser quantities of water.  
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Chapter 6:  MDCK Experiments 
 

6.1 Cell Growth  
 There are two things that need to be considered when cells are grown. One is that 

when the cells are seeded and successively grow, what is the difference in results when 

they grow over the measuring electrode alone and when they grow over the entire well? 

Secondly what kind of a difference does it make between simply adhered cells and those 

that make tight confluent layers. In order to do this I began my experiments by 

containment of the cells on and around the measuring electrode. This was quite tricky and 

after some well design changes (used square wells instead of round) and the use of Ibidi 

cell culture inserts, cell death was avoided. The experiments were performed in an 

incubator set to 37ºC with a 5% carbon dioxide environment. For all cell experiments the 

first steps were to rinse them with a 70% ethanol solution followed by a rinse with HEPES 

saline and the then the media that was to be used. If there was a need for a poly-L-lysine 

(PLL) coating (or anything else) this was done after the HEPES saline rinse. If culture 

inserts were to be used, it was important to let the surface dry out to allow the inserts to 

stick to the surface, and then all the compartments rinsed with the media to remove any 

excess salts.  

 The first set of results that will be discussed were done using the second generation 

devices. MDCK cells were seeded for 24 hrs using culture inserts placed in such a way that 

the reference electrodes were kept out of the culture chamber of the inset. This allowed 

seeding of cells directly on and around the working electrodes. The inserts were then 

removed and the measurements over time were started. The media used was DMEM and a 

PLL coating was applied. Figure 61 shows the cells at the start of the measurements. At 

this point there were very few cells on the edge of the reference electrode.  The experiment 

was performed over 5 days, Figure 62 shows the results.   

 



MDCK Experiments 

Figure 61 : Well 1 and 2 measuring electrodes, 24

the boundary of the working electrode and all the a rea outside those circles is covered with 

Figure 62: Results of an MDCK experiment using the 2

inserts. The |Z| values 

electrodes without cells. 

the electrode completely. Well 2 

 

 Well1 and the control

approximately 56 hrs

  

: Well 1 and 2 measuring electrodes, 24  hrs after cell seeding

the boundary of the working electrode and all the a rea outside those circles is covered with 

SU-8. 

Results of an MDCK experiment using the 2 nd generation devices and culture 

|Z| values are normalized to the initial impedance and phase v alues of 

electrodes without cells. Well 1 was seeded with MDCK at 0 hrs but the cells failed to cover 

electrode completely. Well 2 also had MDCK’s seeded and well 3 was the control.

Well1 and the control well (Well3) show sudden rise and fall in the |Z| at 

hrs. This change corresponds to the change in the media and the initial 
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after cell seeding . The red circles show 

the boundary of the working electrode and all the a rea outside those circles is covered with 

 

generation devices and culture 

are normalized to the initial impedance and phase v alues of 

but the cells failed to cover 

also had MDCK’s seeded and well 3 was the control.  

show sudden rise and fall in the |Z| at 

. This change corresponds to the change in the media and the initial 
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temperature variation of the media. Even though the media was pre-warmed, the time 

between seeding and starting the experiments is not short enough to keep the media 

temperature from dropping from 37 °C. Well1 however does not show much about the cell 

growth and has failed as for some reason the cells never covered the working electrode 

surface very well. Well2 shows a change after almost 30 hrs. At 56.3 hrs, again there is a 

very odd variation which corresponds to the media change. However instead of |Z| having 

a rapid rise and an exponential fall, it nearly reaches the initial values of |Z| near 200 

kohms and then rises once more back to above 250 kohms at 60 hrs, approximately taking 

4 hrs to return to the values before the media change. Further on, |Z| and phase then seem 

to be changing in a fashion similar to before the media change, as if to show that if the 

media change was not done it would have continued on without abnormalities. One 

explanation here would be that when the device was taken out for a media change, the cells 

were exposed to a change in temperature by more than 10ºC (room temperature was 22ºC) 

which could have been adverse. Another possibility is that the media change was turbulent. 

Perhaps this caused the cells to react by reducing their tight adhesion to the surface if not 

totally loosing it. The media change and microscopy took around 5-10mins and the device 

was placed back in and measurement started once more. After those 4 hrs the growth has 

returned back to normal. Figure 63 shows the cell growth over the measuring electrodes 

and the center of the wells. Cell density is extremely high over and around the measuring 

electrodes but sparse over the edges of the reference electrode. The difference between 

Well1 and Well2 is that the cells have not completely spread and covered the measuring 

electrode of Well1 as they have in Well2. The cells do not seem to have made a healthy 

looking confluent layer either over the measuring electrode. It might explain why the 

impedance measurements of Well1 do not show much change. 
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 Then we need to consider

end of these measurements, the media was removed and the wells were rinsed with HS 

using 0.5 mL of HS. Figure 

seeded on the right side area of this picture. They grew most confluent 

a tight epithelial monolayer which lost adhesion to the substate

have lost adhesion to the surface as the light rinse was enough to displace them and they 

were floating in the media as can be seen by the darker patch in the middle of the picture. 

Interestingly the cells that are still growing over the reference electrode are n

stage as the cells that have lost adhesion. They continue to grow and are still attached to 

the surface and the tissue which thus is floating but attached on one end to the reference 

electrode.  

  

Figure 63: Cell growth after 3days 

Then we need to consider why in Well2 does |Z| begin falling after 73

end of these measurements, the media was removed and the wells were rinsed with HS 

Figure 64 shows the results of the rinse. The cells were initially 

seeded on the right side area of this picture. They grew most confluent 

a tight epithelial monolayer which lost adhesion to the substate. Eventually

st adhesion to the surface as the light rinse was enough to displace them and they 

were floating in the media as can be seen by the darker patch in the middle of the picture. 

Interestingly the cells that are still growing over the reference electrode are n

stage as the cells that have lost adhesion. They continue to grow and are still attached to 

the surface and the tissue which thus is floating but attached on one end to the reference 
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does |Z| begin falling after 73 hrs. At the 

end of these measurements, the media was removed and the wells were rinsed with HS 

shows the results of the rinse. The cells were initially 

seeded on the right side area of this picture. They grew most confluent thereafter and made 

. Eventually the cells would 

st adhesion to the surface as the light rinse was enough to displace them and they 

were floating in the media as can be seen by the darker patch in the middle of the picture. 

Interestingly the cells that are still growing over the reference electrode are not at the same 

stage as the cells that have lost adhesion. They continue to grow and are still attached to 

the surface and the tissue which thus is floating but attached on one end to the reference 
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Figure 64: Well2 after rinsing with HS

 The results show that cell growth over the reference electrode is not as important as 

the need for a tight confluent layer still attached to the mea

relatively large observable

variation in phase due to media change is only prominent 

factor (remember these results are normalize

discussed in section 5.3

I also fabricated interdigitated electrode devices and did experiments usin

them. Some pictures of the experiment are shown in 

be seen as shades of gray lines. While these devi

entire well, it is harder to relate the electrical changes to the optical observations as there is 

too much area that is relevant. The electrical changes are also smaller per cell as the overall 

electrode area becom

electrode device.    

  

after rinsing with HS . Reference electrode is in the left half of the pi cture 

and has cells adhered to it. 

show that cell growth over the reference electrode is not as important as 

the need for a tight confluent layer still attached to the measuring electrode 

relatively large observable changes in |Z|. Looking at the control well we can see that 

ariation in phase due to media change is only prominent over all 

factor (remember these results are normalized). These variations due to media changes 

5.3.  

I also fabricated interdigitated electrode devices and did experiments usin

them. Some pictures of the experiment are shown in Figure 65. The PEDOT:PSS strips can 

be seen as shades of gray lines. While these devices are good to measure changes over the 

entire well, it is harder to relate the electrical changes to the optical observations as there is 

is relevant. The electrical changes are also smaller per cell as the overall 

electrode area becomes rather large. Due to this I returned to using 
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 frequencies by a similar 

These variations due to media changes are 

I also fabricated interdigitated electrode devices and did experiments using MDCK’s with 

. The PEDOT:PSS strips can 

ces are good to measure changes over the 

entire well, it is harder to relate the electrical changes to the optical observations as there is 

is relevant. The electrical changes are also smaller per cell as the overall 

using the single measuring 
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Figure 65 : Point 4, day 7 pictures of both wells

To investigate the comparison experiments of 

PEDOT:PSS electrodes, the 

experiments had an approximate area of 2x10

Figure 66 shows results of the CIS setup measuring all 8 wells using PEDOT:PSS and Au 

electrodes. Well 1 and 2 (both black lines) are control wells in each case and the rest of the 

wells were seeded with approximately 8 x 10

changes due to the cell coverage on the electrode surface. The plots show the difference from 

the initial impedance values, that is 

attachment to the substrate and start covering the electrode which c

change in the phase but the total change to 

be attributed to a more capacitive effect as cell coverage acts like a capacitor

approximately 20 hrs (23 

begin to achieve confluence which causes 

current flow and cause higher resistance in the path

changes due the cells, at this frequency, is increasingly negative where as the experiment with 

Au electrodes shows increasingly positive phase changes. This is a rather interesting 

variation. ∆|Z| for both device

right after media is change. The change after the media

observed at the start of the experiment. This could m

the media over time. This could be due to pH/chemica

Judging from observation of the control wells, it is likely to be due to changes in 

  

: Point 4, day 7 pictures of both wells (Well1 left, Well2 right)

the comparison experiments of MDCK proliferation 

, the 3rd generation devices were used. The electrodes for these 

experiments had an approximate area of 2x10-3 cm2, that is a 500 µm diameter window. 

hows results of the CIS setup measuring all 8 wells using PEDOT:PSS and Au 

electrodes. Well 1 and 2 (both black lines) are control wells in each case and the rest of the 

wells were seeded with approximately 8 x 105 cells. The results show real time impedan

changes due to the cell coverage on the electrode surface. The plots show the difference from 

the initial impedance values, that is ∆|Z| and ∆θ (phase angle). Initially the cells begin 

attachment to the substrate and start covering the electrode which causes a considerable 

change in the phase but the total change to ∆|Z| does not look significant

be attributed to a more capacitive effect as cell coverage acts like a capacitor

(23 hrs for Au electrode results), the cell growth increases and cells 

begin to achieve confluence which causes ∆|Z| to increase as the cell-

current flow and cause higher resistance in the path. In the case of PEDOT:PSS the phase 

es due the cells, at this frequency, is increasingly negative where as the experiment with 

Au electrodes shows increasingly positive phase changes. This is a rather interesting 

|Z| for both devices are constantly decreasing initially and show s

right after media is change. The change after the media is changed, has a trend similar to

observed at the start of the experiment. This could mean it is related to chemical changes in 

the media over time. This could be due to pH/chemical changes (due to buffer etc) 

Judging from observation of the control wells, it is likely to be due to changes in 
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The electrodes for these 

m diameter window. 

hows results of the CIS setup measuring all 8 wells using PEDOT:PSS and Au 

electrodes. Well 1 and 2 (both black lines) are control wells in each case and the rest of the 

cells. The results show real time impedance 

changes due to the cell coverage on the electrode surface. The plots show the difference from 

Initially the cells begin 

auses a considerable 

does not look significant. This behavior can 

be attributed to a more capacitive effect as cell coverage acts like a capacitor. After 

for Au electrode results), the cell growth increases and cells 

-cell junctions restrict the 

. In the case of PEDOT:PSS the phase 

es due the cells, at this frequency, is increasingly negative where as the experiment with 

Au electrodes shows increasingly positive phase changes. This is a rather interesting 

are constantly decreasing initially and show sudden changes 

has a trend similar to that 

ean it is related to chemical changes in 

(due to buffer etc) over time. 

Judging from observation of the control wells, it is likely to be due to changes in 
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concentration of dissolved CO

Figure 66 : Results of MDCK experiments using PEDOT:PSS and A u electrodes

kHz of all 8- wells is presented. Values shown are the changes fr om measurement taken at 0 

hrs . The black vertical line shows the time point wher e media was changed.

  Figure 67 shows 

the working electrodes using cell culture inserts (

cells to settle, spread and migrate for 24 

measurements were started. This allows us to measure cell coverage of an electrod

means of migration in a particular direction instead of proliferation over the entire well, 

somewhat similar to a wound healing experiment. It also insures that there is no 

contribution to the impedance measurements due to cell growth on the refer

Media was changed each day and the micrographs marked (a

time points. The experiments were stopped when the cell confluence was observed by 

optical microscopy inspection. The inserts were not placed at precise

from the working electrode, thus the times for the seeded cells growing and reaching the 

electrodes are not exactly equal for both the experiments. The observed changes in the 

measured impedance for both electrode systems correspond t

electrode area. Changing the media every 24 

However, each time media was changed (indicated by the vertical dotted lines), the 

electrochemical balance of the electrode was momentarily aff

  

concentration of dissolved CO2. 

: Results of MDCK experiments using PEDOT:PSS and A u electrodes

wells is presented. Values shown are the changes fr om measurement taken at 0 

. The black vertical line shows the time point wher e media was changed.

are the controls (marked C). 

shows results of experiments where cells were seeded in a region above 

the working electrodes using cell culture inserts (Figure 67, bottom). After allowing the 

cells to settle, spread and migrate for 24 hrs, the inserts were removed and the 

measurements were started. This allows us to measure cell coverage of an electrod

of migration in a particular direction instead of proliferation over the entire well, 

somewhat similar to a wound healing experiment. It also insures that there is no 

contribution to the impedance measurements due to cell growth on the refer

Media was changed each day and the micrographs marked (a-d) were taken at the specified 

time points. The experiments were stopped when the cell confluence was observed by 

optical microscopy inspection. The inserts were not placed at precise

from the working electrode, thus the times for the seeded cells growing and reaching the 

electrodes are not exactly equal for both the experiments. The observed changes in the 

measured impedance for both electrode systems correspond to the cells covering the 

electrode area. Changing the media every 24 hrs reduced the effects of variation in pH. 

However, each time media was changed (indicated by the vertical dotted lines), the 

electrochemical balance of the electrode was momentarily affected. PEDOT:PSS 
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: Results of MDCK experiments using PEDOT:PSS and A u electrodes . Data at 1 

wells is presented. Values shown are the changes fr om measurement taken at 0 

. The black vertical line shows the time point wher e media was changed.  Wells 1 and 2 

where cells were seeded in a region above 

, bottom). After allowing the 

, the inserts were removed and the 

measurements were started. This allows us to measure cell coverage of an electrode by the 

of migration in a particular direction instead of proliferation over the entire well, 

somewhat similar to a wound healing experiment. It also insures that there is no 

contribution to the impedance measurements due to cell growth on the reference electrode. 

d) were taken at the specified 

time points. The experiments were stopped when the cell confluence was observed by 

optical microscopy inspection. The inserts were not placed at precisely the same distances 

from the working electrode, thus the times for the seeded cells growing and reaching the 

electrodes are not exactly equal for both the experiments. The observed changes in the 

o the cells covering the 

reduced the effects of variation in pH. 

However, each time media was changed (indicated by the vertical dotted lines), the 

ected. PEDOT:PSS 
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electrodes recovered faster from these effects (as seen in Figure 67) than Au electrodes. 

This is most probably due to the fast charge transfer at the electrode interface. At lower 

frequencies the electrochemical variations affect Au electrodes more than what is observed 

with the PEDOT:PSS electrodes and can reduce the reliability of the measurements but 

could be alleviated by continuously pumping fresh media.  

Results of Figure 67 (a) show, that after approximately 30 hrs we find that the real 

part of the impedance at the lower frequency (40 Hz) keep increasing but the phase part 

settles. This shows that at these frequencies the change is mostly resistive. At higher 

frequencies the real part settles but the phase part keeps changing which indicates a 

reactive behavior. The variation of changes in impedance at the two frequencies shows 

how they are sensitive to different facets of the impedance due to cell growth.  
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Figure 67 : Results of MDCK using PEDOT:PSS electrodes (Left

shows pictures of the well at the end

the start and the end respectively

and the phase Θ from the initial values. The electrode windows in th

the white rings and the dotted black vertical lines  show when the media was changed. 

Bottom diagram shows how the culture insert is plac ed at a distance from the electrodes 

and cells are seeded inside that insert. Once the c ells hav

can be removed to allow the cells to grow in an out ward direction. The cells will eventually 

start covering the working electrode and reach conf luence.

 

  

: Results of MDCK using PEDOT:PSS electrodes (Left , where (a) is the start and (b) 

shows pictures of the well at the end ) and Au electrodes (Right , (c) and (d) show pictures at 

the start and the end respectively ). The graphs are the differences in absolute imped ance |Z| 

Θ from the initial values. The electrode windows in th

the white rings and the dotted black vertical lines  show when the media was changed. 

Bottom diagram shows how the culture insert is plac ed at a distance from the electrodes 

and cells are seeded inside that insert. Once the c ells hav e adhered to the surface the insert 

can be removed to allow the cells to grow in an out ward direction. The cells will eventually 

start covering the working electrode and reach conf luence.
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 from the initial values. The electrode windows in the SU-8 are indicated by 

the white rings and the dotted black vertical lines  show when the media was changed. 

Bottom diagram shows how the culture insert is plac ed at a distance from the electrodes 

e adhered to the surface the insert 

can be removed to allow the cells to grow in an out ward direction. The cells will eventually 

start covering the working electrode and reach conf luence.  
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6.2 Cell Impedance M
Figure 68 (a) shows how the impedance spectrum changed due to cell coverage in 

the PEDOT:PSS electrode experiment shown in 

values shown are not the actual values measured but the difference from the measurements 

taken after 1 hour of beginning the experiment. This helps to negate any changes due to 

initial electrochemical variations. By taking the difference from a time point where the 

electrodes have no cell coverage we assume that the impedance due to cells is in series to 

the electrode impedance electrical model. Y Qui 

measuring the cell-substrate distance for cardiomyocytes, where the cells were modeled by 

a simple resistor in parallel to a capacitor. The disadvantage of such an assumption is that 

the model is not valid for partial electrode coverage and holds true once the cells have 

covered the majority of the electrode. H

considers the cell coverage of the electrode but their model does not consider the effects of 

phase changes. Our approach to this was to keep the model simple and use the theory of 

electrical elements similar to Y Qui 

Figure 68: (a) Change in 

experiment) over the 

from 25 hrs onwards (when the model becomes valid) and also sho ws results for R’s. (c) 

Biological cell electrical model (red) in series wi th the electrode impedance

 

  

Impedance Modeling  
(a) shows how the impedance spectrum changed due to cell coverage in 

lectrode experiment shown in Figure 67. The impedance and phase 

values shown are not the actual values measured but the difference from the measurements 

taken after 1 hour of beginning the experiment. This helps to negate any changes due to 

electrochemical variations. By taking the difference from a time point where the 

electrodes have no cell coverage we assume that the impedance due to cells is in series to 

the electrode impedance electrical model. Y Qui et al. [10] have used a similar approach to 

substrate distance for cardiomyocytes, where the cells were modeled by 

istor in parallel to a capacitor. The disadvantage of such an assumption is that 

the model is not valid for partial electrode coverage and holds true once the cells have 

covered the majority of the electrode. H. Xiaoqui et al. [97] have discussed a model that 

he cell coverage of the electrode but their model does not consider the effects of 

phase changes. Our approach to this was to keep the model simple and use the theory of 

electrical elements similar to Y Qui et al. [10] but with a certain addition. 

Change in Impedance from a reference measurement (1 hr after starting t he 

the frequency spectrum. (b) Curve fit results for the c ell model curve fit 

onwards (when the model becomes valid) and also sho ws results for R’s. (c) 

Biological cell electrical model (red) in series wi th the electrode impedance
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. The impedance and phase 

values shown are not the actual values measured but the difference from the measurements 

taken after 1 hour of beginning the experiment. This helps to negate any changes due to 

electrochemical variations. By taking the difference from a time point where the 

electrodes have no cell coverage we assume that the impedance due to cells is in series to 

have used a similar approach to 

substrate distance for cardiomyocytes, where the cells were modeled by 

istor in parallel to a capacitor. The disadvantage of such an assumption is that 

the model is not valid for partial electrode coverage and holds true once the cells have 

have discussed a model that 

he cell coverage of the electrode but their model does not consider the effects of 

phase changes. Our approach to this was to keep the model simple and use the theory of 

but with a certain addition.  

 

from a reference measurement (1 hr after starting t he 

frequency spectrum. (b) Curve fit results for the c ell model curve fit 

onwards (when the model becomes valid) and also sho ws results for R’s. (c) 

Biological cell electrical model (red) in series wi th the electrode impedance  (blue). 



MDCK Experiments  117 

Figure 68 (a) shows that at 31 hrs the ∆|Z| spectrum is similar to the impedance 

spectrum of a parallel resistor and capacitor circuit (RC circuit). However an inspection of 

the ∆θ shows that the phase does not match a parallel RC circuit. Instead the results show a 

closer match to a resistor in parallel to a capacitor with both in series to another resistance, 

R’s.  This series resistance can be theoretically explained as a constriction of current in the 

small gap under the cell similar to that which Lo, Giaever and Keese have discussed [91]. 

Rcell can be attributed to the resistance to current flow between gaps of adjacent cells and 

Ccell is due to the capacitive effect of cells adhering to the surface. I have used this simple 

parallel RC circuit in series with a resistance to model the cell (as shown in Figure 68 (c) 

and mathematically in equations Eq. 23 and Eq. 24, and further analyze the results using 

curve fitting techniques similar to that applied for the electrode analysis in section Chapter 

5: 5.2. The model for Zcell was used to fit the measured change in impedance from after 1 

hr of the experiment being started. 

 [no}} � U′m + 11Uno}} + �2�Z�no}}� 
Eq. 23 

 [V���} � [o}on���'o + [no}} Eq. 24 

 

Figure 68 (b) shows the results of the curve fit for changes after 25 hrs. R’s can be found 

directly as ∆|Z|at higher frequencies. This is because at higher frequencies the majority of 

the current will flow through Ccell which will provide the path of least impedance and thus 

the impedance seen at these frequencies is due to R’s alone. We have then used this R’s 

value in the curve fit for the cell model. Initially the parallel RC model does not exist as 

the cell coverage of the electrode does not exist or is not enough to have a significant effect 

on the curve fit. As the impedance increases, the curve fit results in values for Rcell, which 

follows changes in the impedance results shown in Figure 67 (a) for 40 Hz.  Values for 

Ccell can be estimated at this point as well and after approximately 30 hrs the value of Ccell 

reaches a value around 2.5 nF and is very slowly increasing towards 3 nF. R’s has a 

constant increase and at just before 30 hrs, it starts increasing with a faster rate once the 

cells begin covering the electrode. Rcell keeps increasing and this would show that the cell-

cell gap is tightening (increasing confluency).  This shows that once the electrode has been 

fully covered and the cells create a confluent layer, Rcell has a more significant contribution 

to the impedance changes. The increase in Rcell and R’s can be portrayed as a decrease in 

cell-substrate distance [10, 94] and tighter confluent layers.  
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Now while the model comes close to 

important to know how accurate it really is. By measuring the impedance at higher 

frequencies and considering solely 

fit, however the lower frequencies are not as tight as for example, the curve fits of the 

electrode models. This is solely because a cell model would have to be far more complex 

than an RC circuit. Secondly the changes in the media and the electrode surface are likely 

to be included in the subtracted data. 

well but the imaginary part shows some very different shape to what would be expected 

from a RC circuit. The initial positive imaginary valu

explain. There has been work on cell impedance

would also be interesting to consider these and also adapt the different frequencies and 

digital signal processing techniques u

Figure 69 : Curve fit of impedance changes to cel

 

 

  

Now while the model comes close to predicting the cell behavior to a certain extent, it is 

to know how accurate it really is. By measuring the impedance at higher 

frequencies and considering solely the dependency of on R’s, we have improved the curve 

fit, however the lower frequencies are not as tight as for example, the curve fits of the 

rode models. This is solely because a cell model would have to be far more complex 

RC circuit. Secondly the changes in the media and the electrode surface are likely 

to be included in the subtracted data. Figure 69 shows how the model’s real part fits quite 

well but the imaginary part shows some very different shape to what would be expected 

from a RC circuit. The initial positive imaginary values are very interesting and difficult to 

has been work on cell impedance models for cell counting LoC devices. It 

would also be interesting to consider these and also adapt the different frequencies and 

digital signal processing techniques used in such devices [128].  

: Curve fit of impedance changes to cel l model, a single iteration 

shown in Figure 68 (b). 
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shows how the model’s real part fits quite 
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6.2.1 Comparison of Sensitivity 

The sensitivity of the system can be defined by Eq. 25 where ∆|Z| is the change in 

impedance due to cells. If |Z|Electrode >> ∆|Z| then the sensitivity of the system is minute.  

 u�@IJFJ�JFw � 1 3 |[|�}on���'o|[|�}on���'o + ∆|[| Eq. 25 

From the observations above we can assume a maximum ∆|Z| of 40 kOhms at 40 Hz. 

Assuming a single cell is a circular disk with radius 15µm (an area of approximately 7x10-6 

cm2) means that for an electrode with an area of approximately 2x10-3 cm2, to be fully 

covered would require approximately 285 cells. Thus, every two cells contribute 280.7 

Ohms to the change in impedance. For the experiments shown in Figure 5  the 

PEDOT:PSS electrodes have |Z| of 23 kOhms and the gold electrodes have |Z| of 170 

kOhms at 40 Hz which can be considered as |Z|electrode for each case. Thus, for two cells 

covering the electrode the sensitivity would be 0.012 and 0.00164 respectively. This shows 

the improvement in sensitivity of PEDOT:PSS electrodes due to the significantly lower 

interfacial impedance which would also allow the impedance measurement instrument to 

work well above its SNR threshold at lower frequencies. The added improvement of 

reaching electrochemical stability faster than gold electrodes would also mean reduction in 

errors in the measured impedance. At higher frequencies (above 1 kHz) however, Au 

electrodes would be better as their |Z| due to the electrode would be lower. 

The absolute impedance |Z| incorporates both the real and the imaginary 

components of the impedance. Phase (θ) is not an absolute value but a relative polar 

position that will repeat after its maximum of 360°. They can be compared by looking at 

the relative changes as a ratio of the maximum possible change of 360 degrees. From the 

values in Figure 70 (a), at 40Hz, we can see that maximum ∆θ due to cell growth on 

PEDOT:PSS electrodes is approximately 8°, hence the ratio is approximately 0.02 and that 

on Au electrodes is 35° which give us a ratio of 0.097. Here Au has a phase change that is 

larger by a factor of 5. Considering the maximum value of the phase changes (at whichever 

frequency that may be) from both electrodes, that is a 25° change (0.069) for PEDOT:PSS 

electrodes and a 50° change (0.138) for Au electrodes shows that the latter have an 

improvement on the phase variation due to cell coverage by a factor of 2. The plots also 

show an interesting trend difference between the two electrode material. The Au electrodes 

show peaks in ∆|Z| and ∆θ in the same regions of the frequency spectrum and have similar 

shape. PEDOT:PSS electrodes on the other hand have very different impedance change 

spectrums.  
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Figure 70: (a) Bode plots of changes in impedance due to cell grow th.

are against reference measurements that is the meas urements taken after 1 hr of starting 

the experiment. Values taken at times where the ph

for PEDOT:PSS electrodes and 65Hrs for Au electrode s) in the experiment shown in 

67. (b) Plots of the same re

Figure 70 (b) shows the normalized impeda

(for each frequency) was divided by the reference measurement (for that particular 

frequency) taken after 1 hr of starting the experiment, the same reference measurement 

used to find the impedance change. The gold

  

Bode plots of changes in impedance due to cell grow th.

are against reference measurements that is the meas urements taken after 1 hr of starting 

Values taken at times where the ph ase changes were maximum (at 48Hrs 

for PEDOT:PSS electrodes and 65Hrs for Au electrode s) in the experiment shown in 

. (b) Plots of the same re sults but normalized ( ∆Z/Zbase and ∆Θ/

and phase values of the reference measurement. 

(b) shows the normalized impedance changes. Here the impedance difference 

(for each frequency) was divided by the reference measurement (for that particular 

frequency) taken after 1 hr of starting the experiment, the same reference measurement 

used to find the impedance change. The gold electrode normalized ∆
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Bode plots of changes in impedance due to cell grow th.  The changes shown 

are against reference measurements that is the meas urements taken after 1 hr of starting 

ase changes were maximum (at 48Hrs 

for PEDOT:PSS electrodes and 65Hrs for Au electrode s) in the experiment shown in Figure 

/Θbase) to the impedance 

and phase values of the reference measurement.  

nce changes. Here the impedance difference 

(for each frequency) was divided by the reference measurement (for that particular 

frequency) taken after 1 hr of starting the experiment, the same reference measurement 

electrode normalized ∆|Z| plot shows that the 
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peak is around 6 kHz. The PEDOT:PSS electrode normalized plots have the same shape 

owing to the more flat electrode impedance spectrum as shown in section 5.2. 

 

Figure 71: Sensitivity plotted for entire spectrum.  Measurements used to calculate the 

sensitivity were taken from the time points where i mpedance change was highest in the 

respective experiment. Values for Z electrode  were taken from the start of the experiment. 

Figure 71 shows the sensitivity plotted for every frequency. The values were calculated 

assuming ∆|Z| for the equation was the change due to two cells covering each electrode. 

The measurements used to calculate impedance due to two cells were taken from the time 

points where the impedance at 40 Hz was highest, 48 hrs for PEDOT:PSS device and 84 

hrs for Au device. Then sensitivity for each frequency was calculated accordingly. The has 

a similar trend to what we see in Figure 70 showing better sensitivity below 200 Hz for 

PEDOT:PSS devices but eventually with Au devices dominating the higher frequency 

spectrum. Both types of electrodes have their benefits at varying frequencies. PEDOT:PSS 

electrodes simply provide lower impedance at lower frequencies and the benefit of higher 

transparency.   
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Chapter 7:  Human Embryonic Stem Cell 

Experiments 
   

Since the advent of human embryonic stem cell (hESC) research, they have been 

the source of controversy and ethical debates regarding their source. However from a 

research point of view, their potential is enormous. Their ability to differentiate into any 

type of cell and almost infinite ability of self-renewal is extremely promising for curing 

diseases. While adult stem cells have similar abilities, albeit not of the same level,   their 

extraction and maintenance in vitro remains a problem, especially for cells related to the 

nervous system. Recently there has been development of induced pluripotent stem cells 

(iPSCs). By enforced expression of particular transcription factors (such as OCT4), it is 

possible to reprogram somatic cells into pluripotent ones. While there is are many 

similarities to hESCs, including pluripotency and gene expressions, there are also many 

differences. Apart from that, iPSCs are still relatively new and there is need for more 

research before they can be utilized in therapeutic medical applications.[129-132] 

 While the ability of hESCs to differentiate into any form of cell is of great 

importance, maintenance of their pluripotency in vitro is difficult. Given the fact that they 

could have progressed into any of the germ layers also makes it difficult to distinguish cell 

types. It can become a difficult issue to researchers to maintain their cultures over long 

periods of time. While culture mediums have been devisied to help maintain pluripotency 

while allowing self-renewal  and proliferation [133], the overall maintenance and constant 

screening of the cells is cumbersome. It would be extremely useful if there was a way to 

monitor cell differentiation using real-time, label-free and non-invasive techniques [134]. 

Cell impedance measurement techniques have been utilized to look at mesenchymal stem 

cell differentiation. [7, 8, 57]. We have used the CIS device setup described in this thesis to 

measure hESC differentiation and considered using a novel approach to distinguish 

between the two cell types.  
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7.1 Induced Stem Cell Differentiation
The experiments were performed in

research group. Scott Cowan, who is a PhD candidate, performed all the cell culturing, 

media changes, staining, and fluorescent imaging of the cells. The device fabrication, 

experimental setup, measurements and d

differentiate hESCs to trophoblasts

blastocyst. While this may not be relevant to most current therapeutic research, it was ideal 

for us. This was due to th

approximately 72 hrs

quite distinct and optically visible.  The larger cell size of the trophoblasts

pluripotent cells) would also provide 

and resistive) of the two cell types

protein (BMP4) to induce hESCs to differentiate into trophoblasts. 

Figure 72 : From pluripotent hESCs to trophoblasts. Note the larger size of the trophoblasts 

in comparison to the pluripotent stem cells.

Device Preparation: 

The device, after fabrication is rinsed with ethanol and allowed to dry for an hour. It is then 

plasma cleaned in an O

0.3mg/ml fibronectin (MERCK), for 15

(Invitrogen). This procedure is done just prior to cell seeding.
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Induced Stem Cell Differentiation Experiment
The experiments were performed in collaboration with the embryonic stem cell 

Scott Cowan, who is a PhD candidate, performed all the cell culturing, 

media changes, staining, and fluorescent imaging of the cells. The device fabrication, 

experimental setup, measurements and data analysis were done by me. We choose to to 

differentiate hESCs to trophoblasts, which are the cells that create the outer layer of a 

While this may not be relevant to most current therapeutic research, it was ideal 

for us. This was due to the fact that the overall differentiation procedure is completed in 

hrs and the morphological differences between the two cell types are 

quite distinct and optically visible.  The larger cell size of the trophoblasts

would also provide significant difference in the impedance

and resistive) of the two cell types. Xu et al. [135] reported using bone morphogenic 

protein (BMP4) to induce hESCs to differentiate into trophoblasts. 

: From pluripotent hESCs to trophoblasts. Note the larger size of the trophoblasts 

in comparison to the pluripotent stem cells.  

Device Preparation:  

The device, after fabrication is rinsed with ethanol and allowed to dry for an hour. It is then 

eaned in an O2 plasma asher for 2mins at 120 W power. It is then coated with 

0.3mg/ml fibronectin (MERCK), for 15 mins and then rinsed with PBS (

(Invitrogen). This procedure is done just prior to cell seeding. 
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: From pluripotent hESCs to trophoblasts. Note the larger size of the trophoblasts 

The device, after fabrication is rinsed with ethanol and allowed to dry for an hour. It is then 

plasma asher for 2mins at 120 W power. It is then coated with 

mins and then rinsed with PBS (-Ca/-Mg) 
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Cell Culture Day 1: Seeding of cells 

Once at desired confluence (in petri dish), cells are given a 2 hour pre-treatment with 

10uM of the Rho kinase inhibitor Y-27632 (ROCK inhibitor, Calbiochem) in Stempro 

complete media (DMEM F12+ glutamax (Gibco), Stempro SFM growth supplement 

(Gibco), 25% BSA (Gibco), 50mM mercaptoethanol (Gibco), 20 µg/ml bFGF (R&D 

Systems)). After 2 hrs, stempro is removed and cells washed with PBS (-Ca/-Mg). 1.5 ml 

of TrypLE select (Invitrogen) is added and cells returned to incubator to dissociate to 

single cell (2-5 min). 1.5 ml of Stempro is added to well to deactivate TrypLE select. At 

this point cells are titrated using 5 ml pipette to aid dissociation of cell clumps.  Cells are 

counted, spun down at 1200 RPM for 3 min and re-suspended in stempro complete media 

and10uM Y27632. Cells are reseeded at a density of 5x104 cells per well in stempro and 

10uM Y27632. 

Cell Culture Day 2-4: Induce Cells 

Remove media from well and replace with MEF media (DMEM (invitrogen), 10% FCS 

(Invitrogen), 1x pen/strep/glutamine (Gibco))  and 10 ng/ml Recombinant human BMP4 

(R&D systems). Return cells to incubator.  

Cell Culture Day 5: End experiment 

Remove media from well and wash 3x in PBS(-Ca/-Mg). Add 4% PFA (Parafarmaldehyde 

(Sigma)) to wells and leave for 20 min at room temperature. Wash further 3 times and 

store at 4 oC with some PBS for subsequent staining.  

  

 The first set of experiments were done using the second generation devices (Figure 

27 section 3.2) and helped understand the differences between cells that were pluripotent 

and those that were in the process of differentiation, or had already differentiated to 

trophoblasts. The cells were first seeded on the device and the measurements were started 

once they had reached confluence or were close to do so. This would help distinguish 

changes due to cell growth and those due to differentiation. It is however not possible to 

curb growth and this is an ever present issue to consider during analysis. Once the cells 

reached a certain level of confluence that seemed appropriate enough, ROCK inhibitor 
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media was used in the well that will now be called the “Pluripotent well” and MEF media 

with BMP4, was used in the “Induced differentiation well” in which we wish the cells to 

differentiate. The control well had the media used for the induced differentiation wells but 

without cells. 

 

Figure 73: Results from the induced differentiation  experiment, Well1 is the control, Well2 is 

the pluripotent well. Well 3 is the induced well. T he values are the actual measured values, 

not normalized nor results of any subtraction. 

One of the major differences we see are the large fluctuations in the values for the 

differentiation well (well3) in comparision to the pluripotent well (well2). This could 

possibly be attributed to the high activity and motility of cells during the biological 

changes or it could be their morphological variations. Larger sized cells (trophoblasts 

much larger than hESC) will cause more variation in the impedance with their motility. 

Well3 also shows rapid changes immediately after adding the inducing BMP4 media. At 

43 hrs the absolute impedance values of the two wells varies however the phase seem very 

similar.  

Experiments were then conducted thoroughly with the 8-well setup. Figure 74 

shows the results of changes in impedance relative to the first measured impedance. The 

cells were seeded at 0 hrs and then induction media was introduced in wells 5-8 (marked D 

for differentiation). The pluripotent wells are wells 2-4 (marked P) and show smoother and 

slower increase in comparison to the differentiation wells, which themselves show the 

traits discussed for the results of Figure 73. The control (well1 marked Cc in legend) seems 
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to be quite stable other than the typical spikes right after the m

chemical and temperature variations. 

for the differentiation wells are larger

analyze this further, we will focus on two wells

and well 6 for differentiation induced cells. 

Figure 74 : Results of stem cell induction experiments.

media changes and microscopy.

(pluripotent) do not have any BMP4 added to them an d those marked D (differentiation) 

have BMP4 added to the media at the time point mark ed (roughly 22 hrs).

  

Human Embryonic Stem Cell Experiments  

to be quite stable other than the typical spikes right after the media changes associated to 

chemical and temperature variations. The values of the absolute impedance 

for the differentiation wells are larger in comparison to the pluripotent wells

analyze this further, we will focus on two wells in particular, well 4 for pluripotent cells 

and well 6 for differentiation induced cells.  

: Results of stem cell induction experiments.  Vertical red lines indicate points of 

media changes and microscopy.  Cc is the control well (well1). The wells marked P 

(pluripotent) do not have any BMP4 added to them an d those marked D (differentiation) 

have BMP4 added to the media at the time point mark ed (roughly 22 hrs).
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edia changes associated to 

impedance change (∆|Z|) 

in comparison to the pluripotent wells. In order to 

, well 4 for pluripotent cells 

 

Vertical red lines indicate points of 

control well (well1). The wells marked P 

(pluripotent) do not have any BMP4 added to them an d those marked D (differentiation) 

have BMP4 added to the media at the time point mark ed (roughly 22 hrs).   
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Figure 75 : Impedance change

Vertical red lines indicate media change

of induction media in differentiation cells (22.5

One might assume that the sudden rise

cells change their morphology very quickly, however the pluripotent well also shows 

immediate increase (smaller in comparison though) after the first media change

simply be due to cell growth and elect

experiments. It would

reason or reasons that cause this rapid change. The rapid variations in the impedance 

results for the differentiatio

factor of differentiation. 

approximately 50 hrs

loose adhesion after a certain time point? 

consistent which would mean that the cells are still adhering. 

Let us focus on the

the different frequencies of the 

seems to be consistant. The phase values for the three frequencies are 

approximately 45 hrs

approximately 70 hrs

less negative). This observation is consistent for all the differentiation wells (

Thus I considered looking at the spectrums at various time points for each of the wells

shown in Figure 76. Impedance values may go up and down but the frequenc

minimum (or the minimum phase frequency)

the minimum phase frequency 
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: Impedance change s for a pluripotent well and well with induced diff erentiation.

Vertical red lines indicate media change  and the first vertical red line indicates introduction 

of induction media in differentiation cells (22.5

One might assume that the sudden rise for the differentiation well,

cells change their morphology very quickly, however the pluripotent well also shows 

immediate increase (smaller in comparison though) after the first media change

simply be due to cell growth and electrode coverage similar to the MDCK cell 

experiments. It would require further experiments (with time lapse) to ascertain the actual 

reason or reasons that cause this rapid change. The rapid variations in the impedance 

results for the differentiation well make it difficult to consider the 

of differentiation. The ∆|Z| at 20 Hz for the differentiation well

hrs, making it further more confusing. Could it be that the stem cells 

loose adhesion after a certain time point? However at higher frequencies 

consistent which would mean that the cells are still adhering.  

Let us focus on the behavior of changes for various frequencies instead. 

the different frequencies of the pluripotent well tends to reach a particular value and then 

seems to be consistant. The phase values for the three frequencies are 

hrs as well. The differentiation well has similar values for phase but after 

hrs, the phase at 3 kHz and 10 kHz starts increasing (that is, becoming 

). This observation is consistent for all the differentiation wells (

Thus I considered looking at the spectrums at various time points for each of the wells

Impedance values may go up and down but the frequenc

(or the minimum phase frequency), for the pluripotent well (well4)

minimum phase frequency of the differentiation well (well6) at 90 
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s for a pluripotent well and well with induced diff erentiation.  

line indicates introduction 

of induction media in differentiation cells (22.5  hrs). 

r the differentiation well, shows that the 

cells change their morphology very quickly, however the pluripotent well also shows 

immediate increase (smaller in comparison though) after the first media change. This could 

rode coverage similar to the MDCK cell 

require further experiments (with time lapse) to ascertain the actual 

reason or reasons that cause this rapid change. The rapid variations in the impedance 

the absolute impedance as a 

for the differentiation well also falls after 

Could it be that the stem cells 

However at higher frequencies ∆|Z| is still 

behavior of changes for various frequencies instead. The ∆|Z| of 

pluripotent well tends to reach a particular value and then 

seems to be consistant. The phase values for the three frequencies are also settled after 

milar values for phase but after 

increasing (that is, becoming 

). This observation is consistent for all the differentiation wells (Figure 74). 

Thus I considered looking at the spectrums at various time points for each of the wells as 

Impedance values may go up and down but the frequency of the phase 

pluripotent well (well4), is lower than 

well (well6) at 90 hrs.  
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Figure 

Considering this observation I looked at the

experiment time period, shown in 

mean value, with well4 approximately 550 Hz and well 6 approximately 1600

are some quantization errors in the measured values which are limited by the measurement 

setup. It can be reduced by increasing the total frequency points. However these results 

show there is a possible factor which could be used to clearly distinguish betwee

pluripotent and differentiated cell cultures

hrs, the values become even further apart.  

Figure 77 : Resonant frequency plots for well 4 and well 6. G reen line shows the mean value 

for all the data points

Using this method we can 

Figure 78 show a clear distinc

cell types. The results shown 

frequencies from the 
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Figure 76: Impedance spectrum for well4 and well 6

his observation I looked at the minimum phase frequencies 

experiment time period, shown in Figure 77. We can see a clear distinction between the 

mean value, with well4 approximately 550 Hz and well 6 approximately 1600

some quantization errors in the measured values which are limited by the measurement 

setup. It can be reduced by increasing the total frequency points. However these results 

show there is a possible factor which could be used to clearly distinguish betwee

pluripotent and differentiated cell cultures using the minimum phase frequency

the values become even further apart.    

: Resonant frequency plots for well 4 and well 6. G reen line shows the mean value 

for all the data points  (measurements shown are for after 30 

Using this method we can collect data from the two wells and the bar plots in 

show a clear distinction in the phase minimum frequencies

The results shown in Figure 78 were calculated by taking the mean of the

 total experiments of the particular cell type. The error bars were 
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: Impedance spectrum for well4 and well 6  

minimum phase frequencies over the 

. We can see a clear distinction between the 

mean value, with well4 approximately 550 Hz and well 6 approximately 1600 Hz. There 

some quantization errors in the measured values which are limited by the measurement 

setup. It can be reduced by increasing the total frequency points. However these results 

show there is a possible factor which could be used to clearly distinguish between 

using the minimum phase frequency. After 70 

 

: Resonant frequency plots for well 4 and well 6. G reen line shows the mean value 

(measurements shown are for after 30 hrs). 

and the bar plots in 

tion in the phase minimum frequencies for the two different 

taking the mean of the 

total experiments of the particular cell type. The error bars were 
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created using the standard deviation of those results. The pluripotent cells types show 

lower phase minimum frequencies in comparison to the differentiated cell types. If the 

cells are considered as electrical elements, this shows that the pluripotent cell layer has a 

larger capacitance value. Just as we saw with the MDCK, the effect due to confluent layers 

on the impedance is far greater than that due to a single cell or complete electrode coverage 

by multiple cells as well. The fact that the values become further apart after 70 hrs raises 

the question of whether this is due to the cells reaching confluence after the time period or 

is it due cells completing their differentiation cycle. An interesting observation was that all 

the differentiated wells had a similar increase after 70 hrs and the differentiation cycle for 

these cells is approximately 72 hrs. To completely disprove the possibility that the 

frequency is dependent on the cell type and not the confluence, we would need to perform 

multiple observations of the cells at different time points. 
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Figure 78 : Statistical results for the resonant frequency me asurements for

line seperate the two types of cells, left are plur ipotent and those on the right a 

Figure 79 shows the fluor

cells have been stained for the pluripotency transcription factor OCT4 (red), the 

filaments (green) and the nucleus using DAPI stains. The top three pictures are for the 

pluripotent wells. The 

wells have lost their pluripotency and show either none, or very little OCT4. 

validate the results in 
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: Statistical results for the resonant frequency me asurements for

line seperate the two types of cells, left are plur ipotent and those on the right a 

differentiated cells. 

shows the fluorescent images of at the end of the ex

cells have been stained for the pluripotency transcription factor OCT4 (red), the 

filaments (green) and the nucleus using DAPI stains. The top three pictures are for the 

pluripotent wells. The bottom four are for the differentiation wells. The differentiation 

wells have lost their pluripotency and show either none, or very little OCT4. 

results in Figure 78. 
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: Statistical results for the resonant frequency me asurements for  all wells. The red 

line seperate the two types of cells, left are plur ipotent and those on the right a 

escent images of at the end of the experiment. Here, the 

cells have been stained for the pluripotency transcription factor OCT4 (red), the actin 

filaments (green) and the nucleus using DAPI stains. The top three pictures are for the 

bottom four are for the differentiation wells. The differentiation 

wells have lost their pluripotency and show either none, or very little OCT4. This helps 
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Figure 79 : Fluorescent images at the end of the experiment.

the nucleus. Red shows the OCT4 marker in the pluri potent cells and th

for the actin.  Wells 2

show OCT4 (or very small traces)

One issue encountered 

differentiate very well if the density of the cells is too high. They also make it difficult to 

stain them. This creates a problem as the CIS measurement procedure used in this project, 

works best with confluent layers as explained in

has been difficult and reduced the success output of our experiments. I am working 

towards improving the c

improving our experimental technique with Scott in order to get more results and make this 

technique more reliable.
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: Fluorescent images at the end of the experiment.  Blue stain is the DAPI stain for 

the nucleus. Red shows the OCT4 marker in the pluri potent cells and th

for the actin.  Wells 2 -4 show the OCT4 stain, proving their pluripotency. Wells

(or very small traces)  and hence most cell in those wells have differentiated.

issue encountered during these experiments was that the stem cells do not 

differentiate very well if the density of the cells is too high. They also make it difficult to 

stain them. This creates a problem as the CIS measurement procedure used in this project, 

works best with confluent layers as explained in section 6.2. Finding the perfect balance 

has been difficult and reduced the success output of our experiments. I am working 

towards improving the cell impedance model and measurement procedure as well as 

improving our experimental technique with Scott in order to get more results and make this 

technique more reliable.   
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Blue stain is the DAPI stain for 

the nucleus. Red shows the OCT4 marker in the pluri potent cells and th e green stains are 

their pluripotency. Wells  5-8 do not 

hence most cell in those wells have differentiated.  

the stem cells do not 

differentiate very well if the density of the cells is too high. They also make it difficult to 

stain them. This creates a problem as the CIS measurement procedure used in this project, 

. Finding the perfect balance 

has been difficult and reduced the success output of our experiments. I am working 

ell impedance model and measurement procedure as well as 

improving our experimental technique with Scott in order to get more results and make this 
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Chapter 8: 

 

One of the interests for our research was to explore new forms of electrodes and 

applications of CIS. It was why we opted to devise a complete fabrication procedure so 

that we could customize our devices rather than to depend on commercially available 

products. One interesting idea was put forward by Dr. Mathis Riehle which was based on 

research published by 

on microstructures into the gaps. They found 

shape of the micro pillars that had dimensions closely related to those of a cell nucleus. 

They cultured SaOs-2 and MG

µm tall) and show that the cell deform

inside or partly stretches on top of the pillars while hanging into the grooves(

Figure 81). When HOP cells were cultured onto the structures they were not as flexible and 

while they did adhere to the surface, they did not deform. 

cell behavior on such a structure is related to the flexibility of the cell type.

Figure 80 : Deformation of cells over microstructures. SaOs

lines, showing deformation, and HOP are osteoblasts . Picture by Davidson 

Davidson et al have used this behavior to distingu

cancerous cell lines owing to their different flexibilities. I aimed to use CIS, along with this 

behavior of cells, to see if there is any possibility of using the two techniques to distinguish 

between the two cell types in re
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Chapter 8:  Microstructure Devices to 

Measure Deformation of Cells

One of the interests for our research was to explore new forms of electrodes and 

applications of CIS. It was why we opted to devise a complete fabrication procedure so 

that we could customize our devices rather than to depend on commercially available 

ucts. One interesting idea was put forward by Dr. Mathis Riehle which was based on 

research published by Davidson et al. [136]. They have shown how cell nuclei

microstructures into the gaps. They found that cancerous cell lines deform and take 

shape of the micro pillars that had dimensions closely related to those of a cell nucleus. 

2 and MG-63 cells on micro pillars (squares of 7

m tall) and show that the cell deforms into the grooves and the nucleus deforms to fit 

inside or partly stretches on top of the pillars while hanging into the grooves(

). When HOP cells were cultured onto the structures they were not as flexible and 

while they did adhere to the surface, they did not deform. Therefore it is assumed that the 

cell behavior on such a structure is related to the flexibility of the cell type.

: Deformation of cells over microstructures. SaOs -2 and MG

lines, showing deformation, and HOP are osteoblasts . Picture by Davidson 

have used this behavior to distinguish between cancerous and non

cancerous cell lines owing to their different flexibilities. I aimed to use CIS, along with this 

behavior of cells, to see if there is any possibility of using the two techniques to distinguish 

between the two cell types in real time using impedance changes. Due to shortage of time, 
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Measure Deformation of Cells 

One of the interests for our research was to explore new forms of electrodes and 

applications of CIS. It was why we opted to devise a complete fabrication procedure so 

that we could customize our devices rather than to depend on commercially available 

ucts. One interesting idea was put forward by Dr. Mathis Riehle which was based on 

have shown how cell nuclei can deform 

that cancerous cell lines deform and take 

shape of the micro pillars that had dimensions closely related to those of a cell nucleus. 

63 cells on micro pillars (squares of 7 µm by 7 µm and 4 

s into the grooves and the nucleus deforms to fit 

inside or partly stretches on top of the pillars while hanging into the grooves(Figure 80 and 

). When HOP cells were cultured onto the structures they were not as flexible and 

Therefore it is assumed that the 

cell behavior on such a structure is related to the flexibility of the cell type. 

 

2 and MG-63 are cancerous cell 

lines, showing deformation, and HOP are osteoblasts . Picture by Davidson et al [136]. 

ish between cancerous and non-

cancerous cell lines owing to their different flexibilities. I aimed to use CIS, along with this 

behavior of cells, to see if there is any possibility of using the two techniques to distinguish 

al time using impedance changes. Due to shortage of time, 
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I was not able to prepare the microstructures on PEDOT:PSS electrodes

with cancerous cell lines and present the work here. This is 

try some preliminary 

hESCs using Au electrode devices with similar microstructures

are not to prove the concept but simply to present work under progress and the 

observations made.  

Figure 81 : The nucleus doesn’t necessarily slip into the gro ves, it can also stretch over the 

pillar as shown on the left. The blue stain is for the DNA, the green is for the cytoskeleton 

 

The microstructures on the device were similar to that used by Davidson 

These were square shaped pillars, 7

directions) but were 6

optical images of a single well

trophoblasts are shown in 

cells. By taking a closer look at two regions of varying brightness, on top of the 

microstructure, we find that not all the cells have lost their pluripotency. However the 

images show that the pluripotent cells deform more

This could lead to an interesting change in the impedance which could help show cell 

differentiation. Figure 

experiment over two 

6-8 were to remain pluripotent. We can see a sudden rise in the 

added to the wells. Thi

good results when stained) shown in 

have observed in other experiments
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t able to prepare the microstructures on PEDOT:PSS electrodes

with cancerous cell lines and present the work here. This is ongoing

try some preliminary experiments of trying a similar theory to measure differentiation in 

Cs using Au electrode devices with similar microstructures. The results presented here 

are not to prove the concept but simply to present work under progress and the 

: The nucleus doesn’t necessarily slip into the gro ves, it can also stretch over the 

pillar as shown on the left. The blue stain is for the DNA, the green is for the cytoskeleton 

and the red is for the nucleus membrane .

The microstructures on the device were similar to that used by Davidson 

These were square shaped pillars, 7 µm x 7 µm dimensions spaced 7

but were 6 µm high, something that will be rectified in future experiments

optical images of a single well (well3) where the hESCs were induced to differentiate into 

trophoblasts are shown in Figure 82. Image (b) shows the Oct4 marker expression in the 

cells. By taking a closer look at two regions of varying brightness, on top of the 

microstructure, we find that not all the cells have lost their pluripotency. However the 

images show that the pluripotent cells deform more into the pattern than the 

This could lead to an interesting change in the impedance which could help show cell 

Figure 83 shows the impedance measured during the co

 frequencies. Well1 was the control, well2-5 were induced, and wells 

8 were to remain pluripotent. We can see a sudden rise in the ∆|Z| the moment BMP4 is 

added to the wells. This is something we did not see in the experiment (which showed very 

good results when stained) shown in Figure 74 in Chapter 7: , however it is something I 

have observed in other experiments and may be related to higher density of cells

133 

t able to prepare the microstructures on PEDOT:PSS electrodes, learn to work 

ongoing, however I was able to 

experiments of trying a similar theory to measure differentiation in 

The results presented here 

are not to prove the concept but simply to present work under progress and the 

 

: The nucleus doesn’t necessarily slip into the gro ves, it can also stretch over the 

pillar as shown on the left. The blue stain is for the DNA, the green is for the cytoskeleton 

. 

The microstructures on the device were similar to that used by Davidson et al. 

m dimensions spaced 7 µm apart (in all four 

m high, something that will be rectified in future experiments. The 

were induced to differentiate into 

the Oct4 marker expression in the 

cells. By taking a closer look at two regions of varying brightness, on top of the 

microstructure, we find that not all the cells have lost their pluripotency. However the 

into the pattern than the trophoblasts. 

This could lead to an interesting change in the impedance which could help show cell 

shows the impedance measured during the course of the 

5 were induced, and wells 

|Z| the moment BMP4 is 

s is something we did not see in the experiment (which showed very 

, however it is something I 

ay be related to higher density of cells. We can 
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also see the rapid fall and rise of the impedance when media is changed, similar to the 

MDCK experiment of 

pluripotent cells do not get affected in a similar manner. It could be an indication of how 

cell that are undergoing a differentiation cycle are sensitive to changes in surroundings

They possibly lose their adhesion and gain it very quickly once the conditions are 

normalized. 

Figure 82 : Some preliminary results of stem cell differentia tion on microstructure pillars.

shows the microstructure pillars on 

fluorescent image on the same electrode at the end of the experiment. The cells shown in 

(c) show lower Oct4 than th

Figure 83 shows the impedance results. 

at the beginning and then after approximately 60 

especially those at 1 kHz

that of the pluripotent ones. 

wells increases with increasing 

relationship changes to increasing 

the cell deformation reducing
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also see the rapid fall and rise of the impedance when media is changed, similar to the 

MDCK experiment of Figure 62, and it is more prominent in the differentiation wells. The 

pluripotent cells do not get affected in a similar manner. It could be an indication of how 

cell that are undergoing a differentiation cycle are sensitive to changes in surroundings

lose their adhesion and gain it very quickly once the conditions are 

: Some preliminary results of stem cell differentia tion on microstructure pillars.

shows the microstructure pillars on a gold electrode. (b) shows Oct4 pluripotency marke r 

fluorescent image on the same electrode at the end of the experiment. The cells shown in 

Oct4 than th ose in (d), and they (cell in (d)) a lso deform more than those in 

(c).  

shows the impedance results. The differentiation wells show higher 

at the beginning and then after approximately 60 hrs it begins to fall. 

at 1 kHz, show the impedance of the differentiation wells falling below 

that of the pluripotent ones. Another thing to notice is that at 1 kHz, 

wells increases with increasing ∆|Z| just when BMP4 is induced, and th

relationship changes to increasing ∆θ but decreasing ∆|Z|. This could be an indication of 

the cell deformation reducing for trophoblasts, as shown in Figure 
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also see the rapid fall and rise of the impedance when media is changed, similar to the 

, and it is more prominent in the differentiation wells. The 

pluripotent cells do not get affected in a similar manner. It could be an indication of how 

cell that are undergoing a differentiation cycle are sensitive to changes in surroundings. 

lose their adhesion and gain it very quickly once the conditions are 

 

: Some preliminary results of stem cell differentia tion on microstructure pillars.  (a) 

a gold electrode. (b) shows Oct4 pluripotency marke r 

fluorescent image on the same electrode at the end of the experiment. The cells shown in 

lso deform more than those in 

The differentiation wells show higher ∆|Z| 

it begins to fall. The results, 

show the impedance of the differentiation wells falling below 

Another thing to notice is that at 1 kHz, ∆θ for differentiation 

|Z| just when BMP4 is induced, and then at the end this 

This could be an indication of 

Figure 82. Now is this due to 
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the stiffness of the cytoskeleton and cell functionality, or if it is due to the change in size? 

This can only be answered by some more experiments looking into the 

further analysis. The exp

similar reduction in the impedance and this creates ambiguity with regards to the effect of 

the stiffness of the cells and the microelectrode device

impedance changes in with these microstructured devices could look more distinct 

each well and could be an

Figure 83 : Results of the experiment over two different freq uencies. The thin dotted red 

lines indicate media change and microscopy time poi nts.

and 5 were induced using BMP4, and wells 6,7 and 8 were main

Unfortunately this is only one experiment, which I am not fully confident of 

especially since we lost the 
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the stiffness of the cytoskeleton and cell functionality, or if it is due to the change in size? 

This can only be answered by some more experiments looking into the 

The experiments with a flat PEDOT:PSS electrode (

similar reduction in the impedance and this creates ambiguity with regards to the effect of 

he stiffness of the cells and the microelectrode device impedance 

impedance changes in with these microstructured devices could look more distinct 

each well and could be an improvement on the flat electrodes.  

: Results of the experiment over two different freq uencies. The thin dotted red 

lines indicate media change and microscopy time poi nts.  Well 1 was the control, well 2,3,4 

and 5 were induced using BMP4, and wells 6,7 and 8 were main tained as pluripotent and no 

BMP4 was added to them.  

nfortunately this is only one experiment, which I am not fully confident of 

especially since we lost the pluripotent wells during removal of the glued wells
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the stiffness of the cytoskeleton and cell functionality, or if it is due to the change in size? 

This can only be answered by some more experiments looking into the size changes and 

eriments with a flat PEDOT:PSS electrode (Figure 74) show 

similar reduction in the impedance and this creates ambiguity with regards to the effect of 

 results. However the 

impedance changes in with these microstructured devices could look more distinct between 

 

: Results of the experiment over two different freq uencies. The thin dotted red 

Well 1 was the control, well 2,3,4 

tained as pluripotent and no 

nfortunately this is only one experiment, which I am not fully confident of 

wells during removal of the glued wells, thus losing 



Microstructure Devices to Measure Deformation of Cells
  136 

the possibility of optical observations for the stains of pluripotent wells. The cells have not 

fully differentiated in the others either, most probably due to the high density of cells when 

seeded, hindering the process. These images however do show some interesting properties 

that should be explored further. It would be most beneficial to look at the impedance 

results of such an experiment using PEDOT:PSS electrodes where lower frequencies can 

be measured more accurately and the phase changes modeled to the circuit model 

discussed in section 6.2. Another issue that took place, as mentioned in the earlier section 

was that the electrode area was halved due to the microstructures. This would need to be 

tackled else it could lead to a wider and less effective phase result as observed by myself 

during the course of my work.  
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Chapter 9:  Conclusion 
 

The application of conducting polymers, particularly PEDOT:PSS, to CIS is 

potentially very interesting. The work here has shown how it can improve the measurement 

capabilities of the technique due to its inherent ability of fast charge transfer with an 

electrolyte. Its properties of transparency and biocompatibility make it ideal for cell 

culturing and being a polymer, it presents the possibility of integration with topographies. 

Furthermore, the many options of processing PEDOT:PSS, especially through aqueous 

solution based processes, give it a great advantage in commercial manufacturing. Coupled 

with the use of SU-8 photo resist for insulation, the work presented here also shows that 

opportunity of using only polymers (including substrate) to create culture wells for CIS 

applications.  

A complete setup for the impedance measurement of devices inside an incubator 

was developed and implemented. This involved the integration of commercial impedance 

measurement with software developed using LabView. A platform for connection to 

custom made devices for cell culturing was designed and developed using SMD 

components integrated onto a PCB. This platform also included the multiplexers that 

would allow multiple experiments to be monitored and measurements performed using a 4 

probe connection for higher accuracy. The setup allowed measurements of up to 8 different 

cell cultures over multiple frequencies. It allows the user to control the time between each 

set of measurements, displays graphs, stores the data for the experiment and also copies 

that data to a network drive for mobile access. Matlab scripts were made for reading the 

data and generating custom graphs as well as performing curve fit analysis.   

While the development of the device was aimed towards cost effectiveness and 

simplicity, it was not trivial. Conducting polymers must be processed with great care and 

the fabrication procedure needs to be optimized in order to achieve good reliability and life 

span of the device as well as similar electrochemical characteristics between different 

devices. While using Inkjet printing is useful for prototyping, it does not provide a 

homogenous surface and reproducibility that can be achieved through spin coating and 

photolithography. Gravure printing would improve the time required to process, but such 

techniques are best left for mass manufacturing else they can be costly and reduce the 
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flexibility for making changes, which is a necessity for research. Temperature processing is 

critical for the fabrication process and will not only affect the morphology of the electrodes 

but also the subsequent impedance and measurements when used for CIS. Another thing 

which is critical is the oxidation using bleach. This method is extremely simple and 

provided good results. However it cannot be used for high resolution patterning as the 

solution penetrates under the masking layer and oxidizes more parts of the polymer then 

required. Coupled with the fact that oxidized PEDOT:PSS is not entirely a complete 

insulator, and hence must etched off completely, this restrains us from shortening the time 

of exposure to the oxidizing agent and limits the resolution of the technique further. To 

create smaller dimensions requires using techniques such as reactive ion etching. Such 

complications can be easily eluded by changing the design, such as those used for the 

devices used in this study. By using larger electrode dimensions but smaller windows in 

the insulation we can have smaller electrode geometries which satisfy the requirements for 

CIS.  

The electrochemical characteristics of PEDOT:PSS have also shown promising 

results for its use in CIS. Its lower interfacial impedance means that lower frequencies can 

be measured with more accuracy and lower noise due to electrochemical changes in the 

media.  This lower interfacial impedance is due to the fast charge transfer between 

PEDOT:PSS electrodes with the electrolyte which stems from its ability to absorb ions and 

solvent into itself. It is less sensitive, in comparison with Au electrodes, to the changes in 

media at lower frequencies as the absolute impedance values are far lower. While the 

absorption of water and ions significantly reduces the interfacial impedance, it also creates  

a disadvantage when using the polymer as an electrode. Due to the water absorption it 

tends to lose adhesion to the substrate. This reduced the overall life span of the electrodes 

when in aqueous media. One thing to consider is that the substrates used in this study were 

glass and PEDOT:PSS has better adhesion to polymers than glass substrates. This could be 

rectified by using the polymer blending devised by T. Hansen et al [44]. They have 

managed to integrate PEDOT:PSS and PMMA creating a more mechanically stable 

conducting polymer layer on a polymer substrate. By using polymer substrates we could 

eradicate the problem. Another method would be to create a new polymer blend by cross 

linking PEDOT and PMMA as shown by G. Zhang et al [137]. This may affect the 

electrochemical behavior of the electrode and would need to be characterized further. If the 

adhesion is still insufficient, we could fabricate the electrodes in such a way as to slightly 

emboss the electrode into the polymer substrate, while it is at glass transition. 
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             The PEDOT:PSS electrode devices were successfully tested with MDCK cells. 

The results were compared with those from Au electrodes. The results showed significant 

improvement in the measurements for lower frequencies and more stability over time. 

When changes in impedance due to cells were measured, they showed a uniquely different 

phase result in comparison to that shown by the Au electrodes. When the changes were 

observed over the entire frequency spectrum, they were found to mimic an electrical 

circuit, a parallel resistor and capacitor in series with another resistor. This was used to 

model the cell impedance against a mathematically defined electrical circuit and the values 

of the individual elements plotted over time. This provided information about the cell 

substrate adhesion and the cell behaviour. This technique is not novel and has been 

performed by others, but the electrical model used was slightly different and simpler to 

implement. The model does not fit perfectly and requires more work to be improved. 

            Since the implementation of conducting polymers to CIS was successful, the 

devices and measurement setup were applied to the study human embryonic stem cell 

differentiation in real time. The experiments involved measuring the impedance of the 

pluripotent cells during proliferation and then during differentiation to trophoblasts, after 

being induced using BMP4. The results showed differences in absolute impedance 

immediately after induction. In order to find further distinctness in impedance of the two 

cell types, the impedance spectrums were observed closely and analyzed. Results showed 

that the frequency of the curve minima for the phase change over time, were distinct for 

the two cell types. This has the potential to become a new method of using CIS to analyze 

stem cell differentiation.  

 The idea of distinguishing cell types based on the flexibility and adaptability of the 

cytoskeleton of cells, as shown by Davidson et al [136], was also explored. Devices were 

fabricated using Au electrodes with square shaped micro pillars on them. Preliminary 

results using stem cells show pluripotent cells being more adaptable and sinking into the 

grooves of the microstructures. The trophoblasts show less flexibility in comparison. This 

is a highly promising application of CIS and further work is ongoing to prove the concept.  
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Appendix 

Calculation of conductivities for 0.1 M NaCl 
We would like to find out the conductivity of a 0.1 M NaCl solution over different 

temperatures. As the data was not readily available, I used data from JENWAY [138] for 

the conductivities of various NaCl dilutions as shown in the table below.  

Temperature(C ) 0.5 g/l 1g/l 10g/l 5.8g/l 

5 652 1272 11140 6569 

10 746 1462 12760 7594 

15 841 1639 14340 8619 

20 936 1828 15910 9644 

25 1037 2030 17610 10669 

30 1136 2230 19180 11694 

35 1246 2440 20900 12719 

40 1370 2640 23000 13744 

45 1470 2870 25000 14769 

50 1595 3080 26800 15794 

Table 10: Conductivities of NaCl solutions in µS cm -1. The last column shows the results for 

the calculated conductivities of a 0.1 M solution. 

These conductivities are plotted in Figure 84. The gradient of the three dilutions (0.5 g/l, 1 

g/l and 10 g/l) are calculated using a linear fit. These gradients are then used to find the 

slope for a 5.8 g/l (0.1 M) solution (Figure 85) assuming the relationship between the 

concentration and the gradient is linear. 0.1 M NaCl has a equivalent conductivity of 

106.69 cm2 S mol-1 [139] at 25 °C. This means that a 0.1 M solution has a conductivity of 

10669 µS cm-1. Hence we can use this to determine the linear equation for the particular 

concentration and find that the conductivity at 35 °C and 37 °C  is 12719 µS cm-1 and 

13129 µS cm-1 respectively. The resistivity is then calculated as 78.62 Ω cm and 76.16 Ω 

cm. The gaps between the electrode in the device is roughly 3mm which gives us a 

resistance of 23.5 Ω and 22.8 Ω.  
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Figure 84: Conductivity of different NaCl solutions  plotted against temperature.  The 

equations shown are for the linear fits. 

 

 

Figure 85: Gradient values for the lines plotted in  Figure 84. The point with the circle is the 

value for 0.1 M NaCl solution. 
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