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Abstract 

Galvanotaxis is the movement of cells in an applied electric field. The first steps to design a chip for 

observations of galvanotaxic behavior of cells were done in this work. The chip is a miniaturised 

system of previous larger galvanotaxis systems and uses materials which are thought to be 

biocompatible. The system was constructed on microscope slides with a channel in PDMS with 

adjacent polymer electrodes. The polymer electrodes were made from poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS), glycerol and Silquest A-187. The 

PEDOT:PSS electrodes were connected with either an evaporated metal electrode of titanium and gold 

or a gold net. Systems with PEDOT:PSS are neutralised when put in excessive amount of PBS 

(pH=7.4) for 24 hours. The final system had a channel with dimension length=14 mm, width=0.5 mm 

and height=0.25 mm. PEDOT:PSS worked as an electrode material and the achieved electric field 

through the channel was between 55 V/m and 160 V/m with an applied voltage of 1 V. The decrease 

of the electric field within the first hour was between 10 % and 30%.  Further development of this 

system could give an easy way to observe galvanotaxic behaviour of cells or an instrument that can 

distinguish between different cell types. 
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1 Introduction 
The use of microsystems is increasing and shows many benefits. They simplify the way of running 

multiple experiments at equal conditions at low costs. A microsystem where the cell behaviour due to 

an electric field could be observed would contribute to a better understanding of the underlying causes 

of galvanotaxis. This would help to understand development of for example cancer but could also 

serve as a diagnostic or sorting tool. A short background to further increase the understanding of 

galvanotaxis, polymer electrodes and the constructed system will be given in the following section. 

1.1 Galvanotaxis 
The movement of cells due to an electric field is called galvanotaxis. Normal physiological range of 

electric fields is between 2 and 600 V/m. (McCaig et al. 2005, Chao et al. 2000)  It has been shown 

that cells in vitro can react to an electric field up to 1000 V/m. Electric fields in the body is considered 

to be caused by ions, such as sodium, potassium and chloride. (Gang Yang et al. 2008, Song et al. 

2007) Their concentrations vary over space and time. These different concentrations can be present 

between hours and days. This is considered to give rise to galvanotaxic behaviour. There are several 

examples of where galvanotaxis could be a reason of cell movement in the body. Some examples are 

embryo development, directing nerve cell growth, wound healing, angiogenesis, directing metastatic 

cancer cells(McCaig et al. 2005, Gang Yang et al. 2008, Song et al. 2007). It has been seen that 

different cell types respond differently to an applied electric field, which then could be used to 

separate cells (McCaig et al. 2005). A large interest has been shown to see the effects of galvanotaxis 

in the area of cancer and its metastatic behaviour. Metastasis is where cancer cells move from the 

original tumour to form daughter tumours. The connection between galvanotaxis and metastasis is that 

it has been shown that highly metastatic cancer cells give a stronger response to an electric field than 

healthy or weakly metastatic cancer cells (McCaig et al. 2005, Huang et al. 2009).  

1.2 Polymer electrodes 
Polymer electrodes consist of conjugated polymers that are conducting. The conjugated backbone of 

the polymer can lead current in the same manner as a metal or semiconductor (Guimard, Gomez & 

Schmidt 2007). Most polymers also have a charged side group that forms a complex with a counter 

ion. The counter ions are free to move within the polymer and at the interface of polymer and 

electrolyte. This allows the polymer to induce a current of ions in a liquid. Many conducting polymers 

are biocompatible which makes them useful in electric applications in biomedicine.  The advantages 

with polymer electrodes are that they are available at low costs, easily to handle, possible to dope and 

adjust for biological systems. A common conducting polymer is poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS) which has been used in several applications 

(see 1.2.1 PEDOT:PSS) as well as in this diploma thesis. 
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1.2.1 PEDOT:PSS 

PEDOT:PSS has the chemical structures as Figure 1. It consists of the monomer 

3,4-ethylenedioxythiophene (EDOT) and the counter ion poly(styrenesulfonate)(PSS). 

 

Figure 1  Chemical structure PEDOT:PSS. Top chain is PEDOT and bottom chain is PSS. 

PEDOT:PSS is a conjugated polymer which can easily oxidise and reduce when a voltage is applied. 

The reaction of what happens at the cathode and the anode respectively can be seen according to the 

following : 

PEDOT
+
:PSS

-
 +M

+
 + e

-
 ↔PEDOT

0
 + M

+
:PSS

-
 (Mabeck et al. 2005) 

This illustrates that when a voltage is applied will an electron be removed from PEDOT at the cathode. 

PEDOT then gains a positive charge which is neutralised with PSS. When PSS the neutral charge 

complex with a cation will be dispersed and the cation (M
+
) is free to move. The opposite thing 

happens at the anode, where PEDOT’s positive charge is neutralised with an electron and then leaving 

PSS to be able to form a netural complex with a cation. That PEDOT is able to exchange electrons 

which then influence the movement of ions allows it to serve as an electrode, transducing a current in a 

liquid. 

In this reaction represents M
+
 any sort of cation, e.g. Na

+
 and H

+
. PEDOT is often chosen for its high 

stability and high conductance (Nyberg, Inganäs & Jerregård 2002, Nyberg, Shimada & Torimitsu 

2007). Because of these reasons it has been used in various applications, for example printed 

electronics (Berggren, Nilsson & Robinson 2007), thin film transistors (Li&Guo 2006), 

electrochromic devices, ion pumps(Isaksson et al. 2007) and biosensors(Rozlosnik 2009). 

Synthesising PEDOT can be done in two ways, either by chemical deposition or electrochemical.(Blau 

et al. 2011) Chemical deposition means that PEDOT applied in the form of a dispersion. This method 

allows a large scale production, thick layers of PEDOT and post modifications of the bulk. A 

drawback is that chemical deposition has a complicated synthesis. The other alternative, 

electrochemical deposition is where PEDOT is synthesised directly on a conductive surface from an 

EDOT solution. This method is easier and gives a more reproducible result. This deposition allows 

simultaneous doping of the PEDOT films. Electrochemical deposition gives thin films of PEDOT, 

which could be a limitation when a larger amount of PEDOT is needed. 

PEDOT films are doped with anions, either small mobile e.g. Cl
-
 or big immobile eg. PSS

-()
. (Bobacka, 

Lewenstam & Ivaska 2000) In this project PEDOT doped with PSS has been used which results in a 

conducting film that exchange cations such as Na
+
, K

+ 
 and H

+
.Electron transport at the interface 
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between metal and PEDOT is thought and shown to be faster than diffusion of ions between 

electrolyte and PEDOT film (Bobacka, Lewenstam & Ivaska 2000). 

There is a limitation of how high voltage that can be applied to PEDOT before it starts to over-oxidise. 

Over-oxidising the polymer electrode decreases the conductivity since it breaks conjugated bonds and 

makes conformational changes in the polymer chain. The voltage at which over-oxidation occurs has 

been shown to depend on pH and the electrolyte at which the voltage is applied (Tehrani et al. 2007). 

PEDOT is more easily oxidised with pH above 10 and with more OH
-
 present. Gentle oxidising 

condition is thought to be below 2 V and under this potential a small amount of over-oxidation occurs 

(Tehrani et al. 2005). 

PEDOT:PSS is biocompatible and it has been used in many applications where cells have lived in 

close contact with PEDOT. It has been shown that nerve cells grow well on PEDOT:PSS (Blau et al. 

2011) and it has been used to stimulate neurons, but also in devices  for controlled drug release 

(Guimard, Gomez & Schmidt 2007) and ion pumps (Isaksson et al. 2007, Richardson-Burns et al. 

2007). 

1.3 Previous galvanotaxis system 
System described in papers concerning galvanotaxis are mostly constructed by materials that you 

easily find in a lab for example microscope slides, petri dishes and agar bridges (Chao et al. 2000, 

Song et al. 2007). A schematic picture of a common type of galvanotaxis chambers can be seen in 

Figure 2. The electrodes usually used to apply an electric field across a channel are agar bridges that 

are placed in an electrolyte for example PBS buffer (Chao et al. 2000, Gang Yang et al. 2008, Song et 

al. 2007, Huang et al. 2009, Sato et al. 2007, Cooper&Schliwa 1986). In this electrolyte are Ag/AgCl 

electrodes placed which is used to connect the voltage source. When there is a voltage applied to the 

Ag/AgCl electrodes an electrochemical reaction will occur and silver ions are released, inducing a 

current which is transduced through the agar bridges and system resulting in an electric field in the 

chamber. There are some other examples of electrodes used for applying an electric field e.g. carbon 

rod electrodes, copper wires placed into PDMS and platinum wires  (Gang Yang et al. 2008, Rezai et 

al. 2010). A picture of the galvanotaxis system used at Royal Institute of Technology (KTH), 

Stockholm and from which the minimised system has been inspired can be seen in Figure 3. 

 

Figure 2 Schematic figure of a common galvanotaxis chamber, where the major and most important parts are 

present. Materials used to construct this system varies from paper to paper. 
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Figure 3 Previous system used at Kunliga Tekniska Högskolan, Stockholm(Hansen 2010).  

2 Objectives 
The objective of this project is to design and produce a chip that can be used for observing 

galvanotaxic behaviour of cells. The chip should be a miniaturised system that is more user-friendly 

than previously macroscopic system. A miniaturised system can be made at a lower cost and there are 

more possibilities of adding features to such a system for example parallel channels for parallel 

experiments.  

3 Scope 
The following demands were taken into consideration when constructing and developing a 

galvanotaxic minimised system: 

 Able to achieve electric fields in the physiological range (50-500 V/m). 

 Using materials that are biocompatible. 

 An initial time for  how long the electrodes should be stable for at least  (2 h to 4 h) 

 Replace previous electrodes (metallic, agar bridges) with polymer electrodes using 

PEDOT:PSS. 

 Dimensions not bigger than a microscope slide (26x76 mm) to allow it to fit in to existing 

observation systems.  

The following properties should be taken into consideration when evaluating the constructed systems: 

 PEDOT:PSS function as an electrode for applying an electric field 

 The function of PDMS as material for constructing channel and other structures on the system 

 Stability of the system (electric field, running conditions) 

 Current and electric field 

 pH at the electrodes 

 Resistivity 

 Side-effects e.g. increasing temperature, toxicity. 
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4 Method 
The steps for constructing the chip will be described in this section. First the theoretical calculations to 

define and calculate the electric field in the system will be described. This is then followed by the 

construction of the chip divided into metal electrodes, channel geometry, production of the channel in 

PDMS, PEDOT:PSS electrodes.  The section ends with describing the complete system, the evaluation 

of pH and a cell test. 

4.1 Calculations 

In the following section are equations and calculations regarding the systems requirements about 

electric fields and amount of PEDOT:PSS. 

4.1.1 Electric field 

The potential difference between two points is the electric field. Electric field in a conductor is defined 

according to equation (1)  

  
 

 
     

where J is the current density (A/m
2
) and σ is conductivity (S/m) of the conductor. 

Current density is defined by equation (2) 

  
 

 
      

 

 where I is current (A), A is the cross-sectional area (m
2
) of the conductor. 

 

Equation (1) and (2) together give equation (3) for calculating the electric field in a conductor and can 

later on be applied to calculate the electric field in the channel of the system. 

 

  
 

   
     

 

Equation (3) allows you to calculate the electric field of a conductor of fixed dimensions by only 

measuring the current. Equation (3) also shows the importance of having a well-defined geometry and 

dimensions of the conductor to be able to calculate the electric field.  

The electric field is affected by the applied voltage. With Ohm’s law (equation 4) it can be shown how 

the resistance of the system will affect the electric field at different parts of the system. 

          

 

The different components in the system which are considered to contribute to the resistance of the 

system can be seen in Figure 4. Depending on how the resistances are distributed over the components 

the potential difference will vary. To have the major potential drop over the channel it is necessary for 

the system to have the majority of the resistance at the channel. The actual applied voltage over the 

channel can be calculated according to equation (5). This is derived with help of Ohm’s law and 

Kirchoffs’ laws. A voltmeter could be connected according to Figure 4 to verify the potential drop 

over the channel. 
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Figure 4 Electric circuit diagram of the galvanotaxic chip. 

The resistance in a conductor can be calculated according to equation (6). 

 

  
 

   
     

From equation (6) it can be seen that the resistance of the system can be altered by either changing the 

length of the channel or altering the cross-sectional area. The resistance is also affected by the 

conductivity of the conductor. From equation (3), (4) and (6) are the values of current, resistance and 

the length of the channel of the system calculated (see results). Parameters to vary the electric field 

with are the cross-sectional area, applied voltage and the conductivity of electrolyte. The applied 

voltage is limited to where PEDOT:PSS is over-oxidise, which is in the range of 1 V to 2 V. 

4.1.2 Theoretical survival time of the electrodes 

From the calculated currents from equation (3) and the calculated charge capacity of PEDOT:PSS of 

10 mC/mg can a theoretical survival time for the electrodes be calculated. Current is defined as 

1 A=1C/s. 

Numbers of seconds that PEDOT:PSS electrodes can supply a current can be calculated with the 

following equation (6) 

     
               

       
     

Assuming running a current of 26 μA which corresponds to an electric field of 150 V/m would 

according to equation give that PEDOT:PSS could supply such a current for approximately 

385 seconds/ mg PEDOT:PSS. Therefore theoretically it is necessary to apply 10 mg PEDOT:PSS to 

be able to run the electrodes with a stable current for one h our. 
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4.2 Construction 

In this section the different steps of producing the system are schematically described. There are 

schematic figures of the different construction steps in Appendix C. The production of the system can 

be divided into three parts as follows: 

 Apply a metal in contact with the polymer electrodes to be able to reduce and oxidise 

them as well as connect the polymer electrodes to a voltage source. 

 Attachment of polymer electrodes to a surface. 

 Structures made out of PDMS for channel and deposition wells. 

4.2.1 Metal electrodes 

The PEDOT:PSS has to be connected to a voltage source to be able to oxidise and reduce and thereby 

induce an electric current. Since this cannot be done directly a metallic connection is necessary. The 

contact is not allowed to electrochemically react when it comes in contact with the electrolyte. Hence 

precious metals were used to avoid this. The metal connection had to be easy to produce as well as to 

connect them to the voltage source. The aim was to get a metal contact which had a good 

incorporation with the polymer electrode and also to be easy to connect. This section will describe the 

different ways used to contact a film of PEDOT:PSS to a metallic contact, wires and voltage source. 

Metal electrodes were placed both underneath the polymer electrodes (e.g. evaporated gold) and on 

top of the polymer (e.g. metal wires and agar silver paint). 

4.2.1.1 Initial metal electrodes 

When starting to produce systems and investigating the properties of PEDOT:PSS copper wires and 

silver paint were used. These were applied on the polymer electrode or incorporated in the polymer. 

Copper wires and silver paint was used in the beginning since it was easily accessible and cheap. 

These solutions were never considered to be the final construction that would come in contact with 

cells due to its poor biocompatibility. These first metal electrodes also affected the design of the 

channel and deposition chambers, see further chapters. The silver paint was painted on the 

PEDOT:PSS electrode and let to dry. A crocodile clip or wire could be attached to this silver patch. 

The dried silver paint is very brittle and easily breaks. This then only gave very short lived connection. 

Instead a metal connection that was present prior to the deposition of the PEDOT:PSS was developed. 

Initially these were done with non-precious metals. When using non-precious metal it is necessary to 

separate the metal electrode and the electrolyte. Firstly single copper wires were placed in the 

PEDOT:PSS solution. This solution had though some problems with brittle attachment and was very 

sensitive to mechanical strain. The achieved currents were fairly unstable which lead to further 

development of incorporation of the metal electrode. This was done in the shape of a net around which 

the PEDOT:PSS was deposited. This net was later further developed and made from gold to get better 

biocompatibility and remove the electrochemical reaction of copper. It gave a more stable current, 

easier connection to the voltage source and better incorporation and attachment of the polymer. This 

will be further described in the following sections. 

4.2.1.2 Evaporation of gold electrodes 

Evaporation of gold onto microscope slides were done to get a metal connection underneath the 

PEDOT:PSS electrodes could be deposited. The machines Valfrid and Agneta (built and constructed at 

Linköping university) were used to evaporate the metals. The metals are evaporated at low pressure in 

both machines to evenly deposit the metals on a substrate at the ceiling. The substrate rotates and the 

metal cools down and attach when it comes in contact with the substrate. There is also a thickness 

detector in the ceiling to measure the thickness of the evaporated metal layer. The difference between 



 

8 

 

Valfrid and Agneta is the how they evaporate the metals. Valfrid use a resistive heating system. This 

system is more manual than Agneta, which is automatic. Agneta use an electron beam to evaporate the 

metals. The electron beam is more precise and this will therefore give cleaner metal films and higher 

temperatures, which means that you can use metals with higher melting points than you can use in 

Valfrid. Valfrid was used to evaporate chromium and gold. Agneta was used to evaporate titanium and 

gold. 

The microscope slides were TL1 washed before evaporating chromium and gold (Cr/Au). Chromium 

is used to increase the attachment of gold to the glass surface. TL1 wash works as followed. The 

surfaces are placed in 5 parts of Milli-Q water, 1 part hydrogen peroxide and 1 part ammonia and then 

heated at 85°C for 10 minutes. Afterwards the surfaces are rinsed with Milli-Q water for 10 minutes. 

As a mask adhesive tape was used in a similar way as in Figure 5. The masking could thereby be 

easily adjusted to fit the system. A layer of 25Å chromium was firstly evaporated onto the glass and 

then 2000 Å gold. 

 

Figure 5 Microscope slide with kapton tape used as mask before evaporation. 

For the final systems evaporated metal electrodes were done with 25 Å titanium and then 2000 Å gold 

on cleanroom cleaned microscope slides. Masking of the areas not to be covered with gold was done 

with kapton tape (see Figure 5). Kapton tape is able to stand very low pressures. The microscope 

slides were cleaned for 2 minutes in UVO-Cleaner, model No 42-220 prior to loading in Agneta. 

4.2.1.3 Metal wires 

A metal net out of gold wires (diameter 0.2 mm and 99.9% purity) was made with bobbin lace to fit 

into the wells of the final PDMS structure (see Figure 6). The finish of the net was done by twinning 

th wires into thicker wires that formed a possible connection for crocodile clips to the voltage source. 

This metal electrode can be recycled. The metal net is attached to the surface with PDMS. When 

recycling the gold net for use in another system the possible PDMS remains have to be removed to 

avoid loss of connection to PEDOT:PSS in following system. Dynasolve 220 could be used for this 

purpose. PEDOT:PSS remains can be removed either mechanically or by TL1 wash. 
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Figure 6 Gold  net made from wires with diameter 0.2 mm. Dark areas on the metal is remains of PEDOT:PSS. 

4.2.2 Channel geometry 

The dimensions of the channel were length=14 mm, width=0.5 mm and height=0.25 mm. These 

dimensions were chosen to give a resistance of the system that would not allow the polymer electrodes 

to discharge to fast. At the same time it would give electric fields in the required range (50-500 V/m) 

as well as to be compatible with the cell culture (see 4.1.1Electric field). 

 

Figure 7 Channel geometry 

4.2.3 Production of channel in PDMS 

The channel and electrolyte wells are constructed in PDMS. The choice of PDMS was due to its 

biocompatibility, simple manufacturing way, transparency and wide range of possible moulding 

structures. PDMS allow good conformal contact between different surfaces due to its flexibility. The 

PDMS was moulded to give a channel with the geometry according to Figure 7. PDMS used for the 

system was made from Corning Sylgard184 base and curing agent in the weight proportions of 10:1. 

This was stirred for five minutes before it was de-gassed for ten minutes in a dessicator. The PDMS 

was then poured into the mould of Figure 8 or Figure 9(a-c) and left to harden for 24 hours in room 

temperature or for 10 minutes in the oven at 120 °C.  

Hardening PDMS in room temperature will result in a stickier PDMS that gives a better seal when 

placed on glass. It also gives less risk of trapping air bubbles in PDMS. Harden PDMS in the oven is 

faster and gives the possibility to produce more channels under a short time. The result though is a 

more dense and dry PDMS that does not stick as well to a surface. There is also a risk that you trap a 

lot of air bubbles if the PDMS is not degassed enough. These tend to gather along the channel giving 

more rough walls and reducing how well geometrically defined the channel could be said to be. The 

mould in Figure 8 was used for the final system. These PDMS channels were the ones used in the cell 

test. The channel has to be opened after it has been harden to the mould. The mould creates a channel 

which has some PDMS in its openings. The reason for this feature is that in the initial systems were 

the PDMS and wells for deposition of PEDOT:PSS and later measurements the same. For the final 

systems were separate PDMS structures without a channel used to deposit PEDOT:PSS. The mould 

could therefore have been done so that the PDMS directly gave an open channel structure. The 

aluminium mould was done after that cernite clay moulds (see Figure 9(a-c)) were tried as prototypes. 

It served as a material to be able to easily make prototypes and models of the systems.  Hardened 

cernite clay works very well as a mould for PDMS. Another benefit with the cernite clay is that it has 

a bit similar structure and behaviour as PDMS. This therefore gives an easy way to try possible 
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solution without using actual PDMS. Working with the clay also helps to find out the process steps 

and in which order the mounting of the system should be done. 

 

 

Figure 8 Aluminium mould for moulding of PDMS. 

 

                  

                 

Figure 9 Hardened cernite clay (picture a - c) for molding early systems. The size of the moulds are 36x86 mm. 

Picture c) is the prototype for the metal mould in Figure 8 Aluminium mould for moulding of PDMS.. Picture d) are 

molded PDMS structures of moulds a) and b). 

4.2.4 Mounting of the PDMS channel on to microscope slide. 

The PDMS channel was plasma treated before mounted onto the microscope slide. This was done to 

be able to wet the channel since PDMS is hydrophobic. The plasma treatment creates hydrophilic 

silanol groups on the surface of the PDMS. If the PDMS is left unused or non-wet, the hydrophobicity 

of the material will return. The hydrophilicity can be kept by wetting the channel. Some of the 

hydrophilicity is also kept even if the channel dries. The hydrophilicity can also be kept by storing the 

PDMS channel in PBS buffer.  

The PDMS structure with a channel can be mounted in two ways, either with the channel opening 

against the glass surface or with the opening upwards exposed to the air (see Figure 10) The second 

mounting requires a lid to prevent desiccation during measurements. Mounting of the channel toward 

the glass surface requires a plexiglas frame (see Figure 11). The mounting where the channel has the 

PDMS in the bottom was used in the initial stage where the different parts were tried. This mounting 

also gave less leakage of electrolyte between the bottom surface and PDMS. This since PDMS that 

was harden with its surface towards the air and not to the mould will stick better to a glass surface. It is 

necessary to apply a pressure to the second mounting (see Figure 10 b)) were the channel bottom is the 

a) b) 

c) 

d) 
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microscope slide. Otherwise there will be a leakage of electrolyte since the PDMS that was in contact 

with the mould will not be sticky enough to give sufficient sealing. The second mounting with glass as 

bottom for the channel was used in the final system. In this mounting the channel is similar to 

channels made in previous systems done by others. This mounting has taken into consideration that the 

cells should grow on the glass bottom of the channel. 

 

 

 

 

Figure 10 Schematic picture of mounting of PDMS on to microscope slides. a) Mounting of the channel upwards. b) 

Mounting of the channel in contact with glass surface. 

 

Figure 11 Plexiglas frame used to apply an even pressure on to the PDMS with two side holes for adding electrolyte 

and a middle hole for allowing microscope observations in the channel. 

4.2.5 General description of manufacturing PEDOT:PSS electrodes 

PEDOT:PSS of Clevios PVP. AI 4082 with solid content of 1.3-1.7% was attached on PDMS, glass 

and gold. PEDOT:PSS is attached to the surface since its is a very watery dispersion in the form used 

in this project. Attachment gave defined regions for the polymer electrodes which allowed for easier 

connection. The surfaces were plasma treated prior to deposition of PEDOT:PSS for one minute at 

maximum effect (100W) and 0.01 mbar. The mixture of PEDOT:PSS and additives were mixed with a 

Vortex prior to every deposition. This was done to receive a uniform mixture. Any PEDOT:PSS 

solution was also stirred with a vortex before any transferring. After deposition of a drop of 

PEDOT:PSS mixture to the system it was baked at 120 °C. The time for baking in the oven depended 

on whether it was the last layer or if another deposition of PEDOT:PSS should be done. 

Approximately one hour of baking in the oven was used when several depositions were done. The 

system was baked for 12 hours after depositing the last layer. Early systems were heated on a hot-plate 

for the first depositions and then put into the oven after the last deposition. The use of hot-plate was 

dismissed, when the results were equally good for making the system in the oven only. The use of only 

the oven gave a simplified manufacturing process.  It takes 4 h to attach 54 mg of PEDOT:PSS to a 

surface. This was the maximum amount of PEDOT:PSS that was attached in this work. The deposit 

amount was limited by the time to prepare the system and the numbers of refills that could be done 

during one day. 

 

The bottom layer of the polymer electrode in the final system was done from a mixture of 

PEDOT:PSS, Silquest A-187 (wt1%, Gamma-Glycidoxypropyltrimethoxysilane) and glycerol (wt5%). 

Initially it was tried to see whether it was possible to have a bottom layer with only PEDOT:PSS and 

conductivity enhancer. This was dismissed due to poor adhesion of the polymer electrode to the 

surface. Following layers in the final system were of a mixture of only PEDOT:PSS and glycerol. 

a) 
b) 

Microscope slide 

PDMS 
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How well PEDOT:PSS attached on different surfaces was tested by scratching the surface with 

tweezers and/or plastic tip from a pipette both when dry and moist with PBS buffer. This test was only 

done in the initial systems, when different deposition methods were evaluated. The incubation 

chamber that was used to make the final systems can be seen in Figure 12. PEDOT:PSS solution was 

dropped  into the square-shaped wells.  

 

 

Figure 12 Well in PDMS (left arrow) for deposition and baking of PEDOT:PSS electrodes. In the bottom are metal 

electrodes (right arrow) of evaporated Ti/Au on a microscope slide. 

 

4.2.6 Additives to PEDOT:PSS 

Ethylene glycol, glycerol and D-sorbitol were used to increase the conductivity of the PEDOT:PSS 

films.  These were used in the amount of 5 wt % relatively the amount of PEDOT:PSS(Blau et al. 

2011). The amount of 5 wt% can also be found in recommendations from the manufacturer (Heraeus) 

of PEDOT:PSS.  It also turned out that they affected the adhesion of PEDOT:PSS to the surface. The 

chemical structure of these compounds can be seen in Figure 13. 

 

Figure 13 a) Etylene glycol b) Glycerol c) D-Sorbitol 

To further increase attachment of PEDOT:PSS was Silquest A-187 

(Gamma-Glycidoxypropyltrimethoxysilane) added in the amount of ≤ 1 wt% (see Figure 14). 

Silquest A-187 is a silane and a highly oxidative compound which increases the cross-linking of the 

PEDOT:PSS to the surface. It has been shown that baking induce cross-linking between 

Silquest A-187 and PSS(Li&Guo 2006).  

 

Figure 14 Chemical structure of Silquest A-187 . 

  

a) b) c) 
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4.2.7 Measuring resistance of PEDOT:PSS films 

The resistance of dry PEDOT:PSS films were measured. These films were done on a plasma treated 

gold and silicon dioxide surface and then baked. To this dry film was a small drop of agar silver paint 

placed (see Figure 15 ). Across the thickness of the film and between the silver dots was the resistance 

measured using a multimeter (see Results). 

 

Figure 15 Resistance measurements of dry PEDOT:PSS films (a)-c)). a) 9 mm, b) 12 mm and c) 15 mm. 

4.3 Neutralisation 

PEDOT:PSS in the form used in this project is acidic with a pH between 1 and 2. This since the 

counter ion is hydrogen. When the PEDOT:PSS comes in contact with the electrolyte the protons will 

be release in to the liquid and thereby decrease the pH. The protons have to be replaced by other 

cations to avoid this pH drop to give a system suitable for cells. This was done by neutralisation after 

attachment of the polymer electrodes to the surface. This was done by placing the systems in PBS 

buffer (pH=7.4) to let the electrodes equilibrate. Neutralisation can also be achieved by adding PBS 

buffer to the deposition chamber. The time and amount of PBS needed to neutralise depends on the 

amount of PEDOT:PSS. Another possible way to neutralise PEDOT:PSS can be to apply a strong base 

e.g. NaOH. Still it has to be made sure that the correct pH level is reached. This alternative was 

dismissed since the final pH is a crucial part for the biocompatibility of the system. Neutralisation with 

PBS buffer is an easy way to get the correct pH without much effort. To verify that the polymer 

electrodes have reached the correct pH the pH of the PBS used for neutralisation was measured. The 

results of the neutralisation process can be seen in section 5.2Neutralisation.. 

  

a) 

b) 

c) 
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4.4 Complete system 
Mounted systems look like the pictures in Figure 16 to Figure 18. These show systems with metal 

electrodes in Ti/Au and  Figure 19 show a system with metal electrodes made of gold wires. 

 

Figure 16 System with PEDOT:PSS on Ti/Au electrodes. Soldered wires (marked with red arrows) and PDMS 

channel placed in contact with the glass surface. At the yellow arrows are some of the PDMS cut away to adjust 

channel length and to open the channel. 

 

Figure 17 Side view of mounted system 

 

 

Figure 18 Top view of mounted system. 
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Figure 19 Top view of system with gold net electrodes. 

4.5 Measurements  

After assemblage according to section 0 the system was ready for measurements. The system was 

connected to a voltage source and a DC voltage of 1 V was applied during all measurements. This low 

potential was used not to risk any over-oxidation of the polymer electrodes. A more adjusted choice of 

potential could have been done if cyclic voltammetry had been done on PEDOT:PSS to find out the 

redox-potential. The current was collected using a Keithley 2400 and a labview program. Most 

systems were tested for two hours and data were collected every 20 seconds.  

4.6 Cell test 

During three days compatibility of the chip with the microscope and mounting of the system were 

briefly tested. The systems were washed with 70% ethanol prior to the cell tests. The cells were 

cultured in cell medium consisting of  RPMI 1640 medium (ATCC 30-2001) 

with  250 nM dexamethansone (Sigma D4902), 10% Fetal bovine serum (Sigma F9665) and 

1 % Penicillin-Streptomycin (ATCC 30-2300). The cells were detached from a surface using 

Trypsin/EDTA solution (Sigma T4049). 

4.6.1 Cell culture 

The chamber (rounded holes in the middle) used to seed cells on the microscope slide can be seen in 

Figure 20. These holes were punched and have a diameter of 5 mm. This chamber and the 

PEDOT:PSS electrodes was washed with 70% ethanol prior to any contact with cells. While the cells 

were allowed to attach to the glass surface was the PEDOT:PSS electrodes were bathed in PBS buffer 

to make sure that any  rests of methanol was washed away and further equilibration of the pH. 

 

Figure 20 Deposition chamber for cells( marked with an arrow) and PEDOT:PSS after removal from microscope 

slide. 
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The cells used were Mat-Ly-Lu cells (ATCC, JHU-92) which are a prostate cancer cells from rat that 

are a very viable line of cancer cells. 3 ml Trypsin/EDTA solution was added to the cell culture bottle 

and was left for a couple minutes to let the cells detach from the surface. The cells were then 

transferred to a test tube to which 3 ml of cell medium was added. The tube was then centrifuged at 

125xg (1000 rpm) for 5 minutes. The supernatant was removed and the cells were resuspended in 3 ml 

of cell medium. The cells were then split so that there would be approximately 5,000 cells in the 

culturing chamber of the system. The systems with seeded cells were placed in sterile petri dishes and 

incubated at 37°C and 5% CO2 for 12 hours. During the experiment the systems were checked to make 

sure that cells were still covered in cell medium. 

The following day the quality of cells was evaluated and one system mounted into a microscope slide 

holder constructed at Royal Institute of Technology (KTH) (see Figure 21).  Only one of eight systems 

was successfully mounted and had viable cells in the channel to allow further measurements.  

 

Figure 21 System mounted for galvanotaxis experiments with Mat-Ly-Lu cells 
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5 Results and Discussion 

5.1 Construction of the system 
In the following parts will the results of the construction of the system be will presented and discussed.  

5.1.1 Metal electrodes 

The first attempt to connect PEDOT:PSS with silver paint and copper wires to a voltage source gave a 

very brittle connection. This fabrication also gave a turquoise discolouration when in contact with 

electrolyte and applied voltage. This is thought to be from the copper wires that electrochemically 

react with applied voltage. An example of this discolouration can be seen in Figure 22. For the first 

system small PDMS pieces were used to prevent the copper and silver electrodes to come in contact 

with the electrolyte. Keeping the electrodes dry prevents an electrochemical reaction. It was although 

hard to get the PDMS to stay and keep a close seal. They were easily dislodged which also can be seen 

in the figure below.  

 

Figure 22 Silver paint electrode connection to PEDOT:PSS. 

Evaporated titanium and gold gave a good attachment to the glass surface even after attaching 

PEDOT:PSS electrodes and neutralisation (see Figure 23). Evaporated chromium and gold had a poor 

attachment to the glass surface after PEDOT:PSS was attached and neutralised (see Figure 23). 

PEDOT:PSS had a good attachment to gold, but better attachment to glass. The use of titanium as 

bottom layer before evaporating is to prefer ahead of chromium. Titanium is thought to be more 

biocompatible and is used in e.g. dental implants. The cleaning step of the microscope slides turned 

out to be a very important to get a good adhesion of the gold. Insufficient washing will lead to 

detachment of the gold when neutralising the polymer electrodes in PBS buffer. The attachment to the 

surface has to be strong enough to stand the swelling and conformational changes of the polymer when 

it is neutralised. Not having clean surfaces could have very well been the case with the batch of 

microscopes slides with Cr/Au. Another reason that Cr/Au detached from the glass surface but not 

Ti/Au could be that chromium is affected by the acidic pH of the applied PEDOT:PSS.  

System with gold net as a metal electrode connection to PEDOT:PSS can be seen in Figure 24. This 

connection of the polymer electrodes allows the metal to be reused in other systems. It also seemed to 

give a more stable connection to the polymer electrode resulting in a system with a more stable current 

and electric field during measurements (see following results). This is probably because that the metal 

is incorporated in the polymer and give a more three dimensional connection. 

Silver paint 

detaching 

Turquoise 

discolouration 

PDMS to prevent 

electrolyte to come in 

contact with silver 

paint and wires. 
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Figure 23 Systems with evaporated gold electrodes. Top picture; Ti/Au with PEDOT:PSS electrodes after 

neutralisation with PBS buffer. Bottom picture; Cr/Au with PEDOT:PSS electrodes after neutralisation with PBS 

buffer. 

 

Figure 24 System with gold net attached prior to applying PEDOT:PSS solution. 

 

5.1.2 Attachment 

Plasma treatment improved the attachment of PEDOT:PSS to the surface. The probable explanation is 

that the silanol groups on the glass surface can condense with other groups in the polymer forming a 

covalent bond during baking. PEDOT:PSS had poor attachment to non-plasma treated surfaces (glass, 

plexiglas, PDMS and polystyrene) and was easily dissolved when adding a liquid (e.g. PBS buffer). 

Temperatures below 120 °C will not be sufficient for the PEDOT:PSS to attach to any of the surfaces 

(glass, PDMS, polystyrene). This results in films as the picture to the left in Figure 25. The increasing 

temperature is thought to increase the cross-linking between the polymer chains resulting in the 

formation of a more stable film. The attachment of the film could maybe be increased further by using 

an even higher baking temperature, though could the stability of the polymer be affected. The time that 

the polymer electrodes are baked is also important for the attachment. To bake the PEDOT:PSS 

electrodes over-night (12 hours) will result in well attached films. There are still some uncertainties 

about attachment of PEDOT:PSS. The attachment of PEDOT:PSS surface could maybe been 

increased with increasing the roughness of the surface. The PEDOT:PSS electrodes of the last systems 

detached when the following layers of PEDOT:PSS were applied as well as during neutralisation. A 

possible reason for this could be that the PEDOT:PSS was not blended enough with the additives even 

though it was thoroughly vortexed. Another reason could be that the PEDOT:PSS used was the last of 

the bottle and therefore having another concentration of PEDOT:PSS. This could have lead to 

different proportions of PEDOT:PSS and additives. It was important that the PDMS sealed tight to the 

surface when adding PEDOT:PSS solution to the wells. Otherwise there would be a leakage as seen in 

Figure 26. This leakage could connect the two separate electrodes and short-circuit them. The 

PEDOT:PSS that leaked and attached at the place where the cell culture should be done might give a 
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negative influence on the cells. The leakage also affects the how well the PDMS channel is able to seal 

to the surface. When PEDOT:PSS has leaked as in Figure 26 it is hard to remove it. 

 

Figure 25 To the left; PEDOT:PSS film incubated at temperature below 120 °C. To the right; PEDOT:PSS incubated 

at 120°C. Both electrodes have been exposed to an electrolyte. The polymer electrode to the left has delaminated from 

the bottom surface leaving flakes of PEDOT:PSS in the electrolyte. These can then temporary attach to the surface 

when it is dry, but detach again when exposed to a liquid. This can be seen in the picture as a more non-uniform 

PEDOT:PSS film compared to the picture on the right. It can also be seen by that the bottom surface shines through 

the layer. The polymer electrode to the right is still attached to the surface after exposure to an electrolyte. After 

drying from the electrolyte it will still have a smooth and uniform appearance. 

 

Figure 26 Deposition of PEDOT:PSS in mould of PDMS. Poor attachment between PDMS and glass surface gives 

leakage of PEDOT:PSS solution underneath seen as patchy blue areas of PEDO:PSS on the glass surface that should 

be transparent. Metal electrodes of Ti/Au. 

PEDOT:PSS will detach after doing measurements on the system as well as repeatedly wetting of the 

electrodes. An example of this can be seen in Figure 27. A possible explanation can be that the 

polymer when in contact with electrolyte swells and therefore undergoes conformational changes that 

break the bonds to the surface. From this observation it is seen that a system with PEDOT:PSS 

electrodes will be a disposable system. The detachment could possibly have been avoided by baking 

the system at higher temperatures. This would have increased cross-linking and thereby the stability. A 

system produce in this way could possibly have functioned longer or multiple times.  Due to time 

limitations this was not investigated. 
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Figure 27 Detachment after applying voltage to the system and repeating wetting. It can be seen that flakes of 

PEDOT:PSS has detached from the surface resulting in the crackled surface. 

There was little or no difference whether the surface was moist or not before placing the next amount 

of PEDOT:PSS in the incubation well. A dry surface will however have a more hydrophobic 

behaviour than a moist surface resulting in that more PEDOT:PSS mixture can be applied. The 

hydrophobicity is probably caused by that the amount of PEDOT:PSS increase compared to the 

amount of water. The solution that is deposited is a dispersion of water and PEDOT:PSS. The 

hydrophilicity will be reduced when the water content of the film decreases. This since the 

PEDOT:PSS particles are mainly hydrophobic. 

The time between the deposistion appeared not to be too critical. Though has it to be taken into 

consideration that most of the water should be evaporated before the next deposition. One or 12 hours 

of baking for the polymer electrodes gave equally good attachment between the layers of 

PEDOT:PSS. Most multiple layers were done with a mixture of PEDOT:PSS, Silquest A-187 and 

glycerol in the bottom layer and with following layer of mixture of only PEDOT:PSS and glycerol. 

Attachment between layers could be increased by having Silquest A-187 in all layers. This was not 

investigated due to lack of time. There is however a risk that with increasing amount of Silquest A-187 

would there be an increase of methanol in the system. This could affect the biocompatibility of the 

system negatively. Methanol is poisonous for cells and with increasing amounts of Silquest A-187 this 

amount would possibly increase as well. Surfaces with Silquest A-187 also had a smoother 

appearance. Multiple layers of PEDOT:PSS had a more rough surface and there were still some 

uncertainties whether the surfaces will attach or not. 

The conductivity enhancers also affected the attachment of PEDOT:PSS to the surface. There was no 

difference between the conductivity enhancers in the aspect of conductivity. D-Sorbitol is a polyol 

alchohol, which is used as a sweetener in many products. It therefore fulfils the demand of 

biocompatibility. It did not increases the attachment of PEDOT:PSS to the surface. Ethylene glycol 

gave an increase of attachment, but was dismissed due to uncertainties of biocompatibility. It has 

however been reported to have been used in other applications for in vitro studies (Blau et al. 2011). 

Glycerol increased the attachment of the PEDOT:PSS electrodes more than ethylene glycol and 

D-sorbitol  and has been reported as part of  biomaterials(Fulzele, Satturwar & Dorle 2003). 

Silquest A-187 enhanced the attachment significantly. It has to be taken in to consideration that 

Silquest A-187 form methanol when in contact with water. Methanol gives a toxic product when being 

metabolized by cells (Liesivuori&Savolainen 1991). This could cause problems for the 

biocompatibility of the system. However is the PEDOT:PSS solution a water dispersion, so the 

methanol would be formed in an early stage of the production of the system and prior to the baking 

step. Probably methanol is vaporised when the polymer electrodes are baked. If it is not removed in 
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the baking step it is likely rinsed from the system in the neutralisation step. PEDOT:PSS electrodes 

with Silquest A-187 were less affected by repeated wetting of the surface. More force and a metal 

tweezers had to be used to make a mark in PEDOT:PSS film with Silquest A-187. The surface was 

unaffected when scratched with a plastic tip.  In Figure 28 can the difference between using and not 

using Silquest A-187 can be seen. Attaching PEDOT:PSS to a surface in this form is not the best 

solution. Multiple depositions had to be done to increase the amount of PEDOT:PSS and thereby the 

charge content. The manufacturing process requires several hours and the system produced has not 

enough PEDOT:PSS. Another form of polymer electrodes should therefore be beneficial to simplify 

the manufacturing as well as the survival time of the polymer electrodes.  

  

Figure 28 PEDOT:PSS electrode with PEDOT:PSS, Silquest A-187 and glycerol (to the left) compared with 

PEDOT:PSS electrode with only glycerol (to the right) which is a soft and easily scratched. This can be seen as gaps in 

the film. 

 

5.1.3 Conductivity of PEDOT:PSS films 

PEDOT:PSS films attached to gold surfaces was used to measure the conductivity of dry PEDOT:PSS 

films. This gave the result that the resistivity varied between 1.4 Ωm and 2.7 Ωm.  

With thicker layers of PEDOT:PSS the resistance decreased. The decrease of the resistance is probably 

because with increasing thickness there are more possible contacts between the grains of PEDOT:PSS. 

The multiple layers had the thickness in the range of a couple of milimeters. The resistance through 

these types of layers were between 50 Ω and 110 Ω. The resistance of PEDOT:PSS are low compared 

to resistance of the entire system. Thereby can the conclusion be drawn that it is the resistance of the 

channel and electrolyte that are the major contributors to the resistance of the entire system. 
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5.2 Neutralisation 
The results of the neutralisation in PBS of the systems can be seen in Figure 29 and Figure 30. 

Leaving the system in PBS of the amount between 10 ml and 20 ml for 24 hours gave a neutralised 

system with 52 mg PEDOT:PSS (see Figure 30).  

 
 

Figure 29 Numbers of changes of PBS and amount of PEDOT:PSS contribution to neutralisation. Time interval 

between the changes was one minute. 

 

Figure 30 Time dependent neutralisation of PEDOT:PSS for systems with 52 mg PEDOT:PSS. 
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5.3 Electric field 
The achieved electric field for these systems was between 55 V/m and 160 V/m when applying a 

DC voltage of 1 V to the system. The electric fields in the system were calculated according to 

equations in section 4.1. In Appendix D can a table with the theoretical current, resistance, and 

channel length of the system to be seen. This table was used as a reference to easily check the validity 

of the system and to see within which range the system measurements should be. Currents measured 

through the system should be in the range of 9 μA and 88 μA. It was assumed that the dimensions of 

the channel were the same as the mould and that none or little shrinkage of the PDMS had occurred. 

The dimensions of the channel could have been affected by the applied pressure from the plexiglas 

frame and clamps. This is probably the cause since PDMS is an elastic material and that adjust to an 

applied pressure. This is however neglected for these first measurements on this type of galvanotaxis 

system. The major potential drop was considered to be over the channel since this contributed the most 

to the resistance of the system according to theoretical calculations.  

The electric field in the channel induced by the polymer electrodes decreases over time see Figure 31 

and Figure 32. Some of the decrease is because of that the voltage source was not perfectly stable. It 

had a maximum drop of potential of 4%. This influenced the current through the system which then 

affected the electric field.  The system with gold net instead of evaporated Ti/Au seemed to give a 

more stable electric field (see Figure 32). A possible reason to this could be that the gold net is 

incorporated in the polymer electrode which allows for oxidation and reduction of more PEDOT:PSS 

molecules. The Ti/Auelectrode only connected the PEDOT:PSS at the interface between the two 

materials. 

The achieved electric field did not quite reach the demands of the system. It was in the lower region of 

the demands. The electric field could have been increased by increasing the voltage or to further 

decrease the length of the channel. The most effect would be achieved by increasing the applied 

voltage. The voltage could be increased until the voltage over the polymer electrodes reached the over-

oxidation potential (see Figure 4 and equation 5). With an increased applied voltage would the current 

through the system will increase. This will then increase the rate by which the polymer electrodes are 

discharged. To adjust and stabilise the discharging time and to increase the stability of the system a 

current regulator could be connected. This adjust the current through the system to a certain level. This 

gives a stable current through the system as well as it compensate some of the fluctuation of the 

resistance of the polymer electrodes. A constant current through the system is necessary for a constant 

electric field. How an increased applied voltage affected the electric field and the effects of a current 

regulator were not tried due to lack of time. 
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Figure 31 Comparison of four systems with different amount of PEDOT:PSS. 

 

Figure 32 Electric field of system with 43 mg PEDOT:PSS and connected with gold net. 

Amount of PEDOT:PSS and 

 length of channel 

14 mg, 11 mm 

18 mg, 13 mm 

36 mg, 12 mm 

54 mg, 10 mm 
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Figure 33 Illustration of how much the electric field in the systems decrease in percentage compared with initial 

values for the systems used in Figure 31 and Figure 32. 

The electric field decrease between 10 % and 30% within the first hour (see Figure 33).  The tendency 

in Figure 33 appears that the stability of the polymer electrodes increase with increasing amount of 

PEDOT:PSS. This would be the presumed result since the more PEDOT:PSS present the more 

molecules that can oxidise/reduce. A possible explanation of why the system with 36 mg PEDOT:PSS 

is more stable than the system with 54 mg could be that there is a difference in the connection between 

the PEDOT:PSS layers and the connection to the evaporated Ti/Au electrodes.  The production of the 

polymer electrodes is fairly unstable which is reflected in the stability of the polymer electrodes. How 

well the electrodes function is dependent of how well the PEDOT:PSS grains in the electrodes are 

connected to each other as well as to the metal electrode. A more homogenous connection allows more 

PEDOT:PSS to oxidise and reduce which will increase the charge capacity and thereby the stability. 

Another reason to the decrease of the current and thereby the electric field in the system is that the 

polymers get more and more charged during the experiment. The reason is that they change their 

charge when oxidising and reducing. This results in that the resistance of the entire system increases 

see Figure 34. The increase of the resistance of the electrodes will also affect how the potential drop is 

distributed over the system and thereby the distribution of the electric field within the system. There 

will be an increasing potential drop over the polymer electrodes with increasing resistance leading to a 

smaller potential drop over the channel. It is therefore is it possible that the electric field in the channel 

is lower than what is actually calculated. The resistance and conductivity of the electrolyte is also 

possibly affected. When applying a DC voltage the ions in the electrolyte will move. This probably 

induces varied ion strength in the electrolyte resulting in changes in conductivity.  
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Figure 34 Resistance of the entire system with gold net electrodes 

 

 

Figure 35 System with 44 mg PEDOT:PSS placed on Ti/Au electrodes, 7 mm long channel. At 17 h (indicated with 

arrow) PBS buffer was refilled due to drying of the system. 
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Figure 36 Effects of switching a system with 36 mg PEDOT:PSS placed on Ti/ Au electrodes, 12 mm long channel.  

One long-run measurement was done (see Figure 35). This was a fairly unstable system which had an 

increase of the electric field in the beginning. From this measurement it can be seen that with drying of 

the system the electric field will decrease. This is reversible and the electric field will be regained after 

adding more electrolyte. It was also seen that it took about 17 hours for the system to dry at room 

temperature when covered partly with a glass beaker and moist paper. 

The systems will have more or less the same conductivity after washing with ethanol (Figure 36) 

which shows that this is a conventional way to sterilise the system. The charge capacity of the polymer 

can be increased by first applying a voltage in one direction and then switching the poles (Figure 36). 

This could be a possible way to increase the charge capacity of the electrode. This could though give 

problems with detachment of the electrodes. 

A measurement with a PDMS channel and Ti/Au electrodes was done. It showed that solely metal 

electrodes gave an initial current of 5 μA, which correspond to electric field of approximately 25 V/m. 

From this result it could be assumed that the applied voltage to a system with only gold electrodes in 

such a system would have to be much larger than in a system with polymer electrodes. The increased 

applied voltage could then result in splitting in water and other reactions that might influence the cells 

negatively. 

 

Switching anode and cathode 

First measurement of the system 

Measurement after washing with ethanol 
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5.4 Cell test 

  

Figure 37 Mat-Ly-Lu cells, to the left; cells in contact with PEDOT:PSS (marked with an arrow), glycerol and 

Silquest A-187. To the right; Cells not in contact with PEDOT:PSS, glycerol and Silquest A-187 

 

The results from the cell test can be seen in Figure 37. The cells survived but they were not as viable 

as they usually are. This can be seen by that the cells are rounded in shape and have not stretched out 

on the surface. Only a few cells can be seen to do this. There were little difference between cells that 

lived in contact with PEDOT:PSS and cells that had no contact with the PEDOT:PSS electrodes. No 

reaction of PEDOT:PSS was observed with the cell medium.  

The low viability of the cells was considered to be because of a bacterial infection in the system. This 

was later confirmed. There could also have been remains from where the kapton tape had been placed. 

The systems were baked for more than 12 hours in 120 °C which should kill off main part of bacteria. 

The systems were most likely infected after the baking of the PEDOT:PSS electrodes since there were 

many possibilities where this could happen before seeding the cells on the system. There was some 

time between the baking an seeding which increased the risk of infection. This could have been 

avoided by autoclaving or incubation in antibiotics of the systems prior to cell seeding. For the initial 

test this was not done and the time was limited. PEDOT:PSS and PDMS both manage these 

sterilisation techniques. 

There were also difficulties when assembling the system after the cell seeding. The cells were either 

easily squeezed or flushed away when applying the channel. Air bubbles were also easily trapped in 

the channel. So even though cells were seeded on several systems were only one successfully 

mounted. This is a feature that would have to be improved for a more user-friendly system. 
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6 Conclusion 
The construction of a minimised galvanotaxis system using polymer electrodes is possible. 

PEDOT:PSS function as electrodes to apply a potential across a channel to induce an electric field. 

PDMS functions well as material for constructing surrounding structures of the chip. An electric field 

between 55 V/m and 160 V/m will be achieved when applying a voltage of 1 V to a channel with 

cross-sectional area of 1.25∙10
-7

 m
2
 and length between 7 mm and 13 mm. The electric field could be 

increased with increasing applied voltage. The stability of the electric fields gained from PEDOT:PSS 

electrodes need to be improved. The most stable system had a decrease of 7% after one hour and was 

made with a gold net connection to the polymer electrodes. There is still more to do to get a system 

that is possible to stand measurements for 2 to 4 hours. The PEDOT:PSS electrodes need to be 

neutralised. This can be done by adding excessive amounts of PBS buffer (pH=7.4) for 24 hours. 

Connecting PEDOT:PSS to a voltage source can either be done by depositing the polymer on 

evaporated Ti/Au electrodes or a gold net. Attachment of PEDOT:PSS to a surface is best achieved by 

plasma treating the surface, mixing with glycerol (wt 5%) and Silquest A-187 (wt 1%) and baking at 

120°C. From the initial cell test cannot any conclusion really be made whether the materials are 

biocompatible or not.  
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7 Future works 
The production of the systems has to be further developed to get more reproducibility and sterility. 

The production and assemblage of the system have several steps and to reduce the numbers of steps 

would be desirable. The first would be to use a gold net instead of evaporated metal electrodes. This 

removes the step of evaporation of the metal electrodes. The gold net could be improved to get a better 

incorporated metal electrode. The improvement of the gold net could be to make it smaller, denser and 

easier to attach to the surface. The use of an incorporated metal electrode would remove both masking 

step of the glass slides and soldering of wires. The stability of PEDOT:PSS deposition and attachment 

need to be increased. It would be done by investigating the amount of Silquest A-187 effects. The 

effect of the baking temperature and time would maybe also improve the attachment. Another form of 

PEDOT:PSS could also show better properties, for example PEDOT in the form of a gel or the use of 

a matrix structure which can obtain more PEDOT. The use of polymer electrodes were showed to be 

able to give an electric field within the physiological range, but more characterisation of the stability 

need to be done. For example why does the electric field increase initially for certain systems and will 

the same amount of PEDOT:PSS give the same survival for identical system. To see how stable 

electric field that could be achieved could be done by connecting a current regulator. The distribution 

of the electric field could be done by using charge microbeads. These could illustrate the electric field 

vectors and to see whether the electric field not give rise to movement of the fluid. Characterisation 

also includes to try to increase the electric field, defining the amount attached PEDOT:PSS, 

over-oxidation potential of PEDOT:PSS and to evaluate the efficiency of the metal connection. It 

would be good to do more measurements on systems with gold nets to verify whether it is more stable 

than the evaporated metal electrodes. The amount of deposited PEDOT:PSS could be increased by 

using some sort of sponge like structure. The way of applying the cells to the system has to be 

improved for example to allow seeding of cells directly into the channel. There were only initial cell 

tests done and more tests have to be done to clarify the biocompatibility of the system and its parts. 
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Appendix B  Materials used in the system 
The chemicals and instruments used when constructing and evaluating the system are listed in 

Appendix A. 

B.1 Materials for system construction 

 Agar silver paint, Agar scientific G302, Silver in methyl Isobutyl Ketone 

 Ammonia 25%, Emsure ISO, Merck 

 Chromium, Gold and Titanium of high purity for evaporation 

 D-sorbitol, 98% Sigma Ultra, Sigma (S-7547) 

 Ethylene glycol purum, KEBO AB Stockholm 

 Glycerol, Aldrich (13,487-2) 99% 

 Gold wires 99.99%, hard and diameter 0.2 mm from Advent Research Materials Ltd 

 Hydrogen peroxide 30%, Emsure ISO, Merck 

 Microscope slides; Nexterion
®
 Glass B (25x75.6x1 mm) Cleanroom Cleaned 

1025087, Schott 

 Microscope slides (26x76x1 mm), Thermo Scientific, Menzel-Gläser 

 PBS buffer (pH=7.4 adjusted with 0.1 M NaOH (Merck), measured σ = 1.4 S/m) with 

the following concentration that was prepared with salts from Merck: 

o 2.7 mM KCl 

o 2 mM KH2PO4 

o 137 mM NaCl 

o 100 mM HNa2PO4 

 Polydimethoxymethylsilane (PDMS); Corning Sylgard 184, base and curing agent in 

proportions of 10:1 

 PEDOT:PSS; Clevios PVP.AI 4083 colid content 1.3-1.7% 

 Silquest A-187 silane ( gamma-glycidoxypropyltrimethoxysilane); Momentive 

B.2 Instruments 

 Evaporation systems (Agneta and Valfrid) constructed by Bo Thunér at Linköping 

University used to apply metal electrodes on glass slides. 

 Hot plate, K Ref control –visc. IKA
@

 Werke, for first heating of PEDOT:PSS 

electrodes 

 Keithley 2400; measuring current of the system 

 Multimeter, Fluke189 True RMS; checking applied voltage, conductivity of systems 

 Oven, Heraeus DVE, GS for baking of PEDOT:PSS electrodes 

 pH-meter Mettler Toledo, Five easy
TM

 FE20; controlling pH of electrolyte at the 

neutralisation step 

 Plasma cleaner, Diener electronic – Pico; increasing hydrophilicity of surfaces and 

PDMS structures. 

 UVO-Cleaner, Model No 42-220, Jelight Company Inc; cleaning of glass slides before 

evaporation of metal electrodes 
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 Voltage source, Powerbox
® 

3303 DS, DC power supply; applying voltage to the 

system of 1 V 

 Vortex MS2 Minishaker IKA
@

 1/min, max 3000/min; used in blending of 

PEDOT:PSS solution
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Appendix C Process steps producing the final system 
This appendix gathers the construction steps of the system in a schematic way. Square boxes represent 

a subject while elliptic boxes a verb. The pictures are divided into different manufacturing process and 

figure C:1 is the first steps needed to be taken producing the system and C:2 and C:3 illustrate the 

following steps. 

 

Figure C:1 The first step to make the system, applying gold electrodes to microscopes slide. 
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Figure C:2. Construction of the polymer electrodes, PEDOT:PSS electrodes. Adding the mixture of PEDOT:PSS, 

conductivity enhancer and adhesion enhancer can be done multiple times to increase the amount of PEDOT:PSS 

added to the system after the first short incubation in the oven.  
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Figure C:3. The neutralisation step connected to the assemblage of the complete system. 
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Appendix D Table of electric field, current, resistance and length of 

channel 
To achieve certain electric fields and guidance when measuring systems was the following values 

according to the table calculated. It contains theoretical calculated values of the current, resistance and 

length of the channel.  This was calculated according to equations in section 4.1.1 and channel 

dimensions w=0.5 mm and h=0.25 mm and U=1 V. 

Table D:1. Theoretical calculations of current, resistance and length of the channel with A=1.25∙10-7 m2, σ=1.4 S/m 

and U=1 V. 

E (V/m) I(μA) Rsystem(kΩ) l (cm) 

50 9 114 2 

100 18 57.1 1 

125 22 45.7 0.8 

150 26 38.1 0.67 

200 35 28.6 0.5 

225 39 25.4 0.44 

250 44 22.9 0.4 

275 48 20.8 0.36 

300 53 19.1 0.33 

350 61 16.3 0.29 

400 70 14.3 0.25 

450 79 12.7 0.22 

500 88 11.4 0.2 

 


