
The Department of Physics, Chemistry and Biology 
 

Engineering Biology – Materials in Medicine 
 

MASTERʼS THESIS 
 

Electrochemical synthesis of electroactive polymers for drug 
release for bio scaffolds. 

 
Robert Almquist 

 
Performed at Karolinska Institutet, Cell and Molecular Biology, Solna, 

SWEDEN 
 

2010-09-18 
 

LITH-IFM-A-EX-10/2280- SE 
 

 

 
 

 
The Department of Physics, Chemistry and Biology 

Linköping University 
SE-581 83 Linköping, Sweden 



I 

Karolinska Institutet, The Department of Cell and Molecular Biology 
 

Master of Science Thesis 
 

Electrochemical synthesis of electroactive polymers for drug 
release for bio scaffolds. 

 
By: Robert Almquist 

 
Performed at Karolinska Institutet, Dept. of Cell and Molecular Biology, Solna, 

SWEDEN 
 

2010-09-18 
 

 
 
 

Supervisors: Anna Herland and Ana Teixeira 

Examiner: Olle Inganäs 



II  

Copyright  

   
The publishers will keep this document online on the Internet – or its possible  
replacement – for a period of 25 years starting from the date of publication  
barring exceptional circumstances.  
 
The online availability of the document implies permanent permission for  
anyone to read, to download, or to print out single copies for his/hers own use  
and to use it unchanged for noncommercial research and educational purpose.  
Subsequent transfers of copyright cannot revoke this permission. All other  
uses of the document are conditional upon the consent of the copyright owner.  
The publisher has taken technical and administrative measures to assure  
authenticity, security and accessibility.  
 
According to intellectual property law the author has the right to be men-  
tioned when his/her work is accessed as described above and to be protected  
against infringement.  
 
For additional information about the Linköping University Electronic Press  
and its procedures for publication and for assurance of document integrity,  
please refer to its www home page: http://www.ep.liu.se/.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright  Robert Almquist 



III  

Upphovsrätt 
 
 
Detta dokument hålls tillgängligt på Internet – eller dess framtida ersäattare – under 25 år 
från publiceringsdatum under förutsättning att inga extraordinäara omständigheter 
uppstår.  
 
Tillgäng till dokumentet innebär tillstånd för var och en att låsa, ladda ner,  
skriva ut enstaka kopior för enskilt bruk och att använda det oföräandrat för  
ickekommersiell forskning och för undervisning. Overföring av upphovsrätten  
vid en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning  
av dokumentet kräver upphovsmannens medgivande. För att garantera äktheten,  
säkerheten och tillgängligheten finns lösningar av teknisk och administrativ  
art.  
 
Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman  
i den omfattning som god sed kräver vid användning av dokumentet på ovan  
beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i  
sådan form eller i sådant sammanhang som år kränkande för upphovsman-  
nens litterära eller konstnärliga anseende eller egenart.  
 
För ytterligare information om Linköping University Electronic Press se  
förlagets hemsida http://www.ep.liu.se/.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright  Robert Almquist



IV 

Abstract: 
Stem cell based therapy has the potential to treat several severe diseases; Parkinson’s 
disease is one well- known example. Transplantation of stem cell derived cells into 
animal models is unfortunately often associated with tumour formation or- uncontrolled 
growth of the transplanted cells.  One strategy to suppress this tumour formation might be 
to induce differentiation of these cells, which in turn would prevent them from dividing.  
 
Neuroblastoma tumors are known to demonstrate the complete transition from an 
undifferentiated state to a completely harmful, differentiated appearance and derived cells 
can be used as a model for cell differentiation and tumor suppression.   
 
 In this Master Thesis’s the conducting polymers PEDOT and PPy, that upon formation 
can be doped with biologically active compounds which in- turn can be released in a 
controlled manner through electrical stimulation, were formed together with various 
drugs (e.g. Methotrexate and Mycophenolic Acid), here shown to have effect on 
Neuroblastoma cells. Neuroblastoma- derived cell line SH- SY5Y was used as a model 
system for neuronal differentiation and tumour inhibition. Release profiles of 
neuroblastoma active drugs following electrical stimulation were evaluated and the 
effects from electrochemical processes on simultaneously growing SH- SY5Y cells were 
investigated. 
 
 The methods to deposit and release the drugs were based on electropolymerization and 
electrochemically controlled release, respectively. Controlled release of various drugs 
and compounds was monitored using Vis- and UV- spectroscopy and on some occasions 
using HPLC.  
 
The electrochemically controlled release of a biologically inactive compound that can be 
used as a negative control for electrochemical release in future experiments was shown 
and that resulting electrochemical processes have negative effects on neuroblastoma cell 
growth.
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1 Introduction: 

1.1 Background to the project: 
Stem cell based therapy has the potential to treat several severe diseases; Parkinson’s 
disease is one well- known example. Transplantation of stem cell derived cells into 
animal models is unfortunately often associated with tumour formation owing to the 
uncontrolled growth of the transplanted cells.1, 2 One strategy to suppress this tumour 
formation is to induce differentiation of these cells preventing them from dividing. 
 By attaching conducting polymers doped with differentiating agents to these implants the 
tumour growth can be controlled. The conducting polymers can serve as reservoirs for 
differentiating agents, which owing to the inherent properties of these polymers, can be 
released in a controlled manner, thereby stopping the uncontrolled cell growth. 
Furthermore, this system might be used to control tumour behaviour in for example 
Neuroblastoma (NB), one of the most common cancer forms in early childhood. These 
tumours are known to demonstrate the complete transition from an undifferentiated state 
to a completely harmful, differentiated appearance. Accordingly NB derived cell lines 
might serve as a model system to study cell differentiation. 

1.2 Aim: 
In this Master Thesis’s the development of a system intended to be used in a 3D- scaffold 
that can release drugs to suppress tumour formation will be initiated. The method will be 
based on electropolymerization of electroactive polymers followed by electrochemically 
stimulated release of incorporated compounds. Studies of release profiles of various 
compounds will be made. The effects of these compounds on Neuroblastoma cells will be 
evaluated simultaneously. Compounds showing effects on these cells will be released 
from the conducting polymers and the effects on attached cells evaluated. Furthermore, 
affects from electrochemical reduction of the conducting polymers, harbouring 
simultaneously growing cells, will be investigated. 
 
The first phase of the project will be to evaluate the possibility to incorporate evaluated 
drugs in conjugated polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) or poly- 
Pyrrole (PPy), with electrochemical polymerization on flat substrates. Release profiles of 
the incorporated drugs upon electrochemical doping/de-doping will be studied. 
Depending on the chemical entity of the incorporated drug, photo spectroscopy and 
HPLC methods will be used to study the release profiles. 
  The second phase of the project will be to evaluate cellular responses on the electro-
polymerized films upon electrochemical doping/dedoping. These studies will be made on 
neuroblastoma cell lines and is planned to continue with an embryonic stem cell line.  
Bright field and fluorescence microscopy, combined with immunohistochemistry will be 
the dominant evaluation techniques. 
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2 Theoretical Background: 

2.1 Investigated drugs: Biological effects and chemical 
properties 

Based on available literature the following compounds were chosen for their 
chemical characteristics (i.e. negative charge, low molecular weight and water 
solubility), matching the prerequisites for incorporated dopants during 
electropolymerization and effects on neuron- like cells, at concentrations 
obtainable through controlled release. Further, comparably low amount of dopants 
is expected to be incorporated in the thin polymer films, subsequently released 
amounts are expected to be in the micromolar range. Available detection methods 
were primarily optical absorption, meaning that the incorporated compounds need 
to contain VIS or UV- absorbing groups to be readily detectable. 

2.1.1 Methotrexate  
Methotrexate (MTX, chemical structure seen below) has been widely used since 1948 as 
an antineoplastic, anti- metabolite drug in cancer- and psoriasis treatment.3 The 
compound, in it self and its metabolites act on dividing cells by preventing the 
incorporation of essential, newly synthesized DNA bases during the S- phase of the cell 
cycle.  MTX affects DNA synthesis by inhibiting the enzyme folic acid reductase, acting 
as a competitive inhibitor to folic acid, which is required in the biosynthesis of 
pyrimidines and purines4. Thus DNA synthesis cannot proceed, which in turns affects 
more rapidly dividing cells, such as those found in neoplastic tumors. In vitro MTX has 
been observed to affect different NB cell- lines by decreasing cell proliferation and 
increasing differentiation at concentrations ranging between 10nM -10uM5 (cells exposed 
for 6 days) and 50nM6 (exposed for 5 days), respectively.  
 

 
 
Figure 1: Shows chemical structure of Methotrexate (MTX) 
 
Chemical characteristics: 
The chemical structure can be seen in Figure 1. The drug has a relatively small molecular 
weight (MW: 454g/mol) and contains two carboxylic groups making it negatively 
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charged at neutral pH (pKa values at 4.8 and 5.5). Further it is poorly soluble in water. 
Although being poorly soluble, the just mentioned characteristics suggest that MTX is 
suitable to be used as a counter ion in electropolymerization of polymer films. 
Furthermore, MTX can been detected, using UV- spectroscopy, at concentrations as low 
as 0.7µM7 and can be clearly distinguished in solutions from it’s yellow colour. 

2.1.2 Melphalan: 
Melphalan (MLPH, seen below) is a chemotherapeutic agent belonging to a group of 
nitrogen mustard alkylating agents meaning that is adds alkyl groups to DNA, making it 
unavailable for further DNA- synthesis. The drug is widely used in clinics to treat NB 
and is considered to be a antiproliferative agent owing its effect from its DNA binding 
activity.8, 9 The drug has been observed to affect proliferation of several NB cell lines 
(including SH SY5Y) at µM concentrations (IC50 at 4µM for SH- SY5Y10). 
 

 
Figure 2: shows the chemical structure of Melphalan (MPLH) 
 
Chemical characteristics: 
 The chemical structure can be seen in Figure 2. It is negatively charged at neutral pH 
(pKa 1.83) has a low molecular weight (MW: 305), can be detected at 32nM11 but is 
poorly soluble in water. 
 
BT Hill et al compared the anti- proliferative effect of MTX and Melphalan after 24 
hours, on three different NB cell lines and found that MTX is the more effective drug.12  

2.1.3 Mycophenolic Acid: 
Mycophenolic Acid (MPA, seen below) is one of the most commonly used 
immunosuppressant. It prevents the biosynthesis of DNA and RNA, which consequently 
stops cell proliferation. Its potency as a immunosuppressant is believed to arise from it’s 
ability to inhibit the enzyme Inosine Monophospate dehydrogenase an important enzyme 
for the biosynthesis of guanine monophosphate essential for DNA synthesis in B and T 
lympocytes13. It has also been observed to reduce cell viability of NB- cells by affecting 
their proliferation in concentrations ranging between 0.5 and 10µM14 (exposing cells to 
MPA for three days). However a study performed by Messina et al15 in which SH- SY5Y 
cells were exposed to different concentrations of MPA, showed that the drug indeed can 
induce differentiation of NB cells. MPA is commonly administrated in a sodium salt 
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form, denoted MPS. 
 

 
Figure 3: Shows the chemical structure of Mycophenolic Acid (MPA) 
 
Chemical characteristics: 
The chemical structure of MPA can be found in Figure 3. The substance is negatively 
charged at neutral pH (pKa 4.5) is slightly water soluble and is relatively small (MW: 
320.8) making it suitable to be incorporated during electrochemical polymerization. 

2.1.4 Protocatechuic Acid:  
Protocatechuic Acid (PCA, seen below) has not been as thoroughly studied as the drugs 
mentioned above and its mechanism of action is under current investigation16. However, 
it has been observed to induce apoptosis in some cancer cells, has been found to promote 
neural stem cells (NSCs) proliferation and may be a candidate for treatment of 
neurodegenerative diseases such as Parkinson’s Disease, for it’s neuroprotective ability.17  
 

 
Figure 4: Illustrates the chemical structure of Protocatechuic Acid (PCA) 
 
Chemical characteristics: 
The structure of PCA is shown in Figure 4, it has a negative charge at neutral pH (pKa: 
4.8), is mildly soluble in water and has a molecular weight similar to commonly used 
model dopants in electropolymerization of polymer films (154g/mol compared with 
194g/mol for Tosylate) suggesting that it can be incorporated during electrochemical 
polymerization. 

2.2 Conducting polymers: 
Conducting polymers (CP) are a family of polymers that, depending on doping, exhibits 
conducting states ranging from insulating to semi- conducting to conducting. This gives 
them the electronic properties of a semiconductor and the mechanical flexibility of 
plastics. The discovery was considered so important that, for their breakthrough work in 
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the field, MacDiarmid, Heeger and Shirakawa18 were awarded the Nobel Prize in the year 
2000.  
 
 The semi- conducting ability arises from the characteristic chemical structure, containing 
alternating carbon single- double bonds (shown in Fig. 5 (right)), leading to delocalized 
π- bonds (see Fig. 5, left). (in turn, owing from overlapping un-hybridized pz orbitals in 
neighboring carbon atoms). The electrons in the π- bonds are weakly bound and thus 
exhibits a relatively high mobility giving rise to the electrical conductivity found in these 
materials. 

 
Figure 5 shows the characteristic electronic structure in conducting polymers (left) and the most easily 
depicted structure of a conducting polymer (trans- polyacetylene) (right) 
 
Upon synthesis, the resulting CP will be either p- or n- doped (owing from the net 
removal or incorporation of electrons in the conduction band, respectively), further 
increasing the conductivity of the material19.  
 
Another useful property of many CP’s are that they not only can be doped with electrons 
but also with ions, giving them ion conductive properties20. This allows them to be used 
as reservoirs for a large variety of incorporated ions, such as biologically active charged 
species, making them suitable for biomedical applications (e.g. enzymes, antibodies, 
DNA, Nerve growth factors21, ATP22, Dopamine23 and anti-inflammatory drugs (e.g. 
Dexamethasone24 and Naproxen25. 

2.2.1 Conducting polymers in biological systems: 
It is desirable that materials, intended to be used in biological systems should show as 
high likeness with the surrounding tissue as possible (e.g. in surface energy, stiffness and 
surface topography). Further, the material should not leak species toxic to the 
surrounding tissue. 
 
It is generally accepted that, electrical currents in biological systems are carried by ion- 
movements. To enhance the current- signal transduction and compatibility of stiff neural 
electrodes used to stimulate soft neuronal tissue, relatively soft, ion- conducting polymer 
coating can be used.26 Further these coatings might also be used enhance the exposed 
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surface area, allowing for a better attachment of surrounding cells.27 
 
 The ion- conducting ability, the relatively low stiffness and low toxicity of the monomers 
(to name a few of the relevant properties), of the CP’s polypyrrole (PPy) (Figure 6, a)) 
and poly(3,4-ethylene dioxythiophene (PEDOT) (Figure 6, b)) makes them suitable to be 
used in neurological systems26, 28. 
 

 
Figure 6: shows the chemical structure of the conductive polymer used in this thesis: polypyrrole (PPy) (a) 
and poly(3,4-ethylene dioxythiophene (PEDOT) (b) 
 
 Further, these polymers can be doped with biological signaling factors to enhanced 
integration with the surrounding tissue27. Also, PPy doped with biologically active 
species (e.g. growth factors or drugs), have been proposed to be used for electrically 
controlled delivery of these dopants25. Thereby, allowing for a local control of drug 
affects in nearby tissues (i.e. morphological changes or induced apoptosis), while 
avoiding systemic side- effects19. The mechanisms behind electrochemically controlled 
release are briefly described below (see Section 2.5). 

2.3 Electrochemistry in brief: 
Electrochemistry has been defined as “the branch of chemistry concerned with the 
interrelation of electrical and chemical effects29. This scientific field deals, amongst other 
subject, with the study of chemical changes induced by electrical current and fields. 
 
The electrochemical system is commonly comprised of the following parts: An ionic 
conductor (i.e. electrolyte), separating two electronic conductors (electrodes). Currents 
rising from reactions at the electrolyte/electrode interface are called faradic currents and 
the ones arising from moving ions in the electrolyte as non- faradic. Charges (i.e. 
currents) are passed through the electrode by the movement of electrons and positive 
holes and through the electrolyte by the movement of ions.  Accordingly, to reduce 
resistance in a system a good electrode should be able to harbor electron movement (or 
hole) and an electrolyte movement of ions. Due to the inherent nature of electronics and 
the first law of thermodynamics, reactions at the electrode/electrolyte interface and ion 
movements in the bulk electrolyte, giving rise to currents, can only be studied in the lab 
in an electrically closed system usually called electrochemical cell. The electrochemical 
setup used in this thesis is commonly known as “the three electrode cell”, composed of a 
working electrode (on which reactions are studied and controlled), a counter electrode 
and a reference electrode separated by an ion rich electrolyte (see Fig. 7) 
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Figure 7: shows the three- electrode setup containing the working electrode (WE), counter electrode (CE) 
and the reference electrode (RE). 
 
Processes and reactions in the interface between the working electrode and electrolyte are 
controlled either by varying the applied potential or the applied current. In turn, these are 
controlled or measured by relating them to the reference electrode. Thereof, the reference 
electrode is usually made of a chemically inert material (i.e. noble metals e.g. Au or Pt) 
giving it a fixed unchangeable potential.  
 
The potential of the working electrode can be controlled by connecting it to an external 
power supply (i.e. a potenstiostat also allowing for simultaneous measurements of 
resulting currents). By applying a negative potential to the working electrode, the energy 
of the electrons in the conductance band is raised (Eq. 1) When the energy levels are 
raised high enough the electrons starts to react with vacant electronic states close by (e.g. 
in the electrolyte or attached materials), giving rise to negative (cathodic) currents 
(reduction current) and a flow of electrons from the electrode to interfacing species. 
Likewise, by imposing a more positive potential, the energy levels can be lowered 
resulting in a transfer of electrons from interfacing materials (e.g. electrolyte or attached 
solid materials) to the electrode, giving rise to positive (anodic) currents (oxidation 
current) (Illustration in Fig. 8).  
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Figure 8: explains the relationship between cell potential and electron energy levels. 

2.4 Electrochemical polymerization: 
Electrically conducting polymer films can be deposited using either chemical30 or 
electrochemical polymerization. Taking the later approach allows for the incorporation of 
a wider range counter ions (e.g. larger molecules, drugs and biological molecules)27, 31, a 
more reliable attachment to a variety of shapes and conducting substrates (e.g. conducting 
polymers, semiconductors and metals) and requires only small amounts of monomers32.  
 
A simplistic model of the polymerization process is described above and can be seen in 
Figure 9. 

 
Figure 9: shows a simplistic model of the electropolymerization of poly- Pyrrole (PPy). 
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The electrochemical deposition of conducting polymers is usually made in a two or three- 
electrode setup. The polymerization is made in an electrolyte containing dissolved 
monomers together with charged ions. 
 
 The electrochemical polymerization process is initiated by applying a positive potential 
(e.g. + 0.9V for PPy and PEDOT) to the working electrode. This leads to the oxidation of 
dissolved monomers at the surface of the working electrode resulting in positively 
charged radicals.  The repeated coupling of these radicals in the electrode/electrolyte 
interface, eventually leads to the creation of an insoluble, opaque, polymer- film covering 
the working electrode. The quality of this film is sensitive to various synth- variables, to 
mention a few: solvent, pH, substrate, temperature and counter ions used33 and might 
contain shorter oligomers, resulting from side- reactions34. 
 
To maintain charge neutrality, the positively charged polymers (called p- doped 
polymers) attracts and incorporates negatively charged anions (A- in Fig. 9, from the 
surrounding electrolyte. This phenomenon allows for the incorporation of a large variety 
of dopants (i.e. oppositely charged ions) but also for the incorporation of unwanted 
charged species from the surrounding electrolyte.  A large variety of deposited counter 
ions can be found in literature (see Section 2.2 & 2.5).  
 
The reaction- scheme presented above represent a simplistic model and many reports has 
been made on competitive reactions (see Fig. 10), especially in oxygen containing 
solutions such as water, eventually leading to large variations in polymer- film 
characteristics34. 

 
Figure 10: shows possible side reactions (2 and 3) present in the electrochemical polymerization of CP (1 
and 4). Courtesy of Shaojun Dong and Jie Ding34. 

2.4.1 Estimating incorporation of dopants: 
The accumulated charge (i.e. total amount of passed electrons during the process shown 
in Figure 9- and 10) can be used to estimate amount of incorporated dopants, which is 
explained in the text below. 
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The theoretical estimation of the amount of incorporated counter ions was made using 
Equation : 

! 

n = 2 + y = "Q /"MF (1), where n is the number of charges transferred in the 
polymerization reaction per pyrrole unit, y is number of dopants (A-) per pyrrole unit, ΔQ 
accumulated charge during deposition of the films and ΔM amount of pyrrole units) 
which can be found in an article by K. Kontturi et al35 (For further details see Section 
4.5).  
 
According to the theoretical reaction scheme, for polymerization of doped polypyrrole, 
described by36, 37, n = 2 1/3. Meaning that 2 1/3 charge is transferred, during 
polymerization and doping of PPy- films, for every reacted pyrrole unit and that 3 
incorporated pyrrole units is accompanied by one dopant(i.e. 33% doping degree). 
However, the theoretical value is rarely observed in laboratory environments. It is 
believed that incorporation of other incorporated species (i.e. water, free salt, ion- pairs 
and dissolved oxygen) can reduce the doping degree (i.e. n).34, 35 
 

 Previous studies have been made, using Quartz- Crystal Microbalance (QCM), to 
distinguish doping degree of polypyrrole. By using QCM, changes in +-1 ng can be 
distinguished38 when molecules are incorporated or diffusing in and out of the film.  
 Various experimental values for n in aqueous solutions have been reported, between 2.21 
and 2. 27 for aqueous chloride solutions39 or between 2.22 to 2.27 in p- tolouene 
sulphonate aqueous solution at different experimental conditions(varying pH, E, temp 
and permittivity).35  
 When Shaojun Dong and Jie Ding examined polypyrrole films deposited in aqueous 
solutions using XPS they found that the anion- to – polymer- unit ratio might be as low as 
0.167 (1/6). 34 When PPy is electrochemically polymerized in acetonitrile, containing less 
amounts of oxygen and water, n values close to 2.33 has been obtained40.  
  
The above- discussed values were observed using optimized conditions for 
polymerization (i.e. metal substrates, deoxygenized, pure solutions etc.). In the deposition 
experiments discussed below (see Section 6.1), low conducting, non- idealized substrates 
have been used in oxygen rich solutions further reducing doping degree.  
 Considering just mentioned prerequisites, lower doping degrees of counter ions, was 
expected.  Thus, unless otherwise stated, the lowest n value mentioned above (n= 2.167) 
was used in the estimations of the amounts of incorporated dopants, described in Section 
4.5. 

2.5 Electrochemically controlled release: 
The commonly accepted model for electrically stimulated release can be seen in Figure 
11. 
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Figure 11: explains the basics behind the release anions and cations from p-doped polymers (e.g. PPy and 
PEDOT) (courtesy of G. Bidan et al41. 
 
P- doped (i.e. positively charged) CP – films, free- standing or attached to a conducting 
underlying substrate, submerged into an electrolyte and connected to an electrochemical 
can be reduced or oxidized using negative or positive potentials, respectively. This redox- 
switching leaves the polymer with an increased or decreased net- negative charge, 
respectively. Accordingly, upon reduction (inflow of ions from the external power 
source), to maintain charge neutrality any incorporated negatively charged dopants will 
be forced out into the surrounding electrolyte, leading to a local concentration increase of 
the dopants (Fig. 11a). Likewise, when reducing a p- doped CP, incorporated with large 
or bulky negatively charged groups (e.g. (polystyrenesulphonate) PSS used in this thesis) 
together with mobile cations, leads to the release of the positive cations instead42 (see Fig. 
11b).  
 
It should be mentioned that the above- described model for electrochemical release 
represents a simplistic explanation of the sequence of events leading to release. First of 
all the incorporated dopants, bonded through electrostatic interaction, can spontaneously 
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diffuse out of the films, which can result in considerable leakage43. Secondly, it is widely 
accepted that the redox- switching process is accompanied by volume changes in the 
polymer44, owing from in- and outflux of other charged species and solvating water 
molecules, witch can cause the release of dopants42. Thirdly, upon reduction of the 
polymer the charge neutrality can also be maintained by the influx of oppositely charged 
species from the electrolyte, rather than outflux of dopants. Finally, the redox switching 
might lead to changes in surface energy45, which could affect the electrochemical release 
mechanisms.  

2.5.1 Previous studies in controlled release: 
According to the above illustrated mechanisms for electropolymerization and controlled 
release of CP, only charged, small (small molecular weights) species can be released in a 
controlled manner, putting constrains on what kind of biologically active molecules that 
can be locally released using these materials. Even so, the ion- conducting ability and the 
possibility to incorporate complex counter ions of CP, has been combined by several 
groups to successfully release incorporated counter ions in a controlled manner.  
 
 The above discussed approach, has allowed for the controlled release of variety of 
chemical compounds and biologically active species (e.g. Phenol Red (PhR)46, Tosylate, 
Naproxen, Salicylate and Nicoside35, ATP22, Dopamine23 and Dexamethasone24, 
exhibiting molecular weights ranging between 145-  551g/mol (for  Nicoside and ATP, 
respectively). In these studies, the release of dopants is usually controlled by the applied 
potential and monitored using UV- spectroscopy or HPLC. 
 
 It should also be mentioned that, a variety of other polymer and methods can be found 
throughout the multidisciplinary field of Controlled Release, other than CP and 
electrochemically released. To name a few examples, bio- and chemically degradable 
polymers can be used, releasing incorporated substance upon degradation47, 48 Also 
hydrogels can be used, releasing incorporated compounds in a diffusion- controlled 
manner49 However these methods does not allow for the same complexity and variability 
in doping as the electrochemical release systems. 

2.5.2 Biological systems and electrochemical processes: 
To our knowledge no studies has been reported to have investigated the local effects on 
cells growing on stimulated films following electrochemically controlled release of a 
biologically active agent. This system could serve as a model to investigate if increased 
local concentrations of active compounds in the microenvironment can affect cells, which 
in a later sense, might be used to control local cell behavior (e.g. cell differentiation or 
induced apoptosis) in for example- future stem cell implants or in cancer tumors (for cells 
such as those found in Neuroblastoma (NB)).  Studies investigating effects from 
electrochemical redox- switching have been performed, some of them briefly mentioned 
below. 
 
Several authors have studied induced affects on neuronal- like cells, growing on 
simultaneously redox- switched polymer films and has found that the electrochemical 
stimulation can affect cell morphology (i.e. enhanced neurite extensions)50, 51. In addition, 
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some authors have also observed destructive effects, such as reduced cell viability52 and 
the reduction in DNA synthesis to near zero51 (in the same study, mentioned at first, 
observing morphological effects. 

2.6 Neuroblastoma cells as a model for neuronal differentiation 
and tumor treatments: 
 In brief, Neuroblastoma (NB) is one of the few human malignancies known to 
demonstrate the complete transition from an undifferentiated state to a completely 
harmful, differentiated appearance. Nonetheless it is very severe, causing 6- 10% of all 
childhood cancers and 15% of all deaths.  NB derived cell lines represent a commonly 
applied model for the screening of anti- cancer drugs.53 In addition, by originating from 
the neural crest derived progenitor cells (see Fig. 12) makes them a suitable model system 
for studying early events of neural differentiation54. 

 
Figure 12: shows the Sympathetic nervous system (SNS) cell lineages and their derived tumor forms 
(including Neuroblastoma (NB)) and their common progenitor cell (Neural crest cell). 
 
 A commonly used NB cell line is SH- SY5Y55 (parental line SK- N- SH), which has 
been used in previous in- vitro studies on induced affects on cells growing on CP56, 57. In 
vitro, the cell population exhibits a slight heterogeneity containing both mitotic and 
differentiating cell types and has been reported to differentiate into various phenotypes 
using different drugs58. 
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3 Materials: 
3.1 Chemicals and Reagents:  
 Monomers: Pyrrole (Sigma Aldrich), EDOT (HC Starck) 
 Immunostaining and fixatives: 10% Formalin (Sigma Aldrich), PBS (Fischer Scientific) 
0.1% Triton- X100 (Sigma Aldrich), Sodium Azide (Sigma Aldrich), FBS,  
 Antibodies and fluorescent dyes: 
Primary IgG- antibodies: Vimentin Mouse (monoclonal, Sigma Aldrich), Tuj-1 Rabbit 
(polyclonal, Covance), Nestin Mouse (monoclonal, BD Pharmingen) Fibronectin Rabbit 
(polyclonal, Sigma Aldrich), B- Tubulin Rabbit (polyclonal, Covance), NB84 Mouse 
(monoclonal, Novocastra), Tyrosine Hydroxylase Mouse (monoclonal, Millipore), 
Tyrosine Hydroxylase Rabbit (polyclonal, Millipore). 
Secondary antibodies, purchased from Invitrogen: 
Alexa Fluor® 488 Donkey anti-Rabbit IgG, Alexa Fluor® 594 Donkey anti-Mouse IgG, 
Alexa Fluor® 594 Donkey anti-Rabbit IgG, 
Alexa Fluor® 546 Goat anti-Rabbit IgG, Alexa Fluor® 488 Phalloidin, DAPI, DAPI 
mounting media (Vectashield) 
 Counter ions and drugs: Heparine (Klexane, Sanofi- Aventis AB, 150mg/ml), PSS(poly 
(Sodium- 4 Styrene Sulfonate, Sigma Aldrich), Tosylate (Sodium p-Toluene Sulphonate, 
Sigma Aldrich), PCA (Protocatechuic Acid, NCI), MTX (Sigma Aldrich), Melphalan 
(NCI), Retinoic Acid (Sigma Aldrich), VPA(Valproic acid, Sigma Aldrich), MPA (Sigma 
Aldrich), MPS ( Sodium Mycophenolate, In house synthesis from MPA), Phenol Red 
Sodium Salt (Sigma Aldrich). 
 Cell culturing: SH- SY5Y Medium: D-MEM⁄F-12 (1:1) (1X), liquid - with GlutaMAX™ 
(Invitrogen), Fetal Bovine Serum (Invitrogen), Penicillin/Streptomycin (10 000 Unit/10 
000µg/ml, Invitrogen), 2.5% Trypsin (Invitrogen), SH- SY5Y Cells (ATCC), Trypan 
Blue Solution (Hyclone, Thermo Scientific).  
Miscellaneous: DMSO (Sigma Aldrich), PBS (Fishcer scientific), DPBS (Invitrogen), 
Distilled water (DNase/RNas free, Gibco, Invitrogen), 95% Ethanol (Solveco AB) 
PDMS Trial: (Dow Corning, Sylgard 184 Base and Curing agent from Chemtech AB), 
Graphite (Sigma Aldrich). 

3.2 Instrument: 
Counter and reference: Counter electrode was a stainless steel grid. A platinum wire was 
used as a quasi- reference electrode. 
Micro actuator (right and left. Signtone, Model: s-725-SRM,SLM, SN:) and multimeter 
(Biltema) 
Electrochemical apparatus: A µ-Autolab, Type III- potentiostat from Metrohm were 
used in all electrochemical experiments connected to a standard PC with NOVA 1.5- 
Software. 
 UV- spectroscopy: The electrochemical release and corresponding standard curves were 
monitored using UV- spectroscopy.  Three different UV- spectrophotometers were used: 
  In the initial release trials and leakage experiments (see Section 6.3.1) absorbance 
intensities were recorded on the following wavelengths: 230nm, 260nm, 280nm and 
320nm using a Eppendorf BioPhotometer Model 6131(Photometric precision: < 0.5% at 
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1 A) and polystyrene cuvettes.  Some samples in this study, the UV spectra were 
analyzed between 290 and 470 nm. 
 The remaining release experiments were recorded between either 200- 450nm or 250- 
600nm on a Ultrospec® 3000 (Amersham Pharmacia Biotech) spectrophotometer 
together with Polystyrene UV- cuvettes (Semi- Micro, Plastibrand) suited for 
measurements between 220 and 900nm. 
HPLC- measurements: Release of counter ions in cell medium was measured using a 
liquid chromatograph, 5cm in diameter C18 column, filled with 3µm silica beads, eluent 
buffer containing 40nM phosphoric acid pH 1.9-  acetonitrile (30%) in water and a 
detector working at 215m. Detection range: 0.5-100 µM. Samples were store in freezer 
prior to measurements. Measurements were conducted according to standard procedures 
in the clinical analysis lab at Karolinska Institute in Huddinge. 
 Fluorescent microscopy: The effects of various drugs and compounds were examined on 
a Live Cell Observer Zeiss microscope.  In trials were cells had been cultured on polymer 
films or in 35mm dishes an Axiovert 200 Zeiss microscope was used. 
 Software’s: ImageJ (for cell count), Statistics (Prism) Nova 1.5(Echocem, 
electrochemistry), Photoshop(for image processing), Axiovsion (Fluorescent 
microscopes, latest version) 

4 Methods: 

4.1 Cell work: 
Medium and cultivation: The Neuroblastoma- derived cell line SH- SY5Y was 
maintained in a 1:1 mixture of Dulbecco’s Modified Eagle’s medium (DMEM) and F12 
medium with Glutamax, supplemented with 10% heat inactivated fetal bovine 
serum(FBS) and 1% (100U/100µg/ml) Penicillin/Streptomycin. The cells were cultured 
at 37oC in a humidified environment with 5% CO2 atmosphere. The cell seeding density, 
ranging from 5000 cells/cm2- 15000cells/cm2, was adjusted according to the timing and 
demands of planned experiments. Sub- confluent cultures (70- 80%) were passaged 
according to an established protocol (See Subculturing below) and new medium was 
added every third day. Following the recommendation from the supplier and from 
literature the cells were never subcultured above 20 passages. Frozen cells were stored in 
liquid nitrogen in culture medium supplemented with 5% DMSO until use.  
 Thawing cyropreserved cells: The frozen cell suspensions were rapidly thawed by 
placing the frozen suspension tubes into a 37oC water bath. As soon as the suspensions 
had thawed out they were moved to a 15ml tube containing 7ml of pre- heated media 
using a 1ml pipette. The tubes were centrifuged for 4.5min at 1400rpm. Supernantant 
media was removed using suction, new pre- warmed media was added and the cells were 
seeded in 10cm cell cultured dishes (Corning). 
 Subculturing: When reaching 70-80% confluence, the cells were Trypsinized (1x 0.25%) 
and seeded at required cell density. For maintenance culturing, cells were seeded between 
5000- 15000cells/cm2. 

4.2 Immunostaining: 
For analysis of cell proliferation and morphology, cells from various experiments were 
fixed in 10% formalin at room temperature and permeabilized in a PBS and 0.1% Triton- 
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X solution. Immunohistochemical localization of specific proteins was performed by 
overnight incubation in 4oC with their corresponding primary IgG antibodies, diluted 
1:500, in blocking solutions containing PBS, 0.1% Triton- X 100, 1-2 % FBS and 
0.001% Sodium Azide. Primary antibody solutions were routinely retrieved and reused in 
multiple experiments. After being thoroughly washed, in the same permeabilizing 
solution as described above, the cells were stained with secondary antibodies. Unless 
otherwise stated the IgG secondary antibodies were diluted 1:500 ratio, DAPI at 1:1000 
and Phalloidin at 1:80. 

4.3 Imaging and analysis: 
Evaluation of immunostaining in cell experiment:  Following fixation and 
immunostaining, digital images were acquired, using a Live Cell Observer Zeiss 
microscope for the primary antibody study and drug evaluation studies and a Axiovert 
200 Zeiss microscope, for the film- cell trials.  
 Image processing for morphology analysis: Images were processed in Adobe Photoshop 
CS3. Esthetical changes were made to remove background staining and to highlight 
morphological details. Considerations were taken so that cell morphology remained 
unchanged during the process and no artifacts were removed or enhanced. Background 
noise was removed by the adjust levels tool and colours enhanced using the adjust colour 
balance tool. 
Cell counting: The cell counts on SH-SY5Y images were performed in Image J, Version: 
1.43 for Mac OS X. The number of cells was estimated by counting DAPI positive cell 
nuclei (See Section 9.1.2).   
For cultures treated with MTX, MLPH, RA, TOS, PCA, 9 images, taken at 10 x 
magnification were used, 3 from each triplicate culture. For cells grown in MPA, two 
images were used, taken from each single culture at 10 x magnification. For the PPy/PSS- 
film study 4 images were used from each cell culture dish, 2 on cells growing on top of 
the dish and 2 on cells growing on the PPy/PSS- film, taken at 5 x magnification. 

4.4 Statistical analysis: 
For statistical comparisons involving multiple groups, quantitative data was analyzed by 
ANOVA followed by Bonferroni’s post comparison, using the Prism software. For the 
drug counter ion study n = 3 x 3, for the MPA- study and PPy/PSS- film study n = 2. A P- 
value of 0.05 or below was considered statistically significant. The results are expressed 
by mean ± S.E.M. 

4.5 Electrochemical deposition of polymer films: 
Electrode preparation: The Orgacon foil material (240 and 1300ohm) was cut to various 
sizes, indicated in each experiment. The foil was cleaned in 70% ethanol, for 10 minutes 
on a shaker. Counter- and reference electrodes were soaked in 70 % ethanol for 20 
minutes and rinsed with MQ- water. Electrodes were allowed to dry out in hood prior to 
experiment. 
Electrochemical deposition: Unless otherwise stated, polymer films was grown 
potentiostatically on orgacon films using a three-electrode setup. Same size on working 
and counter electrodes was used. The electrochemical cell was either a 10 or 50 ml 
beaker, respectively containing a working electrode (Orgacon foil), a counter electrode 
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(stainless steel mesh) and a quasi- reference electrode (platinum wire). The films were 
deposited in 5 or 20 ml of electrolyte, respectively containing monomers and counter 
ions, dissolved in MQ- water. The solutions were stirred over night when using EDOT as 
a monomer and for 1.5 hours using pyrrole. Obtained size of deposited films ranged 
between 1 and 5 cm2 and was controlled by size of underlying Orgacon film and grade of 
immersion into polymerization solutions. The solutions were stirred for 30 minutes in 
between experiments. After the exploratory trials, a potential of  +0.9V, relative to the 
quasi- reference, was chosen to deposit the polymer films. The amount of deposited 
polymer was varied by controlling accumulated charge (i.e. time for the applied 
potential). 
Estimating incorporated amount of counter ions: Following the theory presented in 
background (see Section 2.4) the amount of incorporated counter ions was estimated 

using equation: 

! 

n = 2 + y =
"Q

"MF , were n is the number of charges transferred in the 

polymerization reaction per pyrrole unit, y is number of dopants per monomer unit, ΔQ 
accumulated charge during deposition of the films and ΔM amount of monomer units. 
Unless otherwise stated the n and y values used was 2.167 and 0.167 respectively. 
Amount of incorporated anions was estimated by first estimating ΔM (amount of 
monomer units reacted), through equation above, followed by multiplication with y 
(number of counter- ions per monomer unit). F is faradays constant, which tells the 
number of single- charged molecules passed in one coulomb.  
 The obtained values were used as theoretical estimations of the amount of incorporated 
and releasable dopants in the various release experiments (described in Section 6.3). 
Incorporated amounts in films deposited together with helper ion PSS was estimated 
taking the amount of incorporated PSS monomers into account which was estimated by 
the ratio between amount of ions and counter ions diluted in the polymerization solutions. 

4.6 Electrochemically controlled release: 
Setting- up the electrochemical cells for release experiments: Three different 
electrochemical cell configurations were used in the release experiments discussed below. 
All of them, resulting in a three- electrode cell configuration. Each setup is described 
briefly, and its corresponding experiments listed, in the beginning of this section. Unless 
otherwise stated the following setups were used: 
 
 First setup used in Section 6.3.1. 

• Counter (“small old”) electrode: steel grid, heterogeneous in shape, approximately 
0.5cm2 covered in solution during electrochemical release. 

• Reference electrode: Quasi, platinum wire. 
• Working electrode: covered area of deposited polymer film will be stated in the 

description of the individual experiments. 
• Release in a 10ml glass container containing 5ml PBS. 
• Crocodile clamps were attached to the electrodes to connect the electrochemical 

cell. 
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 Second setup, used in Controlled release studies on PPy/ MTX films- and thick and thin 
PPy/2PSS/MTX- films (Section 6.3.2) 

• Counter electrode (“small”): Steel grid, approximately 0.6cm2 (1 x 0.6cm) 
covered in solution. 

• Reference electrode: Quasi, platinum wire. 
• Working electrode: Approximately 0.6cm2 of deposited polymer films immersed 

in solution. 
• Release in a 24- well plate wells containing 2ml of PBS. 
• Connected the electrochemical cell using crocodile clamps attached to all 

electrodes. 
 

 Third setup: Release experiments using thicker PPy/PSS/MTX- films and  PPy- and 
PEDOT/MPA films; PPy/PhR films and- PPy/MPS (Sections 6.3.2- 6.3.5) 

• Counter electrode (“medium”): Steel grid, approximately 0.75cm2 covered in 
solution (0.3 x 2.5cm) during electrochemical release. 

• Reference electrode: Quasi, platinum wire. 
• Working electrode: Approximately 0.5cm2 of deposited polymer films, lying 

down attached to floors of dishes and thereby completely covered in solution. 
• Release in a 35mm cell culture dishes containing 3ml of PBS or SH- SY5Y 

medium. 
• To connect the electrochemical cell; crocodile clamps were attached, directly to 

counter electrode, quasi- reference and to the micro actuator which, in turn was 
connected to through its nail to the working electrode (polymer- film). 

Electrochemical release protocols:  The following release protocol was used in the initial 
experiments (Section 6.3.1): The applied potential was switched, four times, between 
+0.7V and -0.7V, held for 40 seconds on each step starting on +0.7V, and then held at -
0.7V for 600 seconds. Total time of 740 seconds.  
 In the CV- release trials the conditions varied and will for convenience sake be described 
in the individual experiments. 
 After the initial release trials, the following standard protocol was established and 
applied in Controlled release using PPy/ MTX films- and thick and thin PPy/2PSS/MTX- 
films and - PPy- and PEDOT/MPA films; (Sections 6.3.2, 6.3.3): Potential was cycled, 
three times between +0.05 V and  -0.9 V, at a scan rate of 20mV/s followed by linear 
sweep from 0V to - 0.9V at 20mV/s and then a constant potential -0.9V for 285s. Total 
time of 620s. When investigating release of PhR and MPS a reducing potential of – 0.8 V 
was applied for 50 minutes(Sections 6.3.4 & 6.3.5). 
Estimating resulting concentrations following release: 
 The theoretical concentrations resulting from 100% release of dopant in the different 
release setups (stated in Section 4.6), was estimated by multiplying the theoretical amount 
of incorporated counter ion per cm2 (estimated above), with the size of the film in contact 
with release solution (stated for each individual experiment in Section 4.6) and dividing it 
by release volume. The obtained values were used to estimate if detectable amount of 
dopants could be released “a- priori” and if detecting release, used to approximate release 
efficiency. 
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5 Experimental details: 

5.1 Electrochemically controlled release of various counter ions:  

5.1.1 Exploratory release trials using PEDOT/PCA films and 
PEDOT/MTX films: 
 Unless otherwise stated PEDOT films, deposited using PCA or MTX as counter ions, 
were thoroughly washed in MQ- water to remove possible contaminants, prior the 
experiments. Films were then immersed into PBS- solution, the electrochemical cell was 
connected and the potential stepped according to corresponding protocol (stated in 
Section 4.6) Achieved currents were recorded and solutions were collected and analyzed 
in a UV- spectrophotometer. Standard solutions containing either PCA diluted in PBS or 
MTX diluted in PBS and MQ- water were analyzed on the same occasion as associated 
release experiment. Further spontaneous leakage in MQ- water from PEDOT- films 
deposited, using different counter ions, was examined during a three-day period. The 
solutions were collected and replaced once a day and analyzed in a UV- absorbance 
meter. Conductivity measurements were made to make sure that films were 
electrochemically active before the release. 

5.1.2 Controlled release using PPy-films deposited using dissolved 
MTX, MPA, PhR or MPS as counter ions and PEDOT/MPA:  
 PPy/MTX and PPy/MPA films were washed for 30 minutes in 70% ethanol followed by 
10 minutes in DMSO and once more for 15 minutes in 70% ethanol, prior to release. 
PPy/PhR and PPy/MPS- films were solely rinsed in MQ- water. Films were then 
immersed into PBS- solution or cell medium, the electrochemical cell (stated in Section 
4.6) was connected and potential stepped according to corresponding protocol (see 
Section 4.6). Experiment was monitored in the same way as the ones mentioned above 
and the corresponding UV standard curves were measured on the same occasion. Counter 
and reference electrodes were soaked and rinsed in 70% ethanol between release runs. 

5.2 In vitro experiments on cell cultures: 

5.2.1 Evaluating primary antibodies used for immunofluorescent 
staining of SH- SY5Y cells: 
SH- SY5Y cells, at passage six, were seeded out at 10 000cells/cm2. Cultured for three 
days in; four- 35mm dishes and six wells in a 24- well cell culture plate followed by 
fixation and immunostaining.  Samples were stained against known neurological markers 
and assessed using a fluorescent microscope (Stated in Section 4.3). 
Primary antibodies investigated:  
35mm cell culture dishes: I) Vimentin Mouse (monoclonal), II) Tuj Rabbit (polyclonal) 
and Nestin Mouse (monoclonal), III) Vimentin Mouse(monoclonal) and Fibronectin 
Rabbit (polyclonal) 
24- well plate: I) B- tubulin Rabbit (polyclonal); II), Nestin Mouse (monoclonal); III) 
NB84 Mouse,(monoclonal); IV) Tyrosine Hydroxylase Mouse(monoclonal); V) Tyrosine 
Hydroxylase Rabbit(polyclonal); VI) Vimentin Mouse(monoclonal) 
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Secondary antibodies: Donkey anti- Rabbit 488 and Donkey anti- Mouse 594, DAPI. 

5.2.2 Investigating effects on SH- SY5Y cell morphology and viability 
from various, possible, drugs and counter ions: 
Preliminary study: Initially, SH- SY5Y cells, at passage five, were seeded at 5 
200cells/cm2 in two 24- well cell culture dishes and cultured for a total of seven days 
during this trial. SH- SY5Y cells were first allowed to grow for 24 hours before 
substances, diluted directly from stock solutions into fresh preheated cell medium, were 
added. Drug- medium mix was added, to a triplicate of wells, two times every third day 
followed by fixation, immunostaining and evaluation using fluorescent microcopy (see 
Section 4). A triplicate of untreated cultures, were kept as a control and had their media 
exchanged simultaneously as the others. No cell counts or statistical analysis were 
performed, due to uneven cell density. 
Substances evaluated: Methotrexate (MTX), Melphalan (MLPH), Tosylate (TOS), EDOT 
dissolved in medium at 1µM, 0.1µM and 0.01µM. Retinoic acid (RA) dissolved in 
medium at 10µM, 1µM, and 0.1µM. 
The stock solutions were prepared and stored according to instructions from 
manufactures, see Appendix (Section 9.2) for detailed description of stock solutions) 
Antibodies used: Primary: anti- Vimentin Mouse (Monoclonal) and anti- Beta- Tubulin 
rabbit (polyclonal), Secondary: Donkey anti-Rabbit 488 and Donkey anti-Mouse 594 
 Second study: The first study was repeated using cells, at passage eleven, plated at 5 
000cells/cm2 in two 24- well cell culture plates and cultured for a total of seven days. 
Triplicate cultures were used for each concentration. Drug- medium mix was added three 
times every second day followed by fixation, immunostaining and evaluation using 
fluorescent microcopy. One triplicate of cell cultures had their medium changed by fresh 
un- treated medium and grown as controls. Digital cell counts were made on resulting 
images. The resulting numbers of cells in the treated cultures were compared internally 
and with control, according to the above- described procedures (See Section 4.4).  
Substances evaluated in the second study: Same as first drug study except for that PCA 
(42mM in sterile water and Acetone 10%) was used instead of EDOT: 100µM. 10µM and 
1µM. 
Antibodies used:  Primary: B- Tubulin rabbit (polyclonal) 
Secondary: Donkey anti-Rabbit 594, Dapi and Phalloidin 
  
 MPA- study: MPA (1µM, 0.1µM, 0.05µM), diluted directly into fresh preheated 
medium, were added, two days after plating (7 900cells/cm2, at passage twelve, in four 
wells on a 12- well cell culture plate) and changed every second day, two times before 
fixation. One culture was grown for each concentration and one remained untreated as a 
control. Cells were fixed on the seventh day, immunostained, examined in fluorescent 
microscope and counted. The number of cells was compared, internally between cells 
treated with different concentrations and with control (See Sections 4.3 & 4.4). 

5.2.3 Investigating effects from electrical stimulation and following 
release on SH SY5Y- cells cultured on and near polymer- films: 
Preliminary studies: Cells were grown, for a total of four days, on PPy and PEDOT- 
films deposited with different counter ions. Highlighted films were electrochemically 
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switched after three days of culturing, followed by fixation after a one-day recovery 
period. 
 
Films used in study (underlined was electrochemically switched): 
MTX films: 

PEDOT (#61 (1.1 x 0.9cm, 7, 39.77mC/cm2), #29 (1.2 x 1.0 cm, 36.67mC/cm2))        
PPy ((#67 (1.1 x 1.1cm, 32.6mC/cm2), #68 (1.2 x 1.0cm, 21.33mC/cm2)) 

Tosylate films:  
PEDOT ((#45 cut in half (1.1; 1.3 x 0.9cm), 41.4mC/cm2))  
PPy ((#65 (1.1 x 0.8cm ,52.27mC/cm2), #66(1.1 x 0.8cm, 56.25mC/cm2)) 

OH films:  
 PEDOT (#63 (1.1x1.0, 25mC/cm2)),  

PPy ((#74 (1.2 x 0.67cm, 42.53mC/cm2), #75(1.2 x 0.8cm, 15.15mC/cm2)) 
PCA films:  

PEDOT (#26 (1.1 x 1.1cm, 126.45mC/cm2) 
Orgacon films: 
  Low conducting (1.3 x 0.8cm) 
 
Electrochemical Setup: 12-well plate wells, medium sized steel counter; platinum quasi 
reference; clamps, potentiostat. 
 
Release protocol: The release protocol used in the initial release study (Section 6.3.1) was 
applied in this trial. 
 
Preparation of films: To sterilize the films and to remove possible contaminants the 
following measures were taken: Films were spray washed with Ethanol (70%) and 
transferred to 12- well cell culture plate wells.  1ml of Ethanol (70%) was added and 
removed using suction. They were then left to dry in the sterile hood followed by the 
addition of 1ml PBS and kept there over night. 
 
Seeding the cells on films: SH-SY5Y cells were seeded out the following day at 10 
000cells/cm2, at passage six, and cultured for three days in wells containing sterilized 
films with their polymer side pointed upwards. Films stayed attached to the plastic floor 
during the whole experiment so no glue was used for this purpose. Duplicate cultures, not 
containing any films, were grown as a control. 
 
Switching the films: On day- three some of the films, with growing cells attached to 
them, were removed one by one from the 12- well plates and lower into a 35mm well 
containing 4ml of fresh preheated media. The rest of the films, the ones waiting to be 
switched and the ones that would remain un- switched, were kept in the humidified 
environment of the incubator. The two electrodes were immersed so that approximately 1 
cm2 of the deposited polymer films were in contact with cell medium and 2 cm2 of the 
counter electrode. The electrochemical release program was run for 380 seconds and 
films put back into their initial 35mm cell culture wells. Old media were removed using 
suction followed by the addition of two ml release media. Cells growing in wells 
containing untreated films had their media changed by two ml of fresh preheated 
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medium. Cells were fixed and immunostained for evaluation of morphological changes in 
a fluorescent microscope after one day of recovery after the switch.  
 
Antibodies: Primary: Vimentin Mouse (Monoclonal) and Beta- Tubulin rabbit 
(polyclonal), Secondary: Donkey anti-Rabbit 488 and Donkey anti-Mouse 594 and DAPI 
mounted on films. 
 
Main study using thick PPy/PSS- film: Cells were allowed to attach for one day 
followed by electrical stimulation and were then fixed after three days. 
 
Electrochemical setup: 35mm tissue culture dish, PPy/PSS- film (0.5 cm2), steel mesh 
counter (approx. 0.75cm2), platinum quasi reference, connected using pin and two clamp, 
respectively (see Section 4.6: Third setup) 
 
Release protocol: The PPy/PSS film was switched in accordance to the established 
standard release protocol from release trials (see Section 4.6: Electrochemical release 
protocols). 
 
Preparation of film pieces: A PPy/PSS- film (281mC/cm2 deposited on highly conducting 
Orgacon) was cut in three pieces (0.5 cm2 each). The film had been washed, prior to the 
experiment, according to standard protocols. Two film pieces were prepared by attaching 
40 wt% graphite/PDMS dots to them (2mm in diameter). One piece was held at open 
circuit and used as a negative control for current effect on cells growing on the film and 
effects from possibly released compounds. A third film was left unprepared and used as a 
negative control for PDMS/Graphite toxicity and for effects from the electrochemical cell 
in it self. All film pieces were put in the oven for three hours at 65oC. Each piece was 
then moved to a 35mm cell culture dish and sterilized with 70% ethanol.  DPBS was 
added to the dishes and removed after three hours using suction. One dish was sterilized 
and washed in the same way, as the previously mentioned ones, and used as a negative 
control for all growing cells. 
 
Seeding of cells: Cells, at passage seventeen, were seeded on the four prepared culture 
dishes mentioned above, at 40 000cells/cm2, and cultured for one day. Cells were seeded 
in 3ml SH-SY5Y media. The films, facing upwards, stayed attached to the floor of the 
wells during the whole trial. 
 
Switching the film: The following day, one of the dishes, containing a PPy/PSS film 
piece, with an attached PDMS/Graphite dot and a layer of SH- SY5Y cells growing on it, 
was removed from the incubator, moved to the hood and connected to the 
electrochemical cell through the conducting nail. The release program was run for 660s, 
resulting currents recorded and the dish put back into the incubator. Another dish, 
containing an attached film piece, prepared in the same manner, was connected to the 
electrochemical cell and held at open circuit for 660s. One dish, containing a film piece 
prepared without PDMS/Graphite material and one not containing any film piece at all 
was also moved into the hood and used as control. All dishes stayed outside the incubator 
for the same amount of time. After this the cells were allowed to grow for three days 
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following fixation and immunostaining. The pieces were examined using fluorescent 
microscopy and the number of live cells were counted (For further details see Section 
4.3). A comparison was made between the number of cells growing in all four samples 
(i.e. on the dishes and on top of the PPy/PSS- films in: control, the samples containing, an 
untreated film, a film held at open circuit and one electrochemically stimulated) 
according to the described procedure in Section 4.4. 
  
Antibodies used: Primary: B- tubulin Rabbit Polyclonal, Secondary: Goat anti-Rabbit 
546, Dapi and Phalloidin. 



24  

6 Results and discussion: 
6.1 Creating the polymer films: electrochemical deposition, 
evaluation and optimization: 

The efficiency of electrochemical deposition of conjugated polymers is highly 
sensitive to the physical set-up of the electrochemical cell, the purity of used 
chemicals and vials as well as the nature of the counter ions and quality of the 
underlying electrode material. In this thesis several of these parameters were 
evaluated in an iterative process. Initially the electrochemical method and a 
number of counter ions were evaluated. Based on cellular responses MTX was 
chosen as counter ion for continued studies, where electrode material and 
electrode contacts were optimized. MTX proved to be a counter ion with very low 
incorporation efficiency, whereupon evaluation of helper counter ions (PSS) was 
explored. Final electrochemical deposition experiments were made with counter 
ions with anticipated higher incorporation efficiency, namely Phenol Red and 
MPA/MPS. 

6.1.1 Exploratory studies depositing PEDOT films with various 
counter ions and electrochemical deposition techniques: 
Previous studies in the lab have shown that Klexane (low molecular weight Heparin) can 
be used as a dopant to create thick, even and conducting PEDOT- films. Accordingly, 
films deposited using Klexane as a counter ion, using either constant currents or potential, 
were evaluated to see which approach would be best suiting for creating doped PEDOT –
films. Thickness, conductivity and smoothness were compared and correlation between 
observed thickness and accumulated charge was analyzed. 
 
PEDOT films were deposited in 0.1M EDOT together with 0.4mg/ml Klexane dissolved 
in 5ml MQ- water onto Orgacon foils 1.5-3 cm2. Constant currents at 180µA/cm2 or a 
constant potential at 0.9 V was investigated. The resulting PEDOT/Klexane- films 
created at constant currents were thick (judged by transparency of the film), conducting 
but uneven over the electrode area. Films deposited using constant potential were thinner 
as expected since a lower current density was observed. However the films were more 
even and showed good conductivity, estimated by a simple multimeter. In addition, 
constant current methods can result in the recorded potentials were observed to be 
difficult to control, giving higher degree of unwanted side reactions. At potentiostatic 
conditions the importance of using comparable electrode sizes should be noticed, when 
comparable current densities during deposition are desired.   
 
Based on the experiences with Klexane, electropolymerization of PEDOT was prepared 
at potentiostatic conditions (+0.9 V) with three different counter ions; Tosylate (TOS), 
MTX, PCA and without counter ions except from the hydroxide ions present in water. 
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Figure 13: shows films deposited with different counter ion. From left to right, The name of the counter ion,  
accumulated charge,  deposition time, area and counter ion concentration in the electrolyte is stated. 
PEDOT/ MTX: #62 (43.75mC/cm2, in 2400, 0.96cm2)# 53 (35.2mC/cm2, in 2400s, 1.1cm2) [880µm]. 
PEDOT/ PCA: #39 (45.6mC/cm2 in 1600s, 1.44cm2), #19 (41mC/cm2 in 2400s, 1.68cm2) [640µM]. #9 
PEDOT/Klexane from earlier studies. PEDOT/ Tos: #36 (20.45mC/cm2, in 1600s, 1.3cm2) [880µM]. 
PEDOT/ OH #60: (, 12.8mC/cm2 in 2400 s, 1.44cm2).  
 
From Figure 13, general observations on film- evenness and transparence indicate that 
Klexane, Tosylate (TOS) and PCA are counter ions that are well incorporated in the 
PEDOT films. The difference in the PCA film appearances cannot be explained in 
different accumulated charge in the film, illustrating the difficulty of estimating amount 
of incorporated counter ion. Possibly film #19 is more de- doped yielding higher 
absorption in the visible range or higher degree of side reactions occurred during 
deposition of film 39. 
 
The MTX films has a high accumulated charge, but the appearance of the film is 
comparable to that of a film electropolymerized without counter ions, indicating the 
occurrence of side reactions. It was also observed that MTX being highly lipophilic easily 
physisorbed on the electrode material.    

6.1.2 Exploratory studies depositing PPy films with MTX and/or PSS 
as counter ion: 
Pyrrole can be an attractive alternative to EDOT, e.g. in terms of higher water solubility. 
The difficulties to yield good quality PEDOT films with MTX initiated experiments with 
pyrrole.  
 
Electropolymerization of only MTX [880µM] and 0.01M pyrrole yielded poor quality, 
i.e. very thin and uneven films, not very different in appearance compared to if no MTX 
was added. PSS is a very large polyanion that is commonly used as a counter ion to 
PEDOT, e.g. in the commercial Orgacon foil. PSS was introduced in the electrolyte 
during electrodeposition with the idea that it would act as a helper counter ion. During the 
electropolymerization where PSS is incorporated, some MTX molecules would possibly 
be incorporated and/or physically trapped in the polymer.  
 
The effect of having 880µM MTX present during polymerization of pyrrole [0.01M] and 
PSS [1670 µM], can be seen below (Table 1). Several films were prepared, but in a 
comparison of a pair of films of approximately comparable size no major differences can 
be seen.  
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Table 1: shows PPy- films deposited in solutions containing PPS and MTX or only PSS. 
Accumulated charge values at 800s are compared. (* Values at 1600 and 2400s, 
respectively, ** values at 2000s) 
Film Size 

(cm2): 
Conductivity Charge per area(mC/cm2) 

at 800s 
90 PPy:PSS:MTX 1.70 Low 34(68.46, 86.31*) 
92 PPy:PSS:MTX 4.60 Ok 22.6(45.26, 60.34*) 
111 PPy:PSS 1.60 Ok 31.25 
117 PPy:PSS 4.20 Ok 25 (59.5**) 
 
Accumulated charge per area is similar in films prepared with and without MTX. In film 
90 the conductivity was very low, possibly due to overoxidation or physisorption of an 
insulating MTX layer.  
 
All the above- mentioned films are comparably thin films. Accurate film thickness 
measurement equipment was not available, but based on the statement of K. Kontturi et 
al25 where a value of 240 mC/cm2 was used as an equivalent to 1 µm PPy film, they can 
be considered to be a few 100 nm at most. 
 
In more exploratory experiments it was concluded that an underlying electrode material, 
Orgacon with 240 Ohm/sq compared to 1200 Ohm/sq as used above could increase the 
possible current density considerably, showing a voltage drop over the electrode. Also the 
method to contact the electrode was optimized using cupper tape which yielded higher 
current densities, demonstrating the insufficient connection to the electrode in above- 
mentioned experiments possibly giving a lower polymerization potential than anticipated. 
 
With optimizations of film deposition, with respect to electrode material and electrode 
contact, thicker films of PPy/PSS with or without MTX was synthesized. 
 
Table 2: Compares accumulated charge for PPy films deposited with PSS [1760µM] 
(#118 and #119) or PSS [1760µM] and MTX[880µM] (#120 and #121) using higher 
conducting Orgacon (240sq/ohm). 
Film: #118 #119 
Acc charge total: 202mC/cm2 205mC/cm2 
Size: 4.25cm2 4.08cm2 
Counter ion PSS PSS 
Synth time: 1200s 2000s 
 
Film: #120 #121 
Acc charge total: 175mC/cm2 168mC/cm2 
Size: 4.59cm2 4.86cm2 
Counter ion 2xPSS, MTX 2xPSS, MTX 
Synth time 2100 2600 
 
As can be seen in the table above (Table 2) the accumulated charge is lower when MTX 
is present, although the synthesis time are longer. In conductivity estimations it was also 



27  

observed that the films had lower conductivity when MTX was present. Several 
explanations could explain this difference. Either MTX is incorporated as a counter ion, 
but giving a polymer with lower conductivity. Alternatively it can be due to that MTX is 
physisorbed as an insulating layer on the polymer film surfaces during polymerization. It 
is also possible that MTX is absorbed within the polymer film continuously during the 
polymerization and thereby possibly available for release. A less attractive explanation is 
that MTX gives side reactions, which degrades the molecules and give non-conductive 
products.   

6.1.3 Electrochemical depositing of PPy and PEDOT films with MPA 
as counter ion: 
The approach to use PPS as a helper ion to facilitate incorporation of dopants was 
abandoned. Instead, based on the results from the dose- response experiments (see 
Section 6.4: MPA- study) and for its higher solubility MPA was chosen as a counter ion 
for continued investigation. However, MPA was observed be only slightly soluble, 
resulting in precipitates present in the polymerization solution. 
 
Electropolymerization of MPA[880µM] together with pyrrole[0.01M] and EDOT[0.01M] 
yielded fairly high quality films i.e. thick, even and conducting films, ranging in 
accumulated charge between 48- 138mC/cm2 and 35- 97mC/cm2 for pyrrole and EDOT, 
respectively. A good correlation was observed between accumulated charge and film 
thickness (as judged by film opaqueness). Decreasing currents with time was observed 
when creating some of the films.  
 
Table 3: compares accumulated charge for PPy- and PEDOT- films deposited with MPA 
(PPy/MPA and PEDOT/MPA, respectively) with films deposited in pure MQ- water (PPy 
and PEDOT, respectively) 
Film Size 

(cm2): 
Conductivity Charge per area(C/cm2) 

at 4000s 
#125, PPy/MPA 4.2 Ok 0.138 
#135, PEDOT/MPA 4.2 Ok 0.097 
#129, PPy 4.2 Ok 0.032 
#130 PEDOT 4.2 OK 0.039 
 
As can be seen in Table 3, the accumulated charge is considerably higher when MPA is 
present in both pyrrole and EDOT monomer solutions. Compared with PPy/PSS films 
discussed above, PPy/MPA films, similar in size, accumulated less charge in the same 
amount of time. 
 
The collective observations mentioned above suggests that MPA can be used as an 
efficient counter ion, however higher film thicknesses was hard to obtain due to 
decreasing currents. 

6.1.4 Electrochemical depositing of PPy films with Phenol Red as 
counter ion: 
The electropolymerization of PPy together with PhR, was reproduced (slightly modified) 
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as reported in the successful release study of PhR from PPy- films reported by C. Wang 
et al46. According to the observations from previously mentioned experiments, the higher 
water solubility of PhR should lead to higher polymerization efficiency. 
 
Table 4: shows accumulated charge for PPy- films deposited in low (#142 and #143) and 
high concentrations (#145) of pyrrole and PhR. 
Film Concentrations 

in solutions 
Size 
(cm2): 

Conduc
tivity 

Charge per area(C/cm2) 
at 5000s 

#142 Low 4.2 Ok 0.22 
#143 Low 4.2 Ok 0.25 
#145 High 2.47 Ok 0.420 
 
The table above (Table 4) compares polymerization efficiency of PPy films prepared with 
PhR using in low and highly concentrated polymerization solutions (i.e. pyrrole (0.01M 
and  0.1M) and PhR (880µM and 6.6mM), respectively). A clear increase in accumulated 
charge can be seen when comparing PPy made in low concentrated solutions of PhR 
(0.22 and 0.25C/cm2) with films deposited with MPA in the same concentrations 
(0.14C/cm2), although the synthesis time is slightly shorter. Smaller films, made in highly 
concentrated solutions accumulate larger amount of charge, and were observed to be 
thicker (as judged by the increased opaqueness).  
 
The collective results, discussed above, suggest that the polymerization of PPy together 
with PhR is more efficient compared with MTX and MPA and that thicker films can be 
made using higher concentrations of monomer and counter ion.  
 
As mentioned above PhR is more soluble than MTX and MPA but neither larger nor 
smaller than the two (MW: 358g/mol compared with 454 and 320g/mol, respectively). 
Accordingly, the higher polymerization efficiency observed is reasoned to have resulted 
from the higher solubility of PhR, rather than from its size. 

6.1.5 Electrochemical depositing of PPy films with MPS as counter 
ion: 
The lessons learned while creating PPy films together with PhR was used to increase the 
polymerization efficiency of PPy doped with MPA. Accordingly PPy was deposited in 
pyrrole [0.1M] solutions containing the more soluble salt form of MPA (Sodium 
Mycophenolate (MPS [7mM]), resulting in films similar in thickness (i.e. opaqueness) 
and accumulated charge as those made using MPA (results not included).  
 
While synthing; At first, larger anodic currents were observed than those recorded while 
making PPy films together with MPA, but an insulating layer (i.e. non conducting) of salt 
crystals were observed to be deposited on the PPy films. This gave rise to considerable 
current drops (reaching nearly zero), which prevented us from depositing thicker films 
using MPS instead of MPA. Furthermore, some of the films showed insulating properties 
(as indicated by conductance measurements). 
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The reason for the deposition of salt crystals remains unclear, but is clearly related to the 
applied potential (+ 0.9V) as no crystals were observed to attach to solely immersed un- 
prepared Orgacon foil or pre- deposited PPy films. 
 
Similar observations, as those described above, were made for films created in lower 
concentrations of pyrrole (0.01M) and MPS (880µM). 
6.2 UV- spectroscopy: 
 Standard curves were obtained for MTX, MPA, PhR and MPS to estimate linear ranges 
and approximate level of detection. Obtained standard curves were compared with 
respective release solutions to investigate possible degradation of released compounds. 

6.3 Electrochemically controlled release:  
The release experiments show the successful release of highly water- soluble 
counter ion Phenol Red (PhR) from thick polypyrrole (PPy) films. Also 
indications of successful release from high- quality PEDOT films deposited 
together with the relatively small drug, PCA was seen. Small amounts of slightly 
soluble and lipophilic MTX might have been released from thin PPy films, 
deposited together with helper ion PSS, however most likely in a chemically 
cleaved state. That only small quantities were released can be explained by that 
only low amounts of MTX were incorporated, as PPS is reasoned to be the more 
efficient counter ion.  

 Efforts were made to deposit thick PEDOT and PPy films together with MTX 
(without PSS), resulting in thin low quality films, which was reasoned to have 
been caused by MTX’s lipophilic behavior. Accordingly, release from these films 
could not be confirmed. The release of slightly soluble MPA and the more soluble 
salt form, MPS could not be confirmed, neither from PPy nor PEDOT. Both 
molecules (MPA and MPS) were observed to be equally good counter ions going 
against the observed trend that more soluble counter ion create thicker films. This 
difference can be explained by the fact that insulating layers of MPA crystals were 
accumulating on the films during deposition, probably caused by the applied 
potential.  
 
 The estimated amount of dopants were approximated according to Section 4.5: 
Estimating incorporation of dopants. For PPy/films deposited with both PSS and MTX, 
the amount of incorporated dopants was estimated according to the same approach, 
followed by multiplication with the relative ratio between the concentrations of MTX 
[880µM] and PSS [1760µM, 880µM] (1/3 and 1/2 for PPy/2PSS/MTX and 
PPy/PSS/MTX, respectively). 
 
Estimated concentrations, following 100% release of dopants (according to Section 4.6: 
Estimating resulting concentrations following release) for investigated films can be seen 
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in the table underneath, together with accumulated charge and estimations of the amount 
of incorporated dopants.  
  
Table 5: Summarizes the different films investigated in the release experiments below. 

Investigated films 
Accumulated charge 
(mC/cm2) 

Incorporated amount of 
dopants (nmol/cm2) 

Resulting 
concentrations [µM] 
(100% release) 

PEDOT/PCA 82- 126 66- 100 14- 22 
PEDOT/MTX 35-39 28- 31 2.5- 2.8 
PPy/MTX 19-31 15-24 4.5-7.5 
PPy/PSS/MTX 12 5 1.5 
PPy/2PSS/MTX (thin) 32- 60 8- 16 2.5-4.8 
2PSS/MTX (thick) 168-175 45- 47 7.5-7.8 
PPy/MPA 48-138 38- 110 6.5-18.5 
PEDOT/MPA 35-57 28- 78 4.7- 13 
PPy/PhR 419 335 127 
PPy/MPS 75 60 26 

  
The presented values ranges from the thinnest to the thickest films (as estimated by 
accumulated charge) investigated in each release experiment and are presented in 
descending order according to the discussions below, starting with PEDOT/PCA and 
ending with PPy/MPS. 

6.3.1 Release from PEDOT – PCA/MTX 
Thick, even and conducting PEDOT/PCA- films were obtained from electrochemical 
deposition making them suitable for studying release (see Section 6.1.1). Previous 
studies, investigating electrically controlled release have shown release of considerable 
amounts of counter ions in short reducing times (see Section 2.5.1) In 10 minutes 
considerable quantities of counter ions have been released and further increased using 
longer reducing times25. Further, S.M. Richardson-Burns et al57, has shown that currents 
(50-100mA/cm2 applied for 300s) reduces the cell viability of SH- SY5Y growing inside 
conducting polymer films. In addition this, they also suggests that the current alone 
increases plasma membrane permeabilization and has minor effects on actin- structures 
and has negative effects on cell morphology. Used release programs (stated in Section 
4.6: Electrochemical release protocols:) in the experiments discussed below were set up 
combining these demands (investigating release using reduction times between 600 to 
740s). 
 
 Exploratory experiments, in which PEDOT/PCA- films were accidentally exposed to 
high potentials (8 to 10 V, resulting from equipment malfunctions), showed that 
absorption at wavelength 230, 260, 280 and 320nm could be detected in the solutions in 
contact with electrically stimulated films and that considerable leakage of unknown 
species was to be expected from reduced films. 
 
 To be able to verify that the electrical stimulation, and not spontaneous diffusion was the 
underlying cause of the increased absorbance, a negative control was used in the 
oncoming experiments. Accordingly an experiment, using a negative control for diffusion 
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was set up, this time using properly functioning equipment. Two PEDOT/PCA- films 
(#25, 82mC/cm2, 66nmoles/cm2) and #26, 126.45mC/cm2, 101nmoles/cm2) were 
immersed in separate solutions (1.1cm2 of deposited films in contact with PBS). One film 
was connected to the electrochemical cell and electrically stimulated and the other 
immersed for the same amount of time in a separate solution and used as control. Results 
are shown in Figure 14. 

 
Figure 14: shows UV- spectra for solutions (PBS) in contact with electrically stimulated PEDOT/PCA- 
films (Release), immersed film (Control) and PCA[1.3µM] standard solution in PBS. 
 
Figure 14, shows UV- absorbance of collected solutions and reference spectrum for 
PCA[1.3µM] in PBS.  As can be seen, the release solution deviates from the standard 
solution of PCA, absorbing less at 260nm than 230nm. However, the detected intensity 
values were under the detection limit of instrument (see Section 3.2: UV- spectroscopy) 
allowing for no further comparisons. The samples were blanked against PBS prior to each 
measurement. 
 
 The collective results, shows that UV absorbing compounds are released upon electrical 
stimulation and that no detectable absorbing species is diffusing from control film. 
Further, the results point towards- that released compounds might be PCA. 
 
 Changes were made in the experiments discussed below: Each film was due to large 
variations in quality, considered unique in thickness and electrochemical characteristics 
and was thereby also considered to have varying amount of deposited and releasable 
counter ions. By using the same film, cut in half, as a control for spontaneous leakage, 
allowed for reducing effects from these variations. Further, the counter and reference 
electrodes might contaminate the release solution, giving rise to differences in 
absorbance.  
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To reduce the above mentioned sources of error, all controls were, from hereon, taken 
from the same films as the electrically stimulated ones and connected to an 
electrochemical cell with no applied potential (i.e. held at open circuit (OC)). 
 
Electropolymerization of PEDOT with MTX as dopant resulted thin, somewhat visibly 
uneven, but conducting films (see Section 6.1.1) MTX was chosen since it was suspected 
to be a more potent differentiating agent, than PCA and because of its more strongly UV- 
absorbing characteristics (see Section 6.4.2)  
 
Leakage experiment using PEDOT films deposited with different counter ions: 
To deduce if the spontaneous leakage, suggested by results in exploratory trials 
mentioned above, was owed to diffused counter ions or unwanted by-products 
(incorporated during deposition of the films, see Section 2.4), six PEDOT- films doped 
with three different counter ions (PCA, MTX, or TOS) was examined. Two orgacon films 
were also investigated to see if the underlying Orgacon foil (made of PEDOT/PSS) might 
leak absorbing compounds. 
 
The absorbance intensity values are presented in Figure 15.  All solutions in contact with 
the films absorb strongly after 24 hours (24 H). A decrease in absorbance can be 
discerned the following two days (48 & 72 H), for all solutions, eventually reaching 
absorbance values below detection range after 72 hours (72H). Resembling shapes in 
spectra can be distinguished between all solutions except for the PEDOT/MTX- film 
which shows higher absorbance at 280 and 320nm.  
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Figure 15: shows the spontaneous leakage from Orgacon foil (1300ohm) followed by leakage from 
PEDOT- films deposited together with different counter ions, (MTX, PCA and TOS) during three days in 
MQ- water. Absorbance measurements were made on four wavelengths (see Section 3.2: UV- 
Spectroscopy) 
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The colleted results discussed above suggest that UV- absorbing compounds are diffusing 
out from all PEDOT films and that it can be washed out (as indicated by decreasing 
absorbance with time. Further, the observed resemblance between the absorbance curves 
for all films, indicate that the diffusing compounds are by- products, possibly loosely 
attached oligo- or monomers, arising from the electrochemical deposition (see Section 
2.4). Further, the leaking species from PEDOT/MTX- films are absorbing more strongly 
at 280 and 320 nm suggesting that weakly bound MTX, which is observed covering films 
immersed in MTX- solutions, can diffuse from the surface of the films. These results 
indicated that the polymer- films needs to be washed more thoroughly (than the washing 
approach described above) prior to the release to avoid discrepancies in the UV- 
measurements. Accordingly, in the experiments discussed below all deposited polymer 
films were washed in 70% Ethanol, followed by DMSO and MQ- water.  To be able to 
assess the UV- absorbing effect from by- products, PEDOT- films deposited in pure MQ- 
water solution are used as controls. 
 
Investigating controlled release of PEDOT/MTX- films: 
Two PEDOT/MTX- films (#40 (39.1mC/cm2, 31nmoles/cm2) and #53 (35.2mC/cm2, 
28nmoles/cm2)) and two PEDOT- films(#56 (6.35mC/cm2 and #60(12.8mC/cm2)) were 
washed, cut in half and immersed into 5ml PBS (approximately 0.45 cm2 of deposited 
film in contact with solution). One half of each film was electrically stimulated according 
to release protocol one and one held at open circuit and used as a control. Samples were 
collected and absorbance was analyzed between 290 and 470 nm. The electrochemical 
cell was setup according to setup one (see Section 4.6). 
 

 
 
Figure 16: illustrates the UV- spectra of release and control solutions for one PEDOT (Green lines) and 
one PEDOT/MTX- film (Blue lines) and the standard curve for MTX [2.2µM] dissolved in PBS (Black 
line). 
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Results from the electrical stimulation of PEDOT/MTX- films are shown in Figure 16. 
High resemblance, in shape, can be discerned when between release- and open circuit 
control solutions for both types of films (Compare dark and light coloured lines for 
PEDOT/MTX (blue) and PEDOT/OH (green lines), respectively). Further, solutions in 
contact with PEDOT- films (green) contained less absorbing compounds compared to 
solutions in contact with PEDOT/MTX- films (blue lines). Higher absorbance can be 
seen in the open circuit solution for the PEDOT/MTX- film (light blue) compared with 
the release solution (Dark blue). Characteristic MTX peaks could be detected at 372 nm 
for both solutions in contact with PEDOT/MTX- films.  
 
The higher absorbance seen in the solutions in contact with the thicker PEDOT/MTX- 
film (compared to the thinner PEDOT/OH- films) might have resulted from the fact that 
thicker films can trap higher amount of by products. However the characteristic MTX 
peak at 372nm, observed in solutions in contact with the PEDOT/MTX- films, suggests 
that MTX is causing the increased absorbance and accordingly is thought to have been 
incorporated. The higher absorbance seen in the solution in contact with the 
PEDOT/MTX- film held at open circuit indicates that no considerable amount of MTX 
could be released, instead it was thought to have resulted from spontaneously diffused, 
loosely – or surface bounded MTX. 
 
CV has been used as release method in successful studies conducted by other groups 
(mentioned in Section 2.5) Thus, release of PEDOT- and PEDOT/MTX- films (with 
similar thickness and quality as the ones investigated above), using CV as release method 
together with the first setup, was investigated. The potential was cycled between -0.9 and 
0.4 V, at 0.1V/s and solutions in contact with the films were analyzed at four wavelengths 
(same as the ones stated above).  These experiments showed similar trends as the one 
above, suggesting that the unsuccessful release from these films could not be explained 
by the applied release protocol.  
 
Adjustments made after analyzing the results from studies mentioned above: 
The studies performed above demonstrate that electrically controlled release of MTX 
from PEDOT films could not assured, but that considerable amounts of by- products and 
possibly loosely bound MTX was leaking from the deposited PEDOT/MTX films. So, to 
increase the detectable amount of released MTX, larger and thicker films (harboring more 
deposited counter ions) were electrically stimulated in a smaller volume. Thicker films 
would also increase the amount unwanted diffusing species, increasing the need for a 
more effective washing regime. Thus all films used in experiments discussed below were 
rinsed for 30 minutes in 70% ethanol (to remove H2O, oligomers or unreacted monomers) 
followed by 10 minutes in DMSO (to remove loosely bound MTX) and once more in 
70% ethanol for 15 minutes (to remove DMSO and as a further precaution). 
 
A new electrochemical was set- up adjusted for a higher area- to - volume ratio of 
deposited film and release solution, respectively (see Section 4.6: setting up the 
electrochemical cell: second setup). A new release protocol was configured (referred to 
as Standard Release Protocol in Section 4.6) combining release protocols reported in 
literature (see Section 2.5). 
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Another polymer that has been frequently used for controlled release applications and 
widely investigated in biomedical devices is poly-Pyrrole (PPy) (see Sections 2.2 & 2.5). 
Similar problems were encounter when trying to deposit thick PPy/MTX- films (see 
Section 6.1.1). To circumvent these problems, and hence be able to create thicker films, 
PSS was used as a complementary counter- ion apart from MTX.  

6.3.2 Release of MTX, MPA, PhR and MPS from PPy films: 
Controlled release using PPy/ MTX films: 
PPy- films deposited in various mixtures of pyrrole, PSS and MTX (See Section 6.1.2) 
and were washed thoroughly in ethanol and DMSO. Care was taken to use as thick films 
as possible. PPy and PPy/PSS films were used as controls for release and leakage of 
unwanted species. To further reduce unwanted species, possibly present in the deposited 
films, each film was soaked for 3 hours in 8 ml PBS. Films were cut in half, connected to 
the electrochemical cell (Second setup, see Section 4.6) containing 2ml PBS (immersed 
approximately 0.6cm2 into the electrolyte) and released or held at open circuit. 
 
Films investigated:  
PPy: #99 (9.375mC/cm2,) and #101 (7.255 mC/cm2) 
PPy/MTX: #72 (19.45mC/cm2, 15nmoles/cm2) and #73 (31.67mC/cm2, 25nmoles/cm2) 
PPy/PSS: #84 (27.03mC/cm2 and #82 (30.07mC/cm2) 
PPy/PSS/MTX: #88 (12.50mC/cm2, 4.8nmoles/cm2) 
PPy/2PSS/MTX: #93 (31.86mC/cm2, 8.6nmoles/cm2) and #92 (60.34mC/cm2, 
16nmoles/cm2) 
 
  Obtained standard UV- spectra for MTX[100µM and 10µM] dissolved in PBS is 
illustrated in Figure 17(left and right, respectively), showing high resemblance with those 
found in literature59. Three characteristic peaks can be discerned at 260nm, 302nm and 
375nm.  
 

 
Figure 17, shows two standard UV absorbance curves used to estimate the released amount of MTX 
(100µM (right) and 10µM (left) of MTX dissolved in PBS). 
 
Obtained UV- absorbance measurements of release and control solutions for 
PPy/PSS/MTX films #93 and #92 is presented in Figure 18 (top and bottom-left and 
right, respectively). Characteristic MTX peaks can be seen at 260nm (Abs: 0.026 and 
0.0175 respectively) in both release solutions, the remaining peaks observed in the 
standard solutions at 302 and 375nm cannot be seen. The peaks at 224nm was not 
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analyzed due to uncertainty in measurements at lower wavelengths using this 
spectrophotometer and cuvette (see Section 3.2: UV- spectroscopy). No absorbing 
compounds could be detected in solutions used to soak films or in control. 
´+ 

 
Figure 18: Compares released amount of MTX resulting from electrical stimulation of two PPy/MTX films 
(left) (32mC/cm2, 8.6nmoles/cm2 (top) and 60mC/cm2, 16nmoles/cm2(bottom)) with spontaneous leakage 
from controls (right, top and bottom, respectively). 
 
The characteristic MTX peaks at 260nm observed in the two release solutions suggest 
that MTX was electrically released. However, the low resemblance between release 
solutions and standard curves for MTX suggests that the released compound is modified 
or chemically cleaved either during the incorporation or stimulation of the film (possibly 
due to redox reactions).  
 The amount of modified MTX, released was approximated using the absorbance 
intensity values at 260nm for standard solutions of MTX, dissolved at 1 and 10µM. 
Approximately 1.0µM (abs:0.026) and 0.67µM (abs: 0.0175) of MTX was detected in the 
release solutions in contact with #93 and #92, resulting in 3.33nmoles/cm2 and 
2.23nmoles/cm2 released, respectively. The detected amount of release MTX (3.33 and 
2.23nmoles/cm2) were compared with the theoretical estimations (8.6 and 
16nmoles/cm2) resulting in 39 and 14% release efficiency, respectively.  
 
 The collective results underlined above, suggest that MTX is released in a modified form 
and that by products are washed out successfully during the applied washing protocol. 
That species can be oxidized at electrode surfaces has been known for centuries and is 
commonly used to study reactions and molecules in solutions29. 
Being a relatively large molecule, showing a rather complex chemical structure one might 
suspect that these phenomena are widely occurring when applying oxidative potentials to 
a solution containing MTX. One should also mention, that there is also the possibility that 
differences in film quality between the examined films resulting from the fact that they 
were deposited under different conditions (e.g. counter ions, see Section 2.4), is causing 



38  

them to release unwanted by- products, as so happening to absorb at 260nm, rather than 
MTX. 
 
Release experiments using thicker PPy/2PSS/MTX- films: 
An experiment was performed intending to investigate release in an electrochemical cell 
suited for cell experiments (see Section 4.6: Setting- up the electrochemical cells for 
release experiments:). In addition, this electrochemical cell allowed for a better control of 
film surface area in contact with solution thereby allowing for a better control of 
variations in achieved currents and accordingly, released dopants. Thicker 
PPy/PSS/MTX- films (harboring higher amounts of MTX), compared with the ones 
investigated above, were investigated to increase releasable quantities. PPy/PSS- films 
with similar thickness as PPy/2PSS/MTX- films were used as controls. To assess whether 
the underlying Orgacon material could release or leak out any absorbing compounds an 
untreated Orgacon film was investigated. Films were soaked in 8ml PBS for 3 hours prior 
to release. All solutions (Release- and open circuit solutions and the ones used to soak the 
films) were collected and analyzed in a UV- spectrophotometer. 
 
Films investigated: 
PPy/PSS: #118 (202mC/cm2), #119(205mC/cm2) 
PPy/2PSS/MTX: #120 (175mC/cm2, 47nmoles/cm2), #121(168mC/cm2, 45nmoles/cm2) 
 High conducting Orgacon (240 ohm) 
 
 Figure 19, illustrates UV spectra for resulting release solutions. No resemblance with the 
MTX standard curve (see Fig. 18) can be seen for the solution in contact with the 
PPy/2PSS/MTX- film (left graph).  Instead the solutions resemble one another, absorbing 
over the hole measuring range. Furthermore, a slightly higher absorbance can be seen in 
the release solution in contact with the PPy/PSS- films (right graph). No absorbance was 
detected in remaining solutions (results not included). 
 

 
Figure 19, shows release solutions from one electrically stimulated PPY/PSS- film(left) and one 
PPY/PSS/MTX- film(right).  
 
 The above- discussed experiment, suggests that high amounts of absorbing by- products 
are released during reduction of PPY/PSS and PPy/PSS/MTX- film. The higher amount 
of released UV- absorbing species in this experiment compared with the ones mentioned 
above is believed to arise from the increased film thickness rather than from released PPS 
which, cause of its high molecular weight, should stay incorporated during 
electrochemical stimulation (see Section 2.5) 
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To see whether differences seen in absorbance intensities (i.e. released amount of 
absorbing byproducts), between release solutions, could be explained by consumed 
charge during release, the recorded chronoamperograms were examined, however no 
correlation could be observed between the two entities. 
  
Repeating previous experiment using setup number two: 
To deduce whether the new electrochemical setup or the thicker films used, might have 
affected the outcome of the last experiment, thick and thin PPy/2PSS/MTX films (#122 
(161mC/cm2, 43nmoles/cm2) and #92 (60mC/cm2, 16nmoles/cm2), respectively) were 
reduced in the second setup. The thin film was cut from a film showing indications of 
release in previous experiments (see Fig 18). A thick PPy/PSS film (#118, 202mC/cm2) 
was cut from the same film as the control used in the previously mentioned experiment.  
 
 No MTX or UV absorbing compounds could be detected in any solution that had been in 
contact with PPy/2PSS/MTX- films (results no included). Obtained UV spectrum of the 
solution in contact with reduced PPy/PSS- film piece showed high resemblance with 
obtained release spectra (from the film piece taken from the same film) in the previously 
mentioned experiment (absorbing over the whole range).  
 
This experiment shows, that the positive MTX- release (of possibly cleaved MTX seen in 
some experiments described above) was unrepeatable and that thick PPy/PSS- films used 
as controls, once again, release considerable amounts of absorbing compounds when 
reduced. 
 
A brief summary of the release experiments of MTX: 
The collective results from the experiments discussed above shows that small quantities 
of MTX (possibly cleaved) can be released from thicker PPy films deposited together 
with helping ions (PPS) and that the release of considerable amounts of uncharacterized 
by- products can be expected from these films. 

6.3.3 Controlled release using PPy- and PEDOT/MPA films: 
The results from the MPA- dose- response experiments (see Section 6.4.2: MPA- study) 
suggests that MPA, if incorporated and released in relevant amounts (1µM), can have a 
noticeable effect on SH- SY5Y cell growth. Methods for depositing films with MPA as a 
dopant, without PSS, were optimized (see Section 6.2.3) resulting in thick, even and 
conducting films (accumulated charge 57- 138mC/cm2). Each film was cut in four parts. 
These parts were soaked, two- and- two, in 8ml PBS for 3 hours, prior to release and then 
covered in either 3ml PBS or Cell Medium. One film from each pair was either held at 
open circuit or electrochemically stimulated. 
 
To investigate whether a longer reducing time could release more MPA, one film was 
reduced in cell medium at -0.7 V for two hours (#126).  PBS solutions were analyzed 
using UV- spectrophotometer. To investigate whether amounts, under the detection limit 
of UV- spectroscopy was released into cell medium, these solutions were analyzed using 
HPLC. 
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The following films were investigated: 
PPy/MPA: #123(48.37mC/cm2, 38nmoles/cm2), #124(57.2mC/cm2, 46nmoles/cm2), 
#125(138mC/cm2, 111nmoles/cm2),  #126(80mC/cm2, 64nmoles/cm2).  
PPy: #128(50mC/cm2), #129(31.3mC/cm2). 
Orgacon (240ohm) 
 
Obtained standard curves for MPA in PBS is shown in Figure 20 for 10 and 100µM. 
Characteristic MPA peaks can be discerned at 222, 250 and 305nm. The peak at 222nm 
was not verified as a characteristic peak (according to discussion above, also see Section 
3.2: UV- spectroscopy). The standard curves were used to approximate the detection limit 
of 7.5µM of MPA dissolved in PBS. 
 

 
Figure 20, shows obtained standard UV absorbance curves for MPA dissolved in PBS at 100 and 10µM. 
 
The UV- spectrum, for a solution in contact with one of the stimulated PPy/MPA- films 
can be seen in Figure 21 (left). This solution shows resemblance with the ones in contact 
with reduced, thicker PPy/PSS and PPy/PSS/MTX- films mentioned above (see Figure 
19). In the same figure, the release spectrum of PPy/MPA- film (#124) is presented 
(right). High absorbance can be seen at 215nm. This peak is however not interpreted as a 
characteristic MPA peak, due to uncertainties in measurements in this wavelength range 
using this equipment see Section 3.2: UV- spectroscopy), thus not used to approximate 
released dopants. No absorbing species could be seen in the remaining solutions (results 
not included). 
 

 
Figure 21: illustrates obtained UV absorbance spectra from solutions in contact with two 
stimulated PPy/MPA films (123 (left) and 124 (right)). 
 
The above-mentioned results strengthen the hypothesis that released by- products is 
causing the widely UV absorbing solutions seen in the experiments using PPy/PSS and 
PPy/2PSS/MTX- films (see Figure 19, above). Further, they show that two PPy/MPA- 
films, similar in thickness and conductivity, can release different types of compounds 
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(compare left and right). This difference is believed to arise from variations in film 
quality resulting in different electrochemical properties, which in turn affects the release. 
The variations could not be observed explained by analyzing the chronoamperograms or 
measuring conductivity. The HPLC analysis failed to detect any MPA, suggesting that 
either MPA cannot be released as an intact molecule or that the released amount is below 
the detection limit (i.e. 0.5µM).  
 
Controlled release using PEDOT/MPA films: 
To investigate if PEDOT- films could be used, instead of PPy, to release MPA, three 
PEDOT/MPA films, of varying thickness (35.5- 97.17mC/cm2), were treated according to 
the experiment mentioned above. Electrochemical deposition of PEDOT films using 
MPA as a dopant, resulted in thick, even and conducting films (see Section 6.1.3). The 
films were released in cell medium and solutions analyzed in HPLC. 
 
Films used: 
PEDOT: #130 (38,52mC/cm2), #131 (22.47mC/cm2) 
PEDOT/MPA: #133 (35.5mC/cm2, 28.5nmoles/cm2), #134 (56.65mC/cm2, 
45nmoles/cm2), #135(97.17mC/cm2, 77nmoles/cm2) 
 
HPLC analysis of the collected samples failed to detect MPA in any of the solutions, 
giving the same conclusions as for the PPy films.  

6.3.4 Controlled release using PPy/PhR films: 
An experiment, mimicking a previously reported release experiment using PPy and 
Phenol Red (PhR, see Fig. 22) preformed by C. Wang et al46, was set up to be used as a 
positive control for electrically stimulated release. 
 

 
Figure 22: shows the chemical structure of Phenol Red in its salt form (MW: 358g/mol). 
 
PPy- films were deposited electrochemically using PhR as a dopant, resulting in thick 
(250- 500mC/cm2), even and conducting PPy/PhR- films (see Section 6.1.4).  
 
 One, PPy/PhR- film (#145, 419mC/cm2, 334nmoles/cm2), was put in 5ml MQ- water for 
20 minutes, prior to release. The film was cut in half and resulting parts immersed in 
PBS. A counter electrode, completely covered in solution (2.6cm2), was connected to the 
electrochemical cell, in the same way as the polymer film (i.e. using a micro actuator). 
Film parts were immersed (1.14cm2 for release or 1.46cm2 control) in 3ml PBS, 
connected to the cell and released at -0.8 V, or held at open circuit, for 50 minutes.  
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Collected samples and standard solutions of PhR (1-33µM) were analyzed in UV- 
spectrophotometer between 250 and 600nm. 
 
The release solution exhibited a readily distinguishable red colour, increasing with time 
(see Figure 23) No colour shift was observed in control solution. 
 Obtained UV-Vis absorbance spectra of collected solutions are presented in Figure 24. 
As can be seen, PhR dissolved in PBS absorbs strongly near 434nm and 559nm (bottom 
right graph). Using standard solutions (1-33µM) a linear regression curve was estimated 
by plotting intensity values at 559nm against PhR concentration. 

 
Figure 23 shows release solution after 1,3, 10 and 40 minutes (top- left, middle, right and bottom left, 
respectively) together with an image showing the general setup. 
 
 The UV- spectrum obtained from release solution (top left graph) matches the standard 
UV curve for Phenolred (bottom right graph), absorbing strongly at both characteristic 
peaks (1.26 at 434nm and 1.6 at 559nm). Strongly absorbing species can also be 
discerned 280 and 370 nm.  The control solution (in contact with film held at open 
circuit, top right) also matches the standard solutions but absorbs weakly at characteristic 
peaks (0.059 at 434nm and 0.08 at 559).  The solution used to soak both films (5ml MQ- 
water) absorbs weakly at the characteristic peak at 559nm(0.025, see bottom left graph). 

1 min 3 min 10 min 

40 min 
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Figure 24: shows obtained absorbance spectra for solutions in contact with a electrically stimulated 
PPy/PHR- film (top left), control held at open circuit (top right), solution used to wash the films(MQ- 
water, bottom left) and standard solution containing 33µM PHR (bottom right). 
 
A linear regression equation (Y =0.0388X + 0.0015, R = 0.999), obtained from a standard 
calibration curve for PHR, ranging between 1- 33µM, was used to estimate detected 
amounts of PhR. Approximately 41.2µM of PhR was detected in release solution (3ml) 
resulting in 124nmoles released or 109nmoles/cm2 from the film (containing 
334nmoles/cm2). Likewise, 4.2nmoles/cm2 (in total 6.1nmoles) was spontaneously 
leaking out from the control and approximately 0.1nmoles/cm2 (in total 0.3nmoles) from 
both films during the washing step. 
 
A total charge of 192mC/cm2 was recorded during the release compared with 
419mC/cm2 during deposition (46% less).  
 
The results outlined above indicate that PPy/PhR- films can be electrically stimulated to 
release considerably higher amounts of intact PhR (109nmoles/cm2) than unstimulated 
films (4.2nmoles/cm2). Further, species absorbing between 280 and 370nm, not seen in 
the reference spectra of PhR, is also released during the process.  
 The weakly absorbing peaks seen in solution used to soak films and in open circuit 
solution, suggest a leakage of PhR from films. However the leakage was not 
characterized and may have arisen from either doped- or loosely bound PhR.   
 
 The detected amounts, mentioned above, was compared with the estimated amount of 
incorporated PhR (334nmoles/cm2 (estimated according procedure found in Section 4.5).   
Resulting in that approximately 33% of PhR was estimated to have been released in 
50minutes, using a reducing potential at -0.8V (compared to 58% release for the same 
treatment using thicker films (1C/cm2) in the Wang et al’s study46). Further 
approximately 1.2% is leaking out from control and almost no PhR (0.03%), from the 
films soaked for 20 minutes in MQ- water.  The reasons for the different release 
efficiencies, seen in this experiment and Wang et al, was not further analyzed due to the 
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rough estimations made when the theoretical amount of incorporated dopant was 
approximated (see Section 2.4.1). 
 
 Collectively, the study shows that considerable amount of PhR can be incorporated and 
released, validating the approach used in the unsuccessful experiments mentioned above. 
In addition, it also shows that substantial amounts of dopant can be released by the short- 
time reduction of thick PPy films (400mC/cm2). 
 
Investigating spontaneous leakage from PPy/PhR- Films: 
 It is believed that weakly bound PhR is readily washed away when films are rinsed and 
soaked in water, owing to the high water solubility of PhR. A short leakage experiment 
was performed using same films as the experiment mentioned above. Both films were put 
in 3ml PBS over night.  
 
 Considerable amounts of PhR leaked out from both films (results not included). Less 
amount of PhR leaked from previously reduced film.  
 
The collective results, suggests that PhR, acting as a dopant, can leak out, either through 
spontaneously diffusion or ion exchange with other anions (e.g. Cl-) in PBS electrolyte, 
from both reduced and non- reduced PPy/PhR- films. This phenomenon was not 
examined in Wang et al’s study46, allowing for no further comparisons, but has been 
observed in other studies (see Section 2.5.1). The lower amount of diffused species from 
reduced film is believed to be an effect of the previous release, resulting in less amounts 
of PhR available to leak out. 

6.3.5 Controlled release using PPy/MPS films: 
The successful incorporation and release of PhR and results from previous release studies 
(see Section 2.5.1) all using water- soluble dopants or in their salt forms), suggests that by 
increasing the solubility of the dopant, more counter ions can be incorporated during 
deposition and accordingly, released.  
An experiment was set up using PPy- films deposited together with the more water- 
soluble salt form of MPA, Sodium Mycophenolate (MPS). 
 
Deposition of PPy films using MPS as a dopant resulted in varying film quality (see 
Section 6.1.5) which is believed to be caused by an insulating layer of salt crystals 
observed covering the surface of the films. The reason for the formation of the salt 
crystals on the working electrode is not known, but is clearly connected to the oxidizing 
potential. 
  
An even, conducting (under insulating layer) and relatively thick PPy/MPS- film (#140, 
75mC/cm2, 60nmoles/cm2) was treated and analyzed in the same was as the PPy/PhR- 
film discussed above. Approximately 1.3cm2 were immersed in 3ml PBS (for the 
electrically stimulated film and the one held at open circuit) The salt crystals were not 
washed away prior to release but was observed to dissolve for both release and control 
films, after ca 15 min immersed into the release solution.  
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Assuming the same release efficiency (33%) found in the release experiment using a PPy/ 
PhR film (discussed in the previous experiment) an estimated 26nmoles can be released 
from the PPy/MPS- film investigated (assuming, 60nmoles/cm2 and 1.3cm2 in size).  If 
successfully released into 3ml PBS this will result in an increase in absorbance relating to 
8.7µM MPS. 
 
  The resulting absorbance spectra for both solutions resembled the standard UV spectra 
of MPS (results not included), suggesting that the observed salt crystals, covering the 
films, were MPS. Further, high absorbance intensities were detected in both solution but 
no noticeable difference in intensity values could be discerned between the reduced film 
and control, indicating that no considerable quantities could be electrochemically released 
by repeating the approach in the successful release of PhR. A possible explanation would 
be that less amount of MPA is in fact incorporated than the estimations above suggests, 
leading to that lower amounts of MPA is incorporated and released than expected, which 
reduces the chance of detecting release using UV- spectroscopy. 

6.4 In Vitro experiments on cell cultures:  

6.4.1 Evaluating possible primary antibodies to be used for 
immunofluorescent staining of SH- SY5Y cells: 
To evaluate which of the available primary antibodies that can be used for 
immunofluorescent staining of SH- SY5Y cells in upcoming experiments, several known 
antibodies for neurological markers were tested. Two different fluorescent antibodies 
were used to depict immunostained structures (Donkey anti- Rabbit 488 and Donkey anti- 
Mouse 594, DAPI). 
 
Obtained images from cultures stained with DAPI together with anti- Beta- Tubulin (left) 
or anti- Vimentin (right) is presented in Figure 25. 
 
As can be seen Beta- Tubulin (microtubulin structure protein) is clearly visible in the 
neuritic extensions and throughout the SH- SY5Y cell bodies (indicated by green colour 
in b) whereas Vimentin (intermediate filament) is visible, more closely, to the cell 
nuclei(as indicated by red colour in a). No structures could be visualized in cultures 
stained, using remaining primary antibodies. 
 
The collected results suggests that SH- SY5Y cell morphology can be analyzed using 
anti- Vimentin (mouse) and anti- Beta- Tubulin (Rabbit) primary antibodies. 
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Figure 25: shows the resulting distinguishable images from the staining evaluation. SH- SY5Y cells are 
positively stained against beta- Tubulin (green) and Vimentin (red). Cell nuclei can be analyzed using 
DAPI staining (blue) (20x magnification, Scalebar 50µm) 

6.4.2 Investigating effects on SH- SY5Y cell morphology and viability 
from various drugs and counter ions: 
Experiments intending to study induced effects on SH- SY5Y cell morphology and 
viability from counter ions with the possibility to be used in upcoming release 
experiments were performed (Assumed effect and previous studies is discussed in Section 
2.1).  
 
In a preliminary study, cell cultures maintained in cell medium, containing various 
concentrations of RA, MTX, MLPH, TOS and EDOT were analyzed. Cells were fixed 
after seven days of culturing, followed by immunostaining against Vimentin and Beta- 
Tubulin and analyzed in a fluorescent microscope. For further details, see Section 5.2.2.. 
RA was used as a positive reference for differentiation60, 61. 
 
 The experiment resulted in unevenly distributed cell cultures, which made it difficult to 
perform a digital cell count or assess morphological changes (Results not included). No 
major effects on cell viability could be observed for any of the compounds. However, 
indications of minor morphological effects (increased neuritic growth and cell elongation, 
as indicated by arrows) could be observed in cultures maintained at the highest 
concentrations of MTX (1µM) and RA (10 and 1µM) compared with control (see Figure 
26). 
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Figure 26: Illustrates SH- SY5Y cell cultures maintained in 10 and 1 µM RA (top left and top right 
respectively), cells maintained in 1µM MTX (bottom left) and control cells maintained in cell medium 
(bottom right). Cells were stained with DAPI (blue), anti- beta Tubulin (green) and anti- Vimentin (red, 
vaguely seen). 10 times magnification was used (10x). Scalebar 100µm. 
 
The low effects of EDOT on the SH- SY5Y cells, as suggested by the lack of changes 
seen in the above- mentioned study, confirms the low cytotoxic effects reported in 
previous studies27. Further, the slight morphological changes seen, supports the 
differentiating effects of MTX and RA observed in previous studies (see Section 2.1). 
 
The first study was repeated in a similar manner, with the exceptions that PCA was used 
instead of EDOT, the drugs were added more frequently and cells were stained using 
Phalloidin (staining F- actin filaments) instead of anti- Vimentin. (see Section 5.2.2: 
Second study). Resulting images were used for cell counts in Image J (see Section 4.3) 
and comparisons were made against control cultures, according to the procedures 
described in Section 4.4. Each drug’s effect is discussed individually below. 
 
Retinoic Acid: The differentiating effects of Retinoic Acid (RA) on NB cells has been 
thoroughly studied by others60, 61. Accordingly, cells maintained in 10,1 and 0.1µM RA- 
containing medium, were used as positive controls for differentiation. RA- treated cells in 
10 and 1µM showed an increase in outgrowth of neurites and a more spread out, polar, 
cell morphology (indicated by arrows in Fig. 27 & Fig. 28) compared with control (Fig. 
29) as indicated by the Beta- Tubulin staining (bottom left). 
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Figure 27: Shows SH- SY5Y neuroblastoma cells treated with 10µM RA. Arrows indicate resulting 
neuronal extensions. Cells were stained with DAPI (top left, blue), Phalloidin (top right, green) and beta- 
Tubulin (bottom left, red). Merged channels can be seen at the bottom to the right. Images were taken at 10 
x magnification. Scalebar 100µm. 
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Figure 28: Illustrates SH- SY5Y cells maintained in 1µM RA. Arrows indicate prolonged neuritis. Cells 
were stained with DAPI (top left, blue), Phalloidin (top right, green) and beta- Tubulin (bottom left, red). 
Merged channels can be seen at the bottom to the right. Images were taken at 10 x magnification. Scalebar 
100µm. 

 
Figure 29: Shows cells SH- SY5Y cells maintained in cell medium (control).  
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In Figure 30, cell counts of cultures maintained at different concentrations of RA  
are represented. A significant decrease in cell growth can be observed for all three RA 
concentrations compared with control (63%, 53% and 25% decrease at 10,1 and 0.1µM 
respectively, P < 0.01). Significant differences can be observed between cultures 
maintained in 10µM or 1µM and 0.1µM (P < 0.01). A slight change in cell growth can be 
discerned between 10µM and 1µM (although not significant). 

 
Figure 30 shows the effect, from various concentrations of Retinoic Acid (RA) [10µM, 1µM and 0.1µM], 
on SH- SY5Y cells together with untreated cells (Control). ](** and *** indicates significant difference 
following Bonferroni’s post test comparisons, P < 0.01 and P < 0.001, respectively, n = 9 = 3x3)  
 
The results mentioned above suggest that RA, in concentrations between 10 and 0.1µM, 
has an effect on cell growth of SH- SY5Y cells in a dose dependent manner (as reported 
in previous studies made by other groups S. Påhlman et al60) although not as considerable 
as the effects observed (in the same study). The small changes in cell morphology made it 
difficult to distinguish whether the observed effects, on cell growth, owed from reduced 
cell proliferation or increased differentiation. However, the differentiating effect of RA is 
well documented (see above) suggesting, that the morphological changes, seen in cultures 
treated with 10 and 1µM, was caused by increased differentiating. 
 
Methotrexate: Images from cultures maintained at different concentrations of MTX can 
be seen in Figure 31. Small changes in cell morphology can be discerned between cells 
maintained in MTX (indicated by arrows in Fig. 31, a, b and c, respectively in b-tub 
channel (bottom left)) and untreated medium (Fig. 29) as indicated by increased, beta- 
tubulin positive, neuritic extensions. In addition, beta- Tubulin positive, dividing cell 
formations can be observed within cultures treated with 1 and 0.1µM MTX (as indicated 
by arrows in DAPI channel (top left)). These formations could not be observed (to such 
an extent) in the RA treated cultures mentioned above. Dividing cell formations is 
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difficult to discern in cultures treated with 0.01µM MTX, possibly due to high cell 
density. 
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Figure 31: Illustrates cells maintained in 1µM,0.1µM and 0.01µM MTX (A,B and C, respectively). Cells 
were stained with DAPI (top left, blue), Phalloidin (top right, green) and beta- Tubulin (bottom left, red). 
Prolonged neuritic extensions can be seen for all concentrations, as can be seen by the beta- Tubulin 
staining (bottom left in A, B and C, indicated by arrows). Dividing cell clusters can be seen in cultures 
treated with 1µM (A) and 0.1µM(B) MTX (indicated by arrows, seen in DAPI channel (top left) for both 
images) Merged channels can be seen at the bottom to the right for each concentration (see A,B and C 
individually). Images were taken at 10 x magnification. Scalebars 100µm. 
 
 The results from the cell counts of SH- SY5Y cultures treated with MTX can be seen in 
Figure 32. A significant decrease in cell growth can be seen for cell cultures treated with 
1µm and 0.1µM MTX (47% and 33%, respectively, P < 0.001). A slight decrease can be 
seen for 0.01µM (4%, not significant) Further, differences in cell growth can be seen for 
cells treated with 1µM or 0.1µM and 0.01µM (P < 0.01). 
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Figure 32: shows dose- dependent response of SH- SY5Y cells maintained at various concentrations of 
Methotrexate (MTX) [1µM. 0.1µM and 0.01µM]. (** and *** indicates significant difference following 
Bonferroni’s post test comparisons, P < 0.01 and P < 0.001, respectively, n = 9 = 3x3) together with 
control. 
 
 The above underlined results, suggest that MTX has effects on cell growth, at 
concentrations between 1 and 0.01µM (as previous studies suggest, see Section 2.1.1) but 
not in the same extent as BA Spengler et al’s study5. The effects on cell morphology 
suggested by SA Ross et al6 were difficult to confirm. Likewise as the RA experiment 
described above, the small effects on cell morphology could have arisen from the 
decreased cell density, rather than induced differentiating mechanism of MTX (see 
Section 2.1.1), however that slight morphological differences could be seen in cultures 
treated at the lowest concentration points towards that MTX affected cell growth by 
increasing differentiation.  
 The collective results from this experiment suggests, that effects from MTX at low 
concentrations (e.g. resulting from release from polymer films) should be assessed using 
cell count methods rather than examining morphological traits. 
 
Melphalan: Cultures grown in Melphalan containing medium is shown in Figure 33. 
Changes in cell morphology cannot be distinguished, compared with control (Fig. 29). In 
addition, thriving SH- SY5Y cell cultures can be seen at all concentrations of MLPH (as 
suggested by the large number of viable dividing cells). 
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Figure 34 shows the result from the counting of cells maintained in Melphalan (1µM, 
0.1µM and 0.01µM). No significant effect on cell growth can be statistically confirmed 
(13% decrease, 0 % and 2% increase respectively). 
 

 
Figure 34: presents the number of viable SH-SY5Ycells growing in medium containing Melphalan in 
various concentrations [1µM, 0.1µM and 0.01µM] together with untreated SH- SY5Y cells (control) (n = 9 
= 3x3). 

Figure 33: Illustrates SH- SY5Y cells 
grown in 1µM, 0.1µM and 0.01µM 
MLPH (A, B and C, respectively). Cells 
were stained with DAPI (blue), 
Phalloidin (green) and beta- Tubulin 
(red). Thriving cell cultures can be seen 
for all concentrations and no 
morphological effects can be seen. 
Images were taken at 10 x magnification. 
Scalebar 100µm. 
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The lower effect of MLPH, compared with MTX (described in previously mentioned 
experiment), confirms the observations made by BT Hill et al12, ED50: Melphalan, 
327nM and 1.05µM; MTX, 132nM and 5.3nM) when investigating effects of the two 
drugs on several other human NB cell lines (LAN- 1 and CHP 100, respectively). That no 
significant effects can be seen at all, suggests that MLPH is only mildly toxic to SH- 
SY5Y cells, in concentrations from 1 to 0.01µM. Accordingly, the trends seen in RA and 
MTX- treated cultures (decreased cell growth with higher concentrations) cannot be 
confirmed.  
 In accordance to the discussion above, the effects on SH- SY5Y cells, from possibly 
released Melphalan, will be difficult to asses using the above- described approach. 
 
Protocatechuic acid: Morphological effects of PCA (100, 10 and 1µM) could not be seen 
(results not included). The result from the cell count is presented in Figure 35. Although 
not significant, minor inhibiting effects on cell growth can be seen for all concentrations 
(decreased by 12%, 16% 9%, respectively), compared with control. Dose dependent 
decrease in cell growth (seen for MTX and RA) cannot be distinguished. 
 

 
Figure 35: shows the number of viable SH- SY5Y cells growing in various concentrations of Protocatechuic 
Acid (PCA) [100µM, 10µM, 1µM] together with control cultures (n = 9 = 3x3). 
 
The results mentioned above confirm the nontoxic effect of PCA (neuroprotective agent) 
described in literature17. Suggestively, to investigate the effect from possibly released 
PCA one should use the drugs neuroprotective ability (according to the approach 
described in earlier studies, see Section 2.1.4) 
  
Tosylate: No difference in morphology could be seen in any cell culture, maintained in 
Tosylate (Results not included). The results from the cell count can be seen in Figure 36. 
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Minor, statistically insignificant, effects on cell growth can be seen (3 % increase, 8% 
decrease and 1% increase respectively). 

 
Figure 36: shows resulting cell count values for cells maintained in 1µM, 0.1µM and 0.01µM Tosylate 
(TOS) together with untreated cells (Control) (n = 9 = 3x3). 
 
The above- mentioned results confirm the non- toxic, non- differentiating effect of 
Tosylate found in previous studies27. Suggestively, Tosylate- containing films can be 
used as a control for current affects in future in vitro studies of release. 
 
Mycophenolic acid: MPA was investigated in a separate study from the one discussed 
above (see Section 5.2.2: MPA- study). SH- SY5Y cells cultured in medium containing 
MPA diluted at various concentrations (1,0.1 and 0.05µM), is shown in Figure 37 (A, B 
and C, respectively). Control cultures can be seen in (D). No affect on cell morphology 
can be discerned for any of the concentrations of MPA.  
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Figure 37: Shows SH- SY5Y cultures maintained at various concentrations of MPA (top left, top right and 
bottom left, respectively) together with control cultures (bottom right). Cells were stained with DAPI 
(blue), Phalloidin (green) and beta- Tubulin (red). No clear effects on cell morphology can be seen for any 
of the concentrations used. A significant decrease in cell number was seen in cultures treated with 1µM 
MPA (39 % decrease, P<0.05, top left). Images were taken at 20 x magnification. Scalebar 50µm. 
 
 Figure 38 illustrates the cell numbers, obtained from the digital cell count. A significant 
reduction in cell growth can be seen for cells maintained in 1µM (39%, P < 0.05). A 
slight decrease in cell growth can be seen for 0.1µM and 0.05µM (24 % and 20 %, not 
significant). 
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Figure 38: shows resulting cell count values for SH- SY5Y cells maintained in various concentrations of 
Mycophenolic Acid (MPA) [1µM, 0.1µM and 0.05µM](* indicates significant difference following 
Bonferroni post test comparisons, P < 0.05,  n = 2) together with control cultures. 
 
The results underlined above, suggest that MPA diluted at 1µM has effect on SH-SY5Y 
cell growth. Further, the slight differences in cell growth, observed between various 
concentrations of MPA (not significant), point towards a dose- dependent trend in 
decreasing cell growth.  
 
The lack of changes in cell morphology are confirming the observations made by Carol E 
Cass et al.14 (studying effects of 10µM MPA on Mouse NB- cell lines, see Section 2.1.3) 
but goes against the differentiating properties observed in Messina et al’s15 study on SH- 
SY5Y- cells. Suggesting that MPA released from polymer films might show effects on 
proliferation and viability of SH- SY5H cells but not differentiation. 

6.4.3 Investigating effects from electrical stimulation on SH SY5Y- 
cells cultured on polymer- films, in vitro, preliminary studies: 
A preliminary study investigating the effects of electrical stimulation and from possibly 
released counter ions, on SH- SY5Y cells growing on polymer films (PEDOT and PPy, 
containing varying dopants) was performed (see Section 5.2.3: First study). 
  The experiment resulted in unevenly growing cell cultures and weak immunostaining, 
which made it difficult to estimate effects on cell growth or morphology (Results not 
included). Despite the uncertain results, the study showed that SH- SY5Y cells could 
survive electrochemical stimulation on all films. However, cells growing in vicinity to the 
attached clamps and cells not immersed in medium were observed to have died. Further, 
no effects on cell morphology could be discerned from released counter ions or from the 
electrochemical stimulation.  
 
The above- mentioned observations indicate that SH- SY5Y cells, growing on thin 
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PEDOT and PPy- films, deposited with different counter ions, can survive short- time 
exposures (approximately 380 seconds) to weak currents (5-20µA/cm2). Further, to 
reduce the number of dead cells, such films should be connected to the electrochemical 
cell, in a manner that allows them to stay immersed in solution during the full time- 
course of the experiment, without using clamps. 
 
An experiment was set up intending to study the induced effects on attached and nearby 
growing SH- SY5Y cells, from the electrical stimulation of polymer films, containing 
non- releasable counter ions. Accordingly the morphology and viability of SH- SY5Y 
cells growing on top of and near, (simultaneously) electrically stimulated PPy/PSS- films 
was examined. Cells grown on top of the films were examined to study how changes in 
film characteristics, following electrical stimulation, affects attached cells. Cells growing 
on the dishes were examined, to see if; leaking contaminants (observed in the release 
experiments, see Section 6.3.2) the attached PDMS/Graphite contact dots or increased 
local ion concentration in the surrounding electrolyte, might have any effects in cell 
survival. 
 To increase achieved currents and to reduce the observed cell death in the vicinity of 
attached clamps, mentioned above, thicker PPy/PPS- films (than the films used in 
experiment described above) were investigated (281mC/cm2), using a setup configured to 
minimize stresses on cells growing on top of connected films (Compare setups in Section 
5.2.3: Preliminary studies & Main study), respectively. Furthermore, to improve the 
connection between the microactutor- pin and polymer film a conducting PDMS/Graphite 
piece was attached to the films.  

6.4.4 Investigating effects from electrical stimulation on SH SY5Y- 
cells cultured on polymer- films, in vitro, main study: 
The PPy/PSS- film was prepared and cut into three pieces (for details see Section 5.2.3: 
Main study using thick PPy/PSS- film:). One of the films was electrochemically stimulated 
and one was kept at open circuit. Cells grown on top of the films kept at open circuit, as 
well as, on the bottom of the dish near the film were used as negative controls for 
electrical stimulation. Cells grown on the third non- treated film piece (not connected to 
the electrochemical cell nor containing any PDMS/Graphite attached to it), and on the 
dish near the film, were used as negative controls for the effects from the electrochemical 
cell itself and for PDMS/Graphite toxicity. Cells maintained in a non- treated dish were 
used as a negative control for any effects from the films, on cell growing on the dishes. 
 
Representative images are shown in Figure 39. 
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Results from the cell count and statistical analysis are presented in Figure 40. 
 
 Stimulation comparisons: A clear decrease in cell numbers can be seen between SH- 
SY5Y cells exposed to electrochemical processes, growing on the reduced film (RE 
PPy/PSS) compared with cells grown on the open circuit control film (OC PPy/PSS) and 
the non- treated film (NT PPy/PSS) (66% and 63% respectively, P < 0.01). No significant 
effect in cell number can be seen for cells grown on top of PPy/PSS- film held at open 
circuit (OC PPy) and the non- treated film (NT PPy). These results indicate, that the 
electrochemical stimulation of the PPy/PSS- film causes a reduction in the numbers of 
cells, growing on top of the film. 
 Dish comparisons: A slight change in cell numbers can be seen for cultures grown on the 
two dishes containing films connected to an electrochemical cell (RE dish and OC dish), 
compared with the control (Dish) (37% and 32%, respectively, P < 0.05). In addition, no 
significant effects can be seen when comparing cells growing on top of the dish 
containing the non- treated control film (NT dish) with the cells grown in the control dish 
(Dish) or dishes connected to the electrochemical cell (OC Dish and RE dish).   
Together, these results suggest, that the connection to the electrochemical cell or the 
accompanying increased handling has a small effect on cell viability and that no 
considerable amount of toxic compounds are leaking from the films or from the 
PDMS/Graphite dots, respectively. Further, no strong indications of differences can be 
seen between RE dish and NT dish, suggesting that the cells remain unaffected by 
currents moving through the electrolyte medium, confirming the results found in50. 
 PPy/PSS compared with dish: No considerable differences in cell numbers can be seen 
between SH- SY5Y cells growing on top of the two PPy- films, not exposed to electrical 
stimulation (OC PPy and NT PPy) and cells growing on top of the dishes in any of the 
samples (OC dish, RE dish and dish), indicating that PPy/PSS is a suitable substrate for 
SH- SY5Y cells. 
 
Currents between 36 and 56µA/cm2 were observed by analyzing the recorded 
chronoamperograms (data not shown). 

Figure 39: shows representative images 
used to perform cell count and evaluate 
morphological effects in “Second study 
using thick PPY/PSS- film”. Cells 
growing on top of (PPY/PSS, left) and 
near the films (Dish, right) for the open 
circuit- (OC), stimulated- (RE) and non- 
treated (NT) films are shown in top-, 
middle- and bottom images, respectively. 
Control cultures (Dish) can be seen in 
single image below. Images were taken at 
10x magnification. Scalebar is 100µm. 
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Figure 40: Presents the collected results from the in- vitro experiment, investigating effects from electrical 
stimulation of SH- SY5Y cells (*, ** and *** indicates significant difference following Bonferroni post test 
comparisons, P < 0.05, P < 0.01 and P < 0.001, n = 2). 
 
It could not be determined whether the decrease in cell numbers was due to reduced 
proliferation or enhanced cell death. However, no differences in the amount of dead cells 
(assessed by the presence of pyknotic nuclei in Figure 39) can be seen between the samples 
In addition, minor signs of dividing cells can be discerned in cultures exposed to electrical 
stimulation. This suggests that cells are not killed by the electrical stimulation but rather 
altered in their ability to proliferate. 
 
The reduction of PPy/PSS- films harboring cell cultures has been observed to reduce 
DNA synthesis and thus speculatively also cell growth51(examining FN coated PPy/PSS 
together with Endothelial cells, reduced at -0 .25 V), which is consistent with the 
decrease in cell numbers (following electrically stimulation) we observed in the 
experiment above (potential mainly held at  -0.9 V). In other studies (see Section 2.2.1 
and studies not included in this thesis) for example performed by Robert Langer et al50 
using a different cell type (PC- 12) grown on simultaneously oxidized PPy/PSS at 0.1V, 
no cytotoxic effect from the stimulation was observed, suggesting that oxidizing 
potentials are less harmful and that processes associated with the reduction of the 
polymer might have caused the observed decrease in cell growth in out experiment. 
However, due to the complex and contradicting results found throughout the available 
literature (with groups using different cell types, dopants and applied potentials some 
mentioned in Section 2.5.2) the underlying mechanisms for this observations could not be 
deduced and are below just speculatively mentioned.  
 
The electrical reduction of PPy/PSS is expected to be accompanied the by influx of 
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positively charged cations from surrounding electrolyte (i.e. cell medium, see Section 
2.5). Although cell viability was not thoroughly examined, this phenomenon was 
reasoned have affected the reduced DNA synthesis, observed in D. Ingber et al’s study51. 
This allows for the speculation that ion- flux in and near the film might have caused the 
reduced cell viability observed in our experiment. Another possible explanation could be 
that local pH changes, accompanying the reduction of the film (influx of H+62, might 
have caused the decreased viability as seen in Shinohara et al’s study52. Further, changes 
in surface energy, widely accepted to occur when electrically switching conducting 
polymers19, which is known to effect cell compatibility, might have caused the observed 
reduction in cell numbers seen on the reduced film. 
 
Further, reported affects on actin- filaments, as indicated by the Phalloidin staining in SM 
Richardson et al’s study57 could not be observed (see the representative images above 
(Fig. 39)) 
 
The collective results, pointing towards that SH- SY5Y cells grow equally well on 
PPy/PSS as on tissue culture plates is consistent with R. Langer et al’s study using PC-12 
cells grown on PPy/TOS50. 
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7 Conclusions: 
Briefly, the aim of this thesis was to design a setup for controlling the behavior of 
Neuroblastoma derived SH- SY5Y cells, used as a model for neuronal differentiation and 
tumor inhibition. Conducting polymers was used as a reservoir system and 
electrochemistry to control drug release. 
The drug dilution experiments showed that MTX [1 and 0.1µM] and MPA [1µM] have 
effects on SH- SY5Y cells, the first inhibiting growth (47 and 33% decrease, 
respectively, P<0.001), by increasing differentiation and the later (39%, P < 0.05) by 
inhibiting cell proliferation. However none of these compounds were successfully 
released (at least in their unmodified form) neither from PEDOT nor PPy, most likely due 
to low incorporation efficiencies owing from their poor solubility. This prevented us from 
studying local release of compounds showing effects on the biological model system at 
hand (SH- SY5Y).  
 The experimental release approach used throughout this thesis was validated by the 
successful release of PhR (109nmoles/cm2), a readily soluble compound showing high 
incorporation efficiency, which can be used as a negative control for release in future 
experiments. This experiment was repeated using the more soluble salt form of MPA 
(Sodium Mycophenolate (MPS)) only to result in films similar in quality as the ones 
made together with MPA. This could be explained by that insulating MPS crystals, 
observed to be depositing on the film during the polymerization procedure, were causing 
the current to decrease and thereby preventing effective film formation. 
 When investigating the effects from electrochemical processes on the SH- SY5Y cells it 
was discovered that cells can grow equally well on PSS doped PPy films, confirming 
observations made by other groups and that a significant decrease in cell growth (66%, P 
< 0.01 compared with open circuit film) can be expected for cells growing on a 
simultaneously reduced films. The latter, thought to have been caused by electrochemical 
processes related to the reduction of the film. According to the above underlined results, 
the aim of the project was not fulfilled due to hardships met when creating the doped 
polymer films. 

8 Suggestions for future experiments: 
 

• Try use coatings to increase distance between reduced film and cells and thereby 
reduce effects from harmful electrochemical processes. 

 
• Develop standardized method to minimize variations in film quality, using smaller 

films rounded in shape to reduce corner effects and following un- evenness. 
 

• Find charged drugs with high solubility and try them out with another cell line, 
having a more homogenous cell population. 

 
• Use higher conducting substrates together with water- free solutions (e.g. 

Acetonitrile) or try deoxygenized water solutions and try to incorporate MTX or 
MPA. 
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• Try depositing films with MPS at lower potentials, also evaluate if cleaned 
PPY/MPS films can show release. 

 
• Conduct cell counts using standard methods (e.g. MCC or Bucker chamber 

methods) to reduce variance. 
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9 Appendix: 

9.1 Protocols: 

9.1.1 Splitting the cells: 
 To detach the cells from the culture dish, the following procedures were conducted: 

• Old medium was aspired of using suction. 
• Dishes were rinsed by the addition of 10ml of DPBS, which was swiftly removed 

using suction. 
• To detach the cells from the culture dish, 1.5 ml preheated Trypsin 1x(unit?) was 

added and set to work in the incubator until the cells had detached. 
 These steps were routinely taken to deactivate Trypsin and to concentrate and disperse 

the cells 
• To abort the destructive effect of 0.25% Trypsin, 8ml of preheated medium was 

added. 
• The cells were then dispersed by gentle titration using a 1ml pipette. 
• The suspension containing dispersed cells was then removed to a 15ml tube, 

which were put in a centrifuge and spun for 4 minutes at 1400rpm. 
• Abundant medium was aspired of using suction. The cell pellet was resolved 

using gentle titration with a 1ml pipette. 
 To be able to seed at the required cell density (5000cells/cm2- 15000cells/cm2) one 
needed to estimate the concentration of viable cells in the suspension, which required the 
following procedures. 

• To simplify the cell count a small fraction of cell suspension (50µL) was mixed 
with Trypan blue (50µL) in a 1:1 ration. The Trypan blue stains dead cells and 
gives them a characteristic blue colour, which makes them easy to distinguish 
from live ones.  

• A small fraction of the mix (10µL) was then aspired of and put into a Burker 
chamber.  

• The mean value was estimated by counting the number of cells contained in two 
large squares, each containing 16 small squares. This value multiplied by 10 000 
gave an estimation of the number of viable cells in the dispersed cell suspension.  

• The required volume of cell suspension, for any given cell density was then 
diluted into fresh preheated medium, to a total volume of 10ml for every 10 cm 
cell culture dish, seeded out and then put in the incubator. 

9.1.2 Digital cell count in ImageJ: 
Image was loaded and the pixel intensity levels were reduced to 8- bit format. 
 
Region of interests, in other words the cell nuclei, were highlighted by adjusting 
threshold value. These levels were decided and set in consideration to each individual 
image.  
 
Cells that were to close to each other and thus unable to distinguish apart was separated 
using the watershed command. 
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Cell bodies were counted using the Analyze particle function. The minimum size of the 
ROI:s was set in consideration to the magnification and specific image characteristics. 

9.2 Stock solutions: 
Methotrexate (40mM in DMSO) 
Melphalan (200µM in DMSO) 
Tosylate (0.2M in sterile water) 
EDOT (10mM in sterile water): 
Retinoic acid (10mM in Ethanol): 
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