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Abstract 

We present a novel thylakoid based bio-solar cell capable of generating a 

photoelectric current of 0.7 µA/cm
2
. We have introduced an electro conductive 

polymer, PEDOT-S, to the thylakoid membrane. PEDOT-S intervenes in the 

photosynthesis, captures electrons from the electron transport chain and transfers 

them directly across the thylakoid membrane, thus generating a current. The 

incorporation of the electro conductive polymer into the thylakoid membrane is 

therefore vital for the function of the bio-solar cell. A liposomal model system 

based on liposomes formed by oleic acid was used to develop and study the 

incorporation of PEDOT-S to fatty acid membranes. The liposomes allow for a 

more controllable and easily manipulated system compared to the thylakoid 

membrane. In the model system, PEDOT-S could successfully be incorporated 

to the membrane, and the developed methods were applied to the real system of 

thylakoid membranes. We found that a bio-compatible electrolyte and redox 

couple was required for this system to function. The final thylakoid based bio-

solar cell was evaluated according to performance and reproducibility. We 

found that this bio-solar system can generate a low but reproducible current.  

 

 

 

 

 

 

 

 

  
Schematic of the thylakoid based bio-solar cell system. The successful 

incorporation of PEDOT-S into the thylakoid membrane with the addition 

of a redox couple results in the extraction of photosynthetic electrons. The 

bio-solar cell generates a photo-electric current of 0.7 µA/cm
2
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1 INTRODUCTION – BIOLOGICAL SYSTEM 

The energy demand of modern society is vast, and world-wide energy consumption continues 

to increase. Present day energy sources mainly consist of exhaustible resources such as crude 

oil, coal and natural gas. As a consequence, the development of alternative energy resources 

are imperative to avoid energy depletion [1]. The ultimate alternative energy source would be 

the sun, as it provides us with more energy each day than we could spend in a lifetime. 

Attempts to harness energy from sunlight have been utilized in solar cells, also known as 

photovoltaic systems. Photovoltaic systems convert sunlight to electrical energy. Solar cells 

today contribute to only 0.5 percent of the total energy supply, but there may be other 

methods for converting sunlight to electrical energy.   

Plant cells are experts in using the energy from the sun. In a process called photosynthesis, 

plant cells harvest energy from the sun’s photons by converting it into chemical stored 

energy: sugar. Photosynthesis takes place in the plant cells energy factory, the chloroplast. 

The light dependent reactions occur in the membrane of an organelle within the chloroplast 

called the thylakoid, and include light-dependent transfer of electrons across the membrane. 

This project is focused around this part of the photosynthesis, aiming at utilizing this electron 

transfer by extracting the electron through addition of an electro-conductive polymer, 

PEDOT-S [2]. The photosynthetic proteins are located in the thylakoid membrane and our 

interest is mainly focused on two parts in the photosynthesis pathway: photosystem II and the 

plastoquinone. The result would be the making of a thylakoid based bio-solar cell and the 

development of this bio-solar cell can be found in section 5: Bio-Solar Cell Method 

Development. 

INTRODUCTION – MODEL SYSTEM 

The incorporation of the electro conductive polymer into the thylakoid membrane is a crucial 

step in making of the bio-solar cell. To incorporate an electro conductive polymer into a 

biological membrane is, however, not simplistic due to the compounds and processes that 

takes place within the membrane. To investigate the possibility to incorporate the electro 

conductive polymer into the thylakoid membrane a liposomal model system was created. The 

liposomes allows for a more controllable and a more easily manipulated system than the 

thylakoid membrane. Liposomes created from fatty acids could be a good model membrane 

system, similar to the thylakoid membrane. We will therefore use liposomes as a model 

system to further investigate the possibility to extract electrons from the plant cell.  
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AIM 

The aim of this master thesis project is to explore the possibility to generate solar power from 

thylakoids, thus creating a bio-solar cell. Furthermore, liposomes will be used as a validation 

and model system for the thylakoids.  
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2 BACKGROUND 

2.1 PLANT CELLS 

The plant cell is one earth’s most abundant cell type. The plant cell is surrounded by a hard 

and rigid structure, acting as a protective layer, called the cell wall. Except for the cell wall, 

there is one exceptional difference between an animal cell and a plant cell; the chloroplast. 

The chloroplast is the organelle responsible for the photosynthesis. The thylakoid membrane, 

which is located inside the chloroplast, contains the electron transport chain. The electron 

transport chain contains the light harvesting protein complexes photosystem I and II (PSI & 

PSII). PSI & PSII contains chlorophyll which is a molecule capable of absorbing photons. PSI 

& PSII uses the photons to create electrons and a proton gradient. These electrons run the 

formation of NADPH and the proton gradient in turn drives the formation of ATP. See Figure 

2.1 for a schematic description of the plant cell. The focus in this project concerns the energy 

factory of plants cells which is a part of the chloroplast: the thylakoid. 

 

Figure 2.1 A schematic illustration of the main structure and organelles of a plant cell where one of the major parts 

investigated in this report is located: the thylakoid. 
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Figure 2.2 Schematic of the photosynthesis within a chloroplast where the light dependent reactions occur 

in the thylakoid membrane and the light dependent reactions occur in the Calvin cycle. 

Photosynthesis takes place in the chloroplast; within the chloroplast there is one key 

component: the thylakoid membrane which is an organelle. Moreover, the Calvin Cycle is an 

important metabolic process. See Figure 2.2 for an overview of the chloroplast.  

In the thylakoid membrane the light dependent reactions occur, causing an electron transfer 

across the thylakoid membrane. This is called the electron transport chain, illustrated in 

Figure 2.3. The electron transport chain starts with the absorption of photons in PSII. PSII 

absorbs photons through the photoactive compound chlorophyll. When several chlorophylls 

are activated by light, they transfer their energy throughout the protein complex through a 

process called FRET. FRET is described in section 2.3.1. The collected energy results in the 

release of an electron. The released electron is transferred to plastoquinone allowing a proton 

to be transferred through the membrane. The electron is transferred to cytochrome b6f and 

then to plastocyanin. To excite the electron PSI absorbs photons, also through chlorophyll. 

This energy transfer can be seen in Figure 2.4. The electron is now ready to be used by 

ferredoxin and ferredoxin-NADP-reductase to create NADPH.  This chain of events creates 

an electron-hole in PSII that must be filled. To fill the electron hole, water is oxidized to 

hydrogen and molecular oxygen in a process called electrolysis or photolysis. The excessive 

amount of protons creates an proton-gradient that drives the ATP-synthesis [3]. 

 



Linköping University   2013-06-14 

 

Wiring liposomes and chloroplasts to the grid with an electronic polymer  10 

Figure 2.4 Suggested Interaction points for the 

ECP in the electron transport chain could be 

plastoquinone or photosystem I. 

 

As introduced in the introduction the aim of this project is to create a bio-solar cell, by 

introducing an electro conductive polymer (ECP) to the thylakoid membrane. Within this 

project we wanted to investigate if the electron flow can be relayed to an external electrode by 

introducing this ECP into the bio-membrane. We speculate that the electron transfer from the 

light harvesting complexes, PSI and PSII, to an ECP can vary depending on where in the 

electron chain the ECP interacts [2], see Figure 2.4. The energy released from water is in the 

range of 1.23 V and the photovoltage that might be possible to obtain range up to 0.6 V [4].  

The Calvin Cycle is of no interest in this project, as the Calvin cycle is outside the thylakoid 

membrane. In the Calvin Cycle, only light-independent reactions occur. The Calvin Cycle 

fixates CO2, and uses the light dependent products, ATP and NADPH, to finally create sugar. 

Major components are: RuBP, 3-phosphoglycerate and G3P. 

Figure 2.3 Schematic of the Electron transport chain within the thylakoid membrane which starts with the 

absorption of photons and results in electrolysis of water and the formation of ATP and NADPH.  
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Figure 2.5 The model system: A liposome created 

from phospholipids or fatty acids. 

2.2 MODEL SYSTEM: LIPOSOMES 

Biological membranes are mainly built by phospholipids and cholesterol which allows for 

more complex structures, such as proteins and pigments, to be incorporated into the 

membrane. The complexity in the biological membrane with countless different processes 

active at any one moment, makes studying the effects of manipulating in a controlled manner 

difficult. Most steps in this project were therefore conducted in the more controllable 

liposome model system. The formation of liposomes can be done in a numerous ways with 

only one or several components. However, a simple liposome, preferably with one 

component, should be used as a model system for the thylakoid membrane. For this purpose 

oleic acid is chosen as it is easy to handle, can be found as an extra membrane component in 

various biological systems and creates liposomes under easily controlled conditions [5]. The 

fatty acid has a hydrophilic head, usually a carboxyl group, and a hydrophobic tail, usually a 

long carbon chain. These two properties, the hydrophilic head and the hydrophobic tail, 

allows for the liposome formation to occur. The fatty acids orientates them self in water with 

the head outwards towards water and the tails inwards, see Figure 2.5. By introducing the 

ECP or membrane probes to the liposome membrane and investigating their interaction a 

more credible statement about the interaction in the thylakoid membrane can be made. 

 

2.3 FLUORESCENCE  

Fluorescence is the absorption and excitation of a fluorophore with high energy photon,  and 

the emission of a photon with lower energy, See Figure 2.6 A. When a molecule absorbs a 

photon, an electron is promoted to an excited state, S2, from which it can lose energy as heat, 

dashed arrow, or it can emit a lower-energy photon, green arrow, thus returning the electron 

to its ground energy state, S0. The emission of the lower-energy photon is called 

Fluorescence. [6] 
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As an example the plant cells chlorophyll, when excited in the blue region, 430 nm, emit light 

with an emission maximum at 670 nm. Chlorophyll also has an excitation maximum in the 

red region at 660 nm, resulting in emission at 720 nm. See Figure 2.6 B).  

 

Fluorescence microscopy 

Fluorescence microscopy will be used in this project but not as a prominent analysis method. 

Fluorescence microscopy is the method to illuminate a sample with a specific wavelength and 

to observe the fluorescence from the sample. The setup for fluorescence microscopes is 

described at MicroscopyU [7]. 

Autofluorescence 

Compounds containing conjugated carbon chains within a studied cell are likely to be 

fluorescent. The natural occurring fluorescence within the cell is called autofluorescence and 

is usually a very important and useful tool in investigating and observing cells. NADPH, 

which is abundant in the chloroplast, emits a blue autofluorescence [8, 9] and chlorophyll has 

an red autofluorescence. This, however, creates difficulties in detecting membrane probes 

emitting light in the blue or red region.  

2.3.1 FÖRSTER RESONANCE ENERGY TRANSFER 

Förster Resonance Energy Transfer or Fluorescence Resonance Energy Transfer (FRET) is a 

term for energy transfer between two fluorophores. Fluorophore A (donor) gets excited to a 

higher energy state, under normal conditions this energy would be released as emitted light 

Figure 2.6 A) Excitation and emission of a fluorophore relative to energy B) Chlorophyll-a excitation and 

emission spectra 



Linköping University   2013-06-14 

 

Wiring liposomes and chloroplasts to the grid with an electronic polymer  13 

(fluorescence). With the addition of fluorophore B (acceptor), the energy from the donor A is 

transferred to the acceptor B. The acceptor B then emits photons at a longer wavelength [10]. 

FRET is a transfer of excited energy state between electrons and shall not to be mistaken for 

an electron transfer. FRET is very sensitive to the physical distance, r, between the two 

fluorophores for the energy transfer to occur. FRET is illustrated in the Jablonski diagram 

Figure 2.7 

 

 

2.3.2 QUENCHING 

Quenching is a phenomenon related to FRET and is a process whereby emission from an 

excited molecule is decreased by energy transfer to another molecule, the quencher.[6] 

Various materials can be used to induce quenching including: proteins, organic compounds 

and inorganic compounds. The ECP, PEDOT-S, see material section 3 for more information, 

has been proven to be a good acceptor of high energy states and is thus highly useful for the 

purpose of quenching [11].  

Introducing a membrane probe (fluorophore), (see section 3 for more information), to the 

liposomal membrane model system and then adding the ECP may result in three different 

scenarios: incorporation of the ECP into the membrane, attachment of the ECP to the 

membrane due to electrostatic charges or repulsion of the ECP from the membrane due to 

electrostatic charges. The emitted light from the membrane probe gives an indication if the 

ECP is within the distance r of the membrane probe which would allow quenching. If r of the 

probe is sufficiently small the only way for the ECP to be within the distance r of the 

membrane probe is if the ECP also is in the membrane. 

Figure 2.7 The Jablonski diagram describes the difference 

between fluorescence and fret relative to electron energy 
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One way of detecting whether or not the ECP is incorporated into the thylakoid membrane 

can be the quenching of chlorophyll. Chlorophyll is however incorporated in a protein 

complex and this protein complex might be too big for the ECP to get within the distance r of 

chlorophyll which would allow quenching. Another way might be to incorporate a fluorescent 

membrane probe, into the thylakoid membrane and then quench this membrane probe with an 

ECP, much in the same way as in the model system. 

2.4 INTRODUCTION OF AN ELECTRO CONDUCTIVE POLYMER 

TO THE MEMBRANE  

In the model system a hydrophobic fluorophore is introduced to the membrane. This is 

achieved by mixing the fluorophore and the fatty acid, and then performing liposome 

formation according to chosen procedure. The liposome will then have fluorophores in the 

membrane and can be detected in a fluorescence microscope. See experiment section 4.2 

Oleic acid liposomes for PEDOT-S incorporation. for more details. The introduction and 

detection of an ECP in a membrane is 

challenging. The electro static charges, 

size and visibility are all affecting the 

introduction and detection of the ECP. In 

a article written by Karam et al 2010 

[12] a way of overcoming this threshold 

was proposed. They introduced an ECP 

with properties of a hydrophobic 

fluorophore (MPS-PPV) to a membrane 

system. The emission of light could only 

be seen when the ECP was in the 

membrane and no emission could be 

seen while the ECP was in water. This 

effect is due to the hydrophobicity of the 

ECP, and is the key to overcome the 

detection problem in this system. 

MPS-PPV and PEDOT-S share similar properties such as a SO3
-
 side group and a 

hydrophobic backbone, Figure 2.8. This gives rise to the possibility that also PEDOT-S can be 

introduced to the membrane. 

2.5 ELECTRONICS 

Basic knowledge of the electronic concepts is needed to be able to build a bio-solar cell. 

Figure 2.8 Similarities between MPS-PPV (left), which has 

been shown to be able to be incorporated into a membrane 

system, and PEDOT-S (right).  
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Figure 2.9 Descriptive figure over the relationship 

between potential current and resistance 

If the electronic charge is not evenly distributed throughout the system, a electric potential is 

created, measurable as a voltage (U). Simplified this can be described as two water tanks 

connected with a tube. If one tank is higher than the other a potential energy difference is 

created. If the tube is open water starts to flow. The flow of water (electrons) is called a 

current (I). If the water (electrons) can flow freely the system will soon reach equilibrium and 

the voltage return to zero. If there, for some reason, is a rock in the flow channel this causes 

the flow to decrease and this is called a resistance (R). See Figure 2.9 for a descriptive figure 

over the system. 

The system for this project is a membrane. In 

this membrane the electrons can either be 

trapped in the membrane, or the resistance in 

the system is too high. But the electrons can 

also be regenerated from PSI/II via the ECP. 

If a current can be observed, then the 

electrons are regenerated from PSI/II via the 

ECP as they flow through the system. If no 

current can be observed then the electrons 

are trapped in the membrane. 

Potential:       

2.5.1.1 EFFICIENCY 

Efficiency (ɳ) will be used as a measure of how good the bio-solar cell works. Efficiency is 

the ratio of power (Pout) output divided by the power input (Pin), calculated in watts. Used as 

power input is the intensity of the sun: Pin= 1000 W/m
2
.  

Power:       

Efficiency:              

Where U = Voltage, I = Ampere, R = Ohm, P = Watt 

Voc: open circuit voltage is the point where no voltage is applied to the system and only 

current is measured. The Voc is interesting as this is the point where the solar cell generates 

current. Isc: short circuit current is the point where no current flows through the system and 

only the potential is measured. 
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2.6 ELECTROCHEMISTRY 

A redox couple might be useful in this project as this would increase the possibility to collect 

current and to allow for a better current flow within the system. In a redox 

(reduction/oxidation) reaction one species is reduced, gaining an electron, and one species is 

oxidized, losing an electron. In order to predict which compound will be reduced or oxidized, 

the concept of low or high redox potential is useful. The species with the lower redox 

potential has greater ability to donate electrons and the species with higher redox potential has 

greater ability to gain an electron. In a system where the electrochemical energy is transferred 

through different chemical compounds the redox potential in the intermediate compounds 

must be lower than that of the compound that is responsible of inducing the energy transfer. 

This is what happens in the electron transport chain, where the different compounds have 

different redox potentials thus allowing the electron to be transferred from water to NADPH.  

2.6.1.1 QUINONES 

Quinones are redox compounds capable of storing electrons and release them in a controlled 

manner, as in a battery [13]. In this project the focus will be on two quinones: plastoquinone 

and anthraquinone-s. Plastoquinone is the bound quinone in the thylakoid membrane and 

captures the electron sent from PSII. Anthraquinone-s is a quinone that could be used as a 

redox couple in the bio-solar cell.  

2.6.2 CONDUCTIVITY 

An interesting aspect of this project is the conductivity in liposomal membranes incorporated 

with an ECP. Conductivity (k) is measured by taking the length of the material (l) divided 

with the cross section area (a) multiplied with the resistance (R). Conductivity has the SI unit 

S/m where S stands for Siemens and is the reciprocal of ohm, sometimes S is changed for 

mho (ohm in reverse is mho).  

Conductivity: κ  
 

   
   

Conductivity is measured with two electrodes at a fixed distance. For ionic conductivity 

measurements, a known reference electrolyte is helpful. The reference electrolyte used was 

water with a NaCl concentration 3.6 % which has a conductivity of 5 S/m. As described by 

Demitri et al 2009 [14] it is possible to build multilayered lipid polyelectrolytes capable of 

conducting electricity. It is thus highly possible to create conductive liposomal 

polyelectrolytes by using the model system incorporated with the ECP. 
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2.7 PHOTOVOLTAICS 

The method of generating electrical power by harvesting solar radiation is called 

photovoltaics. This master thesis project is conducted in a research group where organic thin 

film technology is the main focus of research. Thin film technology is the use of composite 

materials deposited into thin layers, consisting of a photoactive compounds, such as C-60, and 

semi-conducting polymers. Thin film solar cells from organics have reached an efficiency of 

12 % [15]. Silicon solar cells are the most commercially available solar cells today and have 

reached an efficiency of 25 % [16]. The silicon solar cells are also very stable. However, the 

silicon must be doped and it must be in its crystalline form. The process by which this is made 

is very costly, thus allowing for the emergence of more cost efficient solar cells.  

 Multijunctional/tandem solar cells are based upon several layers of photoactive compound-

donor/acceptor layers where each layer absorbs a different wavelength thus capable of 

creating more energy from the solar radiation spectra. Multijunction/tandem solar cells have 

reached an efficiency of 44 % [16]. 

The energy that can be obtained from the plant cell (efficiency), and can be directly used as 

electricity, has been theoretically calculated to be 28 % [17] of the incident sunlight. In plant 

cells, as they are constructed in nature, only 3.4 % is used to create sugar that can be used by 

animal cells in the respiratory chain. The rest of the energy is used to replicate the cell. If 

hydrogen evolution, the creation of hydrogen gas H2 from H
+
, would be used a theoretical 

efficiency of 12 % can be achieved [18]. The theoretical value of 28% efficiency can be 

compared with today’s photovoltaic systems; however this is not achievable in a true 

biological system. 

2.7.1 PHOTOSYNTHETIC PHOTOVOLTAICS 

This project has its origin in the field of photosynthetic photovoltaics. Previous work within 

the field of photosynthetic photovoltaics is focused on the extraction of the two protein 

complexes: PSI & PSII, and their incorporation with semi conductive or redox material. These 

kinds of photovoltaic systems are useful to investigate and understand as it is PSI or PSII that 

are the photocurrent generator in this project as well.  

To generate power from PSI & II have been of interest since their discovery. The thought of 

sustainable energy created by these green proteins are not a new idea. Already in the 1960s 

the thought of using green bacteria to create hydrogen, via photosynthesis, as an energy 

source emerged [19]. Later on the thought of generating electricity from photosynthesis came 

to light. Recent years have delivered more and more working solar cells created from PSI & 

PSII together with: zinc oxide/titanium dioxide nanowires [20], platinum particles [21], redox 

couples [22], redox hydrogels [23], carbon nanotubes [24] and the list goes on. In 2010 the 
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first successful extraction of electrons out of a living plant cell occurred [2]. In 2012 the first 

thylakoid bio-solar cell was introduced [25].  

One problem for the bio-solar cells is, however, the lifetime of the photosensitive compounds 

outside the living cell. These biological systems usually last for a day due to the toxic 

compounds and free radicals created from the sunlight. Compared to silicon solar cells, which 

have a lifetime of several decades, the bio-solar cells needs to be better optimized to have a 

practical and commercial use. In 2011 the first working synthetic leaf was created [26] this 

generates electricity through electrolysis. However, there are no biological compounds in this 

system, this is a semiconductor/metal cell. The word “synthetic leaf” more refers to the 

electrolysis that also occurs in plant cells rather than the actual biological functions of the 

plant leaf. The Grätzel cell or Dye Sensitized Solar Cell (DSC, DSSC) was created by 

Michael Grätzel and coworkers and has the property to capture light with a dye. This 

photoactive dye can be manufactured in the laboratories and it can also be retrieved from 

many fruits and berries [27]. Chlorophyll can also be used as a dye in these photovoltaic 

systems [28, 29]. 

2.7.1.1 THYLAKOID POWERED SOLAR CELL 

Ryu et al. [2] published an article describing the possibility to extract photocurrent through 

nanoprobing. Nanoprobing in this case, is the concept of inserting an AFM tip directly into 

the thylakoid membrane and extracting electrons generated by PSI or PSII. This article has 

been an inspiration for this project. We thought if it is possible to extract electrons with a 

metal wire, then it is highly possible to do so with an ECP.  

Sjöholm et al. [25] published an article describing the use of whole thylakoids embedded in a 

silica matrix generating current via electrolysis. Both of these articles are very interesting as 

they more or less describe the same process as we aim to access. There are however some 

rather big differences in the technical approaches of these projects.  
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3 MATERIALS 

In this section materials that have been used in this project are described. More material 

properties are located in 9.1 in Appendix. 

Oleic acid 

Oleic acid, Figure 3.1, is a monounsaturated 

fatty acid. Oleic acid forms liposomes when 

pH first is increased to 10 and then lowered 

to around 7.4. At pH 10 almost all oleic acid 

is deprotonated. The deprotonated carboxyl 

groups repel each other and forms thereby 

micelles. When pH is lowered more and 

more oleic acid gets protonated thus reducing 

repulsion, and liposomes are formed [30].   

PEDOT-S 

PEDOT-S, Figure 3.3, is an electro conductive polymer (ECP). The 

sulfonate groups on the main chain makes PEDOT-S a self doped  p-

type type conductor. PEDOT-S is fully water soluble/dispersible. 

PEDOT-S has two states where it is either highly conductive (doped 

state) or less conductive (dedoped state). The absorption spectra 

(Figure 3.2) shows distinct differences in the two states [31]. 

PEDOT-S has an hydrophobic backbone and polar side groups; this 

makes PEDOT-S amphiphilic. PEDOT-S has no absolute molar 

mass as the polymer differ in length from 14-18 monomers. 

Figure 3.1 Oleic acid molecule 

Figure 3.3 PEDOT-S 

polymer 

Figure 3.2 Absorptionspectra of 

doped and dedoped PEDOT-S 
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PEDOT:PSS 

PEDOT:PSS, Figure 3.4, is a p-type semi conductive polymer 

PEDOT in a complex with the polyelectrolyte PSS,. 

PEDOT:PSS is optically transparent and is soluble in water. 

PEDOT:PSS films have high conductivity and can be very 

useful in the solar cell.   

 

DPH 

DPH, Figure 3.5, 1,6 diphenyl-1,3,5-hexatriene is a 

fluorescent dye that is almost non fluorescent in water but 

shows strong fluorescence in hydrophobic environments 

such as membranes. 

Chlorophyll 

Chlorophyll is a hydrophobic dye and is used in all cells using photosynthesis. There are some 

variations such as chl a, b, c, d and f where a and b are the most common forms. Figure 3.6 A) 

is the absorption spectra of chl a and b. The R group in Figure 3.6 B) denotes the difference 

between chl a and chl b. 

 

 

 

Figure 3.4 PEDOT:PSS 

Figure 3.5 DPH 

Figure 3.6 A) Absorption spectra of Chl a and chl b. B) Chlorophyll with the R group unlabeled  
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DCM 

DCM, Figure 3.7: [2-[2-[4-

(dimethylamino)phenyl]ethenyl]-6-methyl-4H- pyran-

4-ylidene]-propanedinitrile. Used as a membrane probe, 

hydrophobic. 

 

Nile Red 

Nile red, Figure 3.8, is a membrane probe that emits red 

light in hydrophobic environments but show no emission 

in water. 

 

DMSO 

Dimethylsulfoxide (DMSO), Figure 3.9, is a polar solvent 

that has good solution properties for solving organic and polar 

compounds. DMSO penetrates the cell wall destabilizing the 

lipid bilayer by increasing the area per lipid. DMSO replaces 

some of the water allowing polar and hydrophobic molecules 

to enter the membrane. These two properties can be used to 

introduce PEDOT-S to the cell membrane. 

 

Titanium Dioxide 

Titanium dioxide (TiO2) is one of the world’s most common used colorants, white. But it is 

the semi conductive property of TiO2 that is interesting. Also TiO2 has a nanoporous structure 

where hydrophobic molecules easily can be integrated. These properties are used in the DSC. 

To incorporate cells into TiO2 might be difficult as cells are hydrophilic. 

Indium Tin Oxide 

Indium Tin Oxide (ITO) is an electronic conductive material, and is optical transparent in the 

visible light region. ITO can be spread over glass substrate making the glass electrically 

conductive. ITO is however very hydrophobic and might not suit the purposes of this project 

as both PEDOT-S and the plant cells are in fact hydrophilic.  

Figure 3.9 DMSO 

Figure 3.7 DCM 

Figure 3.8 Nile red 



Linköping University   2013-06-14 

 

Wiring liposomes and chloroplasts to the grid with an electronic polymer  22 

Anthraquinone-2- Sulfonate 

Anthraquinone-2- Sulfonate (AQ-S), Figure 3.10, is a 

quinone which is easily reduced and oxidized. AHQ-S 

is the reduced state of AQ-S [32].  

Absorption spectra, Figure 3.11, of AQ-S/AHQ-S. AQ-

S shows no emission in the visible region whereas 

AHQ-S has en absorption peak at 450 nm.  

 

Ferric acid 

Ferric acid is a mild oxidizing agent and can be reduced by hydrogen peroxide (H2O2)  which 

is produced from the thylakoid membrane and is often used to access the energy generated by 

the photosynthesis [3]. This creates the redox couple iron(III)+iron(II) , Fe
3+

 + Fe
2+

. Ferric 

acid might show to be useful in the bio-solar cell. Ferric acid is however toxic which should 

be taken under consideration. 

Iodine 

Iodine, or the redox couple used in this project: I
3-

+3I
-
, are used in DSCs to be the charge 

carriers. For the same reason AQ-S and Ferric acid could be useful in the bio solar cell, so 

could also iodine. Iodine is however toxic which should be taken under consideration. 

Figure 3.10 Anthraquinone-sulfonate 

Figure 3.11 Absorption spectra for AQ-S and AHQ-S 
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4 METHOD 

The method section describes the experiments conducted in this project. Experimental 

protocols can be found in appendix. 

4.1 ENCAPSULATION OF PEDOT-S IN OLEIC ACID 

Three tests were performed to investigate PEDOT-S solubility in a hydrophobic environment: 

Oleic acid and PEDOT-S, Oleic acid and PEDOT-S/DMSO, Oleic acid and PEDOT-S/DMSO 

and water. See Appendix 9.2.1 for experimental setup. 

Results 

The first test showed that PEDOT-S 

is not directly soluble in oleic acid, 

Figure 4.1 (1). The yellow color 

comes from oleic acid and the 

blue/black dots are undissolved 

PEDOT-S. The second test showed 

that PEDOT-S first dissolved in 

DMSO and then dissolved in oleic 

acid had good solubility Figure 4.1 (2). The greenish color comes from the mixture of yellow 

oleic acid and the blue/black PEDOT-S. The third test was conducted to verify that PEDOT-S 

stayed in the oil phase and not transferred to the water phase. As can be observed in Figure 

4.1 (3) PEDOT-S remain in the oil phase, thus making it clear that it is highly possible to 

incorporate PEDOT-S in a membrane.   

 

4.2 OLEIC ACID LIPOSOMES FOR PEDOT-S INCORPORATION. 

Oleic acid is described to form liposomes under the conditions of going from basic pH (pH 

10) down to more neutral pH (pH 7.4) [30]. Three different combinations of materials were 

tested: oleic acid, oleic acid with a membrane probe (DPH, Nile red) and finally oleic acid, 

membrane probe and PEDOT-S in DMSO. Oleic acid has a critical micelle concentration of 

6.0 µmol/L, and to form liposomes at least the double concentration should be used. Protocol 

can be found in Appendix 9.2.2. 

 

Figure 4.1 The solubility of 

PEDOT-S in a hydrophobic 

environment were tested 

according to: 1. Oleic acid 

with PEDOT-S 2. oleic acid, 

PEDOT-S, DMSO 3. oleic 

acid, PEDOT-S, DMSO and 

water 



Linköping University   2013-06-14 

 

Wiring liposomes and chloroplasts to the grid with an electronic polymer  24 

Results 

Liposomes formed with single and multiple membranes of oleic acid. The oleic acid 

liposomes range in size from 1-100um Figure 4.2 A).As seen in the fluorescence microscope 

images of the oleic acid with the membrane probes DPH B) and Nile Red C) both membrane 

probes are incorporated into the liposomes. 

 

Discussion 

The incorporation of hydrophobic molecules into the liposome seems to 

proceed smoothly; however, the incorporation and detection of PEDOT-

S in the liposomes seems to be more challenging. Investigation in both 

ordinary microscope and fluorescence microscope showed no direct 

detection of PEDOT-S. The only indication was that oleic acid 

liposomes incorporated with PEDOT-S seemed to have a slightly darker 

color, Figure 4.3, than the once without PEDOT-S.    

4.3 CONDUCTIVITY IN A HYDROPHOBIC 

ENVIRONMENT 

The conductivity measurements were performed with a homemade 

setup, shown in Figure 4.4. Tests were performed on: deionized 

water, water with NaCl, water and low and high PEDOT-S 

concentration, DMSO and PEDOT-S liquid and dried, liposomes, 

oleic acid and PEDOT-S, oleic acid. The conductivity was 

Figure 4.2 Formation of oleic acid liposomes where investigated in microscope: A) oleic acid 

liposomes, scale bar 100 um. and fluorescence microscope B) Liposomes incorporated with DPH 

C) Liposomes incorporated with Nile red.  

Figure 4.3 Liposomes 

incorporated with 

PEDOT-S. Scale bar 

70 um 

Figure 4.4 Homemade 

conductivity meter 
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calculated from a reference: water and NaCl where. 

           ,                   

conductivity formula:     
 

   
    

As the conductivity meter was homemade l/a was calculated according to the reference. 

 

Results 

Table 4.1 describes the different mixtures, their resistance in ohm (R), resistivity in ohm*m 

(ρ) and conductance in S/m (κ).  

Phase Chemical κ R  ρ 

Liquid Water 3.6% NaCl 5 47400 0,2 

Liquid PEDOT-S H2O 10 mg/ml 6,77 35000 0,15 

Liquid PEDOT-S DMSO 10 mg/ml 6,77 35000 0,15 

Liquid PEDOT-S H2O 0.1 mg/ml 0,49 480000 2,03 

Liquid PEDOT-S Liposome 0.1 mg/ml 2,96 80000 0,34 

Liquid PEDOT-S Oleic Acid  - - - 

Dried PEDOT-S/DMSO 197,5 1200 0,005 

Liquid Deionized H2O 0,17 1400000 5,9 

Liquid Oleic Acid - - - 

Table 4.1 Table of conductivity measurements. data is the mean over two data points, std not shown. 

Discussion 

One interesting observation is the conductivity of PEDOT-S/H2O 0.1 mg/ml which was 

supposed to act as a reference for the liposomes, thus having the same concentration of 

PEDOT-S, 0.1 mg/ml. It is very interesting that the conductivity increased for the liposomes 

although oleic acid acts as an insulator, which can be seen in the sample pure oleic acid and 

PEDOT-S. More measurements should be done to verify these results. The use of a 

manufactured conductivity meter with an internal reference could be very useful. 
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4.4 EMISSION QUENCHING OF DPH WITH PEDOT-S 

Oleic acid liposomes filled with DPH was used for this experiment. For the procedure for 

liposome formation, see appendix 9.2.2. For the preparation of samples for the quenching 

experiments, see appendix 9.2.3.  

Results  

From the data a clear negative slope can be observed (Figure 4.5). This gives an indication 

that PEDOT-S has entered the membrane and quenched DPH.  

Discussion 

PEDOT-S in its doped state has 

no absorption at DPHλem. This 

further suggests that the higher 

energy state from DPH has been 

transferred to PEDOT-S. 

PEDOT-S in its de-doped state 

on the other hand has an 

absorption maximum at 485 

nm. As mentioned PEDOT-S 

can absorb light in its de-doped 

state at 485 nm, thus making it 

hard to distinguish between a 

quenching state and an 

absorbance state. However, the 

result in Figure 4.7 is most 

likely to be due to quenching. 

Hydrochloric acid, which is used to 

create liposomes, can induce the 

doped state of PEDOT-S if the pH 

decreases [31], but as pH in this 

solution is close to 7 this should not be the case. 

4.5 THYLAKOID PREPARATION  

The extraction of thylakoids, and their survival, is of great importance in this project. For the 

protocol followed, see appendix 9.2.5. Spinach leaves are mashed, filtered, mixed and 

Figure 4.5 Liposomes filled with DPH were incorporated with 

increasing amount of PEDOT-S. The decrease in emission from 

DPH suggests quenching from PEDOT-S. All data points are 

normalized after the highest point in the measurement, which in 

all cases were the first point  
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centrifuged resulting in a pellet containing only thylakoids.      

 

Results 

The last step in the protocol followed generates a pellet 

with thylakoids. This pellet can clearly be seen in the 

bottom of the Falcon tube, Figure 4.6. 

4.6 FLUORESCENCE OF THYLAKOIDS 

Thylakoids where tested for their viability and the possibility to incorporate a membrane 

probe, Nile Red. Excitation wavelengths: 450 nm (blue) and 550 nm (red) 

Results 

First, Figure 4.7 A) shows the thylakoids in visible light. Second, B) shows the red emission 

of chlorophyll from excitation in blue light. Third, C) shows the emission of thylakoids 

incubated with Nile red. 

Discussion 

Figure 4.7 B) shows high intensity of blue emission; this is due to the autofluorescence from 

NADPH that is created from the thylakoids. This is a strong indicator that the thylakoids are 

alive and functional although extracted from the cell. The incorporation of Nile red is not 

fully reliable as it seems as some other compound, most probably due to autofluorescence, 

also emits red light.   

Figure 4.6 Following 

the thylakoid 

preparation protocol 

resulted in a thylakoid 

pellet 

Figure 4.7 Thylakoids were investigated in Fluorescence microscopy. A) Thylakoids in visible light B) 

thylakoids excited in blue light shows the emission of chlorophyll and autofluorescence from NADPH C) 

thylakoids excited in red light shows the emission of incorporated Nile red. 
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4.7 SOLAR SIMULATOR 

When measuring current and potential of a solar cell, a solar simulator is used. The solar 

simulator is in principle a lamp with the same intensity and wavelength spectrum as the sun. 

The solar cell is placed in the solar simulator and is connected to a voltmeter. While shining 

light on the solar cell, the current and potential is measured.  

4.7.1 QUANTUM EFFICIENCY MEASUREMENTS 

The tool for Quantum efficiency measurements uses a monochromator instead of the full 

spectrum of the sun. This allows the user to measure at what specific wavelengths the solar 

cell generates power. 
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5 BIO-SOLAR CELL METHOD DEVELOPMENT 

As described in the introduction the aim of this project was to create a bio-solar cell based on 

thylakoids and an ECP. In this section I will describe the successful creation of the thylakoid 

based bio-solar cell. Experiments on the liposomal model system suggest that the ECP 

PEDOT-S can enter the membrane of a biological system and conduct electricity throughout 

the liposomal membrane. On this basis, an investigation of the bio-solar cell development 

started.  

5.1 BIO-SOLAR CELL COMPONENTS 

To create photocurrent from the thylakoids additional compounds are needed. As we have 

seen throughout this report the use of electrolytes and redox couples are suggested and might 

be needed. Persson et al 2011 [33] used PEDOT-S together with 0.1 M NaCl to conduct 

electricity in a system that was harmless to epithelial cells. NaCl will therefore be used as 

electrolyte in this system. Redox couples that have been used in literature are Fe
3+

-Fe
2+

, I
3-

-3I
-
 

and AQ-S-AHQ-S and will be used in the setup for the bio-solar cell. Here follows an 

investigation of the compounds needed to create a functional bio-solar cell.  

Results 

Table 5.1 shows that none of the compounds has a light dependency except for one containing 

thylakoids. This is the one that further will be used as the bio-solar cell.  

Interesting is that AQ-S generated current for awhile, this is most probably due to its 

capability to store electrons. These electrons were probably introduced during measuring the 

potential. However, this bio-solar cell is not light sensitive.  

  
PEDOT:S 

DMSO 
NaCl Redox Thyl U (mV) I (uA) R (kohm) Light dependent 

OK X X AQ-S X 180 -0,7 700 YES 

FAIL X X AQ-S   40 -0,05 5 NO 

FAIL X X     0 0 1,6 NO 

FAIL X X   X 0 0 700 NO 

FAIL   X   X 0 0 1000 NO 

FAIL X   AQ-S X 40 0 1200 NO 

FAIL X   FE
3+

 X 50 0 900 NO 

FAIL X   I
3-

 X 80 0 600 NO 

Table 5.1 Light dependency for all the compounds within the bio-solar cell 
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The final light sensitive thylakoid mixture used for the creation of bio-solar cells contains: 

PEDOT:S in DMSO, NaCl, AQ-S and Thylakoids.    

5.2 PREPARING THE BIO-SOLAR CELL 

Wet material preparation 

1. Extract thylakoids by following the thylakoid preparation protocol. 

2. Incubate 200 µl of the thylakoids with 100 µl of 10 g/L (monomer konc. 0.031 M)  

PEDOT-S in DMSO for at least 1 h.  

3. Mix 2,32 mg NaCl with 12,4 mg AQ-S in 20 µl deionized water.  

4. Mix 190 µl of the thylakoid mixture with 10 µl of the AQ-S/NaCl mixture, reaching final 

concentrations of: 0.1 M AQ-S and 0.1 M NaCl.  

5. Incubate final mixture in the dark.  

One extremely important step in this process is the incubation of thylakoids in PEDOT-

S/DMSO. If NaCl is added at the same time as PEDOT-S these two will form aggregates and 

PEDOT-S can thus not be incorporated into the thylakoid membrane. The use of cations such 

as Ca
2+

 and PEDOT-S to form aggregates have been used in [11]. 

Hardware material. 

1. Cut out a PDMS template with the width 1.5 cm and length of 1.5 cm. 

2. Cut a hole in the PDMS template with the radius of 0.6 cm and height of 0.17 cm, resulting 

in the volume of 200 µl. 

2. Cut out a Gold coated substrate with the width 1.5 cm and the length of 2 cm. 

3. Cut out a PEDOT:PSS film with the width 1.5 cm and the length of 2 cm. 

Combining wetware and hardware 

1. Place PDMS template on the gold piece.  

2. Fill PDMS template with 200 µl of the final thylakoid mixture.  

3. Seal the bio-solar cell with a PEDOT:PSS film.  

 

Production scheme is presented in Figure 5.1.  
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This is how the actual bio-Solar cell looks 

like from the side, Figure 5.2 A), and from 

above B). 

  

Figure 5.2 A) Bio-solar cell from the side and B) Bio-solar cell from above 

Figure 5.1 Production scheme for making of the bio-solar cell 
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5.3 THE BIO-SOLAR CELL SYSTEM  

The investigations and design of the system resulted in this final model of how this bio-solar 

cell system is thought to work. 

As light struck the thylakoids, PSII generates an electron. The electron is transferred to PQ or 

PSI. This electron can then be extracted by PEDOT-S. The presence of PEDOT-S inside the 

membrane allows it to be in direct contact with PQ or PSI. The electron is transferred out of 

the membrane, most probably to the electrolyte: NaCl and AQ-S, where either of these 

species can absorb the electron. Finally the electron reaches the gold surface. The electron 

generates a current causing AQ-S to be reduced at the PEDOT:PSS electrode and can carry 

the electron back to the gold surface where AHQ-S is oxidized. Model of the system is 

presented in Figure 5.3.       

  

Figure 5.3 Model for current regeneration in the thylakoid 

based bio-solar cell. Light struck the thylakoid membrane, an 

electron is freed and transferred via PEDOT:S to the electrolyte 

thus generating a photocurrent.  
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5.4 RESULTS: THE BIO-SOLAR CELL 

Three bio-solar cells were created according to the bio-solar cell protocol described in section 

5.2. All bio-solar cells were light sensitive according to a first simple performance test with a 

light source. Therefore, all bio-solar cells were analyzed further to verify their reliability and 

performance. Four different tests were conducted, where the ability of the bio-solar cells to 

generate current and voltage as well as the light dependency and the quantum efficiency of the 

bio-solar cells were analyzed. 

5.5 GENERATING A CURRENT 

Current measurements were done for the bio-solar cells. At time 0 the light was switched on, 

and the current in the system was recorded during 30 minutes.  

Results  

At time zero the current is positive, indicating that the bio-solar cells use electrical energy 

without a light source. As the light is switched on, all bio-solar cells will in time give negative 

current readings, i.e. generate currents, Figure 5.4. However, the data from all the bio-solar 

cells indicates a lag phase. This indicates that a biological process takes place that requires 

time to adjust to the new environment. This lag phase ranges from 80-300 s.  

 

 

 Figure 5.4 Current measured for 30 min under illumination for bio-solar cell 1,2 & 3. 

Negative current corresponds to generated current 
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Final current values of the bio-solar cells are presented in Table 5.2. 

 

 

Bio-solar cell Imax (uA) 

1 -0,71 

2 -0,39 

3 -0,05 

Table 5.2 Bio-solar cell 1 generates 0.71 µA after 30min, bio-solar cell 2 generates 0.39 µA 

after 30 min & bio-solar cell 3 generates 0.05 µA after 30min.  

5.6 LIGHT DEPENDENCY 

Next, the bio-solar cells were evaluated based on their light dependency. Only cell 1 and 2 

were evaluated based on this ability since cell 3 generated a very small current, limiting the 

ability to detect quick changes.  

Light dependency is measured by recording the difference in current while repeatedly turning 

the light on and off. This experiment was conducted directly following previous current over 

time experiment.  

Results 

Figure 5.5 shows the light dependency of bio-solar cell 1. At time-point zero, the light source 

is on and the system generates a photocurrent of -0.71 µA. When the lamp is switched off 

(marked by first arrow) the current instantly starts decreasing and when the lamp is switched 

on again the current is recovered. The time until complete recovery of the photocurrent at the 

start of this experiment was not studied. However, extrapolating the second phase of the 

Figure 5.5 Light dependency for bio-solar cell 1 where the first arrow indicates where the light has been turned 

off and the second arrow where the light has been turned on. 
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current recovery as the lamp is switched on indicates that it will take several minutes to 

completely recover the current amplitude.  

The same test was made for bio-solar cell 2. Here, the same behavior is noted, although the 

photocurrent at time point zero is -0.3 µA, Figure 5.6. Also, the recovery is faster, 

approximately 80 s compared to several minutes.  

5.7 GENERATING CURRENT THROUGH APPLIED VOLTAGE   

The bio-solar cells were also tested on their ability to generate a current from an applied 

voltage. Also here only bio-solar cell 1 and 2 were analyzed. The current was measured as the 

applied voltage was changed from -200 to +300 mV. The potential of the system corresponds 

to the voltage at which the current equals zero. Also, the current at Voc can be determined by 

this method.  

This type of experiment typically generates a diagram of voltage on the x-axis and current on 

the y-axis. A system where the line that specifies the performance of the system crosses the 

fourth quadrant requires an applied current, while a system that crosses the second quadrant 

generates current. The system performance in the graphs for bio-solar cell 1 as well as bio-

solar cell 2 shows clearly separated lines comparing the systems under conditions with and 

without illumination. During illumination, the bio-solar cells generate current and without 

illumination an applied current is needed in both systems Figure 5.7 and 5.8. These bio-solar 

cells generate low but consistent current during illuminated conditions, precise numbers are 

given in Table 5.3. 

 

Figure 5.6 Light dependency for bio-solar cell 2 where the first arrow indicates where the light has been turned 

off and the second arrow where the light has been turned on. 
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Figure 5.8 current over voltage for bio-solar cell 2. Dashed line is the performance in 

dark where current can be recorded and the solid line is the performance under light 

where current has been generated. 

 

Figure 5.7 current over voltage for bio-solar cell 1. Dashed line is the performance in 

dark where no current can be recorded and the solid line is the performance under 

light where current has been generated. 
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Bio-solar cell I (uA) U (mV) η (%) 

1 light -0,54 180 5.83*10^-5  

1 dark 0,02 -15   

2 light -0,33 144 3.11*10^-5 

2 dark 0,12 -101   

Table 5.3 The current, potential and efficiency created from the two bio-solar cells under 

illumination and in dark 

Discussion 

Interestingly, the potential and current that these bio-solar cells can generate is increased 

when exposed to sunlight compared to the solar simulator. Bio-solar cell 1 reached a potential 

of 275 mV, Figure 9.1, and a current of 1.2 µA, which is 1.5 and 1.7 times more compared to 

illumination using the solar simulator. This indicates that the bio-solar cells absorb more 

photons from sunlight compared to light from the solar simulator.  

5.8 QUANTUM EFFICIENCY VERSUS CHLOROPHYLL ABSORPTION 

Following the interesting result that sun light more effectively can induce potential and 

current in the solar cells compared to the solar simulator, it was also interesting to investigate 

what specific wavelengths are capable of activating the bio-solar cells. To study the 

dependency of wavelength on system efficiency, a beam of monochromatic light (light 

consisting of photons of one specific wavelength only) where the wavelength is changing over 

time was used. In this setup, the quantum efficiency (QE) of the system corresponds to the 

electrons produced divided by photons sent out by the instrument.  

The generated QE curves can then be compared to the absorption of chlorophyll a & b. If 

these curves match this indicates that it indeed is the thylakoids, or at least the chlorophyll 

within the bio-solar cell, that are responsible for generating the current.  

Results bio-solar cell 1 

The filled grey area corresponds to the absorption spectra of chlorophyll for light of 

wavelength 400-800 nm, Figure 6.7. The filled black area corresponds to the QE of bio-solar 

cell 1. As can be seen in the graph there is a rather good overlap between the QE and 

chlorophyll absorption. The shown data is the average of two repeated measurement series. 
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The additional peaks in this QE spectrum are expected, and arise from pigments in the 

thylakoid membrane such as beta-carotenes, which also absorb light.  

5.9  HEAT SENSITIVITY 

A heat source increases the carrier mobility and may be an energy source for the bio-solar cell 

system. The QE spectrum in Figure 5.9 shows little or no QE in the IR region 700-800 nm. 

This indicates that heat cannot generate current in the bio-solar cells. To verify this, the bio-

solar cell was placed on a heating plate, in darkness, and the current was measured. As 

expected, no current was generated.  

Figure 5.9 Quantum efficiency for 

bio-solar cell 1, black solid, versus 

chlorophyll absorption, grey 

dashed. The QE measurement for 

the bio-solar cell corresponds well 

with the absorption of chlorophyll. 
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6 DISCUSSION AND FUTURE ASPECTS 

 
Although the solar cells developed within this project are functional, some more validation 

should be done.  

To shut down the electron transport chain with DCMU (toxic) would be a very good 

validation. This experiment was planned; however, the time was not enough to perform this 

experiment. But as said in the conclusions, the bio-solar cells using toxic redox couples (Fe
3+ 

and I
3-

) did not generate any current. 

Furthermore, additional bio-solar cells should be fabricated to verify the reproducibility.  

The concentrations of the compounds could both be determined and also optimized.  

Spectral absorption of the wetware in the bio-solar cell could be investigated as this could 

give a better understanding of the compounds interactions. 

To incorporate the thylakoids in a electrolyte gel matrices could prove to be beneficial in 

current regeneration.  

To optimize the bio-solar cell further cheaper material instead of gold could be used, such as 

having two PEDOT:PSS films.  

This project has nowhere in the conducted experiments actually proven what compound in the 

thylakoid membrane generating the current. It is still unclear if it is PSII, PQ, PSI or even 

chlorophyll that is the current generator. 

An interesting experiment would be to use intact cells. If these would generate current this 

could become a sustainable bio-solar cell for a longer period of time.  
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7 CONCLUSIONS 

These first investigations into the possibility of creating a bio-solar cell system based on the 

incorporation of the electro conductive polymer PEDOT-S in thylakoids strongly indicates 

that such system works. The development of this proof-of-concept system was done in several 

steps. 

The first step involved the incorporation of PEDOT-S in the thylakoid membrane of plant 

cells, in this case spinach cells. PEDOT-S was shown to be possible to encapsulate in oleic 

acid, a major component of cellular membranes. Also, PEDOT-S was capable of quenching 

emission by the photo-active molecule DPH inside liposomes. Lastly, a hydrophobic 

environment, causing aggregation of PEDOT-S, lead to loss of conductivity. These 

experiments in combination strongly indicate that PEDOT-S could successfully be 

incorporated in the thylakoid membrane using a specified protocol 9.2.2. 

During the bio-solar cell development process, it was found that an electrolyte is required for 

the system to function. Also, the electrolyte must be bio-compatible, ensuring the integrity 

and viability of the thylakoids. The experiments showed that while a solar cell using the toxic 

redox couple of Fe
3+ 

and I
3-

 did not work, the bio-compatible electrolyte NaCl and AQ-S did. 

The matching spectra of bio-solar cell 1 and absorption spectra for chlorophyll suggest that 

the chlorophyll in the thylakoid membranes is the most prominent current generator. 

The fact that the final bio-solar cells can be used to measure current and potential in the solar 

simulator and outside in the sun is strong indicators of a functional bio-solar cell concluding 

that: 

 

A novel reproducible bio-solar cell based on Thylakoids and an electro 

conductive polymer in a redox electrolyte have been created. The best efficiency 

observed was 5.83*10^-5 %. This fulfills the aim of this project.  
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With these words I thank you for reading my report. I hope you have found it interesting. 
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9 APPENDIX 

9.1 MATERIAL PROPERTIES 

Material Molecular formula Molar mass CMC λex λem λmax(dedoped) λmax(doped) 

Oleic acid C18H34O2 282.46 g/mol  6.0 µmol/L         

PEDOT-S C11H12S2O6 315.00 g/mol       485 nm  400-800 nm 

DPH  C18H16 232.30 g/mol    350 nm 452 nm     

Chl a C55H72O5N4Mg         430 and 662 nm   

Chl b C55H70O6N4Mg         453 and 642 nm    

DCM C19H17N3 303.37g/mol   481 nm 644 nm      

Nile red C20H18N2O2 318.37 g/mol   550 nm  650 nm      

AQ-S C14H7NaO5S 310.26 g/mol         450 nm 

Table 9.1 Material properties table 

9.2 EXPERIMENT PROTOCOLS 

9.2.1 ENCAPSULATION OF PEDOT-S IN OLEIC ACID 

Equipment: Vortex, PEDOT-S, DMSO, oleic acid, water. 

Test 1: 1 ml oleic acid was vortexed with 5 mg PEDOT-S 

Test 2: 1: 200 µl DMSO stirred together  with 5 mg PEDOT-S. This was then vortexed 

together with 1 ml oleic acid. 

Test 3: 0.5 ml of Test 2 vortexed with 2 ml water.    

9.2.2 OLEIC ACID LIPOSOMES FOR PEDOT-S INCORPORATION. 

Equipment: Vortex, oleic acid, NAOH, HCl, water, DCM, DPH, Nile Red, fluorescence 

microscopy. 

1. Add NaOH to milliQ water adjust to pH 10 

2. Add oleic acid 

3. Add HCl adjust to pH 7.4 

4. Mix the solution thorough 

4. Add membrane probe (DCM, DPH, Nile red) 
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5. Add PEDOT-S 

6. Mix the solution thoroughly 

9.2.3 EMISSION QUENCHING OF DPH WITH PEDOT-S 

Equipment: Vortex, spectrofluorometer, cuvettes, PEDOT-S DMSO solution c= [100mg/L], 

DPH-OH liposomes solution, pipettes 1ml and 0-200 µl.  

1. Dilute DPH-oleic acid liposomes to concentration of 10 µl DPH-oleic acid/ml water. 

Vortex the solution. 

2. Remove 2 ml and add it to the first cuvette. 

3. Add PEDOT-S DMSO solution to get the concentration of 0.5 mg/L. Vortex the solution. 

4. Remove 2 ml of the solution and add them to the second cuvette 

Repeat step 3-4 increasing the concentration of PEDOT-S to 1, 1.5, 2, 2.5, 3 and 3.5 mg/L. 

Analyze in spectrofluorometer at 452 nm. 

9.2.4 THYLAKOID ISOLATION BUFFER 

0.5 M Tricine stock solution: 

Mix 8.96 grams of Tricine into 90 ml of deionized water. Adjust the pH to 7.5. Bring final 

volume to 100 ml. Store at 4
o
C. 

1. Thylakoid isolation buffer, pH 7.4-7.5 in deionized water: 

50 mM Tricine, 400 mM Sucrose, 50mM NaCl 

Store in 200ml aliquots in foil wrapped bottles at 4
o
C. 

9.2.5 THYLAKOID PREPARATION 

1. Wash 16 fresh spinach leaves in tap water and pat dry with paper towels. 

2. Tear the leaves into small pieces (>4 cm per side) and place the pieces in chilled (4
o
C) jar 

of a kitchen blender. Pour 200 ml of cold thylakoid isolation buffer, containing 0.4 grams of 

sodium ascorbate, on top of the leaves. 
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3. Homogenize the leaves at low speed for 10 sec until all the large leaf fragments are in a 

slurry. Then, homogenize the slurry at high speed for 20 sec. 

4. Filter the homogenate through 8 layers of cheese cloth into a 400ml beaker. Place the 

collected filtrate in large centrifuge bottles that can be used in high capacity refrigerated 

centrifuge (IEC CU5000) 

5. Spin the filtrate for 2 min at 1000 rpm (1200xG). Collect the supernatant, and place it in 

clean centrifuge bottles. Discard the pellet. 

6. Spin the supernatant at 2100 rpm (2500xG) for 10 min. Discard the supernatant. Resuspend 

the pellet in about 5 mls of cold thylakoid isolation buffer (without sodium ascorbate). Add 

what remains of the 200 ml of thylakoid suspension buffer to the suspension. 

7. Spin the suspension at 1500 rpm (1800xG) for one and a half minutes. Collect the 

supernatant, and place in clean centrifuge bottles. Discard the pellet. 

8. Spin the supernatant at 21000 rpm (2500xG) for 10 min. Discard the supernatant. 

Resuspend the pellet in about 2 ml of cold thylakoid isolation buffer. 

9. Dilute a 20ul sample of the final thylakoid suspension in 2 ml of 80% acetone. Filter the 

solution through Whatman #4 (20-25 um) filter paper. Place the filtered solution in a cuvette. 

Use a cuvette filled with 80% acetone as blank. Determine the absorbance of the green 

solution at 663 nm and at 645 nm. The concentration of chlorophyll in the original suspension 

is calculated from the following equation, where the dilution factor is 100 (2.0 ml/0.020 ml):  

mg chl/ml ((A663)(0.00802)+(A645)(0.0202))x dilution factor. 

9.2.6 FLUORESCENCE OF THYLAKOIDS  

1. 5 µl thylakoid suspension was placed on a glass slide. 

2. 5 µl thylakoid suspension incubated with Nile red in DMSO was placed on a glass slide. 
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9.2.7 POTENTIAL UNDER SOLAR RADIATION 

 

Figure 9.1 Bio-solar cell 1 under real solar radiation 

9.2.8 POWER CONVERSION 

The bio-solar cells power conversion has been calculated according to: 

              where Pin = 1000 W/m
2 

Pout1 = 0.180 V* 7.1*10^-7 A/0.5 cm
2 

= 0.002556 W/m
2
 

Pout2 = 0.144 V* 3.9*10^-7 A/0.5 cm
2
 = 0.001123 W/m

2 

ɳ1 = 0.002556 W/m
2
 /1000 W/m

2
 => 0.0002556 % efficiency for bio-solar cell 1 

ɳ2 = 0.001123 W/m
2
 /1000 W/m

2
 => 0.0001123 % efficiency for bio-solar cell 2 

There is also another factor taken into account when calculating the efficiency, the fill factor 

(FF), which is often used in solar cell context. The FF is calculated while doing the current 

over voltage measurement. 

FF1 = 0.228 

FF2 = 0.277 

Final efficiency for the two bio-solar cells: 
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ɳ1 = 0.0002556 % * 0.228 = 5.83*10^-5 % efficiency for bio-solar cell 1 

ɳ2 = 0.0001123 % *0.277 = 3.11*10^-5 % efficiency for bio-solar cell 2 

ɳ1 = 5.83*10^-5 % 

ɳ2 = 3.11*10^-5 % 

 

 

 

 

 


