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ABSTRACT 
___________________________________________________________________________ 

Conjugated polyelectrolytes (CP) show interesting electrical and optical 
properties for organic electronics as well as for life science applications. Their 
possibilities of supramolecular assembly with nanowire like misfolded proteins, 
amyloids, as well as synthetic polypeptides or DNA forming conducting or 
luminescent nano composites is highly interesting as being a truly bottom up 
approach for fabrication of OLEDs, photovoltaic’s as well as logic devices. The 
conformation and aggregation dependent luminescence properties from the 
special class of CPs, Luminescent conjugated polyelectrolytes (LCP), have been 
utilised and developed as sensors to follow and study biomolecular interactions, 
DNA hybridisation, protein-protein interactions and staining of living cell 
cultures and tissue slides. In this thesis we are bringing the evolution a few steps 
further by applying new types of experimental techniques, such as light 
scattering and fluorescence correlation spectroscopy, combined with standard 
techniques as soft lithography and different spectroscopy techniques, to gain 
better knowledge of the optical behaviour of LCPs and their interactions with 
biomolecules. We explore the optical properties and vibronic transitions of 
LCPs; their ability of resonance energy transfer with LCPs indicating super 
lightning behaviour; the opposite fluorescence shift when interacting with α-
helical rich polypeptides compared to earlier reports of interactions upon 
staining of β-rich amyloids; and the possibility of LCPs to influence protein 
aggregation as well as the possibility of fabricating biochips based on LCPs and 
soft lithography. Here we also show fundamental limitations to patterning using 
macromolecular fluids, of general relevance to soft lithography and nanoimprint 
lithography with low viscosity polymers. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
___________________________________________________________________________ 

Den snabba tekniska utvecklingen under de senaste årtiondena har drivit fram ett behov av att 
ständigt minska storleken på olika komponenter. En av de stora drivkrafterna har varit 
mikroelektronikindustrin. Genom att halvera storleken på t.ex. minneskretsarna så ryms 
ungefär dubbelt så mycket minne på samma yta. Inom mikroelektronikindustrin kan man idag 
producera komponenter med dimensioner ner till ungefär 50 nanometer. I stort sett alla 
tillverkningsprocesser idag följer en princip som kallas ”top down”. Detta innebär att man 
utgår från ett ämne som bearbetas till önskad form och storlek. Med hjälp av så kallade 
kraftmikroskop har forskare idag lyckats flytta enskilda molekyler på en yta för att skapa ett 
önskat mönster. Men det är tekniker som kräver komplicerad apparatur, extremt ren miljö och 
ultralågt vakuum. Därmed blir också processkostnaderna mycket omfattande och det blir inte 
billigare med minskad storlek. En alternativ metod som förespråkas idag är den så kallade 
”bottom up”-metoden där man börjar med de minsta byggstenarna. Molekyler som genom så 
kallad självmontering på egen väg fogar ihop sig till olika strukturer. På samma sätt som 
temperaturen avgör vilken form snöflingorna får när de skapas, kan man genom att 
kontrollera miljön som processen sker i, påverka molekylernas slutgiltiga struktur. Det är med 
andra ord naturens egen metod för att bygga både enkla eller mer komplicerade strukturer och 
organismer som används. Många forskare anser idag att detta är den bästa eller kanske rentav 
den enda möjliga metoden för att kunna fortsätta miniatyrisera till rimliga kostnader. Därför 
är det mycket lockande att försöka efterlikna naturens metoder.  

DNA och proteiner är så kallade biomolekyler med särskilt intressanta egenskaper för 
självmontering. DNA har formen av en mycket tunn tråd som kan bli mycket lång. Genom att 
designa DNA på ett smart sätt har forskare visat att det går att skapa mycket små, ca 10 nm, 
och komplicerade strukturer genom självmontering. Proteiner är också i nanometerskalan och 
vissa typer - t.ex. antikroppar - kan selektera, känna igen och binda mycket specifikt till 
partiklar i en stor blandning av olika molekyler. Denna egenskap kan användas för att 
adressera interaktioner till specifika punkter, eller för att skapa organisation i ett material. 
Men för att självmontering av biomolekyler skall bli riktigt intressant krävs ofta ytterligare 
egenskaper som t.ex. magnetism, ledningsförmåga eller fluorescens. En ny speciell typ av 
plastmaterial, så kallade konjugerade organiska polymerer, har visat sig besitta flera av dessa 
intressanta egenskaper. Under rätt förutsättningar kan dessa polymerer leda ström och de har 
också optiska egenskaper som gör dem till mycket intressanta material för tillämpningar som 
solceller eller t.ex. LED-lampor. Men de har också visat sig självassociera med, och binda till, 
både DNA och proteiner, särskilt till felveckade proteiner så kallade amyloider. När 
polymerer binder till dessa amyloider förändras deras färg kraftigt, beroende på hur de packas, 
vrids eller böjs och det är lätt att urskilja prover som innehåller amyloider från prover som 

 VII

7



 

inte gör det, eller att följa olika typer av bioreaktioner. Amyloider tros vara en av orsakerna 
till en rad olika proteinrelaterade sjukdomar som Alzheimers, Parkinsons, diabetes eller galna 
kosjukan. Därför är det mycket viktigt att utveckla metoder för att tidigt kunna upptäcka och 
diagnostisera amyloider. I denna avhandling har vi tillämpat nya metoder för att undersöka 
ursprunget till interaktionen mellan polymererna och biomolekyler och hur de optiska 
egenskaperna påverkas. Syftet med detta har varit att designa nya polymerer med förfinade 
egenskaper och för att vi ska lära oss mer om processerna bakom associationen. Under 
projektets gång har vi fått indikationer på möjligheten att skilja bio-nanotrådar, uppbyggda 
med olika struktur från varandra genom en specifik polymers färgskiften. Vi har visat hur 
både fluorescenta och ledande nanotrådar kan konstrueras genom självmontering mellan 
polymerer och olika biomolekyler, och hur förändringar i de optiska egenskaperna kan 
relateras till särskilda packnings- och separationstillstånd. Indikationer på att en nyligen 
tillverkad polymer till stor andel ofta befinner sig i ett mörkt icke-fluorescerande, så kallat 
tripplet tillstånd, och hur detta tillstånd kan manipuleras har undersökts. Resultaten kan delvis 
förklara orsaken till dess ovanliga beteende vid interaktion med amyloider, både i provröret 
men också direkt i celler. Vidare observerat vi hur denna polymer kan påverka de tidiga 
stadierna av amyloid byggnad, vilket är av mycket stort intresse inte bara för medicinska 
tillämpningar utan också med avseende på självmontering, då amyloider formar långa 
nanotrådar. Att kunna styra tillväxten på flera sätt är mycket intressant. Vi har också utvecklat 
metoder för att med hjälp av dessa fluorescerande polymerer konstruera enkla chip för protein 
och DNA-analys, något som genomförts med. mjuk litografi där också fundamentalgränser 
för denna mönstrings teknik uppmärksammas.  
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FÖRORD OCH TACK 
___________________________________________________________________________ 

Att jobba som doktorand är mycket speciellt. Under mitt introduktionsmöte i forskarskolan 
Forum Scientium beskrev Stefan Klingström hur livet som doktorand skulle komma att 
pendla, från att jag skulle känna mig sig bäst i världen till värdelös kämpandes i ”ekluten” och 
det skulle vara mycket tungt. Men efter ett tag skulle framgången komma, fick jag också en 
artikel publicerad per år så vore det bra. Jag kunde inte då tro att han skulle ha så rätt. Pendla, 
ja det har de verkligen gjort. Van vid att alltid jobba i grupp tillsammans med andra såväl i 
medgång som i motgång kunde jag aldrig föreställa mig hur det skulle vara att doktorera. 
Många långa perioder i väntan och motgång, stundtals mycket ensamt men så händer det. Ett 
litet lyckat försök, eller något oväntat, en ide som funkar. Då kommer det, en euforisk lycka 
det är den man strävar efter. Tre och ett halvt år tog det att få första manuskriptet accepterat, 
men sedan har det rullat på och nu är avhandlingen klar, bara också framläggningen går bra så 
är det klart. Men det kunde ha slutat mycket annorlunda om det inte vore alla vänner och 
medarbetar som stötta mig under de gångna åren, framförallt, Sophia, Fredrik, Karin och 
Louise mina ex-arbetar. Med er har jag haft mycket glädje, skratt och fått inspiration. Flera av 
artiklarna i denna avhandling har ni bidragit stort till. Det har varit ett nöje att handleda och 
samarbeta med er och jag önskar er all lycka och välgång. Sophia, du var den första som 
fick utstå morrongänget i gummilabbet men visst var de kul att ta sig igenom ekluten! 
Fredrik, de var kämpigt men du gav dig inte och tillslut kunde vi publicera. Louise, du dök 
upp med Steven testade lite idéer, riktigt lyckade resultat, synd bara att S:t Jude segar! 
Karin, jag säger bara LCP vesiklar glöm aldrig det :-), när det var som tuffast började du, ett 
litet ex-jobb göörcoola resultat, och så lägligt dök det upp ett projektarbetet med Bertil och 
Jon, som också är värda stort tack för att jag fått förmånen att lära känna och jobba med er. 
Det har varit det absolut roligaste projektet, vi har testat så många instrument, tekniker och 
metoder. Karin du har verkligen vuxit och nu behövs jag inte längre, det är nog som när 
barnen flyttar ut. Till er alla och andra som är i början av er doktorandtid, eller ni som harvar 
runt i tröstlös förvirring vill jag säga håll ut det vänder. Samarbeta, det är nyckeln till 
framgång allt går så mycket snabbare, men framför allt det blir så mycket roligare då!!! 

Men det finns fler som betytt mycket för mig. Anna, du har alltid ställtupp och 
kommit med bra idéer, förklarat, lyssnat och hjälpt mig i labbet. Men framför allt är du en god 
vän och medgrundare av kaffeklubben. Per, grundare av de godas gäng, du var en doldis i 
början. Men när jag lärde känna dig fann jag en outtömlig källa av goda idéer och bra 
kommentarer. Ditt kritiska öga har varit mycket värdefullt. Titta i författarlistan, så framgår 
det tydligt hur stort ditt bidrag till denna avhandling är, bara Olle förekommer oftare. 
Mahiar, perserkatten, att samarbeta med dig är som att samarbeta med en virvelvind. Lär 
man sig bara hur den fungera kan den flytta berg, flera manuskript har det blivit och kul har vi 
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haft. Maria Asplund, min första rumskamrat, det var skönt när du flyttade in och fyllde en 
liten del av mitt stora tomma kontor och det var alltid en välkommen ventil i arbetsdagen när 
du var i Linköping. Men vi måste snart ha en ny rumspilsner.  

En särskild plats i dessa tackord har kemisterna, Roger, Andreas Å och Peter N och 
förmodligen några till som jag inte träffat, utan er skulle inte material funnits att jobba med. 
Tålmodiga har ni också varit med alla mina frågor. Att knalla över till era borde jag ha gjort 
oftare. Roger utan dig skulle jag inte fått chansen att testa QCM-D, riktigt kul! Timmy för 
den hemliga burken! Daniel K oj oj oj sicken snygge gel, tack för att du stått ut med mig i 
ditt labb, du har varit en stor inspirations och idékälla.  

Andra som jag har att tacka, Gustav efter alla långa timmar i ditt mörka labb, har vi 
äntligen fått ihop inte bara ett utan två manuskript, och bra blev de också. Lill-Olle, jag 
tänkte jag skulle använda din Latexmall men, ja, de blev inte så. Tack också för all 
korrekturläsning och de grymma mätningarna, de var göör kul! Daniel A, de har varit en 
fröjd att jobba med dig, inte varje sistaförfattare som redigera bilder och formaterar 
manuskript. Tack också för att du tog dig tid att kommentera mina texter. Ana, Shirin Ola 
stamceller är coolt att få bidra med en liten del i er forskning var mycket inspirerande. 
Kaffeklubben för revolutionen mot automatväldet, upp till kamp! Och för alla trevliga 
morgnar ni är alltid välkomna till altanen i Klåva. Kristoffer vår resa till Zürich var en bra 
kick off, du har alltid haft bra svar och kommentarer på alla mina frågor. Stefan K, du vet 
säkert om hur mycket du betyder för oss doktorander, jag tror inte att våra handledare har 
förstått vilken viktig funktion du fyller. Du finns alltid där för att rådfråga om allt mellan 
himmel och jord, du har de egenskaper som verkligen behövs i en forskarskola men som ofta 
saknas.  

Och så Olle förstås, för att du anställde mig, en göteborgare med halvtaskiga betyg som 
inte gillar mattematik. Vi har haft upp och nedgångar men under de senaste åren har de bara 
varit uppför, riktigt roligt, tänk att gamla hundar kan lära sig sitta. 

I och utanför universitetet finns det fler alla kan inte omnämnas men, Staffan, Daniel 
och Kicki jag undra om ni förstår hur mycket det har betytt för mig att fika och luncha med er 
i verkstaden under min skrivperiod, jag skulle aldrig ha blivit klar utan er som lufthål. Björn 
Åkerman och Pär Sandström ni väckte min slumrande lust för forskning och min nyfikenhet 
för biomolekyler, det var starten på hela denna avhandling. Ingemar Gyldén du övertalade 
mig att söka tjänsten, annars kanske jag fortfarande skulle ha dansat runt väst på Vinga i 
kuling och storm. Morsan, farsan för att ni alltid ställer upp!  

Liselotte och Maja nu skall vi ta igen den inarbetade tiden, Göta Kanal och sedan blir de 
segling av, innan 2:an kommer!!  

    Simma lugnt,  
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Introduction 
___________________________________________________________________ 

 
 
 
 

CHAPTER 1 
Introduction 

___________________________________________________________________________ 

During the last decades of digital electronics and biotechnology revolutions has the need for 
new materials, or new ways of using already existing materials increased at an enormous rate. 
In the effort towards miniaturisation of functions, traditional disciplinary borders have started 
to melt and interdisciplinary knowledge has again developed to one of the more captivating 
areas of research and development. The microelectronics business continue to finance 
research and development projects with billions of dollars to further develop CMOS 
technology beyond the 45-nm technical node[1] or for fabrication of three dimensional 
architecture in the micrometer regime, structuring capabilities that nature created billion of 
years ago.[2] Therefore one of the most tantalizing ways of solving today’s and future 
technology challenges, is to take advantage of what natural systems are capable to do, and 
adding desired functionalities such as conductivity, computation, magnetism, or functions 
such as energy production, storage and conversion etc.[3-4] That is what Biomolecular and 
Organic Electronics is all about. And maybe this thesis is one small step on this road. 

The natural systems are awesome, think about the creation of life, a truly bottom up 
approach of construction. A creature is grown from small organic molecules joined together 
brick by brick; forming the organelles- cells- organs and so forth into a fantastic and 
complicated three dimensional organism. Therefore learning more about how the individual 
small steps along this formation are executed, will not just bring us closer to the mystery of 
life and increase our knowledge in biology and medicine. It will also be a possible route of 
three dimensional nano fabrication[3] and maybe the only feasible one. To enable bottom up 
fabrication, research and development of self-assembling processes is vital. But we also need 
to develop new biocompatible materials with suitable functionalities and in the proper size 
range. One group of materials having promising properties are conjugated polymers (CP). The 
polymer chain is a nano sized object and is capable of forming supramolecular structures 
through self-assembling processes with biomolecules.[5] This has opened routes to fabrication 
of conducting and luminescent nanowires based on DNA, misfolded proteins and polypeptide 
nano fibres.[6-7] The biomolecule may help in organising structures,[8-9] or being the scaffold 
for assembling functional device,[6-7, 10-11] to increase efficiency or to amplify desired 
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properties. The conformation and aggregation dependent luminescence properties from the 
special subclass of conjugated polymers, Luminescent conjugated polyelectrolytes (LCP),[12-

13] have been utilised as sensors to follow and study biomolecular interactions such as DNA 
hybridisation, protein-protein interactions and staining of living cell cultures and tissue 
slides.[14-15] Certain classes of LCPs show high specificity for misfolded proteins,[16] which 
have been found, under certain circumstance, to assemble into aggregates forming proto-
filaments growing into nanowire like structures, called amyloids, enriched in deposits of all 
cell types. They are the pathological hallmark of Alzheimer’s disease and other dysfunctional 
protein related disease.[17] Developing methods for early diagnostics of, and even influencing 
formation of pre-amyloid assemblies, is of interest.  

 
The aim of this thesis has been to investigate the origin of interaction between 

biomolecules and CPs, the resulting optical properties, and also developing routes for 
patterning LCP based biochips as well as for nano fabrication of functional biomolecular 
based structures. By applying new experimental techniques, such as light scattering and 
fluorescence correlation spectroscopy, combined with standard techniques of soft lithography 
and spectroscopy, progress has been made. We explore the optical properties and vibronic 
transitions of LCPs; resonance energy transfer with LCPs indicating super lightning 
behaviour; the opposite fluorescence shift when interacting with α-helical rich polypeptides 
compared to earlier reports of interactions upon staining of β-rich amyloids; and the 
possibility of LCPs to influence protein aggregation. We explore the ability of CPs to 
associate with nano fibres of amyloids, DNA and polypeptides forming conducting or 
luminescent nanowires, as well as the possibility of fabricating biochips based on LCPs and 
soft lithography. Here we also show fundamental limitations to patterning using 
macromolecular fluids, of general relevance to soft lithography and nanoimprint lithography 
with low viscosity polymers. 

 

 2

16



Conjugated Polymers: Properties 
___________________________________________________________________ 

 
 
 

CHAPTER 2 
CONJUGATED POLYMERS: PROPERTIES  

___________________________________________________________________________ 

The chemical species of this thesis is a special class of organic polymers, the Conjugated 
polymers (CP). Organic denotes a carbon based molecule, in this work based on a thiophene 
ring (Figure 2.1a). Conjugated denotes alternating single and double bonds, a π-conjugated 
system, giving the molecule certain electrical- and optical properties, insulating to semi 
conducting in their un-doped state or even metallic conducting in their doped state. Poly 
denotes a repeating system of monomers linked together in a chain, the backbone of the 
polymer. If this chain is short the word oligo is more common; probably this would be 
preferable for the CPs in this thesis. However since the molecules here are well known in the 
literature as polymers or polyelectrolytes, despite their chain length of 5-25 monomers, we 
believe this is still the best nomenclature to use. A fraction of CPs is further denoted as 
Conjugated PolyElectrolytes (CPE). Electrolytes denote an ionic part of the monomer usually, 
the side- chain, influencing among other things the solubility of the polymer (Figure 2.1c). 
Thiophene based CPs is commonly not soluble in polar solvents. The ionic side chain makes 
these CPEs soluble in aqueous buffers, crucial if it is going to be used as bio sensor or 
incorporated into biological systems. 
 

 
Figure 2.1 Schematic drawing of; a) thiophene monomer, b) polythiophene in trans conformation, c) 
The CPE monomer of PTAA and d) a twist between two thiophenes breaks conjugation. 
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Carbon has four valence electrons in sp2-hybridized orbital state; three of them forming 
strong localized σ- bonds in the plane separated by 120 degrees; two of them linking the 
carbon atoms in the backbone together, the third binding the side group (Figure 2.2a). The 
fourth valence electron, the π-electron, forms a pz-orbital perpendicular to the plane with 
equal probability to be found above as well as below the plane of σ- bonds (Figure 2.2b). Two 
pz-orbitals of neighbouring carbon atoms form a π-bond, either bonding (π) or anti bonding 
(π*), the anti bonding level having a higher energy level compared to the bonding (Figure 
2.2c). This energy difference gives rise to the band gap of the CP (Figure 2.2c). The π*-orbital 
with higher energy level is denoted Lowest Unoccupied Molecular Orbit (LUMO), also the 
conduction band. The lower energy π-orbital is denoted Highest Occupied Molecular Orbit 
(HOMO) or the valence band. Optical and electrical properties of the CP are strongly related 
to the magnitude of the band gap. In contrast to σ- bonds are π-bond delocalised, the 
alternating single and double bond, and electrons are able to move a distance along the carbon 
chain. This distance, usually referred to as the conjugation length over which the π-electron 
are delocalised, consequently depends on the strength of overlapping pz-orbitals, and strongly 
affect the band gap. Decreasing the conjugation length leads to an increase in the band gap. 
Polythiophene rings are free to rotate around their connecting σ- bonds (torsion) and the π-
conjugation is disrupted with a torsion angle above 35-40 degrees (Figure 2.1d). A CP in cis- 
or trans- conformation, with a torsion angle of 0 respective 180 degrees, exhibits maximal 
conjugation length of the CP (Figure 2.1b). The side chains may induce steric hindrance as 
well as mediate interaction with the surrounding environment. They may lock the torsion 
angle forcing the CP to adopt a conformation influencing the conjugation length, hence the 
band gap, and consequently optical and electrical properties of the CP.  

 

 

Figure 2.2 Illustration of the sp2 hybrid orbital where the overlapping forms σ-bonds and b) the pZ 
orbital perpendicular relative the polymer chain overlapping form π-bonds. Reprint courtesy Anna 
Herland. c) Sketch of molecular orbital energy levels and the HOMO/LUMO band gap.  
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2.1 ELECTRICAL PROPERTIES 
CPs are usually poor semiconductors, or insulators. The conductivity of CPs can be increased 
by several orders of magnitude through doping, either by oxidation or reduction of the 
backbone. When (oxidizing) doping a non-degenerated CP, as the ones in this work, is the 
conjugated backbone distorted by removal of an electron from a double bond. The distorted 
backbone and the free charge together form a polaron, a quasi particle with a strong electron-
phonon coupling, increasing the HOMO/LUMO band gap but also associated with new 
energy levels within the band gap. The conductivity is facilitated both through charge 
transport along the CP chain and electron hopping between polymer chains. Increasing the 
doping level creates spin-less bi-polarons. Doping also affects optical properties of the CP, 
with new transition below bandgap followed by quenching of absorption above bandgap, in 
some cases hence becoming optical transparent.[18]   

One of the most well known and used doped CPs is poly(3,4-ethylenedioxythiophene) 
know as PEDOT, commercially available under the brand name CleviosTM from H.C Starck 
with a conductivity as high as 1000 S/cm,[19] and used in numerous applications in printed 
electronics, OLEDs and photovoltaic’s. It is lately also used in life science application as 
neural communication electrodes.[20-21] PEDOT is not water soluble, a drawback when used in 
biological applications, however by polymerisation in a dispersion containing the water 
soluble polyelectrolyte, poly(styrene sulfonic acid)(PSS), this could be solved and 
PEDOT:PSS (Figure 2.3a) is formed, however with less conductivity. Besides the 
processability of the PSS comes a number of unfavourable properties for nanofabrication and 
biological application such as; formation of large non-conductive grains in films, large 
micelle structures and acid pH. Therefore a PEDOT derivative, the fully water soluble 
PEDOT-S (Figure 2.2b), as an alternative, having similar conductivity properties as 
PEDOT:PSS was synthesised at the Organic chemistry group at Linköping University in 
collaboration with the Biomolecular and organic electronics group.[22-23]  

 

Figure 2.3 Chemical structures of a) PEDOT:PSS, with PEDOT on top and PSS below and b) 
PEDOT-S. Courtesy Roger Karlsson.  
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Indications of PEDOT- S being self-doped by the ionic sidegroup, making it a polyelectrolyte, 
is another interesting property of this material and it has been shown to assemble onto 
amyloid nano wires[11] which was not possible with PEDOT:PSS. In this work PEDOT-S 
have been further used to form conducting hybrid nanomaterial with synthetic polypeptides as 
scaffolds1 (Paper VIII).[7]  

2.2 OPTICAL PROPERTIES 
Light illuminating a CPE, with a photon energy larger than the band gap, can be absorbed by 
the CPE leading to excitation of an electron to a higher energy level, creating a bound 
electron-hole-pair, denoted an exciton. This is a transient state and the electron-hole-pair will 
recombine to the ground state rapidly. The recombination or relaxation could follow a number 
of different pathways, where some result in emission of a photon, either as fluorescence or 
phosphorescence, both combined in the term photoluminescence (PL). Because of a 
conformational rearrangement after the excitation of the CPE backbone, will the emitted 
photon have lower energy compared to that of the exciting photon. This red-shift is referred to 
as the Stokes shift (Figure 2.4b). A large Stokes shift, as CPEs usually exhibit, could be 
beneficial in optical sensors since the illuminating light could then be separated from the 
emitted light more easily, being of different wavelength.  

The excitation process starts with the CPE at the lowest electronic state, the singlet 
ground state (S0) (Figure 2.4a), The stretching of the C-C bonds and ring breathing of the 
thiophene cause discrete vibronic levels to occur (S0m).[24-25] The irradiating photon excites 
the CPE to the first excited state (S1m) vertically above the ground state in the femto second 
time regime[26-27], much faster than the nuclei could respond and rearrange, following the 
Franck-Condon principle. Excitation will occur to a number of vibronic states within the first 
excited singlet state. Excitation could also occur to the S2m state followed by rapid relaxation 
through internal conversion within 10-12 s to the S1m state.[27] If excitation occur in an 
isolated C=C bond will the π-electron be excited into the π*-orbital (anti-bonding) with an 
energy gap corresponding to UV light. If the C=C bond is part of a conjugated system and if 
the conjugation length is long enough will the π* ← π transition instead be found in the 
visible range. This is due to energy levels of the molecular orbital is closer compared to in the 
isolated system.[26] Non-radiative relaxation from the S1m state to the lowest vibronic level 
S10 appear through vibration-, translation-relaxation or other energy dissipation to 
surrounding molecules. From the S10 state, fluorescence emission could occur, typically to a 
higher vibronic level of the ground state S0m, followed by additional non-radiative decays to 
the lowest ground state S00. From this it follows that the emission spectrum often is a 
reflection of the absorption spectrum. Relaxation through fluorescence typical occurs within 
10-8 s,[27] which is also valid for CPEs[28] and other conjugated polymers.[29] An alternative 

                                                 
1 se chapter 4 for more details 
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decay route, from the S10 state, is through spin conversion into the triplet state (T1) (Figure 
2.4c) which occurs through non-radiative inter system crossing (Figure 2.4a). Transition back 
from the triplet state T1 to the singlet ground state S0 is quantum mechanically forbidden, 
decreasing the turnover rate drastically, increasing the lifetime with several orders of 
magnitude. However relaxation decay of the triplet is possible due to spin-orbit coupling 
breaking the selection rules and emission, very weak and strongly red-shifted, could then 
occur, denoted phosphorescence. Inter-system crossing is spin-orbit coupling dependent and 
therefore facilitated by heavy atoms, as potassium iodine or sulphur, increasing the spin-orbit 
coupling,[30-31] and hence increasing the triplet turn over rate, as used in Paper V.[13] The 
sulphur atom in the thiophene ring also increases the possibility of triplet states in thiophene 
based CPEs. However phosphorescence is less pronounced in well diluted dispersion, 
compared to in the solid state. Where energy transfer governed by diffusion is less efficient, 
the possibility for inter-system crossing increasing as it has time to occur when the excited 
state passes the intersection point.[26-27]  

 

Figure 2.4 a) Jablonski diagram illustrates some possible excitation and relaxation pathways from the 
singlet ground state S0 and first excited state S1 and the triplet state T (dashed lines represent non-
radiative relaxation). b) Sketch of absorption (black) and fluorescence (grey) spectrum of a 
fluorophore and the Stokes’ shift. c) Illustration of the He atom with its two electrons in the 1s2 ground 
state with paired spin resulting in net spin S = 0 a singlet, one electron in 2s excited state still with 
paired spin hence net spin S = 0 or with parallel spin S = 1 the triplet state.    
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2.3.1 QUENCHING 
“Fluorescence quenching refers to any process that decreases the fluorescence intensity of a 
sample”,[27] such as photo bleaching, photo oxidation or resonance energy transfer (RET). 
Usually quenching occurs as either static- or dynamic-quenching, also referred to as collision-
quenching, where the excited fluorophore returns to it ground state without emission of a 
photon. Collision quenching demands molecular contact between the quencher and the 
excited fluorophore, and is limited by diffusion. The life time of the excited fluorophore will 
be dependent on the quencher concentration. In static quenching a non-fluorescent complex is 
formed between the quencher and the fluorophore. After excitation the complex is returned to 
its ground state immediately through non-radiative pathways.  These two main quenching 
mechanisms are therefore affecting the optical spectra differently. Static quenchers will 
already influence the absorption process as a perturbation of the spectrum, while collision 
quenchers will just be observed as decrease in the emission spectrum.  

Quenching is described by the Stern-Volmer equation (2:1) whereas I0 and I are the 
fluorescence intensity in the absence or presence of the quencher with the concentration [Q].  

 

[ ]QK
I
I

SV+= 10    (2:1) 

The Stern-Volmer constant KSV depends on the quenching process where for static quenching 
KSV is equal to the association constant of the ground state complex formation. For collision 
quenching KSV = kqτ0 where τ0 is the fluorescence lifetime in absence of the quencher and kq is 
the quenching rate constant.[27] 

One well known quencher is oxygen. The mechanism commonly proposed, is oxygen 
increasing the probability of triplet conversion by forcing the molecule to intersystem 
crossing. This is commonly a problem when working with fluorophores, leading to 
diminishing fluorescence emission. Heavy atoms are also effective collision quenchers 
increasing the spin-orbit coupling; hence facilitate inter system crossings and triplet formation 
of the excited singlet.   

2.2.2 FLUORESCENCE RESONANCE ENERGY TRANSFER  
A special case of energy transfer is fluorescence resonance energy transfer (FRET) (Figure 
2.5) which was described by Theodor Förster in 1959.[32] Today FRET is frequently used and 
developed in a large number of bio-sensing applications, owing to its strong distance 
dependence.[33-34] FRET is a long range dipole-dipole energy transfer from an excited acceptor 
to a donor, not involving the exchange of a photon, observed as a quenched emission of the 
donor followed by increased emission of the acceptor in the sample fluorescent spectrum. The 
efficiency of FRET is described by the Förster rate equation, KFRET (2:2). Besides the 
molecular distance between acceptor and donor, the efficiency also depends on the spectral 
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overlap between the donor absorption spectrum and the emission spectrum of the acceptors, 
the quantum yield of the donor as well as the relative orientation of transition dipoles of the 
donor and acceptor which must be close to parallel. [27, 32, 34] 
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Where τD is the life time of the donor in absence of the acceptor, r is the donor- acceptor 
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With κ2 as the orientation factor between the donor and acceptors transition dipoles, ΦD the 
quantum yield of the donor in the absence of the acceptor, n the refractive index of the 
medium, N is Avogadro’s number and J the overlap integral. 
 

( )∫= λλλελ dFJ AD
4)(    (2:4) 

Where FD is the peak- normalized fluorescence spectrum of the donor, εA is the acceptors 
molar absorption coefficient and λ the wavelength. If the donor and acceptor are too close in 
distance, other interactions such as collision quenching[35-36] and or the Dexter mechanism[37], 
which demands orbital overlap, could occur in parallel with the Förster transfer complicating 
calculations (Figure 2.5). Therefore surfactants in the buffer could play an important role to 
optimize r. Also when CPEs are one part in a FRET system additional mechanism will be 
involved; the Förster point dipole approximations could be violated, leading to efficient 
electronic excitation transfer well beyond the Förster regime.[38] Creation of photo-induced 
charge transfer state, self absorption  and CPE aggregation (inter-chain interactions) have also 
been shown to play important role influencing the FRET efficiency.[39] 
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Figur 2.4 a) Example of FRET with tPOMT as the donor and Cy5 conjugated on single stranded DNA 
as acceptor. Fluorescence spectra of tPOMT( ) the peak at 560 nm decreases when in complex with  
DNA/Cy5 (□), and after hybridisation with a complementary DNA (○) seen as an increase of the Cy5 
peak (●) at 670 nm. b) (left) Illustration of FRET: the excited donor D* transferring, without 
exchanging a photon, its energy to the acceptor A which will be excited. (right) In the Dexter 
mechanism’s the excited electron of the D* is transferred to the acceptor which return a electron in its 
ground state, resulting in an excited acceptor A*. 
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CHAPTER 3 
LUMINESCENT CONJUGATED POLYELECTROLYTES: 

INTRINSIC PHOTO PHYSICAL PROPERTIES AND BIOSENSING ABILITY 
___________________________________________________________________________ 

Conjugated polyelectrolytes of the class in this thesis, that we chosen to denote Luminescent 
Conjugate Polyelectrolytes (LCP) have been around since the early 90th as a tool for 
indicating and sensing of chemical reactions or biomolecular interactions.[40] Today LCPs is 
being developed in a number of labs around the world, the groups of Timothy Swager (MIT, 
Cambridge USA), Mario Leclerc (University Laval, Quebec Canada) and Guillermo Bazan 
(University of California, Santa Barbara USA) being some of them.  

In close collaboration with the Organic chemistry group at Linköping University and 
Polymer technology at Chalmers Technical University, a large number of novel synthesized 
LCPs have been developed, based on the thiophene ring with attached ionic side group 
improving their aqueous solubility (Figure 3.1). The origin LCP was POWTT

                                                

2  followed by 
POMT

[41]

3,  and the third original, and still used is PTAA[42] 4. 
POWT with the attached amino acid side group, giving it zwitterionic properties (pI 

around 5.9) has been extensively investigated. Its optical properties have been shown to be 
highly environmentally dependent. Conformational changes and aggregation or separation 
behaviour are governed by pH and buffer systems inducing charges to the side chain,[43] as 
well as interactions with biomolecules forcing the CPE to adopt certain conformations. 
POWT has been used to follow DNA hybridisation,[44] calcium induced conformation change 
of calmodulin,[45] supramolecular assembly of synthetic peptides,[46] or antigen antibody 
interactions.[47] POWT have also been utilized as a luminescent probe, bound to stretched and 
aligned λ- DNA[48] or for staining of human fibroblasts.[49] 

 
2 poly(3-[(S)-5-amino-5-carboxyl-3-oxapentyl]-2, 5-thiophenylene hydrochloride), 
3 poly(3-[(S)-5-amino-5-methoxycarboxyl-3-oxapentyl]-2, 5-thiophenylene hydrochloride), 
4 polythiophene acetic acid 
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Figure 3.1 Chemical structures of the LCPs used at the Biomolecular and Organic Electronics group.  

Another highly interesting area of applications is staining and sensing of amyloid 
structures, where PTAA was initially used[16] leading to the development of the trimer based 
regio-regular version of POWT, the tPOWT (Figure 3.1).[50] Further tPOWT has been 
incorporated into amyloids creating a luminescent nanowire.[10] Trimers are built up of regio 
regular conjugated oligoelectrolytes, consisting of three thiophene rings with the two end 
rings carrying side groups. Today the tool-box consists of a set of novel designed LCPs, and 
probably additional number to me unknown LCPs, having different properties with respect to 
charge, polarity, chain length and chain length dispersion, increasing the possibility not just in 
application but also in possibilities to gain better knowledge of the origin of interactions and 
resulting optical behaviour. One of this thesis aims. 

3.1 AGGREGATION AND CONFORMATIONAL CHANGE INFLUENCING THE LCPS 
OPTICAL BEHAVIOUR 
LCPs commonly show broad absorption and emission spectra with shifts strongly associated 
to variations in their effective conjugation length and the coherence length of excited states 
distributed over LCP aggregates. But one should also bear in mind, that one contribution is 
also their polydispersity in chain length, which also determines their possible conjugation 
lengths and hence their luminescent properties, complicating the situation. Conformation 
changes due to twisting and bending of the polythiophene chain affect the effective 
conjugation length and intra-chain energy relaxation processes. Chain packing, aggregation 
and/or separation of chains affect inter-chain processes and the coherence length.[51-53] DNA 
has been used in a series of studies describing the non-covalent interaction of LCPs with 
biomolecules following the hybridisation both in solutions,[39, 44, 54-56] and on solid supports,[44, 

57-58] all of them using the chromic change as readout. Let us focus on POWT and the study by 
Nilsson (Figure 3.2).[44] The interaction with ssDNA results in a red-shifted and decreased 
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emission of the LCP. Addition of complementary DNA shifts the emission to the blue with 
dramatically increased intensity. In the first state the LCP is shown to adopt a planar 
conformation forming a duplex with the ssDNA. Electrostatic interaction between the charged 
side chains and the negative phosphate backbone of the ssDNA are suggested to mediate the 
interaction. There is also formation of hydrogen bonds between the bases to amino- and 
carboxyl-groups on the LCP, which in turn could induce aggregation of the duplexes. 
Addition of the complementary DNA strand force breakage of hydrogen bonds causing 
disruption of aggregates by hybridisation with the ssDNA, leading to formation of helical 
dsDNA, a triplet complex inducing chirality to the LCP and shortening the effective 
conjugation length, hence blue-shifting the emission and absorption spectrum. Ho et. al. 
points out the difficulty to determine whether the reported reduced intensity combined with 
the red-shifted fluorescence originate from isolated species or from aggregates of 
LCP/ssDNA duplexes. The blue-shift, after mixing with complementary ssDNA, possibly 
indicating the triplex to be more soluble compared to the duplex.[54] It is also known that 
polymer in a poor solvent, as the case with LCPs in water have a tendency to collapse into 
globular spheres. And if in a semi-diluted concentration, avalanche condensation of counter 
ions could induce phase separation into a concentrated phase and a super diluted phase.[59] 
Aggregation could also be induced in a good solvent mediated by polyvalent metal ions.[60] 
LCPs in an aqueous dispersion is truly a complex condition, and addition of biomolecules 
further complicate the situation. 

 

Figure 3.2 Illustration of POWT interacting with DNA in different state a)-c) and the corresponding 
emission response d). POWT alone in phosphate buffer a) (□), after mixing with ssDNA resulting in 
aggregation and adopting a rod shaped structure b), resulting in red-shifted decreased emission (◊). 
And after addition hybridisation of dsDNA c) separation and twisting of POWT chains resulting in 
increased blue shifted emission (▲). d) Reprinted by permission from Macmillan Publishers Ltd: 
Nature Materials[44], copyright © 2003. 
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3.1.2 H-AGGREGATION OF LCPS 
A planarization of the backbone will not only increase the conjugation length and red-shift 
spectra, [61-62] but also increase the probability for π-stacking, hence also for inter-chain 
energy relaxation result in quenched PL.[43, 63-65] π-stacked oligo and polythiophenes are well 
known to form H-type aggregates (Figure 3.3a),[6, 12, 24, 66-68] with a characteristic distribution 
of oscillator strength over possible vibronic transitions separated by ≈0.2 eV, originating in 
symmetric ring oscillations and stretching of the C-C bond.[25, 53] H-aggregates are packed 
along an axis passing through the centre of two thiophene chain possibly rotated relative to 
each other (Figure 3.3a). In a disorder free H-aggregate the 0-0 transition is due to symmetry 
not allowed, seen as an unusually low 0-0 to 0-1 ratio (Tr). By introducing disorder symmetry 
will be perturbed allowing the 0-0 transition (Figure 3.4a black line) as we show and discuss 
in Paper IV.[12] Vibronic transitions were assigned to the PL spectrum (Figure 3.4a), the 0-0 
(at 2.24 eV) transition is dominating the emission when the LCP is dissolved in ethanol as 
single chains. These transitions are totally absent in pure MES-buffer, as expected from a 
disorder free H-type aggregate, also observed with light scattering and circular dichroism 
(CD) measurements. However the suppressed 0-0 transition, of tPOMT associated to dsDNA, 
indicates that disorder has been introduced when disruption of the LCP aggregates occurs 
during association to dsDNA. tPTAA behaves in a similar way when interacting with the 
synthetic peptides in Paper VII.[6] In this situation is the 0-0 transition dominating the spectra 
for tPTAA free in buffer, and suppressed when the LCP is interacting with the polypeptide 
fibre (Figure 3.10), i.e. order is induced to the H-aggregates by interactions with the fibre, 
possibly as disruption of large loosely associated aggregates. This further indicates the LCP to 
remain in an H-aggregate state even if interacting with a biomolecule. This H-aggregate is 
however composed of just a few, possibly only two chains in a dimer structure, correlating 
well with calculations of the supramolecular size with DLS (Paper IV).[12] This treatment 
also is valid for the pentameric thiophene derivative p-FTAA5 in Paper V where peak shift 
and shoulders growing or diminishing in the PL spectra could be describe as formation or 
breakage of H-aggregates.[13] However the double peak (Figure 3.5) observed when p-FTAA 
interacts with pre-amyloid structures or fully matured amyloid fibres[28] do not possess a 
characteristic H-aggregation behaviour. The separation between the peak at 515 nm and 545 
nm is only 0.13 eV, meaning that neither a single chain, Frank-Condon progression explain 
the rise of this double peak, indicating a more complex situation.  

                                                 
5 4',3'''-Bis-carboxymethyl-[2,2';5',2'';5'',2''';5''',2'''']quinquethiophene-5,5''''-dicarboxylic acid 
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Figure 3.3 Sketch of p-FTAA in H-aggregate a) or J- aggregate formation b), the sulphur atoms are 
removed for clarity 

 

 

Figure 3.4 Emission from tPOMT interaction with a 20-base-pair (bp) double-stranded DNA (dsDNA) 
a) and corresponding hydrodynamic radius measured with DLS b). tPOMT in ethanol (dots), tPOMT 
in MES-buffer (solid gray), 20-bp dsDNA in MES-buffer (dashes) and tPOMT with 20-bp dsDNA in 
Mes-buffer (solid black). The fit to the fluorescence spectrum of tPOMT in MES buffer (thick gray 
solid line). The fitting curve is a sum of three bands assigned to vibration progression (filled 
Gaussians). The intensity of tPOMT in ethanol is scaled down three times Copyright © 2009 Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission from [12]. 

3.1.3 J-AGGREGATION OF LCPS 
Another highly interesting aggregate is the J-type, where the oligothiophene chains instead 
are associated parallel in a brickwork manner, with a molecular displacement along the chain 
axis (Figure 3.3b). J-aggregates have been reported to be strongly fluorescent, a so called 
superradiant state at low temperatures,[53, 69] a Franck-Condon progression combined with PL 
spectrum dominated by the 0-0 transition are fingerprints of J-aggregates.[25] The 0-0 
transition is totally depending on the coherence length, determined by the exciton bandwidth, 
influenced by exciton delocalisation, in competition with disorder. In a J- aggregate the 
coherence length and Tr (0-0 to 0-1 ratio) are totally correlated, in contrast to H-aggregates 
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where they are anti-correlated. This is due to the allowed 0-0 transition in J-aggregates, 
whereas in a disorder free H-aggregate, with forbidden 0-0 transition, the coherence will 
continue over the whole aggregate with zero Tr. in contrast to if disorders rendering a totally 
localized exciton hence zero coherence length and increasing Tr. J-aggregation is further 
suggested to be influenced by chain length, and transition from H to J-aggregates is suggested 
to occur with increasing numbers of monomers.[66] J-aggregates have also been observed in 
sub-monolayer films of sexithiophene, where multilayer’s instead revealed a typical H-
aggregate behaviour.[67] Interesting is the combination of these two aggregate types that is 
suggested to occur in submonolayer films of the sexithiophene system, where dark islands 
occurring in the film are suggested to be close packed molecules standing on the surface by 
Da Como et. al.[67] They further examined the PL spectra from sub monolayers as well as 
multilayers, revealing a red-shift with 0.06 eV of the 0-1 transition from the H-aggregate 
compared to J-aggregates. This is a highly interesting observation for our studies. According 
to work by Siddiqui[66] described above, and numerous of observations in our lab, two or 
more LCP chains associated with each other into a H-aggregate structure.[6, 12-13, 70] When this 
structure is interacting with a biomolecule it has been suggested that it will be disrupted into 
smaller units which are further associated onto the biomolecular host. To relate theory of H 
and J-aggregates, earlier observation of LCP PL spectra, with the behaviour of PL spectra of 
p-FTAA interacting with amyloids. We suggest that this association could render a brickwork 
formation of H-aggregated dimmers of p-FTAA resulting in the PL double peak (Figure 3.5), 
separated with 0.13 eV approximately 2 times larger to the observed 0.06 eV separating the 0-
0 J-transition from the 0-0 H transition of sexithiophene films as reported by Da Como et. 
al.[67] Continuing growth of the pre-amyloid structure result in increased emission when the 
spatial separation between different H/J-aggregates is increased, decreasing possible inter-
chain relaxation possibilities. The amount of disorder determines the relative impact and ratio 
between the two peaks governing the resulting PL shape. To be able to experimentally test 
this behaviour, low temperature PL measurements have to be performed; unfortunately these 
measurements have not yet been finished. At low temperature the 0-0 transition of a J-
aggregate will become more dominant, in an H-aggregate the vibronic transition will be more 
pronounced at low temperature. This shows the importance of understanding the vibronic 
transition and aggregation behaviour of LCPs both in solid and liquid phase. 
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Figure 3.5 Illustration of disorder free H-type p-FTAA aggregates a) and its resulting 
photoluminescence (PL) spectra ( ) the 0-0 transition (~ 540nm) is highly suppressed. The large H-
type aggregates starts to break down into smaller clusters when associate to pre-fibrillar structures 
introducing disorder b) allowing the 0-0 transition, continuing growth increase disorder and also 
introduce j-aggregate like structures c), facilitate 0-0 J- transition (~ 515 nm) slight blue shifting the 
emission spectra ( ) compared to pure origin from h-aggregates. Continuing growth result in 
increasing intensity as a result of decreased inter-chain reactions (○).  

3.2 SENSING THROUGH AMPLIFIED QUENCHING 
Due to the delocalized π-electrons, LCPs facilitate energy transfer over the whole 
polyelectrolyte chain and have special quenching possibilities. The repeating units turning it 
into a long series of receptor sites or sensors which under the right conditions could act 
collectively to enhance a sensor signal. Association of one or a few numbers of analyte to one 
or a few receptor sites could totally quench the emission. This is a huge benefit over small 
molecule based sensors, where only the interacting molecule will be quenched, the rest non-
affected molecules still emitting disturbing or flooding the signal. This phenomenon has been 
described by Swager and Zhou in 1995 as “the molecular wire approach to increased 
sensitivity”,[71] or amplified fluorescence quenching, yielding an increased KSV by a factor of 
66 compared to a monomeric quencher.[72] Whitten and co-workers also reported amplified 
quenching, and one analyte was shown to effectively quench up to 1000 repeating units of a 
polymer chain. More or less equal to the contour length of their LCP.[73] 
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3.3 SENSING THROUGH AMPLIFIED ENERGY TRANSFER 
The opposite of amplified quenching is super lightning or fluorescence chain reaction (FCR), 
where the collective response of a large number of fluorophores is contributing.[56] The 
chromic shift of a single LCP chain, the fluorescence gate, results in an enhanced 
fluorescence resonance energy transfer, which is facilitated through aggregation phenomena 
(Figure 3.6). FCR is though a truly turn-on method, which in my opinion is beneficial. How 
could you judge if the absence of signal is because of the receptor sensing the absent analyte 
or a breakdown of your system. FCR was first described by Leclerc and co-workers as a 
sequence specific receptor able to probe as few as “five molecules in a 3 ml of an aqueous 
solution, or 3 zM in 5 minutes”,[56] being approximately 4000 times more sensitive compared 
to using the LCP alone, without polymerase chain reaction (PCR) amplification.[74] FCR have 
been further developed by the same group in biochip arrays for PCR-free DNA screening[58] 
or protein detection using DNA aptamer complexes.[75] 

 

Figure 3.6 Illustration of FRET and corresponding emission spectrum of tPOMT in solution 
interacting with Cy5 conjugated ssDNA a) and after hybridisation of dsDNA b). Illustration of 
suggested FCR amplified acceptor emission mechanism.[56] 

The mechanism behind FCR has been thoroughly investigated in a number of studies 
but yet not fully understood, a number of mechanisms seems to be involved;[36, 39, 56, 74]  

[1] The LCPs chromic shift is vital, causing either new absorption features or shift in 
fluorescence, forming a better overlap between fluorescence and absorption spectra of the 
donor- acceptor complex, and hence improved energy transfer yield.[56] [2] Careful choice of 
the acceptor dye, having a small Stokes shift allowing FRET also between the acceptor dye 
combined with good spectral overlap to the LCP is furthermore crucial.[74] [3] A high density 
of dye-LCP complexes in aggregated phase(Figure 3.6c).[13, 76] Creating confined domains 
have been shown to increase the rate of energy transfer[77] or decreasing the Förster 
distance[78] in other FRET systems, increasing the acceptors emission. [4] Efficient inter-chain 
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energy transfer, due to the delocalized π-electrons over the whole polymer chain is probably 
also a prerequisite for FCR.

In Paper III we explore similar effects of increased FRET efficiency. A hydrophobic 
patterned6 surface with immobilised cholesterol tagged ssDNA/ tPOMT duplexes, expressed 
clear FRET behaviour (Figure 3.7). tPOMT acting as donor, Cy5 as acceptor, illuminated 
with light matching the absorbance of tPOMT. Upon hybridisation with the complementary 
strand, forming a triplex, enhanced FRET was observed. If instead Cy5 is attached on the 
complementary strand, only weak FRET is observed, verifying the strong distance 
dependency of FRET. Our observation also supports the hypothesis of FCR being aggregation 
dependent.[56, 58, 76] The thickness of adsorbed DNA/tPOMT complex was determined to ~ 7 
nm, excluding the possibility of large aggregates on the surface, compared to what have been 
observed in solutions, where aggregates are ≈ 400 nm in size.[76] Most probably, as indicated 
in studies [12, 79] and unpublished results, also tPOMT is in an aggregated state in the buffer 
solution, and we suggest that these large aggregates are disrupted when the duplex adsorbs 
onto the hydrophobic pattern on the surface.[80] 

 

 

Figure 3.7 Fluorescence images of DNA/tPOMT complex adsorbed to a PDMS stain patterned glass 
surface. The adjacent sketches illustrates the complex components, DNA(black), cholesterol (yellow), 
Cy5 dye (red), tPOMT chain (green) and FRET direction (yellow arrow); a) ssDNA/tPOMT, b) 
ssDNA/tPOMT+cDNA-Cy5, c) ssDNA-Cy5/tPOMT, d) ssDNA-Cy5/tPOMT+ cDNA. e) Bar plot of 
the relative colour content for the red and green channel of individual panels, the blue channel 
intensity was zero in all panels. Reprinted with permission from,[80] Copyright 2009 American 
Chemical Society. 

                                                 
6 se chapter 5 for DNA-chip fabrication details. 
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3.4 BIOLOGICAL SAMPLES INCREASING THE COMPLEXITY OF INTERACTION, 
STAINING WITH LCPS 
During recent years, new areas of LCP research and applications with more complex samples 
have been introduced. In a pioneering work Björk et. al. used LCPs developed in our lab for 
staining of both living cells as well as fixated tissue slides.[49] Real fascinating was the 
distinction of transformed cells, cancer cell lines, not exhibiting the distinct specific staining 
of lysosome-related acidic vesicles, as from healthy cultured primary cells. Currently ongoing 
work, which I have been involved in, attempts to elucidate the PTAA targeted vesicles by, 
localisation, structure and accessibility (Figure 3.8). Strong indications points in direction of 
non-nucleolus DNA in the cytoplasm forming these acidic vesicles. Interesting are also the 
results indicating active transport of LCP through the cell membrane, either through a carrier 
molecule or direct uptake of the LCP.  

 

 

Figure 3.8 Healthy human fibroblast a) and cancer cell b), stained with PTAA (green and yellow) and 
a lysosome specific dye (LAMP) (red). Courtesy Karin Magnusson. 

3.4.1 INTERACTIONS OF LCPS WITH PROTEIN AMYLOIDS AND PREFIBRILS 
Proteins’ three dimensional structure is vital for its biofunctionality. The random coiled 
polypeptide chain of amino acids has huge degrees of freedom to fold. Even if the 
combination of possible folding variation pathways is astronomic, the process is surprisingly 
fast corrected and efficient. A number of biological mechanisms control the folding process as 
an error detection and correction system. Nevertheless, partially unfolded or misfolded 
proteins randomly transform into small spherical prefibrillar aggregates (Figure 3.9). A 
number of these prefibrillar aggregates accumulate into short thin structures known as 
protofilaments, and further assemble into highly ordered mature fibril structures, so called 
amyloids.  Misfolded proteins are also found in different types of human tissue, 
enriched in deposits or inclusion bodies some times called plaque. These amyloids are 
believed to play an important role in a number of different protein- misfolding diseases, also 

[17, 81-82]
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referred to as amyloidoses, with Alzheimer’s disease (AD) being one of the most well 
known.   [17, 82-83]

Recent result also present evidence of not only matured amyloid fibrils being at the root 
to disease, the small soluble prefibrillar aggregates are expected to play a critical role in the 
pathogenesis of amyloidoses.  Finding a way to early stage diagnosis and treatment of 
amyloidoses is of great importance, possibly even more being able of detecting pre-fibrillar 
aggregates. 

[84-86]

 

Figure 3.9 Sketch of suggested insulin folding and aggregation pathways under acidic conditions as 
described in the literature, with included expected LCP interactions and predicted fluorescence 
response from p-FTAA (illustrated by colour in the different states). Bottom left: Chemical structure 
of p-FTAA. Protein molecular structure obtained via Polyviwe-3D. 

The specific affinity to amyloid fibres and distinction to native and unfolded proteins of 
LCPs, first demonstrated in solution,[50] have resulted in an increasing number of studies 
moving into more complex samples; as histological tissue slides, in vitro experiments[16, 87-90] 
and recently also in vivo.[28] The de novo synthesized pentameric oligothiophene derivative p-
FTAA (Figure 3.9) can cross the blood/brain barrier and specifical stain amyloid plaque 
formations. p-FTAA even show distinction of Aβ- amyloids from neurofibrillary tangles as 
shifted optical readout upon interaction.[28] The high affinity of p-FTAA to amyloids, 
compared to if mixed with native or unfolded proteins, is not fully explained and needs 
further studies to be fully elucidated. The specificity have been suggested to origin from the 
repetitive β-sheet structure and the LCP repeating units associate to a thin hydrophobic 
groove along the fibril axis,[91-92] in a similar way as we proposed for binding of tPTAA to 
polypeptide fibres in paper VII (se chapter 4).[6] It is also plausible that the net charge and 
positioning of charges along the thiophene backbone are involved in the association process. 

 21

35



Chapter 3 
___________________________________________________________________ 

Åslund et. al. demonstrate this in a recent study, removing specific charge or formic acid 
groups resulted in loss of spectral distinction between the above mentioned amyloid types.[28] 
In paper VII we reveal similar net charge and hydrophobic proportions between PTAA and 
its trimer relative tPTAA (Figure 3.10). When interacting with α-helical rich polypeptide 
fibres, a large red-shifted emission was observed from tPTAA compared to just a slight 
shifted to the blue from PTAA (Figure3.10b,a).[6] Coupling the peaks to vibronic transitions 
indicates formation of relatively ordered H-aggregates as a result of planarization of the 
thiophene backbone but without the commonly increased aggregation mediated through π-
stacking. Instead the aggregation was shown to be electrostatically governed; separation of 
tPTAA/polypeptide fibril complexes was attained through screening with salt ions (Figure 
3.10d). Also the chromic red-shift of tPTAA is a highly interesting result, to my knowledge 
the first observation of an LCP able to distinguish between α-helical rich polypeptide fibres 
and β-sheet rich amyloid fibres as earlier reported to cause blue-shifted emission of 
tPTAA.[79]   

 

Figure 3.10 Fluorescence emission from PTAA a) and tPTAA b) in buffer (□), interacting with the 
polypeptide four helix bundle ( ) and polypeptide fibre ( ), and in d) after addition of 50 mM NaCl 
(open) or 150mM NaCl (filled) of tPTAA in buffer ( ), interacting with the polypeptide four helix 
bundle (○) and polypeptide fibre ( ). Illustration of polypeptide fibre assembles c). 

In the recent published paper by Nilsson and co-workers was p-FTAA further used to 
follow the kinetics of recombinant Aβ1-40 amyloid formation.[28] Interestingly the chromic-
shift of p-FTAA was indicating early precursors, not observed with the well-known β-sheet 
staining dye thioflavin T (ThT). In paper VI we utilized DLS and FCS to elucidate the state 
and interaction with this non-thioflavinic precursor. By following the amyloid formation 
process of bovine insulin in acetic acid, either in the presence or absence of p-FTAA, 
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alternative fibrillation pathways was observed compared to what has been previously 
reported. The formation of insulin amyloid fibrils has been shown by Vestergaard et. al. to 
precede by the formation of a hexameric helical structural nucleus of insulin under these 
conditions.[93] In our study we observe the growth of prefibrillar structures, already after 15 
minutes of heating the insulin solution, continuing to grow into large diffusing structures as 
the DLS auto-correlation function shift into longer diffusion time (Figure 3.11c). Precipitation 
was observed after 120- 150 minutes of heating and fibers were visible. TEM micrographs of 
the sample after 150 minutes revealed long fiber like structures (Figure 3.11c), similar to what 
been observed by others.[16, 50, 94] Totally different kinetic was observed in the presences of p-
FTAA. Initially a distinct shoulder in the auto-correlation function indicate large aggregates, 
as expected from observation of p-FTAA in acetic acid in Paper V, along with a more rapidly 
decaying component similar in size to that of small insulin molecules(Figure 3.11c, d). 
Continuing heating breaks up the p-FTAA aggregates, seen as a diminishing of the shoulder 
to a more leveled outline of the auto-correlation function. But the steep shape observed for 
pure insulin samples was not reached during the time frame used. Examining the dispersion 
with TEM revealed shorter and coarser prefibrillar objects compared to heating in absence of 
p-FTAA (Figure 3.11f). This could be an indication of p-FTAA perturbing the amyloid 
formation process favoring a collateral growth, in the early stage of amyloid formation 
process. Further we observed different behavior of p-FTAAs emission spectra depending on if 
p-FTAA was present or absent during the fibrillation process, only mixed with minute 
samples removed from the fibrillation process. In contrast, the excitation spectrum was not 
different (Figure 3.11c), this behavior needs further experiments to be statistically reliable. 
However the excitation spectra indicate a similar interaction between the p-FTAA and 
insulin’s pre-amyloid stage, with p-FTAA present or not during the heating process of the 
both peaks of the emission spectra. 
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Figure 3.11 Insulin fibrillation in solution and the resulting; a) emission spectra and b) excitation 
spectra (at 515 nm (black) and 545 nm (red) respectively) from p-FTAA, before heating started (, 
insert in the emission) ( ) 15 minutes, ( ) 45 minutes, ( ) 90 minutes and ( ) 120 minutes after 
heating process start. c) DLS auto-correlation functions and d) corresponding size distributions of 
insulin and insulin aggregates calculated with CONTIN analysis in the presence of p-FTAA (filled 
symbols) or absence of p-FTAA during heating, (■) 0 minutes, ( ) 15 minutes, ( ) 30 minutes, 60 
minutes, ( ) 90 minutes and ( ) 120 minutes after the sample was placed in the sample holder and 
heated to 50° C. (bottom) TEM images of Insulin fibres captured after 150 minutes of heating, without 
(e) or in the presence of p-FTAA (f) during the fibrillation process, (Scale bars 100 nm).  

Generally, with just a few exceptions,[10, 95] it has been showed that the molecular 
complex formed between biomolecules and LCPs clearly affects the LCP, locking its 
backbone conformation adopting a shape of the biomolecule or inducing aggregation or 
breakages of LCP clusters. Here is another situation observed where the pre-amyloid stage is 
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clearly affected by the LCP. This is a very attractive property, being able of governing 
formation of pre-amyloid assemblies, a luminescent building block for self-assembling of 
organic electronics or even more speculative as therapeutic or diagnostic probe for treatment 
of amyloidoses or other dysfunctional protein related diseases.    

3.5 WHAT IS HIDING IN THE FUTURE 
For a deeper scan of the field a number of well recommended reviews is available.[14-15, 96-102] 
But what is defiantly true, the field of sensing and staining using LCPs as described, is rapidly 
increasing and will probably continue growing the coming years. LCPs will most probably be 
further involved in development of different types of label free DNA detection methods 
avoiding PCR,[103] sensing and detection of different types of small biomolecules such as; 
Adenosine Triphosphate (ATP), heparin,[104-105] and other types of carbohydrates or similar 
molecules. Or, by utilising their specificity for certain types of molecule, as part in filtering 
and capturing application, as well as applications for In Vitro and In Vivo staining of different 
types of intra- or extra-cellular species. 

However an even more interesting field is the area of proteomics, as a large number of 
diseases do not express specific DNA signatures. As mentioned earlier amyloidoses and prion 
related diseases is a growing area of interest. LCPs possibly could be used to follow the 
kinetics of amyloid formation to better understand what is going on and the mechanism 
behind. How and where new types, not recognised by standard dyes, of misfolded proteins are 
formed or start to assemble or grow into fibre like structures. However, the possibility of 
LCPs affecting the pre-amyloid formation have to be controlled, also their degree of toxicity 
have to be explored. But LCPs will not only be used in applications for sensing an interaction, 
in my opinion. The use as a reporter molecule to gain better knowledge of cell interactions 
and expression are instead the protein sensors needed. Antigen- antibody interactions, 
enzymatic processes, protein folding, unfolding and misfolding, protein aggregation and 
surface adsorption are all areas where we need new methods to bring research further. The 
project “fishing in a cell with LCP as bait”, run by Jon Johnasson7 and Karin Magnusson8 
which I have had the pleasure to be a part in is another good example. Where unknown DNA, 
not originating from the nucleus are captured in the cytoplasm by the LCP, extracted from the 
cell and analysed. The question is what is this DNA doing there? Could it be partly digested 
DNA relics from the cell mitosis? This remains to be answered. 

Another highly interesting area will be the use of CPs and LCPs as building block in 
self assembling architecture. Where tantalising ability of CPs and LCPs has been shown, 
either giving specific functionality to structure or used to govern and guiding the assembling 

                                                 
7 Clinical Genetics, LMC, University Hospital, Linköping 
8 Department of Chemistry, Linköping University 
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process. To develop these applications and possibilities, the root of interactions needs to be 
further elucidated, maybe this thesis have brought some light on this.  
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CHAPTER 4 
SELF-ASSEMBLY THE WAY TO FABRICATION OF FUNCTIONAL NANOSTRUCTURES  

___________________________________________________________________________ 

When Richard Feynman state, “there is plenty of room at the bottom” in his famous talk at 
Caltech in 1959, he was way before his time.[106] However, during the last decades, major 
developments and technology achievements in areas such as Life science, micro and nano 
electronics are pushing towards the physical limits of available production technologies. Life 
science and medicine technology are moving into dimensions of the smallest compounds of 
life. Microelectronics is moving into nanoelectronics, whereas CMOS technology is pushing 
the limits to feature size below 45 nm.[1] Today the interest from R&D companies, venture 
capitalist as well as governments around the world are growing to open up new technology 
fields, developing new methods to overcome today’s problems. Allowing for further mass 
production, lowering of production cost and even possibilities for more advanced three 
dimensional architecture. Today the “top down” (Figure 4.1) approach is the leading 
production technique.[107] However through self-assembly, the ”bottom up” (Figure 4.1) 
approach is taking on the challenge and becoming more and more competitive.[3, 107]  

Top down refers to processes commonly starting from large building blocks, processed 
into smaller parts sometimes joined together in a final structure, the human approach. 
Photolithography is a perfect example, whereas a photo resist is spun onto a substrate forming 
a film, exposed and processed into smaller structure on or in the substrate (Figure 4.1). In 
1985 was Feynman’s proposed challenge of writing a paper of text 25000 times smaller than 
usually, i.e. writing the Encyclopaedia Britannica on the head of a Pin,  require manipulation 
and positioning of 8 nm dot or similar[106] demonstrated by graduates student Tom Newman at 
Stanford University. He engraved the opening page of Dickens’ A Tale of Two Cities using 
electron beam lithography. The challenge was to find the text again in the huge landscape. 
Today scanning tunnelling microscopes[108] and AFM[109] have been used to manipulate 
individual atoms in a serial manner. And two dimensional quantum holographic with feature 
size around 0.3 nm rendering the possibility of storing information up to 20 bit nm-2.[110] 
However these techniques still demands ultra high vacuum and advanced equipment, 
increasing costs and excluding large scale production, and have still not been able of 
fabricating advanced three dimensional architecture.[3-4, 107, 111]  
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In contrast, bottom up is a massive parallel process starting from the smallest building 
block joined together, through self-assembly into a complex final structure, Nature’s 
approach. All creatures in nature are grown through self-assembly, and therefore it is essential 
to understand self-assembly processes to elucidate the mystery of Life. It is probably also one, 
maybe the only practical approach to fabricate nanostructures to a reasonable cost.[3]  

 

Figure 4.1 Illustration of top down compared with bottom up fabrication. 

4.1 BIOMOLECULAR SELF-ASSEMBLY - A ROUTE TO NANO STRUCTURED 
TECHNOLOGY  
Whitesides define self-assembly as “the autonomous organization of components into patterns 
or structures without human intervention.”[3] He further define and distinguish between 
dynamic self-assembly and static self-assembly, as dynamic self-assembly being a result of 
energy dissipation. In contrast static self-assembly result in global or local equilibrium in 
order to minimize the free energy situation without energy dissipation.[3] To get a distinction 
to the somewhat confusing word self-organization, frequently used in the literature could 
Kirschners definition be considered. Self-organization “gives structures under a wider set of 
conditions; the rules tend to be more general and the structure more variable”, self-
organisation continue in a steady state of energy consumption.[112] It could be seen as an 
extension to self-assembly, being somewhat similar to Whitesides definition of dynamic self-
assembly. Today self-assembly enables fabrication of structures well below 10 nm in feature 
size[113] and allows for incorporation of novel nanomaterials, such as metallic and 
semiconducting nanoparticles with many interesting optical and electrical properties.[111, 114] 
Biological macromolecules offer a rich plethora of possible geometrical and functional 
templates and scaffolds for self-assembled composite nanodevices. Maybe the most obvious 
one is the double stranded DNA helix with its intrinsical dimension as a nanoscale object. The 
defined number of nucleotides and the Watson-Crick high specificity base paring offer unique 
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combinatorial properties facilitate DNA-based computation,[115-116] nanomechanical 
devices[117-118] or designed self-assembled structural DNA nanotechnology.[111] Starting in the 
early 1980 with work by Seeman and co-workers describing immobile branched junctions in 
the nucleotide strand, combined with sticky ends, was formation of three dimensional lattices 
shown to be possible.[119] Shih et. al. have later demonstrated controlled folding of a single 
DNA strands into octahedrons[120] in what Rothemund denote as “single stranded DNA 
origami”. [121] He further, in a beautiful work demonstrate “scaffold DNA origami”, or how to 
fold a long single strand of DNA, using numerous designed single stranded oligo nucleotides, 
into structures with arbitrary shape as stars, smiley’s or even a map of the American 
hemisphere. Objects which are all in the 100 nm regime with spatial resolution of 6 nm. 
Tumpane et. al. continue with a similar approach and demonstrated self-assembled fully 
addressable DNA structures just 4 nm in size.[113, 122] However the DNA approach suffers 
from some drawbacks. Even if double stranded DNA is rather stiff, with a persistence length 
of ≈50 nm[123] or what is required to bridge a 45 nm gap in a transistor, it is still rather short 
for most scales of self-assembling. Moreover, DNA is a sensitive biomolecule requiring a 
suitable process environment, or otherwise it is easily destroyed or digested. Proteins on the 
other hand, offer a far more complexity considering their three dimensional and chemical 
structures, exhibit a large degree of freedom and possible interactions sites. The ability of 
specific interaction and recognition between certain proteins is of special interest and has been 
utilized in a number of applications. Still, change in their environment, such as lowering of 
pH, heating or addition of denaturing agents, could lead to unfolding or denaturation. Under 
certain circumstances denaturation is followed by β-sheet aggregation and irreversible 
amyloid formation into extremely long and stiff fibres, which could be useful but also 
unwanted. The control of amyloid growth and formation is rather crude and uncontrolled, 
commonly resulting in branched fibres with broad size distribution. In this sense synthetic 
polypeptides could be a better choice. They share proteins ability of molecular recognition 
and are more insensitive to the process environment, robust and stable compared to DNA.[4] 
Polypeptides also benefit from the possibility o large scales synthesis, and together with their 
intrinsic biocompatibility they show several promising abilities as self-assembling scaffolds.[4] 
Today polypeptides attracts a growing interest and have been shown able of self-assembling 
into nanostructures such as tubes,[124-125] spheres, fibres[126] or rings[127] besides numerous of 
other structures.[4] All together these three biomolecular candidates offer a variety of possible 
self-assembling routes for nanostructure technology.   

4.2 HYBRID NANOSTRUCTURE THROUGH SUPRAMOLECULAR ASSEMBLY 
Notwithstanding the vast possibilities of advanced controlled biomolecular self-assembled 
architectures, to be of really great interest in nanotechnology, the need of additional 
functionalities such as conductivity or optical properties, are central. One well explored route 
to include such properties is by using colloidal gold and controlling their assembly with DNA 
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or polypeptides as we show in paper VIII (Figure 4.2b). Defined self-assembly of gold 
particles[126, 128] has been utilized for  colorimetric differentiation of DNA,[129] and protein 
sensing,[130]. Other examples of applications based on biomolecular guided self-assembly 
include electrical based detection of DNA, fabrication of conducting gold nanowires [7, 131] 
and for surface enhanced Raman spectroscopy.[132] Another strategy to include novel 
properties in biomolecules is by coating or dressing the biomolecule through supramolecular 
chemistry.9 In this way will the biomolecules dimensions be preserved and the functional 
property can be designed to cover the whole supramolecular structure.  

Recent development of conducting and semi-conducting CPs opens an easy route to 
provide biomolecules with electro-optical properties.[5] Biomolecules can in other words be 
utilized as a scaffold or a template for assembly of CPs. Realization of conducting molecular 
nano-wires through self-assembly of CPs on amyloid fibres was shown by Hamedi et. al.[11] 
The pronounced specificity and affinity of certain LCPs to amyloid fibres is described in 
chapter 3. The amyloid fibres have a significant influence on the LCPs optical properties that 
strongly depend on the biomolecular conformation and organization.[6, 12, 16, 50, 70, 79] 
Controlling the conformation and prefibrillar state of the biomolecular scaffold thus provide 
means of controlling the formation of the supramolecular complex and allows for tuning of 
the optical properties of the LCPs and for self-assembly of advanced molecular 
nanostructures. Herland et. al. demonstrated a luminescent twisted amyloid, i.e. a luminescent 
biomolecular nanowire, with LCPs incorporated into the amyloid during fibril formation.[10] 
The Luminescent wires having dimensions of 10 nm in width and tens of µm in length with 
the LCPs chains aligned along the fibril axis.[91] Amyloid nanowires being far stiffer than 
DNA wires, facilitate bridging of large gaps hence a wider range of available scales, but lack 
the intrinsic ability of molecular recognition and hence the ability of  positioning and directed 
association. Nevertheless, this pioneering works have recently been further developed, 
improving the efficiency of organic light emitting diodes (OLED)[8] and solar cells.[9] 
Through integration of iridium complexes via grinding to native insulin was phosphorescent 
amyloid fibres grown[133] incorporated in a polymer device to render white emitting OLEDs 
relative to without amyloids.[134] 

Association of LCPs to DNA, stretched and aligned through molecular combing have 
also been demonstrated by Björk et. al.[48] as well as transfer printing using soft 

                                                 
9 Supramolecules are multimolecular species held together through non-covalent intermolecular 
forces, hence weak reversible interaction such as hydrogen bonding, van der Waals interactions, 
electrostatic interactions, π-π interaction as well as hydrophobic effects. These are vital interactions in 
all self-assembly processes.  
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lithography.[135] The alignment along the DNA axis was not as well pronounced as for 
amyloid association.[12]  

4.2.1 POLYPEPTIDE DIRECTED ASSEMBLY OF CONDUCTING AND LUMINESCENT 
HYBRID NANOSTRUCTURES 
In the work covered by this thesis, association of both a conducting CPE as well as a LCP to 
self-assembled polypeptides for assembly of conducting hybrid nanostructure and 
luminescent nanowires have been explored. The two synthetic 42-residue polypeptides 
utilized are JR2K and JR2E having a net-charge at neutral pH of +11 and -5, respectively. 
These peptides are designed to fold into a helix-loop-helix motif and dimerize into a four-
helix bundle (Figure 4.2a).[136] At neutral pH they heterodimerize into four-helix bundles, 
favoured by stabilising salt bridges, avoiding homodimerization due to incorporated charged 
residues at the dimerization interface. Instead they turn out to be in a random coiled state as 
monomers, if not interacting with each other. Folding is driven by the formation of a 
hydrophobic core made up by the hydrophobic faces of the amphiphilic helices.[136-138] 
Replacement of the valine in position 22, located in the loop region, by a cysteine residue 
generates the polypeptides JR2KC and JR2EC (Figure 4.2a). Cysteine contains a thiol group 
that facilitates specific immobilisation on gold surfaces[137] and on gold nanoparticles.[7, 139-140] 
Oxidation of the thiol group generates a disulphide-bridge, linking two peptide monomers 
together, JR2EC2 and JR2KC2, which further can self-assemble into micrometer long peptide 
fibres, or ring like structures, owing to the hetero-association of disulphide linked four-helix 
bundles (Figure 4.2b).[127] The peptide fibres are comparable to amyloid fibres in length but 
only ~5 nm thick. In contrast to amyloid fibre growth, the polypeptide fibre growth could 
easily be controlled by capping the fibre growth using peptides without the cysteine residue as 
was shown in paper VII (Figure 4.2c).[6]  
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Figure 4.2 Illustrations of the four polypeptides; a) JR2E (red) and JR2K (blue) folding into a four-

helix bundle, after modification with the cystin (below) forming JR2EC and JR2KC2, used to link 

gold colloids b) or self-assembling into long nano fibres c) becoming luminescent after association 

with PTAA. c) Illustration of polypetidepeptide fibre assembling (Top), fluorescence microscope 

image of stretched luminescent peptide fibre and illustration (middle) and capped short luminescent 

peptide pre-fibres (bottom) (Scale bars 20 µm). Adapted with permission from . Copyright © 2010 

Wiley-VCH Verlag GmbH & Co. KGaA. 

[6]

Nilsson et. al. have previously reported association of PTAA to the peptide JR2K 
resulting in changed fluorescence behaviour and a split induced CD signal (ICD) in the π*←π 
transition region, as a result of induced helical secondary structure in peptide correlated with 
twisting of the LCP backbone. The split ICD was thus suggested to be a result, not as 
normally from chirality in π-stacked aggregates, but instead with origin in the induced 
backbone chirality in PTAA as a result of interaction with the peptide.[95] In Paper VII we 
exchange PTAA with its regio-regular relative tPTAA, which in the concentration range used, 
was found not to induce secondary structure in the peptides JR2K and JR2E (Figure 4.3b). 
Neither was the split ICD signal observed, indicating the peptides and LCP to remain in its 
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random coiled state without attraction. The four-helix bundle, formed by the 
heterodimerization between JR2K and JR2E, resulted in a red shift non-quenched 
fluorescence in the presence of tPTAA (Figure 4.3c), as a result of prolongation of the 
effective conjugation length. CD spectra showed a slight perturbation in the secondary 
structure of the supramolecule without the earlier reported ICD signal. We suggest this to be a 
result of the LCP adopting a more planar conformation. With the backbone, to a certain 
extend being forced into the hydrophobic interior of the four-helix bundle, presumably a more 
favourable energetically state is obtained by hiding the hydrophobic backbone and allowing 
electrostatic interaction of the LCP side chains to the charged outer part of the peptide four-
helix bundle. Assembly of polypeptide fibres, JR2KC2 and JR2EC2, in the presence of PTAA 
resulted in formation of luminescent, micrometer long fibrous structures, that could be 
stretched on a substrate by molecular combing (Figure 4.2c),[48] which clearly proved the 
association of LCPs to the polypeptide fibre.[6] Formation of the fibres in the presence of 
tPTAA again resulted in clear redshifted fluorescence, but now partly quenched (Figure 4.3c). 
Increasing the ionic strength by addition of NaCl showed increased emission as a result of 
LCP/peptide fibre complexes being separated, not allowing inter-chain decay pathways 
(Figure 4.3d). This further proves interaction of the LCPs with the fibrous structures and 
indicates electrostatic attraction and presence of aggregates at low ionic strength.  
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Figure 4.3 The disulphide-linked polypeptides JR2EC2 and JR2KC2 assemble into fibres as a result of 
folding into four-helix bundles. After association with the LCPs, a) PTAA or tPTAA was the mean 
residue molar ellipticity b) measured of (□) JR2E+JR2K, (○) JR2E+tPTAA, (●) JR2K+tPTAA, (▲) 
JR2E+JR2K+tPTAA, and ellipticity of tPTAA ( ) at pH 7 in mdeg (right axis). c) Fluorescence 
spectra of (+) tPTAA, and tPTAA + (○) JR2E, (□) JR2K, ( ) JR2E+JR2K, (●) JR2EC2, (■) JR2KC2, 
(▲) JR2EC2 + JR2KC2. d) Fluorescence spectra of (+) tPTAA, and (○) tPTAA in 50mM NaCl, (●) 
tPTAA in 150 mM NaCl, ( ) tPTAA and JR2EC2 + JR2KC2 in 50mM NaCl (▲) tPTAA and JR2EC2 
+ JR2KC2 in 150mM NaCl. Adapted with permission from[6]. Copyright © 2010 Wiley-VCH Verlag 
GmbH & Co. KGaA. 

Exchanging the LCPs with a conducting polymer or some other nanoscale conducting 
molecule can result in a self-assembled conducting nanowire. This strategy was utilized in 
paper VIII to achieve a conducting nanowire. The conducting CPE PEDOT-S,[22] was 
associated to the JR2K and JR2E polypeptides without significantly affecting their secondary 
structure. Controlled self-assembly of conducting supramolecular hybrid nanostructure, using 
no less than four nanoscale building blocks, was further demonstrated. The order of adding 
the building blocks was found to be crucial, increasing or decreasing interaction strength. 
Polypeptide functionalized gold colloids could be assembled using the folding-dependent 
hetero-association between the two sets of polypeptides (JR2EC and JR2KC2). By allowing 
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the polypeptides to associate with PEDOT-S the non-conducting gaps in between the 
nanoparticles were bridged, resulting in a perfectly ohmic conducting behaviour (Figure 4.4c). 
This paper demonstrates the strength of self-assembly, for fabrication of hybrid nanostructure 
utilizing the inherent functionalities of carefully designed building blocks that can form more 
advanced supramolecular structures. This strategy can be used for further development of 
devices or as building blocks for assembly of more advanced architectures.  

 

Figure 4.4 Electron micrographs (illustrations below) of hybrid nanostructures (AuNP-EC+KC2) a) 
without PEDOT-S and b) with PEDOT-S. c) Current-voltage characteristics of similar hybrid 
nanostructures (○) without PEDOT-S and (●) with PEDOT-S, immobilized on interdigitated gold 
electrodes. 
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CHAPTER 5 
SOFT LITHOGRAPHY AND SOME APPLICATIONS  

___________________________________________________________________________ 

Lithography descends from the two Greek word; lithos stone and graphein write. It refers to a 
technique developed in the end of the 18th century used to transfer a pattern drawn on a 
smooth stone, imaging an office stamp, in a one step process onto paper. Lithography enables 
massive parallel pattern transfer with a high throughput, compared to serial writing techniques 
as ink-jet for example. The word soft refer to the mechanical properties of the stamp, usually 
an elastomeric rubber like material. One of the most common stamp materials used is 
poly(dimethylsiloxane) (Sylgard 184, Dow Corning, USA), or just PDMS. A inert and un-
reactive silicon based rubberlike material with a low surface free energy, optically 
transparent10 and thermally stable11 with suitable tensile- and elastic-modulus12.[141-142] 

In contrast to the original lithography technique, soft lithography utilizes a rigid 
topographically patterned original, denominated template or master. Casting with a soft stamp 
material produce a negative replica, the stamp, this is used to transfer the master’s pattern to a 
desired substrate (Figure 5.1). One of the major benefits of using a soft stamp is also the 
major drawback. The elastic stamp makes conformal contact to curved surface possible, as 
well as to rough surfaces. It also facilitates de-moulding from the master, but at the same 
time, the elasticity causes a risk of structural collapse. High aspect ratio, (the height of the 
feature divided by the lateral dimensions) structure are often paired or deformed and areas far 
from posts or ridges are easily collapsed and stitched to the substrate.[143] Aspect ratios are 
commonly kept between 0.2 and 2.0 to avoid deformation (Figure 5.1 d-f).[142, 144-145]  

                                                 
10 Down to around 300 nm (Sylgard 184) 
11 Below 150° C (Sylgard 184) 
12 Tensile modulus 4,77 MPa, elastic modulus 1,8 MPa (Sylgard 184 1:10, curing gent and bas mixing 
ratio), 
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Figure 5.1 Sketch of; a) stamp fabrication, b) embossing, c) replica moulding, d) aspect ratio and 
illustration of e) sagging and f) pairing.   

To further decrease the feature size to sub-micrometer levels and even below, new 
variants of harder PDMS have been developed. One is “material A”13 developed by the IBM 
group.[146] Another one is h-PDMS by Rogers and Whitesides groups,[147-148] and  even a 
photocurable hard PDMS variant is around.[149] However increasing the elastic modulus 
makes the material brittle, it easily cracks and is more difficult to handle, demanding 
composite or multilevel stamp structures.  

Still the easy handling and low production cost are the major benefits of soft 
lithography. A clean room is a necessary facility for µm- or nm-lithography techniques 
increasing investment- and production-coasts rapidly. Using soft lithography, only the master 
fabrication demands high-cost equipment, such as e-beam lithography or extreme UV-
lithography, a service today commercially available. Once a master is manufactured it could 
be reused several times, and replicating stamps also they reusable. Today soft lithography 
unifies three main techniques; embossing, replica moulding (Figure 5.1) and microcontact 
printing (µCP) (Figure 5.2), with a growing number of variants, all having the soft stamp 
material in common for replication and pattern transfer in multiple length scale.[141, 143, 150]   

                                                 
13 Elastic module of 3,4 MPa 
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Embossing unifies techniques utilising imprinting (Figure 5.1b). The stamp is moved 
into the material of desire to be patterned, using heat, pressure solvents or combinations to 
soften the material, and then removed, leaving a positive replica of the master. Commonly 
embossing leaves residuals between free standing structures that need further processing 
steps. Using a composite stamp, feature-size down to ~20 nm have been fabricated.[148] 
Embossing have also been utilized to fabricate femtoliter chambers in PDMS for single 
molecule enzyme studies.[151]  

Replica moulding are techniques utilising the stamp as a cast mould (Figure 5.1c), 
where a liquid material fills the hollows of the stamp. The liquid is commonly transferred into 
its solid phase by heat or by radiation with UV-light, and finally de-moulded from the stamp. 
Replica moulding often leave a thin residual layer between free standing structures. MIMIC, 
i.e. Micro Moulding In Capillaries, where a structured stamp is sealed against a solid 
substrate, and then cavities are filled with a liquid that is dragged into the stamp by the 
capillary force is a special branch of replica moulding. Since the stamp is in contact with the 
substrate no residuals are left behind. Micro fluidic networks (µFN) are another promising 
technique in this branch. It has been utilised to fabricate biochip, by patterning proteins[152-153] 
or multi enzyme assays.[154] Channels below 100 nm have been shown,[155] but still micro and 
sub-micrometer channels are more suitable for MIMIC. However, John Rogers group showed 
fantastic replica moulding of carbon nano tubes with a diameter of 2 nm,[147] pointing out the 
possibilities of soft lithography and replica moulding. For a more extended review of soft 
lithography [141, 156] are recommended. 

5.1 MICRO CONTACT PRINTING (µCP) 
The third major branch of soft lithography, µCP (Figure 5.2) was first used for patterning of 
alkanethiols on gold surfaces as an etch resist.[157-158] Since then µCP have been widely 
developed; for copper etching,[159] patterning of reactive SAMs[160] and even used for 
patterning inside microstructures.[161] µCP have also been widely used to pattern 
biomolecules; as lipid bilayers,[162] lipid vesicles,[163] DNA,[164] or proteins in biochip 
applications[165-169] or to control alignment and positioning of Schwann cells[170] and stem 
cells.[171] But even complex biological samples and cells[172-173] or bacteria can be patterned 
with cellular resolution.[174]  

Usually µCP starts with flooding the stamp with a liquid containing the material 
intended to be patterned; we denoted this as the ink (Figure 5.2). The ink may sometimes also 
be soaked into the stamp. Before the stamp is rinsed and dried is the ink left to adhere to the 
stamp surface. The procedure is usually optimised to achieve a dense monolayer on the stamp 
surface. By putting the stamp in contact with the substrate is the ink left to adhere and transfer 
to the substrate where conformal contact has been achieved, hence determined by the 
topographical pattern on the stamp.  
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µCP has produced structures with feature size below 100 nm, and using h-PDMS even 
smaller feature sizes down to ~50 nm can be obtained without the stamp collapsing onto the 
substrate.[146, 148] The stamp could also be used to remove a thin film from the substrate where 
contact is achieved and then leave the negative pattern on the substrate, the so called lift off 
procedure. A special branch of µCP for patterning proteins is affinity contact printing 
(αCP),[175] where a capture molecule is self assembled into a monolayer on a patterned stamp. 
The target molecule is then bound to the capture molecule on the stamp surface. The stamp is 
put in contact with a substrate and after removal of the stamp solely the target molecule is left 
on the substrate. 

 

Figure 5.2 Sketch of µCP procedure; a) stamp with ink here Igg conjugated with the dye Texas Red, b) 
placed in contact with substrate to be patterned, c) after removal of the stamp is a dense layer of ink 
left where conformal contact was achieved observed by fluorescence microscopy d) as bright red (gray 
lines) fluorescent areas, whit random oriented Igg (scale bar = 200 µm). 

5.2 PDMS PATTERNING OR PDMS STAIN 
PDMS consists of a repeating silicon-oxygen backbone, with two attached methyl groups 
(Figure 5.3) exhibiting a hydrophobic nature. By exposing PDMS to reactive oxygen plasma, 
hydroxyl groups (OH) are formed on the surface, tuning it to a more hydrophilic 
condition.[176-178] However this is not a stable state, already after a few minutes is a reversed 
process started. This transformation, owing to migration of non-cross linked low molecular 
weight residuals (LMR), often referred to as silicon oil, from the bulk to the surface, which 
regains the hydrophobic state already after a few hours. This process can be slowed down or 
nearly stopped, either by submerging the PDMS slab into water, applying extensive 
cleaning,[179-181] or extraction[182] of the stamp. The amount of LMRs in the stamp is rather 
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uncontrolled, but to some extent it depend on the ratio between base and curing agent, how 
well mixed the base and curing agent are, curing temperature and curing time hence the 
degree of cross linking. [168, 178, 180-183]  

 

Figure 5.3 Repeating unit of PDMS 

To avoid the impact of LMRs other stamp materials, for example agarose,[184] 
polyurethane acrylate,[185-186] poly(ethylen glycol) diacrylate[187] or polyolefin plastomers 
(POP)[188] have been developed. Nevertheless, none of them have reached the same high 
impact to soft lithography of PDMS.  

The knowledge of PDMS contamination to printed patterns is old.[189] Nevertheless, 
surprisingly few research groups have discussed it or thought about it as a possible 
explanation of their results. A referee comment to paper I (“a very interesting paper, as the 
dots and irregular lines reported in Figures 5 and 7 are observed quite frequently in the lab 
(and then always fail to make the final paper!)”) illustrates this well. One of the first reports 
with impact to the field was Graham and co-workers in 2002[179] followed by the interesting 
results from Glasmästar et. al., that larger amount of LMR was transferred from patterned 
stamps compared to flat stamps, affecting the surface chemistry.[178] Moreover, apolar inks 
have been reported to decrease the amount of LMR contamination; probably polar inks shield 
the surface to a higher degree.[190] Since industry and research continue pushing to the limits 
of patterning, contamination will have an increasing impact and has to be taken into 
consideration. However, transfer of LMR could be turned into a useful technique as we 
demonstrate in paper II and III (Figure 5.4) and further utilised in paper IV as well as in a 
number of other reports from our group[48, 91, 135, 191-192] and others.[190, 193] 

Wang et.al. first used it to create patterns that differed in wettability, and called the 
technique “PDMS surface energy patterning”,[194] we prefer to denote the technique in short 
as PDMS stain. Hydrophilic surfaces become more hydrophobic where the stamp has been in 
contact. They further developed the technique to pattern fluorescent polymers on conducting 
polymers.[191] Further demonstrated as a immobilisation technique, in a study by us, for 
enzymes with preserved catalytic effect.[192]  
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Figure 5.4 (Left) schematic illustrations of PDMS stain, and applications for protein immobilisation. a) 
A PDMS stamp is b) placed on the substrate, c) LMR is transferred to the substrate d) generate a 
pattern with alternating surface energy. e) Primary antibodies (blue) are incubated on the chip surface 
f) adsorbed by the LMRs, g) unoccupied space are blocked with HSA (green) before h) the antigen 
(red) was incubated on the chip. Reprinted with permission from[168].Copyright 2008 American 
Chemical Society. (Right) Thickness of PDMS stain depending on contact time in the contacted areas 
( ) and in the non-contacted areas ( ) measured with imaging ellipsometry (top right corner). 
Copyright © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, reproduced with permission from [183]. 

This result encouraged us to compare adsorption of antibodies to PDMS stain with 
conventional µCP (paper II).[168] Despite the randomised orientation, adsorbed antibodies 
retain their functionality, as we expected. However, interesting was indicates that the printing 
technique (µCP) is more influent to the patterned primary antibodies to associate with 
secondary proteins then their protein interaction. Again this shows the importance of 
controlling the LMR transfer. To further elucidate the transfer of LMRs and resulting 
behaviour of PDMS stain we used imaging ellipsometry. The amount of LMR transfer, hence 
thickness of the PDMS stain layer increased with contact time (Figure 5.4 right) (paper 
II),[168] but only a few seconds are necessary to achieve a dense sharp monolayer (paper 
I).[183] However the most striking result indicates a liquid behaviour of the PDMS residuals 
during the printing process (paper I).[183] When decreasing feature size thin lines collapse into 
droplets and printed disks rearrange into circles. On hydrophobic SiO2 we observed with 
AFM, thin lines contract and rearrange in to small droplets (Figure 5.5). We explain this as a 
similar process to the Rayleigh-Plateau instability, to achieve the most favourable free surface 
energy situation of a nanostructured fluid on a solid support. This is a fundamental limitation 
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to patterning using macromolecular fluids, and is of general relevance to soft lithography and 
nanoimprint lithography with low viscosity polymers.  

 

Figure 5.5 AFM micrograph showing µCP PDMS stain gratings (600 lines mm-1) on a hydrophobic 
SiO2 surface, a) 20 minutes, b) 40 minutes and c) 90 minutes after the stamp have been removed. 
Copyright © 2008 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from [183]. 

Nevertheless, PDMS stain as a patterning technique has been proven useful; repeated 
stamping at least ten times followed by antibody adsorption using the same stamp.[168] In 
Paper III we used PDMS stain to define a hydrophobic pattern for direct immobilisation of 
cholesterol tagged DNA, as a cheap and easy fabrication technique for DNA chips. The 
adsorption of DNA is very well defined to the PDMS stain as shown by imaging surface 
plasmon resonance (iSPR) and fluorescence microscopy (Figure 5.6) (Figure 3.7).[80] 

PDMS stain or surface energy patterning may not develop into a well used commercial 
fabrication technique as many other soft lithography methods may; however an increasing 
number of studies are found in the literature using PDMS stain as an easy patterning 
technique for simple one or two component research applications. Until today it have been 
used to positioning or stretching of DNA,[12, 48, 135] polypeptides,[6] alignment of amyloid-like 
protein fibrils,[91] patterning enzymes with preserved functionality,[195] to pattern organic 
semiconductors for thin film transistors[193] or as an etch resist on gold.[190] 
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Figure 5.6 Imaging SPR response during injection of chol-DNA XB, non complementary A’ and the 
complementary B’ from a region of the substrate patterned with PDMS residuals and on bare SiO2 a), 
and after subtraction of the two curves b). iSPR wavelength maps before (1) and after (2) adsorption of 
chol-DNA XB c), and the appurtenant profile d) of PDMS on SiO2 (blue) and after chol-DNA XB 
(green) and DNA B’ (red) injection. Illustrations above of the different injected or printed species. 
Reprinted in part with permission from [80]. Copyright © 2010 American Chemical Society. 
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CHAPTER 6 
LIGHT SCATTERING AND FLUORESCENCE CORRELATION SPECTROSCOPY, 

A BRIEF INTRODUCTION. 
___________________________________________________________________________ 

Throughout this thesis a number of different techniques have been used. In this chapter two of 
them, Dynamic Light Scattering (DLS) and Fluorescence Correlation Spectroscopy (FCS), are 
briefly described. One of the major benefits with these techniques is their non-invasiveness. 
Another one is their high sensitivity compared to other techniques, such as optical density and 
turbidity measurements. Combining DLS and FCS with steady-state spectrofluorometry, as 
done in papers V and VI, opens possibilities to gain information of both dynamic properties 
and fluorescence characteristics of the compound and coupling it to distinct size and 
aggregation behaviour. In FCS only the fluorescent diffusing entities are visible, in contrast to 
DLS where the bulk of diffusing and light scattering objects are observed.  

6.1 DYNAMIC LIGHT SCATTERING 
Light passing through a solution will interact with the electrons of the particles in the solution, 
scattering the incident light in all directions (Figure 6.1). Fluctuations in intensity of the 
scattered light in the microsecond regime from a small volume is directly related to Brownian 
motion of particles in the solution causing density fluctuations and hence the dynamic 
properties of the sample.[196-198] Brownian motion of a particle is related to the diffusion 
coefficient D as: 

 

h

B

nR
TkD

π6
=      (6.1) 

where kB is the Boltzmann constant, η the solvent viscosity, T the temperature and RB h the 
hydrodynamic radius of the diffusing particle. From the auto-correlation function (g(τ)) could 
the diffusion coefficient be calculate.  

Intensity fluctuations of the scattered light is measured (I) at the time interval t and 
multiplied averaged with the successive time interval t. The auto-correlation function (Figure 
6.1) is calculated from a large number of successive averaged products I(t) I( t+τ)  separated 
in time by the delay time τ. 
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For a solution with a large number of spherical monodisperse particles in the volume, g(τ) 
becomes 
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β is an instrumental constant which takes into account deviations from the ideal correlation 
and q: 
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θ the scattering angle, λ wavelength of the incident light and n the refractive index of the 
solvent. If the sample is polydisperse, integration of the scattering over all possible sizes is 
necessary. The distribution function G(Γ), where  
 
Γ=D*q-2      (6.5) 

may be assessed through inverse Laplace transform techniques, commonly used is the 
CONTIN procedure.[199] It should be noted that CONTIN analysis could result in false peaks 
and artefacts, the output needs attention and experience not to be misinterpreted.[196] For non-
spherical scattering units other problems occur, as a small prolongation of the length of a rod 
shaped object will strongly influence the correlation function, in contrast to an increase of its 
diameter, which hardly will be detectable.  From the shape of the auto-correlation function, 
plotted on a logarithmic time-scale, sample properties can be estimated. The delay time where 
the correlation starts to decay rapidly, commonly estimated to where the initial correlation 
amplitude have decrees by 50 %, provides an estimate of particle size; large particles move 
the decay point to longer times. A steep outline is a result of monodisperse samples while a 
polydisperse sample will flatten the correlation function. Moreover, according to the Rayleigh 
approximation, the intensity of the scattered light varies with size as: 
 

6dI ∝      (6.6) 

Hence, a 10-nm particle will scatter light a million times more intensely than a 1-nm 
particle. This must be taken into account when evaluating the size distribution after CONTIN 
analysis. DLS is useful for particle sizes from approximately 0.5 nm up to some micrometer, 
depending on when precipitation starts. 
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Figure 6.1 Sketch of a DLS setup, (APD =avalanche photodiode) and a typical auto-correlation 
function displaying a slightly polydispersed sample.  

6.2 FLUORESCENCE CORRELATION SPECTROSCOPY 
Fluorescence correlation spectroscopy (FCS)[200-202] is based on similar relations as DLS, but 
measuring the fluctuations of the emitted light from a fluorophore excited by the incident 
light. These fluctuations may arise from diffusion of a molecule through the detection volume 
(Figure 6.2) and are then described by the correlation function: 
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where N is the average number of emitting diffusing entities in the detection volume, τD, the 
average dwell time and β is the ratio of the axial and transverse extensions of the 
approximately 3D-gaussian detection volume. The measured diffusion times are proportional 
to the third root of the molar mass M:   
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Hence by measuring the diffusion time for a well-known molecule, M for an unknown sample 
can be estimated, remembering that it is the hydration shell that determines the diffusion 
coefficient. However, fluctuations may also arise from change in fluorescence characteristics, 
caused by conformation changes or other photo-physical processes. Hence, for compounds 
exhibiting a dark transient state, the transitions into and out of which will be seen as 
fluorescence flickering, this will be represented in the correlation function by an exponential 
component. This is a common situation and a combination of different processes in the same 
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time range could be hard to interpret. Flickering could originate in singlet-triplet kinetics, 
photo-oxidation or photo-isomerisation, all of which commonly occur in the µs time regime, 
as well as transitions related to other transient states. This model is given by Widengren et. al. 
for one exponential component:[203] 
 

  
G τ( )= GD τ( )1− T + Te−τ τT

1− T
+1,   (6.9) 

where T is the average fraction of the fluorescent molecules momentarily residing in a 
transient state assumed to give no detected contribution to the emission, in which case τT is 
the average turnover time (also referred to as the correlation relaxation time of the process). 
The model could easily be extended with a second independent exponential component as: 
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This was used in paper V, where we notice at least two dark transient states, of which one 
exhibits typical singlet-triplet behaviour. To determine the origin of a dark transient state 
addition of heavy atoms, facilitating inter-system crossing and affecting singlet-triplet kinetics 
can be utilised. Addition of ascorbic acid, which commonly affects photo-oxidation, is 
another option. Also power series, where the excitation power is scanned, observing its 
impact on T and τT can be used to gain information on the nature of the dark transient state.  
Another problem, commonly occurring in this work, is spikes from strongly fluorescent 
entities, now and then passing the detection volume. Since the correlation function for FCS is 
proportional to the square of fluorescence brightness,[204] one spike could spoil a long 
measurement. This also implies that a few brightly emissive entities may disguise a large 
number of more weakly emitting entities. 
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Figure 6.2 Sketch of a confocal FCS setup used in paper V and VI, with illustration of the detection 
volume with diffusing molecules (upper right corner) rendering a two component FCS correlation 
curve, illustrating the diffusion component τD and a typical singlet-triplet transition τT a component. 
Reproduced with courtesy Gustav Persson.[202]  
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