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Do not go where the path may lead, go instead where 
there is no path and leave a trail.  

Ralph Waldo Emerson 
 
 
 
 
 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



ABSTRACT 
 

In this thesis the unique optical properties of fluorescent ligands termed 
luminescent conjugated oligothiophenes (LCOs) have been used to study a 
variety of protein aggregates associated with human protein misfolding disease. 
This heterogeneous group of diseases contains well known and fatal members 
such as Alzheimer´s and Huntington´s disease and the development of sensitive 
tools for the detection and characterization of protein aggregates is crucial for 
unravelling the complexity of these pathologies. Conventionally, the molecular 
dyes Congo red and thioflavin T (ThT) have been the primary choices for 
detecting and monitoring protein misfolding events. However, the rigid scaffold 
of both Congo red and ThT only offers an on or off mode and limits their ability 
to make fine distinctions at the molecular level. In contrast, LCOs have a 
flexible conjugated backbone and in addition to detect a broader subset of 
misfolded proteins, LCO can be used to visualize the heterogeneity of protein 
aggregates.  
 

The work presented in this thesis has given novel insights regarding the close 
connection between LCO design and optical performance. By altering the 
backbone length and the arrangement of substituents as well as replacing 
thiophene units with moieties affecting conjugation length and conformational 
freedom, the structural requirements of an optimal LCO for a certain application 
have been revealed. LCOs having a pentameric thiophene backbone with 
carboxyl end-groups were able to i) cross the blood-brain barrier and selectively 
stain cerebral amyloid  (A ) plaques, ii) detect non-thioflavinophilic A  
aggregates and non-congophilic prion aggregates, iii) spectrally discriminate A  
from tau aggregates and iiii) strongly label protein inclusion bodies. However, in 
some applications this design was outdone by others and in general, the 
conjugation length and the level of conformational freedom of the backbone 
were important determinants of the performance of the LCO.    
 

Overall, the findings in this thesis illustrate how small alterations in the LCO 
molecular scaffold may have large impact on the ligand properties. The results 
highlight the importance of having a toolbox of diverse ligands in order to 
increase our knowledge regarding the complex nature of protein aggregates. 
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Molekyler som får proteinaggregat associerade med 
sjukdom att lysa 

 
Proteiner är kroppens verkliga arbetshästar. De medverkar i otaliga kemiska 
reaktioner nödvändiga för vår överlevnad, fungerar som byggmaterial i 
strukturer som hår och naglar samt utgör den del i våra muskler som ger 
rörelseförmåga. Skissen över den sekvens av aminosyror som utgör själva 
grunden i ett protein finns i cellernas DNA, men det krävs att det resulterande 
pärlbandet av aminosyror veckas på ett korrekt tredimensionellt sätt för att 
proteinet ska kunna utföra sin uppgift. Av olika orsaker kan ett protein förlora 
sin korrekta veckning och istället bilda svårlösliga aggregat, så kallad amyloid, i 
olika vävnader i kroppen. Alzheimers sjukdom är ett välkänt exempel på en 
amyloid sjukdom där aggregat bestående av proteinerna amyloid  eller tau kan 
ses utanför respektive inuti cellerna i hjärnan. Alzheimers beskrevs för första 
gången i början av 1900-talet, men trots omfattande forskning är mekanismerna 
bakom sjukdomen ännu inte helt klarlagda.  
 

I diagnostik och forskning angående amyloida sjukdomar har färgerna kongorött 
och thioflavin T (ThT) länge haft en framträdande roll. De binder till den 
reguljära struktur som amyloida proteiner uppvisar och möjliggör detektion av 
proteinaggregat eftersom interaktionen får dem att lysa starkt. Nackdelen med 
kongorött och ThT är att de inte kan användas för att upptäcka skillnader mellan 
amyloida proteiner samt att deras krav på regelbunden amyloid struktur medför 
att de små, mindre välordnade aggregat som föregår dessa förblir oupptäckta. 
Eftersom flera rapporter har indikerat att det är de tidigt bildade aggregaten som 
är de mest giftiga för celler är det av stor vikt att hitta molekyler som kan 
användas för att detektera och karakterisera dessa.   
 

 I detta arbete har egenskaperna hos en ny klass av amyloidbindande molekyler 
undersökts. Till skillnad från kongorött och ThT är de flexibla i sin struktur och 
uppvisar en unik egenskap i att de skiftar färg beroende på hur de påverkas av 
det proteinaggregat som de binder in till. Detta innebär att dessa molekyler kan 
användas till att detektera skillnader mellan olika amyloida aggregat eftersom 
olikheter då ses som ett skifte i färg. Genom att designa ett bibliotek av dessa 
molekyler med små skillnader i strukturen och sedan undersöka hur respektive 

 VII 



molekyl presterar i närvaro av proteinaggregat har en viktig koppling mellan 
deras molekylära sammansättning och hur de klarar av att hitta och skilja på 
aggregat klarlagts. Resultaten visar att vissa av de nya molekylerna är känsligare 
än kongorött och ThT, ger en färgskillnad mellan amyloid  och tau samt kan 
passera från blodet in till hjärnan och binda in till proteinaggregat i levande 
möss. Genom att jämföra den molekylära sammansättningen hos de molekyler 
som hade respektive saknade dessa egenskaper framgick det tydligt att längden 
samt graden av flexibilitet hos molekylerna till stor grad påverkade deras 
förmåga.   
 

Sammanfattningsvis har detta arbete bidragit till en ökad förståelse hur 
amyloidbindande molekyler ska designas för att få optimala egenskaper. 
Resultaten har tydligt visat att det behövs bibliotek av skilda molekyler för att 
kunna få en mer komplett förståelse av amyloida sjukdomar och deras 
associerade proteinaggregat.  
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Preface  
________________________________________________________________ 
 

When I started to work with Peter Nilsson I was told that I was the first 
student from the medical faculty at the university to switch to the chemistry 
department for the doctoral studies. With a background in biomedicine, I have to 
admit, my view on the molecules presented in this thesis was initially that they 
were some “mysterious dyes” that fluoresced in a bright green color when 
binding to protein aggregates. My focus was the diseases in which these 
structures are found not primarily the “dyes” although they seemed to be very 
interesting. I cannot say that my focus has changed during the years, to fight in 
the battle against Alzheimer´s or Parkinson´s disease is still what I find most 
important, but I have realized that this battle requires powerful weapons and that 
the “mysterious dyes”, more scientifically denoted luminescent conjugated 
oligothiophenes (LCOs), are excellent candidates for this purpose.  

The main part of this thesis is the result of interdisciplinary work performed 
by biochemists and organic chemists at the Department of Physics, Chemistry 
and Biology at Linköping University. A library of diversely designed LCOs has 
been evaluated using various types of protein aggregation model systems and 
the result has shown a remarkable connection between LCO structure and 
performance. I have also been fortunate to collaborate with both national and 
international scientists that have brought and shared their expertise in projects 
involving complex protein inclusion bodies. Overall, the work described in this 
thesis has increased our knowledge regarding using LCOs as agents for 
detecting and characterizing disease-associated protein aggregates. It has taught 
us that we need a variety of LCOs to elucidate the mechanisms of protein 
misfolding diseases and hopefully, the experience will help in the design and 
optimization of future probes. Personally, after documenting the large impact of 
small changes in the LCO design and thereby realizing the versatility of these 
kinds of molecules, I am ready to change the term “mysterious” to “fascinating”.  
                 

           Therése Klingstedt, Linköping in April 2013 
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Introduction  
________________________________________________________________ 
 

1. AMYLOID STRUCTURE AND FORMATION 

Proteins are the real workhorses in our body. They control and regulate 
essentially every chemical process required for life, as well as provide the 
components necessary for mobility and structural frameworks. Each protein is 
composed of a unique linear sequence of amino acids assembled by the 
ribosome using DNA as a building manual. To execute the function it was 
designed for however, the protein needs to obtain and remain in its correct 
native fold, which is a challenging task in the complex and crowded intracellular 
milieu. The cell has evolved a range of auxiliary systems to assist in the protein 
folding process and to avoid exposure of aggregation-prone peptide sequences, 
but these systems might get overwhelmed during pathologic conditions resulting 
in the assembly of misfolded proteins. For a certain class of proteins, this 
situation causes them to aggregate and give rise to deposits of highly organized 
fibrillar material referred to as amyloid. Many human diseases are associated 
with the formation and deposition of amyloid in various tissues and the 
development of novel methods to find and characterize the true culprits of these 
disorders is crucial to be able to stand a chance in the battle against them.   
 

1.1 A historical perspective  

 When the history of amyloidosis is told, the introductory sentences often 
describe the work done by the German pathologist Rudolph Virchow in the mid 
19th century.  Although autopsy reports from as early as 1639 contain 
descriptions of macroscopic tissue abnormalities such as white-stone containing 
spleens, it was Virchow who introduced the term “amyloid” to denote these 
structures 1 . By using iodine in combination with sulphuric acid Virchow 
concluded that the substance of cerebral corpora amylacea, the globular 
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basophilic bodies originally described by Purkinje 2 , was cellulose 3,4  and 
he gave it the name amyloid derived from amylon and amylum, the Greek and 
Latin words for plant amylaceous material 5 .  

Only five years after the initial report from Virchow, Friedrich and Kekulé 
refuted the hypothesis of the cellulose nature of amyloid. They had managed to 
extract the waxy white parts of the spleen from a woman with amyloidosis and 
the result of the elemental analysis showed “without any doubt” that the 
substance was protein and not carbohydrates 6 . The discovery initiated a long 
search for the true nature of the involved protein and even though the 
remarkable heterogeneity of the clinical manifestations had been noticed 
relatively early, amyloid was for many years considered a single substance 7 . 
In 1971, Glenner et al. presented for the first time, the definite evidence of a 
specific protein constituent in amyloid structures and by using sequence analysis 
the identity was shown to be the light chain of immunoglobulins 8 . After 
concurrent demonstration by Benditt and Eriksen 9  that the amyloid substance 
chemically belonged to different classes, the list of proteins identified in the 
amyloid structures quickly started to grow and was in December 2012 reported 
to contain 30 different proteins or peptides 10 .  

 

1.2 The amyloid structure 

The knowledge of the amyloid structure has advanced together with the 
resolution offered by the presently available technology. The step from the 
initial macroscopic perspective to the new world opened by the light microscope, 
and then eventually the electron microscope, made it possible by the 1950s to 
explore the characteristics of amyloid at a higher level. The first electron 
microscopic study of human and experimental amyloidosis specimens clearly 
demonstrated that amyloid, irrespective of origin, exhibited a similar fibrillar 
ultrastructure 11 . The observation has since then been amply confirmed, and it 
is now established that the submicroscopic structure of amyloid is composed of 
bundles of straight, unbranched fibrils ranging in width from 60 to 130 Å with 
indefinite length 5 . The fibril itself usually consists of two or more 
protofilaments that are entwined around each other resulting in a twisted 
ultrastructural appearance 12,13 . X-ray fiber diffraction analysis have revealed 
that in each individual protofilament, the polypeptide chain has been re-arranged 
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into -strands that run perpendicular to the long axis of the fibril 14-16 . As 
described by Pauling and Corey 17 , the -strand conformation of the 
polypeptide allows NH and CO groups in each -strand to make hydrogen bonds 
with CO and NH groups, respectively, on adjacent strands. Since these 
neighbouring strands also make hydrogen bonds with similarly organized 
strands, the end-result is very stable -sheets running parallel to the fibril axis. 
The X-ray diffraction pattern of amyloid fibrils indicates that the spacing 
between adjacent -strands is approximately 4.7 Å, which is a value that 
corresponds well with the standard length of hydrogen bonds between CO and 
NH groups. The formed -sheets are separated by approximately 10 Å and may 
be arranged in a parallel or antiparallel fashion (Fig 1) 18 . Unlike the model by 
Pauling and Corey, the sheets are twisted and the explanation for that is that the 
rotation of the -strands increases the space between side-chains and peptide-
groups and thereby lowers the energy state as seen in globular proteins with -
sheet topology 16 .   

 

 
Figure 1. The amyloid fibril consists of entwined protofilaments in which the polypeptide 
chain is arranged into -sheets.  

 
The above described arrangement of -strands running perpendicular to the 

fibril axis and bounded together to form helical -sheets parallel to the same axis 
is called the cross-  structure. This structure has been found at the protofilament 
level for each investigated amyloid fibril indicating that although the precursor 
proteins do not show any homology in size, native fold, or function, they can all 
be structurally converted into this particular amyloid skeleton 19 . The cross-  
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structure is the shared protofilament substructure, but there are however, many 
possibilities for variations within this framework. The ratio of the number of 
amino acid residues incorporated in the -strands compared to the connecting 
loops might vary substantially thereby resulting in protofilaments of various 
diameter 16 . Although the overall amyloid framework is determined by main-
chain interactions, the interplay between side-chains has a major influence on 
the fibril architecture and further development of methods such as solid-state 
NMR spectroscopy will hopefully make it possible to obtain resolution high 
enough to study these processes 20 .  

 

1.3 The classic definition of amyloid 

The current definition of an amyloid fibril protein according to the 
Nomenclature Committee of the International Society of Amyloidosis is that the 
protein must occur in body tissue deposits and show affinity for the dye Congo 
red 10 . Congo red was originally used as a textile dye 21  and was introduced 
to the field of pathology by Bennhold in 1922 after he discovered that it bound 
avidly to amyloid 22 . The observation that Congo red exhibited green 
birefringence under polarized light when bound to amyloid deposits 23  was 
very important and is today also included in the list of properties that are 
required in order for protein assemblies to be defined as amyloid. In addition, 
the identity of the protein must have been unambiguously characterized by 
protein sequence analysis.  
 The present definition of amyloid does not include the large number of 
intracellular protein inclusions that have been reported for various diseases. 
Neurofibrillary tangles, found for example in Alzheimer´s disease patients, 
exhibit the cross-  pattern with X-ray diffraction and bind Congo red with a 
resulting green birefringence but their location inside the cell excludes them 
from the list of amyloid proteins and they are instead considered as “intracellular 
amyloid”. There are also several examples of intracellular protein inclusions 
exhibiting one, but no all of the above mentioned amyloid requirements 10 . 
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1.4 Amyloid formation pathways 

In order to carry out its biological function, the newly synthesized 
polypeptide chain needs to adopt the correct native fold. The folding process of 
a protein can be described as a multidimensional energy landscape defining the 
free energy of the polypeptide as a function of its conformational properties. For 
efficient folding of a protein, the shape of the landscape resembles a funnel with 
the depth denoting free energy and the width the entropy 24 . At the beginning 
of the folding process, the unstable, unfolded polypeptide is at the wide opening 
of the funnel fluctuating between a large number of possible conformations. As 
the folding progresses, the formation of native-like interactions increases and the 
number of available conformations decreases resulting in a reduction of free 
energy and entropy respectively, and the polypeptide proceeds down the funnel 
25 . Now and then, the folding process is slowed down as the polypeptide gets 

trapped in local energy minima seen as deep valleys in the energy landscape. At 
the bottom of the funnel, the folding of the polypeptide has resulted in the most 
stable structure, which is the native biological state of the protein (Fig 2) 26 . 

 
 

 
 
Figure 2. Folding of a protein described as a funnel.  
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Under physiological conditions, the change in free energy for unfolding a 
typical protein is in the range of 5-15 kcal/mol. This modest stability can quite 
easily be overrun by, for instance, destabilizing mutations, changes in the 
environmental conditions or chemical modifications with the result of an 
increasing population of partially unfolded, or misfolded, species that are more 
aggregation-prone than the native state. An accumulation of these species can 
also be seen as a consequence of enhanced protein synthesis or reduced activity 
of the cellular clearance systems. In either case, the failure of the protein to 
maintain its native conformation causes it to aggregate and form amyloid 
structures 27 . 

The aggregation pathway of a protein into amyloid fibrils is often modelled 
as a nucleation-dependent polymerization mechanism divided into three main 
phases: the lag, growth and stationary phases. During the initial lag phase, 
providing that the protein concentration is above the critical concentration to 
allow polymerization to occur, soluble protein species associate to form a 
nucleus 28,29 . The nucleation reaction is thermodynamically disfavoured since 
the resulting intermolecular interactions do not overweigh the reduction in 
entropy and is therefore considered as the rate-limiting step of amyloid 
formation. The length of the lag phase can, however, be shortened and even 
abolished by the addition of pre-formed fibrillar species 30 . These “seeds” 
function as exogenous nuclei and it has been shown that their accelerative effect 
on fibrillation relies on a sequence complementarity between the seed and the 
protein 31 . As soon as a nucleus is formed, the lag phase is ended and the 
growth phase begins. Monomeric proteins with exposed aggregation-prone 
segments are added to the nucleus and the growth of the fibril proceeds rapidly. 
Eventually, the consumption of monomers decelerates the polymerization 
reaction and the stationary phase, in which the mature fibrils are in 
assembly/disassembly equilibrium with the monomers, is reached 32 . Hence, 
when plotting a kinetic graph illustrating the amount of fibrils at each time point, 
the characteristic curve for a nucleation-dependent polymerization process of 
amyloid formation is sigmoidal, with a slow nucleation or lag phase, followed 
by a rapid growth phase and then a plateau (Fig 3).  

Although the nucleation-dependent polymerization model is commonly used 
to explain the processes of amyloid formation, several other mechanistic 
descriptions have been proposed. One example is the nucleation conformational 
conversion model, which is characterized by a quick formation of less structured  
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Figure 3. The fibrillation of a protein described with the nucleation-dependent 
polymerization model. 
 
oligomers 33 . These aggregated species are conformationally rearranged to 
form nuclei that trigger the formation of fibrils through rapid polymerization of 
oligomers acquiring the amyloid fold at the fiber ends. Hence, in this model, 
oligomers are quickly formed and it is the conversion of the misfolded oligomer 
into the amyloid oligomer that is the rate-limiting step. This behaviour has been 
observed for several proteins indicating that amyloid formation might be 
modelled in different ways 34 . In fact, it has been shown that a protein might 
fibrillate through different pathways and that aggregation in some cases occurs 
via competing routes occurring concomitantly in the sample 35 . One example 
is the complex fibrillation pathway of -synuclein, which has been 
demonstrated to contain at least two or three different forms of early oligomeric 
intermediates as well as a late oligomer coexisting with the fibrils 36 . Thus, 
amyloid fibrillation is a complicated scenario and the apparent involvement of 
multiple pathways makes it difficult to fully elucidate the process.  
 

1.5 Species preceding the appearance of amyloid fibrils     

During the last years large efforts have been made in order to identify and 
characterize the various oligomeric species preceding the appearance of amyloid 
fibrils. The majority of these studies have focused on the amyloid  (A ) 
peptide, found in aggregates in the brain of Alzheimer´s disease patients, and 
early-formed assemblies of this peptide are often described as spherical beads 
when viewed by transmission electron microscopy (TEM) 37,38 . The number 
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of monomers trapped in these oligomeric assemblies varies and the 
identification of both dimers and trimers in the SDS-stable soluble fraction of 
human brain and amyloid plaque extracts suggests that these species might be 
the building blocks of larger A  oligomers 39 .  

The pathway to mature amyloid fibrils is also characterized by the presence 
of elongated, filamentous structures called protofibrils. These late-stage 
intermediates were first described for A , but are now believed to be a general 
feature of amyloid formation 40 . In comparison with spherical oligomers, the 
internal order in protofibrils seems to be higher although not as pronounced as in 
mature fibrils. They can also be structurally distinguished from fibrils by their 
smaller diameter, shorter length and more curvilinear appearance 41 . In 
addition to spherical or elongated oligomers, several proteins have been reported 
to form ring-like aggregates with a central water-filled channel. The 
resemblance of these annular assemblies with bacterial pore-forming toxins have 
suggested that they posses a cellular membrane-perturbing activity 42 . 
 The reason for the lately emerged interest in studying the soluble 
intermediates in protein fibrillation pathways is the accumulation of reports 
designating these species to be the main pathogenic culprits in amyloid diseases. 
The finding that the level of soluble non-fibrillar A  assemblies showed a better 
correlation with the severity of Alzheimer´s disease than the cerebral amyloid 
load 43  has been followed with reports demonstrating A  oligomers causing 
injury to cultured neurons and inhibition of long-term potentiation when injected 
into the brains of rats 44,45 . In transgenic mouse model of Alzheimer´s disease, 
oligomeric A  was detected both within the dense core of the senile plaques as 
well as in a halo surrounding the core and by combining ultrathin sectioning 
with immunofluorescence, it was shown that the presence of oligomers 
correlated with the loss of excitatory synapses 46 . The toxicity of species 
formed early in the fibrillation pathway has also been demonstrated for other 
amyloidogenic proteins such as -synuclein forming neuronal Lewy bodies in 
Parkinson´s disease. -synuclein mutants designed to form oligomers have been 
reported to cause more severe dopaminergic loss in substantia nigra of rats in 
comparison with variants that formed fibrils very quickly. In addition, the results 
indicated that the oligomeric -synuclein assemblies interacted with and 
potentially disrupted the cellular membranes 47 .   
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2. AMYLOID DISEASE 

Pathological conditions in which a specific peptide or protein fails to adopt 
or maintain its native functional state are generally referred to as protein 
misfolding diseases. In some cases, the erroneous folding of a protein reduces 
the quantity of the available functional form and it drives the pathogenesis of 
diseases such as cystic fibrosis 48 . The largest group of misfolding diseases 
however, is characterized by the conversion of a soluble peptide or protein into 
highly organized amyloid fibrils through the fibrillation pathway described in 
previous sections 20 . Amyloid deposits can be found in a variety of tissues 
such as brain, liver, kidney, spleen and heart and in some cases the sheer volume 
of material (kilogram quantities) causes the organ to disrupt 10,49 . Diseases 
involving amyloid can roughly be divided into three groups: neurodegenerative, 
in which aggregation occurs in the brain, localized amyloidosis, in which 
aggregation occurs in a single type of tissue but not in the brain, and systemic 
amyloidosis, in which aggregation occurs in multiple tissues  (Table I) 49 . This 
section will focus on Alzheimer´s disease, the most common age-related 
neurodegenerative disorder and cause of dementia among elderly 50 . It will 
describe the pathology and introduce the two protein entities associated with the 
disease.  
 

2.1 Alzheimer´s disease 

At the beginning of the 20th century, Alois Alzheimer had the position as an 
assistant physician at the psychiatric institution in Frankfurt am Main. In 
November 1901, the 51-year-old woman Auguste D. was admitted to the 
hospital after developing progressive changes in her personality. Alzheimer 
systematically started to interview the patient and his detailed notes of her 
answers describe a disoriented person with increasingly failing memory, 
impaired comprehension, unpredictable behaviour, psychosocial inaptitude and 
progressively developing aphasia. Or as Auguste D. herself commented on her 
state, “I have, so to say, lost myself” 51 . After her death in 1906, the brain of 
Auguste D. was sent to Alzheimer for pathological examination and he noticed 
already on the macroscopic level that the brain was markedly atrophied. By 
using the silver staining method developed by Bielschowsky four years earlier, 
Alzheimer detected that a large number of neurons in the histological sections  
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Table I. Examples of human amyloid diseases and their associated amyloid-forming 
protein or peptide. 
 

DISEASE AGGREGATED PROTEIN OR PEPTIDE 

Neurodegenerative  
Alzheimer´s disease Amyloid  peptide 
Spongiform      
encephalopathies 

Prion protein 

Frontotemporal dementia 
with parkinsonism 

Tau 

Systemic   
AL amyloidosis Immunoglobulin light chain 
AA amyloidosis Serum amyloid A 
Senile systemic amyloidosis Transthyretin 

Localized   
Type II diabetes Islet amyloid polypeptide 

 
 
contained tangle-like fibrils and that extracellular plaques of an unidentified 
substance were scattered throughout the entire cerebral cortex 51,52 . 
Alzheimer presented his findings at the 37th meeting of the Society of 
Southwest German Psychiatrists in Tübingen, Germany, in November 1906, and 
today, Auguste D. is known as the fist documented case of the disease that the 
influential psychiatrist Emil Kraepelin in the 8th edition of his textbook in 
psychiatry from 1910 introduced as Alzheimer´s disease 51 . 

More than 100 years after the initial description, Alzheimer´s disease is still 
causing great suffering and is associated with an inevitable death. It is the most 
common cause of dementia; an acquired syndrome characterized by loss or 
decline in memory and other cognitive abilities, and is believed to contribute to 
60-70% of all cases 53 . Advanced age is the major risk factor for developing 
dementia and the prevalence increases from 1% in the age-group 60 to 64 years 
to 24-33% in those older than 85 years 54 . Epidemiological studies have also 
identified associations between an increased risk for developing Alzheimer´s 
disease with, for example, low educational attainment, reduced mental and 
physical activity during late life, cardiovascular disease or traumatic head injury 
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55 . The worldwide prevalence of Alzheimer´s disease is estimated to 30 
million and if this figure increases according to the calculations, the number of 
cases will quadruple by the year 2050. With these estimations it is easy to 
imagine how Alzheimer´s disease and other dementias will become one of the 
most important health care issues in the future and that the caring costs will be 
astronomical, especially when considering that the estimated cost of care for 
demented patients in the United States for 2010 was $172 billion 53 .  

Alzheimer´s disease has an insidious onset over several months with 
impaired short-term memory often seen as the first symptom. The mild early 
stage of Alzheimer´s disease usually lasts for two to five years and is then 
followed by a moderate stage characterized by more severe loss of memory as 
well as other cognitive functions. When reaching the advanced stage, the 
individual often becomes mute, immobile and unable to swallow or control 
bladder and bowl function and is completely dependent on others for all 
activities of daily living. The time course of disease averages from seven to ten 
years and ends relentlessly with death 53 . In the post-mortem analysis of the 
brain, the histopathological hallmarks of Alzheimer´s disease become obvious 
and are represented by, just as described by Dr. Alzheimer, massive neuronal 
loss and the presence of extracellular senile plaques and intracellular 
neurofibrillary tangles (NFTs). Plaques can be found both in the brain 
parenchyma and cerebral blood vessel walls and in the latter case they are often 
referred to as cerebral plaques or cerebral amyloid angiopathy (CAA). In 1984, 
almost 80 years after Alzheimer´s initial report, the main component of 
congophilic CAA from Alzheimer´s disease patients was isolated and termed  
protein 56,57  and one year later, the parenchymal plaque cores in individuals 
with Alzheimer´s disease or Down syndrome were shown to contain the 
identical protein, today known as amyloid  (A ) 58 . The connection between 
Alzheimer´s disease and Down syndrome led to the hypothesis that the gene 
encoding A  was localized to chromosome 21, which was confirmed in 1987 
when several groups managed to clone the complementary DNA (cDNA) for A  
59,60  and also show that it was a small part of a much larger protein named 

amyloid precursor protein (APP) 61 . The main proteinacous component of the 
intracellular NFTs was revealed a couple of years after A . Immunological 
studies had suggested possible candidates 62,63 , but it was the isolation of 
cDNA in 1988 that confirmed that the core protein in NFTs was an aggregated 
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form of the microtubule-associated protein tau 64 . In addition, it was reported 
that tau was hyperphosphorylated when aggregated into NFTs 65 .  

        

2.2 APP and the A  peptide 

The A  peptide is derived from the much larger single transmembrane 
protein APP by sequential proteolytic cleavage. APP is highly conserved in 
evolution and is present in several isoforms in the human body, the three most 
common containing 695, 751 or 770 amino acids 66 . The APP splice forms 
with a length of 751 or 770 residues are preferentially expressed in non-neuronal 
cells throughout the body and are suggested to be involved in the coagulation 
cascade as serine protease inhibitors 67 . The 695-residue isoform is the main 
type found in neurons, and as for the other APP forms, its biological function is 
still speculative however, several studies have assigned a role as a trophic factor 
since it stimulates neurite outgrowth and synaptogenesis 68 .   

Initially, it was assumed that the generation of A  was a pathologic event; 
however, the finding that the peptide was constitutively released from cells 
under normal conditions 69  and that it was present in cerebrospinal fluid from 
healthy individuals 70  implicated that its production is a normal physiological 
process. These results initiated a search for the two enzymes believed to excise 
A  from APP, which resulted in the identification of the hypothesized - and -
secretases 71 . The -secretase was shown to be a transmembrane aspartic 
protease that subsequently was termed -site APP cleaving enzyme 1 (BACE1) 
72-74  and the -secretase was identified as a complex of enzymes composed of 

presenilin 1 or 2, nicastrin, Aph-1 and Pen-2, with presenilin containing the 
active site 75,76 . The generation of A  is initiated with -secretase cleaving 
APP at a position 99 residues from the C-terminal, thereby releasing the large N-
terminal fragment sAPP  into the extracellular space and leaving the small C-
terminal fragment C99, which begins at residue 1 of the A  region, within the 
plasma membrane. The -secretase subsequently cleaves C99 between residues 
38 and 43 and an intact A  peptide is liberated leaving AICD in the membrane 
77  (Fig 4). The rate of amyloid formation increases with the length of the A  

peptide 78  and the predominant variant found in cerebral A  plaques contains 
42 amino acids 79 ; however, most of the full-length A  produced is 40 
residues in length 77 . This alternative cleavage pathway of APP, generating 
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more or less aggregation prone A , is called the amyloidogenic pathway. The 
more prevalent non-amyloidogenic pathway involves a third family of enzymes 
with -secretase activity cleaving APP within the A  domain at the lysine 16-
leucine 17 bond thereby precluding the formation of A . Similar to the cleavage 
result obtained with -secretase, this generates a large N-terminal fragment 
(sAPP ) that is secreted into the extracellular medium and a shorter C-terminal 
fragment retained in the plasma membrane (C83) (Fig 4) 80,81 . 
 

 
 
Figure 4. The amyloidogenic and non-amyloidogenic cleavage pathway of APP. 

 

2.3 Mutations linked to Alzheimer´s disease 

In the amyloid hypothesis of Alzheimer´s disease it is proposed that the 
accumulation of A  in the brain is the causative pathological agent and that the 
other hallmarks seen in the disease, such as NFTs and neuronal cell loss, are a 
direct result of the imbalance between A  production and A  clearance 82,83 . 
In support for the hypothesis is the knowledge that the extra copy of the APP 
gene in persons with Down syndrome results in early formation of A  plaques 
and that mutations involved in familial Alzheimer´s disease (FAD) are found 
both in the gene encoding the precursor molecule (APP) and in the genes 
resulting in the key enzyme for the generation of A  (presenilin 1 and 2) 71 . 
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Less than 1% of all Alzheimer´s disease cases occur within families 53 . The 
disease is inherited in an autosomal dominant fashion and the onset of dementia 
is usually between the ages of 30 and 60 years in comparison to the sporadic 
form, which in most cases begins after the age of 65 years 53 . The first 
mutation shown to be involved in FAD was located within the APP gene 84  
and since then several additional mutations have been reported, most of them 
flanking the A  encoding region 52 . One example is the Swedish variant in 
which a double mutation in the two amino acids immediately preceding the A  
region leads to increased cleavage by -secretase and thereby an enhanced 
secretion of A  85-87 . Another example is the Arctic mutation, which, in 
comparison to the Swedish, is located within the A  sequence. Carriers show 
reduced levels of A  in their plasma and fibrillation experiments with the 
mutated peptide demonstrate a much higher rate of protofibril formation 
compared to the wild type, which can lead to an accelerated accumulation of 
insoluble A  88 .  
 Mutations in the APP gene only account for a minority of the FAD cases. 
Instead, the most common genetic variations found in families with early-onset 
Alzheimer´s disease are located in the presenilin 1 and 2 genes 71 . Presenilin 1 
mutations have a complete penetrance by age 60-65 years and to this date have 
more than 180 Alzheimer´s disease causing variants been reported. The 
corresponding number for presenilin 2 is fewer than 15 and they also show a 
higher variation in penetrance 89 . Presenilin mutations appear to cause FAD 
by altering the function of the -secretase, which normally produces A 1-40 
over A 1-42. The variants implicated in FAD show a relative increase in A 1-
42 production, which, as mentioned above, is more aggregation prone, and a 
lower production of shorter A  species 90 . The -secretase is a very attractive 
target for developing Alzheimer´s disease therapeutics, but its involvement in 
other cellular systems, especially the very important Notch signalling pathway, 
has raised major concerns 91 . 
 

2.4 Misfolding of tau 

The microtubule-binding protein tau is abundant in the central nervous 
system with predominate expression in the axonal compartment of neurons 92 . 
In normal adult human brain there are six isoforms of tau generated by 
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alternative mRNA splicing of one single gene found on chromosome 17. The 
isoforms range from 352 to 441 amino acids in length and differ from one 
another in the presence of either three (3R-tau) or four (4R-tau) so called 
microtubule-binding domains containing tandem repeats in the carboxyl 
terminal. In addition, the absence (0N) or presence of amino terminal insertions 
containing 29 (1N) or 58 (2N) residues generates three different isoforms of 3R-
tau and 4R-tau, respectively (Fig 5) 93,94 . The alternative splicing of tau is 
developmentally regulated and only the shortest isoform (3R0N) is expressed in 
fetal brain, whereas the additional five isoforms appears postpartum 93 .   

 

 

 
 
Figure 5. The six isoforms of tau found in adult human brain. 
 
 Tau was discovered almost 40 years ago 95  and since then a number of 
functions have been reported for this protein, most notably its binding and 
stabilization of microtubules 96 . The microtubule system is a part of the 
cytoskeleton and plays an important role in maintaining cell shape, separating 
the chromosomes during mitosis and constituting the tracks for intracellular 
transport of organelles and molecules 95 . The microtubule-binding region of 
tau is large and includes all carboxyl terminal repeats as well as adjacent 
flanking domains of approximately 40 amino acids 97 . The repeat sequences 
contribute with most of the binding energy and the strength of the interaction 
between tau and microtubule increases with the number of repeats 98 . The 
amino terminal of tau is termed the projection domain and it protrudes from the 
microtubule upon binding and determines the spacing between adjacent 
microtubules 99 . 
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 There are 79 putative serine and threonine phosphate acceptor sites in the 
longest isoform of tau and studies have shown that the majority of these ( 45) 
might be phosphorylated in normal tau 92,97 . In Alzheimer´s disease, and 
other diseases where tau filaments are present, tau is hyperphosphorylated and 
the functional consequences of this have been under investigation for a long 
time mainly focusing on its effect on fibrillation rate and microtubule binding. A 
highly phosphorylated state of tau is not an absolute indicator of disease per se 
since it also can be seen for tau in the fetal brain 97 , but the observation that 
phosphorylation of tau precedes the formation of NFTs in Alzheimer´s disease 
has led to the assumption that phosphorylation drives tau into aggregation. 
However, it has not yet been proven experimentally that this is the case 97 , on 
the contrary, phosphorylation at certain sites has shown to strongly inhibit 
assembly 100 . It appears though to be a general consensus that increased 
phosphorylation of tau has a negative impact on its binding affinity for 
microtubules 92,97 . The phosphorylation sites are clustered in regions flanking 
the binding repeats, but the importance of each site in regulating the interaction 
with microtubules is debated, for example, phosphorylation of serine 262 has in 
different studies been demonstrated as both dominant and insufficient in 
reducing binding 101,102 . The exact mechanism underlying the formation of 
NFTs in neurons is still unclear but it seems plausible that hyperphosphorylation 
causes tau to detach from the microtubules resulting in a pool of unbound tau 
that might be more aggregation prone when compared to the bound form 92 .  
 Besides Alzheimer´s disease, which is the most common tauopathy, the 
presence of tau deposits has been described for a number of neurodegenerative 
diseases such as Pick´s disease, progressive supranuclear palsy and corticobasal 
degeneration. The occurrence of filamentous tau in such a large number of 
apparently unrelated disorders initially led to the suggestion that deposits of tau 
were a non-specific finding associated with cell death or dysfunction 52 . 
However, the discovery that mutations in the gene encoding tau caused 
frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) 
provided a direct link between tau deposits and dementing disease and it was 
proven that dysfunctional tau caused marked neuronal loss also without 
evidence of A  plaques or other disease-specific lesions 103,104 .  
 The work on FTDP-17 has resulted in tau transgenic mouse models that 
demonstrate the essential pathology of human tauopathies including tau deposits 
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and neuronal cell loss. These models have been used to test whether the 
distribution or timing of tau pathology is influenced by A  by crossing them 
with mice expressing mutant APP (Swedish mutation) or/and presenilin 1 or by 
injecting A 42 fibrils into their brains. The results showed that mutant APP and 
presenilin 1 enhances tau pathology and that A  deposits develop prior to NFTs, 
which is consistent with the amyloid cascade hypothesis 106-108 .   
 
 

3. PROTEIN INCLUSION BODIES 

Intracellular protein aggregates, or inclusion bodies, are morphological 
features of a wide range of human diseases. Several types, such as NFTs in 
Alzheimer´s disease 52  and Lewy bodies in Parkinson´s disease 109 , are 
found inside neurons but protein inclusion bodies can also be seen in, for 
example, hepatocytes 110  and cardiac and skeletal muscle fibers 111,112 . 
With exception of the predominant misfolded protein characteristic for each 
inclusion-type, inclusion bodies share several common constituents such as 
chaperones, ubiquitin and p62. These three components are all involved in the 
cellular control system of proteins; the chaperones trying to refold damaged 
proteins, whereas ubiquitin and p62 promote degradation via proteasomal or 
authophagic machineries 110 . The p62 protein, also known as sequestosome 1, 
is an abundant component in inclusion bodies and has lately emerged as an 
important player in protein trafficking, aggregation and degradation 113 . One 
of the important functions of p62 is to work as a shuttle protein transporting 
polyubiquitinated proteins to the proteasome for degradation 114 . It has also 
been reported to participate in the autophagic system through its interactions 
with the light-chain 3 protein in the autophagosome membrane 115 . 
Accumulation of p62 has been shown for inclusion bodies in hepatocytes 116  
and skeletal muscle fibers and has even been suggested as a diagnostic marker 
for the myodegenerative disease sporadic inclusion body myositis 117 . 

 

3.1 Mallory-Denk bodies 

Intermediate filaments (IFs) are, together with the microtubules and the actin 
microfilaments, components of the cytoskeleton and are mainly involved in 
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maintaining the structure and the integrity of cells and tissue 118 . It is a large 
family of proteins and several of its members have been identified in inclusion 
bodies such as desmin bodies in cardiac muscle fibers and Rosenthal fibers in 
astrocytes 110 . The most prevalent and best understood type of IF-related 
inclusions bodies however, are termed Mallory-Denk bodies (MDBs), which are 
found in the hepatocytes of patients with alcoholic and non-alcoholic 
steatohepatitis, chronic cholestasis, hepatocellular neoplasms, Wilson disease 
and other chronic liver disorders, in which their presence has been correlated 
with poor prognosis 119,120 . MDBs consist mainly of keratin 8 (K8) and 
keratin 18 (K18), but also different types of chaperones, ubiquitin and p62 110 . 
They do not display apple-green birefringence when stained with Congo red 
121 .  

Normally, K8 and K18 interact non-covalently to form IFs and in the 
absence of its binding partner the remaining keratin can not assembly into the 
cytoskeletal filaments 122 . In the formation of MDBs studies using transgenic 
mouse models have revealed K8 to be particularly important since mice lacking 
the K8 gene do not develop MDBs, whereas K18-null mice develop MDBs 
spontaneously upon ageing 123,124 . Hence, mechanisms seen after liver injury, 
such as oxidative stress, seem to disturb the K8:K18 ratio and thereby result in 
the formation of MDBs 125 . Besides keratin transgenic mouse models, 
presence of MDBs, which also is associated with liver damage and loss of 
hepatocyte keratin network, can be seen in mice after feeding with 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) for two to five months. Similar to 
the human case, removal of the inducing agent (ethanol or DDC) results in the 
disappearance of MDBs, but the liver still remains “primed” in the sense that 
MDBs are formed within days if it is re-challenged with DDC 126 .  
 In idiopathic copper toxicosis and hepatocellular carcinoma, the hepatocytes 
might, in addition to MDBs, contain a second type of inclusions termed 
intracellular hyaline bodies (IHBs). IHBs share several components with MHBs 
but they lack keratins and are therefore suggested to form if p62 is induced alone, 
or at least exceeds the level of abnormal keratins in the hepatocyte 127 . 
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 3.2 Sporadic inclusion body myositis 

Sporadic inclusion body myositis (s-IBM) is the most common inflammatory 
myopathy in individuals over the age of 50 years and is now recognized as one 
of the most important myopathies associated with ageing 112 . s-IBM causes 
slowly progressing muscular weakness and atrophy, most severely affecting the 
quadriceps femoris and forearm flexor muscles leading to frequent falls and loss 
of manual control 112,128 . The cause of the disease is still unknown, but 
examination of skeletal muscle biopsies from affected individuals indicates 
parallel occurrence of both autoimmune and degenerative processes 129-131 . 
The inflammatory component, consisting of mononuclear cells infiltrating and 
invading the endomysium and MHC-1 expressing muscle fibers, has so far been 
the main target for therapy, but most patients respond poorly to anti-
inflammatory drugs and there is no treatment available to stop the progression of 
the disease 112,128,132 . The degenerative features of s-IBM include 
vacuolization of muscle fibers and accumulation of intracellular congophilic 
protein aggregates 129 . The inclusion bodies are typically found in the non-
vacuolated sarcoplasm 130  and a wide variety of proteins, such as A , 
phosphorylated tau, TDP-43, -synuclein and the prion protein have been 
identified to be part of the aggregates 133-137 . A recent study demonstrated 
p62 as an integral part of s-IBM inclusions and suggested p62 immunopositivity 
as novel diagnostic marker for the disease 117 . The search for the pathologic 
mechanism behind the formation of these multi-protein inclusion bodies has 
revealed disturbance of the cellular machinery such as endoplasmatic reticulum 
stress 138  and increased levels of oxidative stress markers 139 . s-IBM 
muscle fibers also display an impairment of the autophagic system 140 . 
 
 

4. DETECTION OF AMYLOID 

The detection of amyloid assemblies in vivo can be challenging, particularly 
in patients suspected to suffer from Alzheimer´s disease or other 
neurodegenerative amyloid disorder since the detecting agents need to be 
injected, pass the blood-brain barrier (BBB) and show high amyloid affinity in 
order to be specific and to allow visualization with existing brain imaging 
techniques. As mentioned previously, Congo red was the first agent to be 
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introduced as a diagnostic tool for amyloid disease 22  and still, after more than 
90 years, it is part of the amyloid criteria 10 . However, the rather large and 
acidic structure of Congo red constitutes a problem for BBB passage and several 
derivatives of the compound have been developed during the years to 
structurally circumvent this large drawback 141,142 . One example is metoxy-
X04, which has shown good results in detecting A  deposits in living transgenic 
mice using multiphoton microscopy. The authors were, however, concerned if 
the brain uptake of 11C metoxy-X04 was sufficient for positron emission 
tomography (PET) 141 .  
 Thioflavin T (ThT) was introduced in 1959 as a fluorescent stain of amyloid 
in tissue 143 , but has during the years mainly been used for protein fibrillation 
studies in vitro 144 . As for Congo red, the structure of ThT has been modified 
in various ways 142  and one of the resulting derivatives, Pittsburgh 
Compound-B, can be used for PET imaging of amyloid deposits in Alzheimer´s 
disease patients 145 .  
 The major drawback with Congo red, ThT and their derivatives is their 
limited ability to make fine distinctions at the molecular level; hence, the 
heterogeneity reported for amyloid deposits goes undetected. A  plaques, for 
example, display a variation in the histopathological appearance and A  deposits 
differ in their composition of A 1-40 and A 1-42 if they are found in 
association with blood vessels or in the brain parenchyma 146,147 . In addition, 
A  is modified through amino terminal truncations and posttranslational 
changes 148 . It was also recently postulated that two different forms of A  
aggregates might be of relevance for Alzheimer´s disease pathogenesis 149 . 
One initial form that functions as a catalyst of amyloid build-up without killing 
neurons and one later form that has gained neurotoxicity after years of 
incubation in the water-deprived milieu of the plaque. This model explains how 
the brain manage to resist amyloid pathology for many years and the authors 
stressed the importance of characterizing the two forms of A  aggregates in 
great detail to be able to find successful treatment. For this purpose, and for 
studying the heterogeneity of amyloid, the applied tools need to be very 
sensitive to be able to visualize small alterations in a detectable manner. A novel 
class of amyloid binding agents, termed luminescent conjugated oligo- or 
polythiophenes, has shown promising results in distinguishing proteins when 
used in a diversity of protein aggregation systems. 
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4.1 Conjugated polymers  

Luminescent conjugated polythiophenes (LCPs) are, as the name implies, 
conjugated molecules with a polymer backbone consisting of thiophene units. In 
chemistry, a conjugated system is a system of connected delocalized electrons 
found in compounds such as thiophene with alternating single and multiple 
bonds. The chemical formula of thiophene is C4H4S and the carbon atoms and 
the sulphur atom are bonded together to form a five-membered ring structure. At 
the molecular orbital level, each carbon has three sp2 hybridized orbitals that are 
involved in forming  bonds and one electron in the p-orbital involved in 
forming a  bond. The sulphur atom has the same number of hybridized orbitals, 
but only uses two for  bonds leaving a lone pair of unbound electrons. In 
addition, it has two electrons in the p-orbital and these connect, or overlap, with 
the four carbon p-electrons to form the cloud of delocalized electrons above and 
below the ring (Fig 6) 150 .  
 

 
 
Figure 6. Illustration of the p-orbitals of carbon and sulphur in a thiophene ring. Each 
carbon atom has one electron in the p-orbital whereas sulphur has two and an additional 
lone pair of unbound electrons. The p-orbital electrons are connected and form a cloud 
above and below the ring.  
 
In the LCPs, several thiophene units are joined together and so long as the 
backbone is planar, it results in p-orbitals that are aligned parallel to each other, 
allowing the electron cloud to stretch over several thiophenes resulting in an 
extended conjugation length. The thiophene backbone is very flexible 151  and 
if it twists for some reason, the overlap of p-orbitals on adjacent thiophene rings 
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decreases and the conjugation of electrons is disrupted which can be seen 
optically as a blue shift in absorption and emission spectra from the LCP 152-
156 . The connection between conformation and optical properties has been 
used to design bioimaging agents for various applications, but the main part of 
this section will be dedicated to the introduction of LCPs into the world of 
protein misfolding diseases. 
 

4.2 Conformation-dependent bioimaging agents  

The first biological application involving conjugated polymers was, to my 
knowledge, reported by Charych et al. in 1993 157 . They used the 
conformation-induced color transition of a conjugated polymer upon binding to 
influenza for detection of the virus. The polymer was functionalized with sialic 
acid to allow receptor-ligand interaction with viral hemagglutinin; however, 
later generations of polymer-based biosensor techniques are instead reliant on 
multivalent non-covalent interactions between the polymer and the biomolecule, 
omitting time-consuming functionalization steps of the polymer 158 . 
Biosensors of this type have, for example, been developed within the field of 
molecular biology and it was a method presented by Leclerc and colleagues 
159  that pioneered detection of specific DNA sequences with conjugated 

polymers. They added negatively charged single-stranded DNA (ssDNA) 
oligomers, designed to have a sequence complementary to the target ssDNA, to 
a solution containing a positively charged polymer. The color of the mixture 
changed from yellow to red within minutes because of the formation of a 
complex, termed a “duplex”, between the oligonucleotide and the polymer. 
When complementary ssDNA was added, the solution became yellow reflecting 
the formation of a new complex, the “triplex”, now between the polymer and 
hybridized double stranded DNA. The colorimetric effects were attributed to 
conformational changes of the polymer, from planar and highly conjugated in 
the duplex form to non-planar and less conjugated in the triplex. In addition, the 
sequence of events could also be followed with the intensity of fluorescence 
since the emission from the planar polymer was quenched. Hence, the DNA 
hybridization event could be transduced as optical signals from the polymer and 
resulted in a method that showed both high sensitivity and specificity (Fig 7) 
159 .  
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Figure 7. A positively charged polymer is mixed with a single-stranded DNA strand. 
When a complementary DNA strand is added the hybridization event causes the color of 
the solution to change from red to yellow due to the conformational change of the 
polymer from planar to non-planar. Reprinted with permission from 156. ©2008 
American Chemical Society.  
 
 

 The story of using LCPs for detecting and monitoring conformational 

changes of peptides and proteins began in 2003 when Nilsson and colleagues 

160 used the fluorescence from the zwitterionic LCP POWT to follow the 

different states of synthetic peptides designed to adopt a random conformation 

by themselves and a four-helix bundle upon mixing. The peptides were 

oppositely charged, and when POWT was added to a solution containing the 

cationic peptide (JR2K), the intensity of the emitted light was increased and blue 

shifted. The interaction was thought to remove the electrostatic repulsion forces  

between the carboxyl groups on the polymer side chains that otherwise forced 

the backbone to stretch, which resulted in a non-planar conformation. When 

mixing POWT with the anionic peptide (JR2E), the intensity of the emitted light 

was decreased and slightly red shifted, indicative of planarization and 

aggregation of the polymer backbone. By adding JR2K to the JR2E-POWT 

solution, the emission peak was shifted back to shorter wavelengths and the 

intensity of the emitted light was increased; hence, the formation of the four-

helix bundle caused the chains of POWT to separate and adopt a helical 

formation (Fig 8). In a similar fashion, the alterations of POWT fluorescence 

have also been used to detect conformational changes of calmodulin upon 

binding to calcium 161. These reports convincingly demonstrated the 
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possibility of using LCPs to give distinct protein conformations an optical 

fingerprint and the next step was to apply this unique property to the field of 

protein misfolding and protein aggregation diseases. 

 

 
Figure 8. LCPs can be used to detect conformational changes in peptides. A) Chemical 
structure of the LCP POWT and schematic illustration of the conformational changes of 
the peptides JR2K and JR2E when forming the heterodimer. B) The changes in POWT 
fluorescence spectrum when interacting with JR2K, JR2E or the heterodimer. Adapted 
with permission from 160. ©2003 National Academy of Sciences U S A.   
 

4.3 Luminescent conjugated polythiophenes–novel amyloid ligands  

In 2005, Nilsson and co-workers 162 used the optical properties of the LCP 

PTAA to distinguish between the native and fibrillar form of insulin. The 

conformational changes of the protein induced during the amyloid fibrillation 

pathway altered the geometry of the PTAA backbone and could be observed as 

shifts in absorption and emission spectra. In comparison with native insulin, the 

emission maximum of PTAA when added to insulin fibrils was shifted to longer 

wavelengths and showed decreased intensity; hence, the interaction with fibrils 

resulted in a planar and highly conjugated polymer backbone. In addition, the 
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fibrillation of insulin could be monitored by plotting the ratio of PTAA emission 
intensity at wavelengths corresponding to the native and fibrillar form of the 
protein, respectively, against time and the resulting kinetic graph showed a 
typical initial lag phase, an exponential growth phase and a final plateau.  
  The optimal probe for amyloid detection should only bind to proteins that 
display a fibrillar conformation and not, as PTAA, show an optical response also 
when interacting with the native form. To improve the selectivity for the 
amyloid fold, the design of the LCPs was modified and when using trimer-based 
LCPs with one un-substituted thiophene in each trimer building block, the 
discrimination between the amyloid-like fibrillar state and the native state was 
enhanced 163,164 . The comparison of the optical properties also revealed 
increased quantum yield and spectral shifts for the trimer-based LCPs compared 
with their monomer-based counterparts 164 . These results are good examples 
of how small modifications in the probe design might have large impact on its 
properties, which is a knowledge that has been further explored, not at least in 
this thesis.  
 LCPs had now proven their strength as detecting agents of pure amyloid 
fibrils in solution and when the concept was transferred into more complex 
environments such as tissue, the amyloid specificity and the specific emission 
profiles upon binding remained 165 . The real power of the LCP technique was 
shown when it revealed conformational differences in prion and A  deposits. 
(Fig 9). The prion protein causes a group of infectious fatal neurodegenerative 
diseases termed transmissible spongiform encephalopathies 166 . Prion 
aggregates have previously been reported to demonstrate conformational 
heterogeneity and the phenomenon has given rise to the definition of various 
prion strains 167,168 . Prion deposits in mice originating from scrapie-infected 
sheep or chronic wasting disease-infected cervids constitute different strains and 
when they were labelled with PTAA, the spectral separation of their emission 
profiles confirmed the difference in conformation (Fig 9B) 169 . Spectral 
analysis of PTAA binding to deposits has also made it possible to show that 
prion strain interactions are highly selective to form hybrid plaques or to block 
fibrillation of each other 170 .  

The conformational heterogeneity of A  assemblies has been demonstrated 
for both in vitro made fibrils of A 1-42 generated under different conditions and  
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Figure 9. LCPs can be used to study the heterogeneity of protein aggregates. The LCP 
PTAA (A) emits light with different color upon binding to prion aggregates associated 
with murine chronic wasting disease (mCWD) or murine sheep scrapie (mSS) (B). The 
LCP tPTT (C) shows a variation in color when binding to A deposits in brain tissue 
from Alzheimer´s disease transgenic mouse (D). Subpanel B is adapted from 169. 
Subpanel D is reprinted with permission from 171. ©2007 American Chemical Society. 
 

in vivo by using brain sections from AD mouse model 171. Tissue staining 

with LCPs has revealed variations in both plaque types and spectral profiles. 

Mature compact-core plaques fluoresced with an intense orange color indicating 

a composition of rigid dense amyloid, whereas plaques with a compact centre 

and diffuse exterior showed a green color from the core and orange from the 

periphery, indicating a twisted and a planar conformation of the probe, 

respectively (Fig 9D). The spectral result implied that the exterior of the plaques 

consisted of densely packed amyloid, whereas the centre was more loosely 

packed and the authors speculated whether the solidified amyloid tentacles were 

growing and protruding from the disordered centre or if the opposite scenario 

with rigid amyloid fibrils generating a plaque that was growing from the outside 

and in was more likely. In either case, the LCP technique has shown its potential 

to be used in the yet unexplored territory of amyloid spreading pathways and has 

later also been used for biostructural analysis of A plaques in transgenic mice 

harbouring the Swedish mutation alone or in combination with the Arctic 
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mutation 172  as well as to spectrally distinguish aggregates of amyloid light 
chain, serum amyloid A and transthyretin in human systemic amyloidosis 
patients 173 . 
 LCPs have shown great promise as amyloid imaging agents however, their 
specific requirement of buffer systems with acidic or alkaline pH, dependant on 
the overall charge of the LCP, to show specific binding in more complex 
environments is a major drawback since it impedes their possibilities to be used 
in living systems. Another concern is the inherently large molecular weight of 
polymers, which might preclude passage over the BBB. Thus, additional 
modifications of the thiophene probe design are needed in order to optimize 
amyloid binding at physiological conditions and to increase the chance of 
crossing the BBB. 
 

4.4 Chemical engineering of the thiophene backbone 

Stepping away from the polymer structure and instead focusing on well-
defined shorter backbones might solve the problems mentioned above. 
Therefore, the next generation of thiophene-based amyloid probes, termed 
luminescent conjugated oligothiophenes (LCOs), was synthesized with an 
oligomeric backbone with the aim of increasing the amyloid specificity and 
making the passage from the blood to the brain tissue possible. The defined 
synthesis would also increase the possibilities to investigate how subtle changes 
in the probe design affect the properties as amyloid binding ligands.       

The chemically stable polythiophenes constitute the most studied family of 
conjugated polymers, but an increased interest for the closely related 
selenophenes has lately emerged 174-176 . The only structural difference 
between a thiophene and a selenophene is that the sulphur atom has been 
replaced with selenium, but theoretical and experimental studies have 
demonstrated that the modification indeed has a large impact. One effect of the 
selenium atom is a reduced band gap, which is the energy difference between 
the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) in a molecule. The smaller band gap of selenophenes 
results in a red shift in absorption and emission compared to their thiophene 
counterparts 177,178 . Another important difference is that the selenophene 
backbone is more rigid than the thiophene backbone 178,179  and that makes 
the selenophene unit very interesting to incorporate into the thiophene backbone 
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when investigating how the observed optical properties for the probes upon 
binding to protein aggregates are dependent on conformational freedom of the 
conjugated backbone.  

In the free, unbound form the thiophene backbone is planar which may cause 
aggregation of the chains and a subsequent lowering of the quantum efficiency. 
Phenyl or phenylene groups have previously been introduced to the thiophene 
backbone or been used as substituents to decrease chain aggregation and thereby 
enhance the quantum yield 180 . The phenyl rings are twisted out of the plane 
relative to the thiophenes, which disrupts the planarity of the backbone and 
forces it to adopt a different conformation compared to its thiophene analogue 
181,182 . Therefore, the effect of introducing a phenyl ring in the thiophene 

backbone would, in similarity with selenophene units, offer information on the 
processes behind amyloid detection and spectral discrimination when using 
thiophene-based probes. 
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Aims of the study 
________________________________________________________________ 
 
The overall aim by the study was to evaluate novel thiophene-based fluorescent 
ligands for detection and characterization of disease-associated protein 
aggregates.  
 
More specific aims were: 
 
i) To identify amyloid-specific probes that can be used in vivo and pass the 
blood-brain barrier. 
 
ii) To elucidate the connection between probe design and its properties as an 
amyloid ligand. 
 
iii) To investigate if thiophene-based amyloid ligands can be used to study the 
complex nature of protein inclusion bodies.  
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Methodology 
________________________________________________________________ 
 

1. FLUORESCENCE 

Fluorescence is widely used for the detection and monitoring of biological 
events within areas such as biochemistry, molecular biology and cell biology. 
The phenomenon is simply described as the emission of light from a molecule 
subsequent to the absorption of photons. More specifically, and this is often 
illustrated by using a Jablonski diagram, the absorption of light results in the 
excitation of the molecule from the singlet ground state (S0) to higher energy 
levels (termed S1 and S2 in Fig 10). All levels are further divided into a number 
of vibrational energy levels and in most cases, the excited molecule can be 
found in the higher vibrational levels of either S1 or S2 183 . However, the 
majority of fluorescent molecules rapidly loose this excess of vibrational energy 
to the environment and drop to the lowest level of S1 before the transition to the 
ground state with a concomitant emission of a photon. Due to the relaxation of 
the excited molecule the emitted photons contain lower energy than what was 
absorbed causing a shift of the fluorescence spectrum to longer wavelengths 
referred to as Stokes shift 183 .  
 

 
 
Figure 10. Jablonski diagram illustrating how the absorption (A) of light excites a 
molecule to a higher energy level. The excited molecule looses energy and drops down to 
the ground state and fluorescent light (F) with a longer wavelength is emitted.  
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Fluorescence is affected by environmental factors such as polarity and closeness 
to quenchers. For instance, an increase in polarity increases the stability of the 
excited state and results in emission with longer wavelengths; thus, the local 
environment in a protein might affect the fluorescence spectrum from the 
fluorophore upon binding 183 .          
 

2. IMMUNOHISTOCHEMISTRY 

Immunohistochemisty (IHC) refers to a technique in which antibodies are 
used to detect a specific antigen in tissue sections. The process is in most cases 
initiated with a fixation step to maintain cell morphology and prevent autolysis 
and bacterial invasion. There is a variety of fixative agents to choose from, each 
having its own pros and cons. The cross-linker paraformaldehyde is widely used 
since it offers excellent structural preservation, but its mechanism of action may 
also hide antigens causing a requirement of antigen retrieval methods. Other 
examples of agents commonly used for fixation of tissue are ethanol, acetone 
and methanol. These solvents do not cross-link macromolecules, but it is at the 
expense of poorer preservation of tissue morphology. For the detection of 
intracellular antigens a permeabilization step is needed and for this purpose the 
cells are often treated with Triton X-100, Tween 20 or saponin. It is important to 
use low concentrations and short incubation times since these agents, especially 
Triton X-100, are harsh and may cause severe damage to the tissue. To reduce 
background staining due to unspecific interactions, the application of the 
antibody is preceded with a blocking step. By incubating the tissue with a buffer 
containing for example bovine serum albumin or normal serum potential 
reactive sites for the antibody are blocked and the specificity increases. The 
antibodies used for detection are either poly- or monoclonal. The former are 
produced by different plasma cells and show reactivity against various epitopes 
on the antigen, whereas the latter are from the same plasma cell clone and 
thereby demonstrate specificity against one single epitope. To visualize 
antibody-antigen interaction, the majority of IHC protocols involve a secondary 
antibody reactive for the first, or primary, antigen-binding antibody. The 
secondary antibody is conjugated with a fluorescent marker or an enzyme 
catalyzing production of a colored product and since several secondary 
antibodies are able to bind each primary antibody, the signal is highly amplified 
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and the sensitivity increases. The visualization of the secondary antibody is 
achieved by using fluorescence- or light microscopy.     
 

3. CIRCULAR DICHROISM 

Circular dichroism (CD) is a commonly used method for examining 
secondary structure, structural changes and binding properties of proteins. The 
technique is based on the fact that asymmetric molecules, for example proteins, 
may absorb left-handed (L) and right-handed (R) circularly polarized light 
unequally, a phenomenon termed dichroism 184 . Circular polarized light is 
generated when two plane-polarized waves with identical amplitude and 
wavelength in planes perpendicular to each other meet with a phase difference 
of 90 degrees. When viewed from the front, the resulting vector of the two 
waves traces out a circle with a constant diameter and the phase relationship 
between the waves determines whether the circle is formed clockwise or 
counter-clockwise resulting in R or L circularly polarized light respectively. If 
the protein absorbs the R and L component to a different extent, the length of the 
resulting vector is no longer constant and the light wave becomes elliptically 
instead of circularly polarized 185 .  

The CD instrument measures the difference in absorbance between the R and 
L component and reports the result either in units of A or in degrees of 
ellipticity ( ). In equation 1 the numerical relationship between A and 
ellipticity in degrees is showed. Ellipticity is often converted to mean residue 
ellipticity ( ) using equation 2.  

 
A= /32.98    (1)      

= mrw/10 c l  (2)     
 

Where  is ellipticity (degrees), mrw is mean residue weight (Da), c is protein 
concentration (mol/dm3), l is pathlength (cm). 
 

In the CD spectrum, the dichroism is plotted against wavelength and 
depending on the range of wavelengths chosen for the measurements, different 
information regarding the protein can be obtained. In the far-UV region (   240 
nm), the CD spectrum reflects the secondary structure of the protein. The -
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helical fold of the polypeptide chain gives rise to two distinct minima at 222 and 
208 nm respectively and a peak at 193 nm, whereas proteins with well-defined 

-sheet structure have a minima at 218 nm and a peak at 195 nm. The CD 
spectrum of disordered proteins closely follows the baseline at wavelengths 
above 210 nm and then has a minimum value near 195 nm (Fig 11) 185 . 
 

 
 

Figure 11. The typical far-UV CD spectrum of -helix ( ), -sheet ( ) or random coil (rc) 
topology. 
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Results and Discussion 
________________________________________________________________ 
 
In the following section, the principal findings in each of the five papers 
included in this thesis are summarized and discussed. For more comprehensive 
information, the reader may refer to the full version of the papers in the last 
section of the thesis.  
 

PAPER I  

The application of luminescent conjugated polythiophenes (LCPs) in 
investigating the world of protein misfolding diseases had proven the strength of 
thiophene-based probes in detecting amyloid proteins and visualizing the 
heterogeneity of distinct fibrillar deposits 169-173,186,187 . However, the 
polymer design limited the possibility of using LCPs as in vivo amyloid imaging 
agents. In addition, none of the reported probes were able to detect the 
presumably toxic species in the amyloid fibrillation pathway preceding the 
formation of mature fibrils. Therefore, to conquer these shortcomings, the aim of 
paper I was to design and synthesize a novel class of smaller, chemically defined 
probes using a pentamer thiophene scaffold and to investigate the amyloid 
binding characteristics of these molecules, which were termed luminescent 
conjugated oligothiophenes (LCOs).  
 In the paper, the anionic LCO p-FTAA was introduced together with its 
decarboxylated and methylated analogues termed p-HTAA and p-FTAM, 
respectively. When applied to brain sections from transgenic mice with 
Alzheimer´s disease pathology, all LCOs showed specific staining of protein 
deposits and well-resolved emission spectra with two distinct peaks (Fig 12). 
The experiment was performed using phosphate buffered saline (PBS, pH 7.4) 
as dilution buffer. Thus, the novel LCOs displayed amyloid specificity at 
physiological conditions and when injected into the blood stream of aged 
APP/PS1 transgenic mice, p-FTAA and p-HTAA readily crossed the blood- 
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Figure 12. A) The chemical structure of p-FTAA (top), p-FTAM (middle) and p-HTAA 
(bottom). B) Fluorescence images of brain tissue from Alzheimer´s disease transgenic 
mouse model stained with the LCO in the left panel. Scale bars represent 200 m. C) The 
emission spectrum of the indicated LCO when binding to protein deposits in Alzheimer´s 
disease transgenic mouse model. Reprinted with permission from 188. ©2009 
American Chemical Society. 
 

brain barrier (BBB) and, demonstrated with ex vivo analysis, selectively labelled 

cerebral plaques. In a time-lapse study using a cranial window and multiphoton 

microscopy, p-HTAA was shown to label the A deposits as early as 6 min after 

being injected into the tail-vein, verifying efficient passage over the BBB. 

Surprisingly, the hydrophobic p-FTAM was the least efficient LCO for in vivo 

imaging implying that certain substituent groups might be required for active 

transport over the BBB.  

Next, the fluorescence from p-FTAA was used to monitor the fibrillation 

kinetics of recombinant A. For A1-40, p-FTAA indicated initiation of a 

growth phase more than 100 minutes earlier than the reference probe ThT. TEM 

analysis of the species present at the time point when p-FTAA started to react 

showed small spherical aggregates; hence, the LCO could be used to detect non-

thioflavinophilic aggregated species of A1-40, a phenomenon not seen with the 

previously reported LCPs (Fig 13).  
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Figure 13. A) The fibrillation of A1-40 monitored over time with ThT or p-FTAA 
fluorescence. B) Fluorescence emission spectra of p-FTAA and the corresponding TEM 
images after 120 min (left), 220 min (middle) or 600 min (right) of A1-40 fibrillation. 
The blue curve represents the emission spectrum at time point 0 min. Reprinted with 
permission from 188. ©2009 American Chemical Society. 
 

The high selectivity of p-FTAA for protein aggregates was further proved 

when the probe was applied to Alzheimer´s disease brain sections. The LCO 

labelled the various histopathological hallmarks of Alzheimer´s disease, such as 

A plaques, NFTs and dystrophic neurites, and its specificity was confirmed by 

performing co-staining with antibodies directed against A or phosphorylated 

tau. The analysis of p-FTAA emission spectrum revealed that the interaction 

with aggregated tau resulted in a red shift in emission compared to the color 

observed from misfolded A (Fig 14). The spectral separation was abolished 

when removing the charged groups from the acetic acid substitutions (p-FTAM), 

replacing the carboxyl end-groups with hydrogen (p-HTAA) or adding more  
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Figure 14. Human Alzheimer´s disease brain tissue section stained with p-FTAA (left 
panel). The LCO labels the histopathological hallmarks of the disease and can be used to 
spectrally discriminate A plaques (green arrow) from tau tangles (red arrow), which was 
confirmed in the collected emission spectra (right panel). Adapted with permission from 
188. ©2009 American Chemical Society. 
 

negative groups and extending the backbone (PTAA); hence, the phenomenon 

was highly dependent on the design of the probe.  

The introduction of chemically defined LCOs, and thereby the possibility to 

investigate the impact of small structural variations, revealed that the probe 

design to a great extent seemed to govern the amyloid ligand properties. The 

results accentuated the need for structurally diverse LCOs and encouraged 

further chemical engineering of the thiophene framework in order to develop 

optimal amyloid binding ligands. 

 

PAPER II  

In paper I, the LCO p-FTAA had been introduced as an amyloid binding 

probe able to detect non-thioflavinophilic A species and to spectrally 

discriminate A plaques from NFTs. The demonstration that one or both of 

these properties were abolished when using a polymer backbone or replacing the 

carboxyl group at the end thiophene unit with hydrogen, urged the development 

of novel LCO structures and, consequently, the aim of paper II was to design 

and synthesize a library of structurally diverse LCOs. The resulting probes were 

then compared using the monitoring of A1-42 fibrillation in vitro and the 
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spectral assignment of A  plaques and NFTs in human Alzheimer´s disease 
brain sections as model systems.  
 The library included nine distinct LCOs with backbone lengths varying from 
four to seven thiophene units and with either hydrogen or a carboxyl moiety 
attached to the end rings (Fig 15).  
 

 
Figure 15. The chemical structure of the LCOs included in the library. 
 
When added to ThT positive amyloid fibrils of recombinant A 1-42, all probes 
displayed a well-resolved excitation and emission spectrum verifying selective 
binding to protein fibrils; however, the detection of early non-thioflavinophilic 
aggregates of the same peptide was confirmed to be highly dependent on the 
length of the thiophene backbone. In the fibrillation pathway of A 1-42 the 
fluorescence from the tetrameric LCOs indicated a growth phase at the same 
time-point as ThT whereas the pentameric, hexameric or heptameric probes 
reacted approximately 300 minutes earlier (Fig 16A). Also when using insulin, 
the kinetic curves obtained with pentameric and longer LCOs showed an onset 
of fibrillation preceding the one seen with ThT. Optical density measurements 
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(Fig 16B) and TEM analysis of protein samples that had been allowed to 

fibrillate with or without LCO present verified that the probes themselves did 

not accelerate the fibrillation kinetics.  

 

 
Figure 16. A) The fibrillation of A1-42 monitored over time with fluorescence from 
ThT or the indicated LCO. B) The fibrillation of insulin in presence or absence of LCOs 
followed with optical density (OD). Adapted from 189, DOI: 10.1039/C1OB05637A, 
with permission of the Royal Society of Chemistry.  
  
 
 The resemblance of the obtained A1-42 fibrillation kinetic curves between 

tetrameric LCOs and ThT might be explained by their small structures. Studies 

have suggested that the structure of ThT needs to be sterically locked in order to 

fluoresce strongly 190-192. The fact that the growth phase according to ThT 

coincided with the plateau phase of pentameric and longer LCOs implies that 

ordered bundles of amyloid fibrils are needed to immobilize ThT and thereby 

cause an observable increase in fluorescence. Hence, it is possible that ThT, and 

the tetrameric LCOs, are able to bind the aggregated species formed at the early 

stages of A1-42 and insulin fibrillation, but in their quenched mode. In contrast, 

pentameric, hexameric and heptameric LCOs seem to adopt a highly emissive 

state also when interacting with less ordered protein assemblies. In addition, the 

extension of the backbone might enhance the affinity for protein aggregates, a 

phenomenon that has been observed for dimeric versions of ThT 193.  
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 When applied to frozen Alzheimer´s disease brain sections, all included 

LCOs showed specific binding to assemblies of misfolded A or tau. The 

analysis of emission spectra collected from A plaques and NFTs revealed that 

the required LCO design for achieving a red shift in emission from misfolded 

tau compared to A was a backbone consisting of at least five thiophene units 

and with end thiophene rings substituted with carboxyl groups (Fig 17).  

 

 
Figure 17. Human Alzheimer´s disease brain sections stained with the indicated LCO. All 
LCOs can be used to identify A plaques (arrow) and tau tangles (arrowhead), but a 
thiophene backbone with at least five units and terminal carboxyl groups is required for 
spectral discrimination between A and tau. Scale bars represent 20 m. Adapted from 
189, DOI: 10.1039/C1OB05637A, with permission of the Royal Society of Chemistry. 
 

When plotting the ratio of the fluorescence intensity at a blue wavelength and a 

red wavelength in the collected emission spectra, the previously introduced 

pentamer p-FTAA was shown to offer the largest spectral shift of A and tau. 

The fact that this probe surpassed the hexameric and heptameric LCO indicated 

that the maximum effect of the carboxyl extensions of the conjugation length 

was obtained with a pentameric backbone. Although the results clearly showed 

that carboxyl groups were required for the red shift of tau, the molecular 

explanation was unknown. However, tau aggregates are known to carry a 

diverse array of chemical modifications that might affect the conjugated system 

of the thiophene backbone and cause a red shift in emission. 

 The results obtained with the library of LCOs further proved how small 

modifications in the design might have large impact on their properties as 
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amyloid probes. By controlling the length of the thiophene backbone and the 
type of chemical end-group, the molecular requirements for detecting non-
thioflavinophilic protein aggregates and for obtaining distinct spectral 
fingerprints of A  plaques and NFTs were identified. However, the results also 
opened up for additional alterations of the LCO structure to further optimize 
their optical performance and to pinpoint the underlying mechanisms of their 
behaviour. 
 

PAPER III  

The findings in paper I and II had highlighted the importance of the length of 
the LCO thiophene backbone and the extension of conjugation with carboxyl 
end-groups to detect early in vitro formed protein aggregates and to give A  and 
tau in tissue distinct spectral signatures. The aim with paper III was to explore 
whether the impact of these structural determinants was dependent on the level 
of conformational freedom of the thiophene backbone. A novel library of 
fluorescent amyloid ligands was synthesized and by replacing thiophene 
moieties with selenophene or a phenyl ring and by changing the structural 
symmetry of the backbone, modulation of the conformational flexibility could 
be achieved.  

When mixed with recombinant thioflavinophilic A 1-42 fibrils, LCOs and 
thiophene/selenophene co-oligomers showed enhanced fluorescence and well-
resolved excitation and emission spectra (Fig 18). In comparison with their 
thiophene analogues, the co-oligomers displayed a shift against longer 
wavelengths in both excitation and emission mode (Fig 18). This was also 
observed when the probes were diluted in PBS and the phenomenon has 
previously been explained with the selenium atom decreasing the band gap and 
enhancing the efficiency of conjugation through the backbone 177 . When 
monitoring A 1-42 fibrillation kinetics in vitro, the resulting graphs for 
pentameric LCOs and corresponding co-oliogmers were nearly identical; hence, 
the introduction of selenophenes or asymmetry along the pentameric backbone 
did not affect the detection of early non-thioflavinophilic A 1-42 aggregates. 
The kinetic graphs obtained with the asymmetric tetramers HS-67 and HS-68, 
however, displayed a small temporary increase in fluorescence at the same time-
point as the pentameric probes and then a second continuous onset of  
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Figure 18. Chemical structure (left), excitation spectra (middle) and emission spectra 
(right) of the indicated LCO or co-oligomer when binding to A 1-42 fibrils in solution. 
 
fluorescence simultaneous with the initiation of growth phase according to ThT 
(Fig 19). A similar initial increase of fluorescence, but not as pronounced, has 
previously been noticed with q-FTAA (Fig 16) indicating that carboxyl groups 
extending the tetrameric backbone increase the emission when binding to non-
thioflavinophilic A 1-42 aggregates. However, when the fibrillation of A 1-42 
was followed using the excitation mode instead of emission, the distinct shift in 
excitation spectra indicative of a sterically locked conformation revealed that the 
highly emissive state of HS-67 and HS-68 was obtained at the same time-point 
as for ThT, whereas p-HTAA and p-FTAA showed an earlier shift also in this 
mode. Thus, in agreement with the results in paper I and II, a conjugated 
backbone of at least five units was required to obtain strong fluorescence when  
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Figure 19. The fibrillation of A 1-42 over time monitored with fluorescence from ThT or 
the indicated LCO or co-oligomer.  
 
binding to early formed non-thioflavinophilic A 1-42 aggregates. Replacing 
thiophenes with selenophenes or introducing asymmetry to the backbone did not 
impair the specificity for misfolded A  and tau entities in Alzheimer´s disease 
brain sections, however, the structural modifications had large impact on the 
collected spectral fingerprints (Fig 20). The distinct spectral separation of A  
plaques and NFTs achieved with p-FTAA was substantially reduced when 
replacing the central thiophene unit with selenophene (Fig 20A, B). As earlier 
studies have shown that the oligoselenophene backbone is more rigid than its 
oligothiopene counterpart 177 , the result suggests that the selenophene reduces 
the spectral separation by restricting the conformational freedom of the co-
oligomer backbone. In addition, the selenophene was placed between thiophene 
units substituted with acetic acid moieties and these groups have in on-going 
studies, together with the end carboxyl groups, been deemed important in the 
LCO-amyloid interaction. Selenophene insertion was seen to reduce spectral 
separation of A  plaques and NFTs for all four co-oligomers when compared 
with their thiophene analogues, although to a less extent with the asymmetric 
probes. The asymmetric co-oligomer HS-53 also showed a very narrow 
distribution of spectra within each protein entity indicating that its design with 
alternating thiophene and seleonphene units in the pentamer backbone 
considerably restricted the conformational freedom (Fig 20F).   
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Figure 20. Fluorescence emission spectra (left) and the resulting ratio plot of the 
fluorescence intensities at the indicated wavelengths (right) of p-FTAA (A), p-FTAA-Se 
(B), p-HTAA (C), p-HTAA-Se (D), HS-72 (E), HS-53 (F), HS-68 (G) or HS-67 (H) 
when binding to A  plaques or tau tangles.  
  

Surprisingly, of all included probes it was the asymmetric tetramer HS-68 
that showed the most pronounced spectral separation, which was in strong 
contrast with the results obtained with the symmetrical tetramers in paper II. 
However, in comparison with the previously reported tetramers, the design of 
HS-68 included carboxyl groups at both end thiophene rings and one instead of 
two acetic acid substitutions. The importance of the carboxyl moieties had 
already been confirmed, and their effect on the spectral signature was in paper II 
shown to increase with decreasing backbone length. In this work, HS-68 
spectrally surpassed both p-FTAA and the asymmetric pentamer HS-72; hence, 
the effect of the carboxyl extensions was once again shown to increase when the 
number of units in the backbone was reduced. In addition, the large difference in 
emission spectra both between and within the same protein entity might also be 
dependent on the single acetic acid substitution resulting in higher 
conformational freedom of the conjugated backbone. Taken together, the effects 
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of introducing rigid selenophenes or removing acetic acid moieties, which are 
suggested to lock the backbone in the amyloid fold, indicated that the spectral 
phenomenon seen for A  and tau was highly dependent on the conformational 
flexibility of the conjugated backbone.  
 To verify the findings in vitro and in Alzheimer´s disease tissue, the p-FTAA 
design was subjected to further molecular engineering with the aim of creating a 
pentamer analogue lacking the abilities discussed above. As phenyl rings are 
known to disrupt the planarity of thiophene backbones 180-182  two p-FTAA 
analogues, termed p-FTAA-Ph and p-FTAA-MeOPh, with the central thiophene 
unit replaced with a phenyl ring, were synthesized (Fig 21). When mixed with 
A 1-42 fibrils, the thiophene-phenylene co-oligomers did not display the well-
resolved excitation and emission spectra observed for the other included 
pentamers, indicating that the structural modification had a large impact on the 
amyloid ligand properties. In the monitoring of A 1-42 fibrillation kinetics, both 
co-oligomers showed a kinetic graph that almost completely overlapped the one 
obtained with ThT.  
 

 
Figure 21. A) The chemical structure of p-FTAA-Ph (top) or p-FTAA-MeOPh (bottom). 
B) The fibrillation of A 1-42 followed over time using the fluorescence from ThT, p-
FTAA, p-FTAA-Ph or p-FTAA-MeOPh as optical read-out. 

 
Hence, only by replacing the central thiophene unit with a phenyl ring p-FTAA 
was transformed to an amyloid ligand with properties resembling ThT. This was 
also seen when p-FTAA-Ph and p-FTAA-MeOPh were applied to brain sections 
from transgenic mice with disease-associated prion aggregates positive for 
LCOs and LCPs, but negative for Congo red and ThT. In sections stained with 
p-FTAA-Ph it was very difficult to distinguish prion aggregates from 
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surrounding tissue and the lesions could not be detected when using p-FTAA-

MeOPh. Both probes however, were able to detect congophilic A plaques in 

Alzheimer´s disease brain tissue, confirming that poor staining results only were 

seen in sections containing aggregates negative also for conventional amyloid 

ligands (Fig 22). Thus, in agreement with previous results, an extended 

conjugation of the backbone is necessary for achieving strong fluorescence 

signals from non-congophilic and non-thioflavinophilic protein aggregates. 

 

 
Figure 22. Fluorescence images of p-FTAA, p-FTAA-Ph or p-FTAA-MeOPh stained 
brain tissue from prion infected mice (A), human Alzheimer´s disease patient (B) or tau 
transgenic mice (C). The arrowhead indicates misfolded tau. Scale bars represent 50 m. 
 

 Despite carboxyl groups extending the pentameric backbone, the emission 

spectra from A plaques and NFTs in Alzheimer´s disease brain tissue upon 

binding to p-FTAA-Ph were identical. Thus, the impact of the central phenyl 

ring was even more dramatic than the selenophene unit, and it could be 

concluded that conformational freedom in combination with end carboxyl 

groups was necessary for the spectral separation of the histopathological 

hallmarks in Alzheimer´s disease. It was also concluded, both in Alzheimer´s 

disease brain tissue and in tissue from tau transgenic mice, that p-FTAA-MeOPh 
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showed very poor staining of tau aggregates. A similar effect was seen when the 
structure of N´-benzylidene-benzohydrazide (NBBs)-based flexible amyloid 
ligands was modified.  Amphiphilic versions of NBBs with large hydrophilic 
groups showed selective staining of NFTs, whereas non-amphiphilic structures 
only labelled A  plaques 194 , suggesting that the introduction of hydrophobic 
moieties such as methoxy groups, impedes fluorescence-based detection of 
aggregated tau. 
 Overall, the results in paper III identified conformational freedom of the 
backbone as a novel criterion for spectral assignment of protein aggregates. By a 
molecular engineering approach, the amyloid ligand properties of p-FTAA were 
changed to mimic those of ThT and the results accentuated the importance of the 
central unit in allowing conformational flexibility and extended conjugation of 
the backbone. Thus, the findings in paper III gave information useful for 
understanding the association between probe structure and optical properties. 
The gained knowledge is important, not only from a design perspective, but also 
to realize that studies of the heterogeneous family of amyloid proteins and 
various fibrillar species require a toolbox of versatile amyloid binding ligands.      
 

PAPER IV 

In paper IV, the sensitivity of the LCO technique for misfolded proteins was 
utilized to investigate the molecular structure of the various protein components 
in Mallory-Denk bodies (MDBs) and to compare MDBs with other hepatic 
protein inclusion bodies. MDBs are found in a variety of chronic liver disorders 
and when the LCOs p-FTAA and h-FTAA were used to stain liver cryosections 
from patients with steatohepatitis, hepatocellular carcinoma or -1 antitrypsin 
deficiency the probes showed specific binding to the disease-associated protein 
inclusion bodies. The probes co-localized with antibodies against the abundant 
MDB constituents keratin 8 (K8)/keratin 18 (K18) and p62 and displayed well-
resolved emission spectra (Fig 23). The same result was obtained when using 
formalin-fixed paraffin embedded sections and the spectral analysis revealed 
that the LCO emission spectrum was similar for MDBs regardless of the 
underlying disease or treatment of tissue. However, other types of hepatic 
protein inclusions such as intracellular hyaline inclusions (IHBs), were negative  
for LCO staining. Considering that IHBs contain p62 but not keratin, the result 
suggests that keratin is the cross -sheet forming protein in MDBs. LCOs were  
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Figure 23. Liver tissue sections from patients with steatohepatitis, hepatocellular 
carcinoma (HCC) or -1 antitrypsin deficiency (-1 AT deficiency) co-stained with the 
LCO h-HTAA and antibodies directed against p62 or keratin8/18. White arrows indicate 
co-localization of h-HTAA with p62 and keratin antibodies. White circle and yellow 
arrowhead indicate IHBs. Scale bars represent 20 m. Reprinted with permission from 
195. ©2011 Elsevier. 
 

also used to label MDBs in liver tissue from mice fed with DDC for two months. 

When re-intoxicating mice that had been allowed to recover on normal diet, the 

very small MDBs formed during the re-induction were labelled with LCO 

indicating that keratin acquires cross -sheet structure instantaneously.  

 By using cells transfected with the gene for p62, ubiquitin, K8, K18 or 

combinations thereof, the suggested central role of keratin in forming MDBs 

could be further elucidated. Cells transfected with p62 or ubiquitin did not 

contain any inclusions positive for LCOs whereas cytoplasmic aggregates in K8-

transfected cells were consistently stained with the probes. This was in strong 

contrast with K18 inclusions, which, under normal conditions, only occasionally 

were labelled with the LCO. However, when the cells were exposed to oxidative 

stress, the number of LCO positive K18 aggregates increased dramatically (Fig 

24). Hence, K8 and K18 showed different propensities in acquiring the cross -

sheet conformation and that might, at least in part, explain why knocking down 

the gene for K18 and not K8 in mice leads to spontaneous MDB formation in  

older mice. In addition, circular dichroism analysis revealed that K8, in 

comparison with K18, has a lower content of -helical structure.  
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Figure 24. A) Cells transfected with p62, ubiquitin and keratin 8 (K8) stained with h-
HTAA and keratin 8 antibody. Normal and stressed cells transfected with keratin 8 (B) or 
keratin 18 (C) stained with h-HTAA and keratin antibody. Arrows indicate co-
localization between h-HTAA and keratin 8. Scale bars represent 5 m. Reprinted with 
permission from 195. ©2011 Elsevier. 
 

 In conclusion, by applying the LCO technique to tissue samples and cell 

systems containing MDBs, it was possible to gain novel knowledge regarding 

the molecular structure of the different protein constituents. Keratin was shown 

to be the key protein contributing to the cross -sheet structure in MDBs and it 

was for the first time demonstrated, on the molecular level, that K8 was more 

prone than K18 to acquire the cross -sheet conformation. LCO staining could 

also be used for the discrimination of MDBs and IHBs and allowed detection of 

even very small inclusion bodies; hence, the technique demonstrated high 
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specificity as well as sensitivity and might be used as a novel tool in the 
diagnosis of liver diseases associated with protein inclusion bodies.  
 

PAPER V  

The specific and sensitive labelling of hepatocellular MDBs and new 
insights regarding their molecular structure in paper IV demonstrated the 
strength of the LCO technique. Sporadic inclusion body myositis (s-IBM) is 
another disease associated with protein inclusion bodies, not in the hepatocytes 
but in the skeletal muscle fibers. The inclusion bodies in s-IBM are complex 
structures and the list of proteins identified in these assemblies is long including 
for example p62, which has been suggested as a diagnostic marker for the 
disease 117 . They display a wide variety of morphologies and are sometimes 
very small in size, which makes them difficult to detect with conventional 
amyloid dyes. Therefore, the aim with paper V was to investigate if LCOs can 
be used for sensitive detection of s-IBM inclusions and if the specific optical 
properties of the thiophene-based probes might result in novel information 
concerning the nature of these multi-protein assemblies.  
 When muscle sections from s-IBM patients were stained with different 
LCOs the result demonstrated, similar to the findings in paper I, II and III, an 
association between probe design and optical performance. The pentameric 
probes p-HTAA and p-FTAA and the heptamer h-FTAA showed strong staining 
in all muscle fibers labelled with p62 antibody, whereas the tetramer q-FTAA 
only recognized a subset of these fibers. Thus, the extension of the tetrameric 
backbone with at least one thiophene unit markedly increased the ability to 
detect s-IBM protein inclusions. This structural modification was also reported 
to enable LCO detection of early formed A  species in vitro indicating that the 
inclusion bodies in s-IBM muscle sections negative for the tetrameric probe 
contained misfolded proteins with less ordered amyloid structure.  
 In sections stained with p-FTAA, it was easy to notice a distinct separation 
in color between the labelled inclusion bodies. The spectral difference was 
confirmed when analysing the collected emission spectra and the phenomenon 
was also shown with h-FTAA, but was not as pronounced as with p-FTAA (Fig 
25). The separation in colour was abolished when replacing the end carboxyl 
units in the pentameric backbone with hydrogen, thus, in similarity with the 
comparison of these probes binding to A  and NFTs in paper II, p-FTAA was  
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Figure 25. Fluorescence images of s-IBM muscle sections stained with p-FTAA (A) or h-
FTAA (B) together with p62 antibody. The emission spectra collected from p-FTAA (C) 
or h-FTAA (D) labelled protein inclusions defined by green (green solid line) or red (red 
dashed line) arrowheads in the fluorescence images confirmed a spectral variation of the 
probes when binding to the aggregates. Scale bars represent 20 m. Reprinted with 
permission from 196. ©2013 Wiley-VCH Verlag GmbH & Co. 
 

shown to be the optimal dye for spectral assignment of heterogeneous inclusion 

bodies.  

 Since variation in the spectral fingerprint of p-FTAA earlier had been 

attributed to protein identity, co-staining of s-IBM muscle sections with the 

probe and antibodies directed against p62, A, phosphorylated tau or TDP-43 

was performed. The result however, showed no correlation between the 

emission spectrum from p-FTAA and protein identity since all proteins 

mentioned above could be found in both green and red shifted inclusions. The 

next step was to investigate whether the spectral difference could be explained 

with conformational diversity of a specific protein, which previously had been 

reported for prion aggregates 169,188. An antibody directed against a 

conformation and phosphorylation dependent epitope of tau showed excellent 
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binding to both green and red p-FTAA labelled inclusion bodies, hence, the 

conformation and conjugation length of the thiophene backbone upon binding 

was not determined by tau only, but rather the collective assembly of misfolded 

proteins.  

   p-FTAA labelling of s-IBM protein inclusion bodies was then compared 

with the result obtained when instead using the conventional amyloid dyes 

Congo red and thioflavin S (ThS). When analysing the fluorescence staining 

patterns for all three probes it was obvious that p-FTAA surpassed both Congo 

red and ThS in detecting muscle fibers containing inclusion bodies (Fig 26).  

 

 
Figure 26. Fluorescence images of consecutive s-IBM muscle sections stained with p-
FTAA and p62 antibody or Congo red (A)/ThS (B) alone. The fluorescence from p-
FTAA when binding to the inclusions is stronger compared to the conventional dyes and 
it enables detection of also very small aggregates. Scale bars represent 20 m. Reprinted 
with permission from 196. ©2013 Wiley-VCH Verlag GmbH & Co.  
 

The strong emission from the LCO could also be used to detect very small 

inclusions in muscle fibers that were negative with Congo red and ThS. It was 

unclear whether this difference in detection was due to fact that p-FTAA yielded 

stronger fluorescence signals or if the LCO identified aggregates stainable with 

the traditional dyes as well as deposits not formally qualified as intracellular 

amyloid. However, as discussed in paper I, II and III, p-FTAA is able to detect 

non-thioflavinophilic species of A in vitro preceding the formation of mature 

amyloid. There was a general tendency of green shifted p-FTAA labelled 

inclusions to display stronger fluorescence from Congo red and ThS in the 

corresponding muscle fiber than red ones, and all muscle fibers negative for 
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Congo red contained red shifted deposits according to p-FTAA. Hence, the 
spectral signature might mirror the maturity of the protein inclusion, suggesting 
that p-FTAA emits light with longer wavelengths when interacting with less 
mature deposits, however, to fully elucidate the phenomenon, model systems for 
s-IBM are needed.  

In conclusion, LCOs with a thiophene backbone containing at least five 
thiophene units showed specific and strong labelling of s-IBM protein inclusions. 
p-FTAA was the optimal, dye both for detecting and spectrally separating the 
deposits, and it emerged as an excellent choice of probe for rapid detection and 
characterization of these disease-associated structures. 
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Conclusions 
________________________________________________________________ 
 
From the findings presented in this thesis the following conclusions can be 
drawn: 
 
i) The pentameric LCOs p-HTAA and p-FTAA pass the blood-brain barrier and 
can be used for real-time in vivo imaging of cerebral protein aggregates in 
transgenic mouse model.  
 
ii) The amyloid ligand properties of anionic thiophene-based probes are highly 
dependent on the chemical design. In the applied protein aggregation model 
systems the conjugation length of the thiophene backbone and its 
conformational flexibility, as well as the positioning of carboxyl moieties along 
the backbone, were identified as important factors in determining the optical 
performance (Table II). 
  
iii) Pentameric and heptameric LCOs can be used for accurate and rapid 
detection of protein inclusion bodies in liver and skeletal muscle fibers. The 
LCOs co-localize with antibodies directed against proteins reported to 
accumulate in the inclusion bodies and detect a wider range of aggregates 
compared with conventional dyes. Staining with the heptameric LCO h-HTAA 
revealed that keratin is the major cross -sheet forming protein in hepatic 
Mallory-Denk bodies. Keratin 8 was also shown to be more aggregation prone 
in comparison with keratin 18. 
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Table II. Comparison of important probe designs. 

Structure 
Detec- 
tion of 
early  
A † 

Spectral 
discrimi- 
nation of 
A  and 

tau 

Detec- 
tion of 
prion 

aggregates† 

Detection 
of protein 
inclusion 

bodies 

 
- - na + 

 
- +++ + na 

 
+++ + +++ +++ 

 
+++ +++ +++ +++ 

 
+++ + ++ na 

 

- - - na 

 
+++ ++ ++ na 

 
+++ + ++ na 

 
+++ - na +++ 

 
+++ ++ na +++ 

† = not detected with ThT 
na = not analyzed 
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Future perspectives 
________________________________________________________________ 
 

The aim with this thesis was to evaluate thiophene-based fluorescent ligands 
for detection and characterization of disease-associated protein aggregates. In 
the included papers a strong connection between probe design and optical 
performance was shown and the identification of structural elements 
determining the amyloid ligand properties was made. With a library of probes 
displaying a variety of characteristics and an almost limitless potential of further 
modifications the future pathway of these ligands will most probably take 
several directions. In the thesis the spectral evaluation defined designs that 
showed a large variation in color from aggregates composed of the same protein. 
It would be interesting to investigate the reason for this spectral difference more 
thoroughly and to continue further on this pathway and optimizing ligands to 
achieve selective binding to aggregates composed of a specific protein.  

Another interesting pathway would be to explore the possibility of using 
thiophene-based probes as diagnostic tools for amyloid disease. For example, 
the modification of the ligand structure to include isotopes such as 11C or 18F 
would allow detection of amyloid by using a PET scanner and since the probes 
show efficient crossing over the blood-brain barrier cerebral protein aggregates 
might also be detected. 

Overall, the knowledge obtained from the work included in this thesis is 
valuable in the continuous development of novel probes. Amyloid ligands based 
on a thiophene backbone have now been properly introduced to the world of 
protein misfolding diseases, now it is time to fully utilize their potential and 
versatility.  
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men oavsett har du alltid funnits med vid min sida. Du är den finaste människan, 
tänk att du vill dela ditt liv med mig. Som Eli Levén en gång döpte sin bok: Du 
är rötterna som sover vid mina fötter och håller jorden på plats.  
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