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Abstract
Protein aggregation is an event related to numerous neurodegenerative diseases, 
such as Alzhemier’s disease and prion diseases. However little is known as to how 
and why the aggregates form and furthermore, the toxic specie may not be the ma-
ture fibril but an on route or off route specie towards mature aggregates. During 
this project molecular probes were synthesized that may shed some light to these 
questions. The probes are thiophene based and the technique used for detection was 
mainly fluorescence. It was shown that the previously established thiophene based 
in vitro staining technique is valid ex vivo and in vivo. This would not have been pos-
sible without the synthesis of a variety of functionalized polymeric thiophene based 
probes; their in vitro and ex vivo staining properties were taken into consideration 
when the design of the small oligomeric probes were decided upon. These probes 
were shown to spectrally distinguish different types of amyloid, pass the blood-
brain barrier within minutes and specifically and selectively stain protein aggregates 
in the brains of mice.
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Populärvetenskaplig sammanfattning
Proteiner är den levande organismens grovarbeterare, och det är de som utför de flesta 
av arbetsuppgifterna som finns i kroppen. Det kan vara allt från att spjälka den mat vi 
äter till att få våra muskler att röra sig eller justera vår syn mellan ljus och mörkerseen-
de. Proteiner är sammansatta av aminosyror som bildar långa ogrenade kedjor, ibland 
är kedjan några få aminosyror lång, ibland är den sammansatt av flera tusen aminosy-
ror. Det finns 20 aminosyror att välja mellan när proteinet byggs och att rätt aminosyra 
hamnar på rätt plats är oerhört viktigt. Men utöver att proteinet måste innehålla rätt 
aminosyror på rätt ställe så måste det även ha en speciell veckning (rymdstruktur) för 
att vara funktionellt. Det finns många sjukdomar som orsakas av felveckade protei-
ner, bland andra cystisk fibros. Ibland när ett protein veckas fel så exponeras vattenav-
stötande grupper, som vanligtvis ligger skyddade inuti proteinet, dessa kan då börja 
“klägga” ihop med andra vattenavstötande grupper på närliggande proteiner och till 
slut bildas det mikrometerlånga fibrer; detta är ett av symtomen i ett flertal sjukdomar 
inom klassen proteinaggregeringssjukdomar. Till dessa sjukdomar räknas bland annat 
Alzheimers, Creutzfeldt Jacobs och Huntingtons sjukdom samt den numera välkända 
galna kosjukan. Mycket är känt om dessa sjukdomar, men alltför mycket kring sjukdo-
marnas uppkomst och vad som egentligen är den toxiska komponenten är fortfarande 
inte fullt utrett.

Vi har sammanfogat små väldefinierade molekyler under kontrollerade förhållanden 
till större molekyler med specifika egenskaper med hjälp av vad som är känt som or-
ganisk syntetisk kemi. I vår kropp utförs syntesen av de tidigare nämnda proteinerna, 
men i laboratoriet har vi andra tekniker för att utföra liknande jobb och vi har även 
möjligheten att variera hur och vilka molekyler vi sätter ihop i en mycket större grad 
än vad en levande organism kan göra. Vi har därigenom utvecklat små målsökande 
molekyler som kan injiceras i blodet på en mus och efter några minuter har dessa mål-
sökande molekyler letat sig fram till proteinaggregat i hjärnan så att dessa kan studeras. 
Dessa molekyler har dessutom förmågan att byta färg beroende på hur ytan ser ut på 
proteinaggregaten och därigenom kan molekylerna hjälpa oss förstå hur proteinaggre-
gat uppkommer.

Dessa nya verktyg, de målsökande molekylerna, har utvecklats eftersom det finns ett 
behov av nya tekniker för att studera hur dessa sjukdomar uppkommer och sprider sig, 
och förhoppningen är givetvis att om man vet sjukdomsförloppet, så ökar chanserna 
för att effektiva läkemedel ska kunna tas fram. En annan aspekt är att det idag inte 
finns några bra sätt för att diagnosera patienter tillräckligt tidigt för att helt kunna bota 
dessa (när väl botemedlet finns), och även där finns förhoppningen att det verktyg som 
utvecklats kan komma att spela en viktig roll. Det har under projektets gång visat sig 
att de här målsökande molekylerna binder väldigt specifikt till aggregerade proteiner 
så kanske kan de i framtiden även vara utgångspunkten vid syntes av nya läkemedel.
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Explanation of expressions and abbreviations
AA

Amino acid
AD

Alzheimer’s disease
AFM

Atomic force microscope
Amyloid

In vivo, extracellular protein deposits
CD

Circular dichroism
CJD

Creutfeldt Jacob’s disease
FTIR

Fourier transform infrared spectroscopy
iv:

Intravenous
ic

Intracerebral
IC

Internal conversion
ISC

Inter system crossing
LCP

Luminescent conjugated polymer
LCO:

Luminescent conjugated oligomer
MRI

Magnet resonance imaging
mCWD

Mouse adapted chronic wasting disease
mSS

Mouse adapted sheep scrapie
NHS

N-heterocyclic carbene
Oligomer meaning one:

A number of molecules (repeating units) connected to each other covalently (Chemistry)
Oligomer meaning two:

A number of proteins bound together non-covalently (Biochemistry/medicine)
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PET

Positron emission tomography
Protein aggregate or assembly:

Proteins aggregated into supermolecular clusters
Prion:

Infectious protein 
Protofibril:

Protein aggregates of isolated or clustered spherical beads 2–5 nm in diameter with β-sheet 
structure
Protofilament:

The constituent units of amyloid fibrils.
RFU

Relative fluorescent unit
SPECT

Single photon emission computed tomography
TBA-OTf

tetrabutylammonium trifluoromethanesulfonate
TEM

Transmission electron microscopy
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Preface

Herein is five years of work at the department of physics, chemistry and biology (IFM), 
Linköping University presented. During this time I have worked at the division of or-
ganic chemistry and the materials synthesized have been used in different internal and 
external projects. Initially I was working in a project in collaboration with EKA-chem-
icals, where we were designing new chiral column materials, unfortunately this work 
has never been published (and may never be) as both my own and EKAs attention were 
diverted into other non-related projects. My focus was directed towards synthesis of 
molecular probes for the visualization of protein aggregates and protein aggregation 
events. Protein aggregation is a major hallmark of several diseases such as Alzheimer’s, 
Parkinson’s and Creutzfeldt Jacob disease. Initially my time was spent synthesizing pol-
ymers, basically a continuation of previous work. However, the polymers are by defini-
tion not a perfectly defined material and from the start of the project, my goal was to re-
duce the use of polymers but rather to make oligomeric materials by stepwise synthesis, 
with the same or preferably better properties than the luminescent conjugated polymers 
(LCPs) previously demonstrated had. However, initially we decided to perform a study 
on LCPs with different side chain functionalization and substitution patterns. Our result 
from this study led us to the original design of the luminescent conjugated oligomers 
(LCOs). 

Although, organic synthesis is a rewarding work, this thesis relies on the LCPs and 
LCOs synthesized to be evaluated in biological systems. Fortunately, I have worked in 
an environment that encourages collaborations over different scientific areas. Further-
more, my supervisor has been very accommodating in letting me run this project in my 
own regime, doing the trips to Switzerland, that initially were more recreational than 
work, but later turned out to become my biggest project. The multidisciplinary focus 
has resulted in collaborations within our university; with Applied Physics, the Health 
University and Biochemistry, as well as more long distant collaborations in Stockholm, 
Switzerland, Germany, USA and Norway. These collaborations have given me a lot of 
insight in techniques commonly not used in organic chemistry, such as fluorescence and 
microscopy and even experiments on mice, both live and less so. Moreover, it has been 
very inspiring visiting other labs and see how they work and to feel their “scientific 
climate”. Later, I have also realized the negative aspects of being dependent on people 
sometimes being thousands of kilometers away and not always with the same priority 
in projects as my self. Nevertheless, I am very proud of this book and the results pre-
sented herein, and it would have been a bleak shadow of its present self if it were not for 
all the following people:



Page 2

First of all I would like to thank my supervisor Prof. Peter Konradsson (petko) who 
took me in as a PhD-student and during this time has given me the means needed to 
acquire the results presented herein.

Dr. Peter Nilsson (petni), one of my smarter decisions ever was to tell petko that I 
wanted to work with you in your PhD-project at applied physics. During this time 
you have been a post-doc in Zürich with whom I have continued inspiring collabo-
rations and since last year you have officially been my co-supervisor. I really look 
forward to our future collaborations!

Prof. Per Hammarström you have always taken the time needed to give an “outsid-
ers” view on my projects. Especially important on paper I when me and Anna got 
stuck with tons of results but few ideas on how to put them together into a manu-
script. You and petni have a true passion for science and lunches with you two is 
always educative. As with petni, I look forward to find out what we can accomplish 
in future projects. 

The work me and Dr. Anna Herland performed together may not be the scientifi-
cally most exciting, but it was the most important for my morale and without you, 
Anna, I might have lost my inspiration to continue.

Jens Wigenius, Our collaboration was terminated due to others who could not put 
aside their personal issues for the greater good. You always have a different perspec-
tive on life and work and I really enjoyed working with you.

I would also like to thank the rest of the Prof. Olle Inganäs group for a lot of good 
times.

Prof. Nalle Jonsson, you introduced me and Anna to ultra-centrifugation, one of 
many experimental techniques in paper I.

Prof. Adriano Aguzzi with coworkers, especially Prof. Christina Sigurdson for the 
work on paper III and other collaborations.

Prof. Mathias Jucker with coworkers, again paper III.

Prof. Michael Lindgren with coworkers we have had several collaborations and 
will continue those. No one can summarize events and people like you, unfortu-
nately none of those comments are fit for print.

Dr. Feng Li, and others not mentioned, involved in ongoing or old projects together 
with me.

Eka-chemicials, especially Dr. Johan Ekeroth for interesting discussions and financ-
ing early on in my PhD-studies.

Our collaborators at OBOE especially Prof. Ola Hermansson, Shirin Ilkhanizadeh, 
Prof. Agneta Richter-Dahlfors, Dr. Sindhulakshmi Kurup and the CEO Tommy 
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Waszkiewics. Soon we will let the world know what we know!

Dr. Markus Hederos, you took me under your wings when I arrived in petko’s 
group and prepared me to take over the lab at an early stage of my PhD-studies. 
Our trip to Washington was great fun, the NFL game and how we got our tickets is 
a priceless story.

Ass. Prof. SS (Stefan Svensson), the dean of undergraduate studies, but so much 
more, always interested in chemistry and with a smart comment at hand.

Susanne Andersson, life without you knowing all the things others don’t bother 
knowing would be a mess.

Dr. Stefan Klintström, you are a foundation for PhD-students at distress, always 
willing to listen and truly passionate about Forum Scientium.

My group members, Timmy, Alma, Roger and Lic. Lan, I have enjoyed working 
next to all of you. Diploma workers over the years Alma, Hilda, Roger Johan, Rob-
ert, Sofia, Åsa and Snjezana; others hanging in the lab, Živile, Cissi Tham, Tobias 
Carlsson and Katrin Mobara. All of you have contributed to this work by being who 
you are.

The petni-group, Leffe, Karin, Roz and Therese, I’ll be joining you for real now!
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1. Introduction

This thesis is based upon two main topics: to synthesize molecules, with a high defi-
nition and desired properties in a feasible way, and to put these molecules to work in 
a system where chaos is present* (1). Or at least it seems to be chaotic at first glance. 
By now we know that a living system is anything but chaotic, the problem is that we 
simply cannot comprehend the enormous quantities of information that is processed 
every instant and translated into: the activation of a gene, the up- or down-regulation 
of a protein or signal substance, a muscle contraction as consequence of a cascade of 
events, etc. Sometimes, the machinery fails at one or several instances though, and 
this is usually where the researcher in natural sciences gets interested. Although, 
scientists spend a lot of time studying natural and functional processes, this is most 
often to gain knowledge of how to treat a disease or to solve an engineering problem 
by understanding a natural process. In other words; to use millions of years of evo-
lutionary refinement of system to fix a broken or not optimized process. One of the 
interesting questions when it comes to a living organism is not why some systems 
fail occasionally, but rather why they do not fail constantly? The concentration of 
proteins, nucleotides and other substances in a living cell is far higher than anything 
we can accomplish in the lab and still keep the mixture at hand in solution. In the 
lab it is often prioritized to minimize the number of reagents and to get these rea-
gents as pure as possible. Actually, it was for a long time thought that the molecules 
in a living organism could not be made by man and that we had to rely on higher 
powers to get access to organic molecules, hence the distinction between organic 
and inorganic chemistry. In 1828, Fredrich Wöhler for all time changed this theory 
of vitalism paradigm as he synthetically prepared urea, a component of urine (2). 
The distinction organic and inorganic chemistry has survived to this day, although 
more for a historical than a scientific reason. Today, organic chemistry is involved 
in all our daily aspects, from the clothes we wear to the medicines and food we eat 
and the packages those are sealed in. 180 years after Wöhlers discovery the toolbox 
of organic chemistry have expanded to huge proportions as well as the tools to ana-
lyse the synthesized molecule, allowing just about any modification to a molecule 
or specific atom on that molecule. Thus, we are able to synthetically build just about 
any single molecule in a living organism by fine-tuning the interactions between 
molecules, but we still lack the ability to make these synthetic molecules mimic a 
living process satisfactory. Nevertheless, our understanding of living organisms has 
increased enormously during the last century and today, we may once again rely on 
nature to produce our organic molecules as Peter Schultz and coworkers have been 

* Parts of chapter 1, 2, 3 and 4 is reproduced by permission of Springer-Verlag
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able to manipulate bacteria to incorporate unnatural, man made, amino acids into 
its regular protein synthesis (3). In the pages to come small synthetically made mol-
ecules have been used to try to shed light as to why and how proteins aggregate in 
diseases like Alzheimer’s disease and prion diseases. 

What are conjugated polymers and oligomers?
Both polymers and oligomers are made up from repeating units (Figure 1.1). The 
difference between the two is defined in how the material changes upon addition 
or removal of one more repeating unit (4). The change in physical properties of a 
polymer, e.g. melting point, absorption and conductive properties, is negligible if 
one more repeating unit is added or removed from the backbone. Polymers most 
often consist of a mixture of polymer chains with different length, known as poly-
dispersity, some times there are just a few different chains while it other times can 
be mixtures of thousands of different polymer chains. In chemical polymerization 
methods, the resulting polymeric mixture often has a gaussian distribution of dif-
ferent chain lengths. On the other hand, an oligomer is small enough for a change 
in the number of monomers to result in a notable change in the physical properties. 
This means that the oligomer preferably should be mono-dispersed, since a mixture 
of oligomers means a mixture of materials with different properties and this could 
lead to inconsistencies in the behaviour of the material. Synthetically the difference 
between polymers and oligomers are large; a polymer is built by the continuous in-
sertion of repeating units on a growing chain and the growth of the chain is stopped 
when there is no more units left to react with or the system has reached equilibrium. 
Oligomers, in contrast, are built up in a stepwise approach where the desired unit 
is added to the molecule one by one, often involving time consuming purification 
steps between the additions. One should note that the definition of polymer and 
oligomer is not perfectly clear, and in the literature both polymer and oligomer is 
used extensively in a wide range of contexts. Surely, not everyone would agree with 
us using the notion polymer on a material where the largest luminescent conjugated 
polymer (LCP) range between 14 and 20 repetitive thiophene units, as it exist poly-
mers that are built up from millions of repetitive units in one chain. Another notion 
often used to describe polymers is macromolecules; but macromolecules also apply 

Figure 1.1 Depiction of a polymer and an oligomer� 
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to a wider range of materials, e.g. proteins and DNA, that even though they consist 
of a polypeptide or polynucleotide backbone respectively usually are not considered 
as polymers; as changes from one amino acid (AA) or nucleotide respectively to an-
other can have a very big affect on the properties of the macromolecule.

The focus on conjugated polymers has, since the 70’s, been on utilizing these materi-
als in electronic devices such as solar cells and displays; the importance of this was 
accentuated when the Nobel price was awarded to Alan J. Heeger, Alan G. MacDi-
armid and Hideki Shirakawa in 2000 “for the discovery and development of conductive 
polymers”. A prediction of the US market for conductive polymers is forecasted to 
reach 230 thousand metric tons annually by 2010 (5). The general characteristic of a 
conjugated molecule can be described as: the sequence of altering double (or triple) 
and single bonds, it can also be described as a sequence of sp2 (or/and sp) hybrid-
ized atoms, additionally, free electron pairs can be involved in the conjugated system 
(Figure 1.1). The alternating double and single bonds generally stabilizes a molecule 
thermodynamically, also, it gives the molecule certain characteristics, such as the 
ability to absorb and emit light or transport electrical charges. The optical and elec-
tronic properties arise due to the ability for electrons to move across the backbone 
(known as resonance). A common example of conjugation and how the conjugation 
of a molecule can change is rhodopsin (vitamin A, figure 1.2), a key molecule for our 
dark vision capabilities. When the purple molecule 11-cis-retinal is exposed to light 
an enzyme isomerization process over several steps occurs. The final product, all-
trans-retinal is yellow and the change in color by the molecule is due to the change in 
configuration of a double bond from  11-cis to 11-trans. This change in configuration 
alters the absorption spectra of the molecule and hence the color. 

Photophysical properties of poly and oligo-thiophenes
The process of absorption and emission is closely related to each other. Since the 
absorption and emission is quantized it means that only photons of distinct energy 
quanta can be absorbed. In the Jablonski diagram (Figure 1.3) the process of absorp-
tion and fluorescence is depicted. When a photon is absorbed an electron is excited 
from its ground state S0 to an exited state Sn. Once in the excited state a relaxation 

Figure 1.2 The conversion of 11-cis-retinal to all-trans-retinal induces a change of 
color of the molecule�

O

O
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of the electron back to its ground state, S0, commence. This can occur through three 
non-radiative and two radiative relaxation pathways; the non-radiative pathways 
are called internal conversion (IC), intersystem crossing (ISC) and vibrational re-
laxation. IC is a process where the electron relaxes to a lower energy excited state, 
e.g. S3→S1. ISC is the result of a spin flip of the electron into a triplet state Tn, that 
later may lead to phosphorescence. Finally, vibrational relaxation is a consequence 
of molecules, mainly in solution, losing energy by collisions and rotations and often 
this consumes enough energy for the relaxation process never to become radiative. 
If the relaxation is radiative, it is either through fluorescence or phosphorescence. 
Fluorescence is the relaxation from Sn→S0, the lifetimes of fluorescence are very short 
in general and in the case of LCPs and luminescent conjugated oligomers (LCOs) 
nanosecond lifetimes are common (6, 7). Phosphorescence, being the relaxation from 
Tn→S0 is less probable (actually forbidden) than the Sn→S0 transition because the 
electron needs to flip back to its original orientation. Therefore it has much longer 
lifetimes, spanning from 10-4 s to minutes or even hours (imagine glow in the dark 
stickers).  As a consequence of the loss of energy along the relaxation pathway, the 
energy absorbed is always of higher energy than the one emitted. This is reflected in 
the spectra of the emitted light being red-shifted compared to the absorption spec-
tra, as the frequency (ν) is lowered at higher wavelength and ν is proportional to the 

energy (E=hν)

One could be fooled into thinking that excitation with near infrared light (NIR) is an 
exception to this; in NIR-excitation the photon absorbed has lower energy than the 
one emitted. However, two photons are used to excite the electron, and thus the 1st 
law of thermodynamics still applies. The shift between the absorption peak and the 
emission peak is referred to as the Stokes shift (Figure 1.4) and it is generally quite 

Figure 1.3 The Jablonski diagram�
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large for LCPs and LCOs due to effective non-radiative relaxation pathways along 
but also between the chains. A large Stokes shift is advantageous as this minimizes 
interference from the incoming light source in the emission spectra. But, as in the 

case of rhodopsin, there is no need for full cis/trans configuration change around 
the backbone for the optical properties to change, a small rotation around one of the 
single bonds will cause the effective overlap of the hybridized orbitals to change and 
as a corollary the effective conjugation length will change. LCOs/LCPs have this 
rotational freedom between the thiophene rings (Figure 1.5 a). Consequently, the 
backbone of the LCOs/LCPs can adopt different geometrical shapes and if the back-
bone becomes conformationally restricted, for instance due to the interaction with 
a biological target, this will affect the wavelength of the absorbed and emitted light 
from the probe. A twist of the backbone gives, as a result of less effective orbital over-
lap, rise to a blue shift (Figure 1.5 e); whereas, flattening of the backbone, increases 
the effective conjugation as the overlap increases, which result in a red shift (Figure 
1.5 d) (8). The optical transitions are also governed by aggregation of LCO/LCP 
chains. In this case inter molecular radiative and non-radiative relaxation pathways 
occur more frequently and the spectral changes in the form of red shift and lowered 
quantum efficiency is a result thereof (Figure 1.5 c).

Figure 1.4 The absorption and emission spectra of the LCP POMT (6, figure 5�1) 
in pH 3�5 acetate buffer� The Stokes shift is the difference between the maxima of 
absorption and emission�



Page 10

Figure 1.5 a Twisting of a thiophene ring� b The spectras from a LCP in three differ-
ent buffers showing the difference in signal intensity and spectral shifts� c-d Each 
spectra from b examined individually with the corresponding LCP structure shown 
below� c Aggregation of molecules reduces the intensity of the fluorescent signal 
and a red-shifted peak arises� d A planar LCP/LCO with separated chains gives rise 
to a red-shifted peak� e Twisting of the molecule blue-shifts the spectra� The thi-
ophene derivatives shown are not related to the spectra that comes from the LCP 
POMT (6, figure 5�1)�
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2. Conjugated polymers for biosensing

As mentioned above, conjugated polymers, especially polythiophenes and polyflu-
orenes, exhibit interesting intrinsic optical properties that can be correlated to the ge-
ometry of the polymer backbone. These optical properties have been used to record 
biological events and to our knowledge, the proof of principle was first shown by 
Bednarski and coworkers in 1993 (9). They used a ligand functionalized conjugated 
polymer (polydiacetylene) to monitor a ligand-receptor interaction by the colorimet-
ric change in the coil-to-rod transition of the polymer (Figure 2.1). Analyte specificity 
in this first-generation of conjugated polymer-based biosensors was due to the cova-
lent integration of ligands on the side chains of the conjugated polymers. Hence, the 
detection and recognition event was a function of the nature and characteristics of 
the side chains. However, this is a major drawback, as the side chain functionaliza-
tion of the conjugated polymer requires advanced synthesis and extensive purifica-
tion of numerous monomeric and polymeric derivatives. Secondly, this first genera-
tion of sensors mainly used optical absorption as the source for detection, and the 
sensitivity of these sensors was much lower compared with other sensing systems 
for biological events. To avoid covalent attachment of the receptor to the polymer 
side chain and to increase the sensitivity of the biosensors, LCPs and LCOs have 
been utilized.

The physical properties of an ideal fluorophore ought to have high absorbance, high 
quantum yield and a big Stokes shift separating the absorption and emission spectra 
(10). Furthermore, to diminish background fluorescence, the excitation and emission 
of the probe should be in the visible or near infrared spectra and be both specific and 
selective. The probe should be resistant to photobleaching and photoactivation, and 
a “turn on” of the fluorescence signal upon interaction is preferred over a “turn off” 
(11). If the LCO/LCP is intended for in vivo or live cell staining, it should also have 
low or preferably no toxicity at the administered dose and be stable and soluble un-
der physiological conditions.

Other none-thiophene-based luminescent conjugated polymers have been used 
rather extensively to study biological events (8, 11-20). These systems utilize the 
excellent light-harvesting properties of conjugated polymers instead of the intrinsic 
conformationally induced optical properties, as the detection schemes for studying 
the biological events are mainly based on quenching of the emission from the poly-
mer or fluorescence resonance energy transfer (FRET) between the polymer and a 
second fluorophore. Although, these molecules have been successfully employed 
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Figure 2.1 The Bednarski and coworkers scheme of detection� a The chromatic 
detection element is attached to the monolayer support by hydrophobic interac-
tions (9)� b The absorption spectrum of a bilayer assembly prior to (solid line) and 
after (dashed line) viral incubation� Reprinted with permission from AAAS (9) (b)�
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for recording DNA-hybridization events as well as protein interactions (12-16). The 
following sections will focus on thiophene based LCPs and LCOs, as these have 
proven useful for studying a greater diversity of biological events.

LCPs for recording DNA-hybridization events
The concept of utilizing a LCP as a DNA sequence specific marker was first shown 
by Leclerc and coworkers (22). By using a cationic LCP (Figure 2.2 a), they nicely 
showed how the flexibility of the thiophene backbone could be utilized for detection 
of hybridized, double stranded DNA (dsDNA). When the LCP was free in solution 
it had an absorbance maximum of 397 nm corresponding to a twisted conformation 
(Figure 2.2 b, left). Upon mixing with the negatively charged single stranded DNA 
(ssDNA) oligonucleotide, A-1, the electrostatic interaction between the LCP and A-1 
oligonucleotide, red-shifted the absorption maximum 130 nm to 527 nm correspond-
ing to a planarization of the backbone. The optical transition could easily be seen 
by the naked eye as the color of the solution changed from yellow to red (Figure 
2.2 b, middle). When a complementary oligonucleotide (B-1) strain was added to 
the first complex, a double stranded oligonucleotide was formed, and the solution 
turned yellow (Figure 2.2 b, right), as the LCP once again was in its twisted con-
figuration. However, the LCP was still in conjunction with the A-1/B-1-complex as 

Figure 2.2 The Leclerc and coworkers scheme of detection� a The positively 
charged LCP used� b Initially the LCP and the ss-DNA were mixed in solution and 
they formed a complex that was red-shifted� When a complementary ss-DNA 
strand was added the DNA hybridizes and the LCP was blue-shifted to a yellow 
color and a bisignate CD-spectra appeared� If a non-complementary ss-DNA 
strand was added, the red shifted spectra was retained� Reprinted with permission 
from the American Chemical Society (16)�
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circular dichroism (CD) revealed a bisignate spectrum at 420 nm, characteristic of a 
right-handed twisted helical LCP-structure. The LCP alone in solution or in complex 
with the ssDNA did not reveal any chirality. The detection limit was as low as 3 x 106 
molecules in 200 mL solution. The robustness of the technique was verified with the 
complementary oligonucleotide B-2 and B-3 with two and one base pair mismatch 
respectively. In these cases a perfect dsDNA did not form and the red shifted spectra 
was retained with minor alterations.
 
Later, Leclerc and coworkers modified the system by covalently attaching a chromo-
phore (Alexa Flour 546) to the oligonucleotide, forming an A-1-Alexa complex (18). 
The idea was to use FRET, where the added chromophore served as an acceptor, and 
the LCP was the donor. When a stoichiometric complex of the modified oligonucle-
otide and the LCP was formed (LCP/A-1-Alexa complex) a very weak fluorescent 
signal was seen, indicating no or low FRET. However, when as few as 30 copies of 
the complementary oligonucleotide (B-1) match were added to the solution contain-
ing 1010 copies of the LCP/A-1-Alexa complex the fluorescent signal became very 
strong. The strength of the signal they attributed to a fast and efficient energy trans-
fer from several copies of the LCP/A-1-Alexa to the LCP/A-1-Alexa/B1 complex 
[54]. They were able to go down to a detection limit of 5 or 18 zM depending on the 
experimental setup. Finally, they showed the specificity of the system by detecting 
five copies of a wild type 15-mer oligonucleotide in 3 mL solution, whereas, a one 
mismatch mutant was not detectable due to misalignment of the LCP and the Alexa 
Flour 546 probe.

Another similar system for detection of dsDNA and mutations in the DNA-sequence 
was developed by Nilsson and Inganäs in 2003 (21). The detection scheme had the 
same basic principle as the one originally described by Leclerc (22), although, their 
system operated under physiological conditions without any heating. They used a 
zwitterionic LCP (5, figure 5.1) that, free in solution, had a fluorescent peak at 540 
nm and a shoulder at longer wavelength, indicating stacking of the LCP. When ssD-
NA was added, the LCP was red shifted and the intensity at 540 nm was lowered as 
a result of planarization of the LCP backbone and increased aggregation of the LCP 
chains. When a complementary DNA-strand was added, the LCP was blue-shifted 
as the helix formation induced by hybridization into dsDNA forced the LCP into a 
twisted conformation and the stacking of the thiophene rings was reduced. By calcu-
lating the ratio of the intensity of the emitted light at distinct wavelengths, 540 and 
585 nm (540/585 nm) and 540 and 670 nm (540/670 nm) they could detect a single 
base pair mismatch in the complementary sequence at nM concentrations within 
five minutes. For the scheme of detection to be easy to use and to be able to assay 
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a large number DNA-sequences, they created a microarray DNA-chip using soft 
lithography and with this they were able to detect a single mismatch in the comple-
mentary DNA-strand down to pM concentrations (Figure 2.3). Recently, Leclerc and 
coworkers also implemented their FRET-based system (18) into a biochip platform 
and they were able to go down to aM detection levels on a solid support, opening up 
for the development of LCP based multi-arrays for fast and simple PCR-free multi-
target DNA detection (19).

LCPs for detection of conformational changes in peptides and specific 
proteins 

Peptides and proteins are known to adopt distinct conformations depending on 
their primary sequence of amino acids and due to the influence of the surround-
ing environment. It is of great importance to study the conformational flexibility of 
these molecules, as a wide range of pathological conditions are associated with con-
formational alterations or aggregation of proteins (see the following section). The 
detection of folding and unfolding events of proteins and peptides can be performed 
using the intrinsic properties of these molecules, for example CD or tryptophan fluo-
rescence. In addition, small hydrophobic fluorescent dyes selective for protein ag-

Figure 2.3 The Nilsson and Inganäs scheme of detection for DNA-hybridization� 
Fluorescence images of POWT/DNA complexes� Hydrogels of POWT and ssDNA 
after binding of complementary DNA (upper left) and non-complementary DNA 
(upper right)� Cross points (100×100 μm) of POWT and ssDNA after binding of 
complementary DNA (lower left) or non-complementary DNA (lower right)� Re-
printed with permission from Macmillan Publishers Ltd  (21)�
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gregates, such as amyloid, have also been reported (see chapter 3). Nevertheless, 
the LCP and LCO technique has proven its value especially in this area. The easy 
preparation, fast detection schemes, flexible backbone and low or no photobleach 
tendencies have given valuable insight, foremost in the field of protein aggregation. 

The useful properties of LCPs as molecular tools for optical assignment of distinct 
peptide conformations were first demonstrated by Nilsson et al. (23, 24) when they 
studied the formation of a four-helix bundle motif by JR2K and JR2E, two de novo de-
signed 42 AA long peptides. The JR2K peptide was positively charged from an abun-
dance of lysine AAs and JR2E was negatively charged as eight of the lysines had 
been replaced by glutamic acid. When the positively charged random coil peptide 
was added to a solution of LCP, the LCP adopted a non-planar conformation seen as 
a blue shift and an increase in fluorescence (from reduced aggregation). Conversely, 
if the random coil negatively charged peptide was added, the thiophene backbone 
adopted a planar conformation and aggregates were formed. If both the positive and 
negative peptide were mixed together, the helix formation forced the LCPs apart 
and they adopted a more helical structure, seen as an optical blue shift. 

In 2004, it was also demonstrated how the conformational changes in calmodulin, 
induced by the complexation of Ca2+, altered the optical emission from the LCP 
POWT (5, figure 5.2) (25). The LCP did not show any induced optical changes from 
Ca2+ alone in solution, however, calmodulin redshifted the emission from the LCP 
and when Ca2+ was added to the LCP/protein solution it was blue-shifted and the 
intensity increased. Additionally, it was also shown that the Ca2+ activated POWT-
calmodulin complex could be utilized to detect the interaction between calmodu-
lin and calcineurin, a 77 kDa calmodulin-binding protein. The ratio of the intensity 
of the emitted light at 540/670 nm was altered with an increasing amount of cal-
cineurin and the dissociation constant (KD) for CaM and calcineurin was estimated 
to be approximately 36 nM. No significant change in the ratio could be seen when 
the calcium-activated POWT-calmodulin complex was exposed to human serum al-
bumin. This result suggested that the alteration of the LCP emission was due to a 
specific interaction between the calcium activated calmodulin and calcineurin (25).

A similar approach for detection of a specific protein has also been shown by the 
Leclerc lab (20). In this case, they utilized their system for recognition of structural 
changes in oligonucleotides by mixing their positively charged LCP and a ssDNA 
aptamer, designed to be specific for human a-thrombin in the presence of potas-
sium. In a solution of thrombin and potassium the thrombin aptamer that, free in 
solution is in a random coil state, adopt a unique quadruplex structure visualized by 
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the LCP. The system was able to detect concentrations of thrombin as low as aM. The 
LCP system has by all means proven to be a good candidate for DNA-hybridization 
studies and protein-protein interactions; however, occasionally protein interactions 
lead to protein aggregation and the LCO/LCP staining technique has been used ex-
tensively to study these aggregation events.
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3. Protein aggregation and related 
disease mechanisms

The formation of highly ordered aggregates of intra or extra cellular proteins under-
lies a wide range of diseases including neurodegenerative conditions such as prion 
[e.g. Bovine spongiform encephalopathies (BSE or mad cow disease), sheep scra-encephalopathies (BSE or mad cow disease), sheep scra- (BSE or mad cow disease), sheep scra-
pie (SC), Creutzfeldt Jacob disease (CJD) and Kuru], Parkinson’s, Huntington’s and 
Alzheimer’s (AD) diseases (table 3.1). From a biophysical perspective, the protein 
aggregates consist of fibrils with a diameter of 7-10 nm and structural details of the 
fibril morphology can be visualized by transmission electron microscopy (TEM) or 
atomic force microscopy (AFM) (26, 27). However, AFM and TEM can only visual-
ize the exterior of the fibril, whereas circular dichroism (CD) and fourier transform 

Table 3.1 Examples of proteins related to aggregation diseases-

Disease Aggregating protein

 Neurodegenerative diseases

Alzheimer's disease Amyloid β peptide

Spongiform encephalopathies Prion protein

Parkinson's disease α-Syneclein

Frontotemporal dementia with 

Parkinsoism

Tau

Familial British dementia Abri

Familial Danish dementia Adan

Huntingtons disease Huntingtin with polyQ 

expansion

 Nonnerupathic systemic amyloidoses

Al amyloidosis Immunoglobulin light 

chain fragments

AA amyloidosis Fragments of serum 

amyloid A protein

Type II diabetes Amylin (IAPP)

Lysozyme amyloidosis Mutants of lysozyme

Senile systemic amyloidosis     

(ATTR)

Wild-type transthyretin

Familial amyloidotic polyneuropathy 

(ATTR)

Mutatants of transthyretin

ApoAI amyloidosis N-terminal fragment of 

apolipoprotein AI

ApoAII amyloidosis N-terminal fragment of 

apolipoprotein AII

ApoAIV amyloidosis N-terminal fragment of 

apolipoprotein AIV

Inclusion-body myositis Amyloid β peptide
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infrared spectroscopy (FTIR) can reveal some of the details about the structural ele-
ments in the fibrils but none of these techniques can reveal the exact geometry of the 
fibril on an atomic scale. For a long time it was considered impossible to perform 
NMR studies on protein aggregates, as they are too big for solution NMR. However, 
with the advancements in solid-state NMR (ssNMR), aggregates of several proteins 
have been characterized (28-31) (Figure 3.1 c). X-ray crystallography was for a long 
time hindered by the challenge of making crystals suitable for x-ray crystallogra-
phy. Although, in 2005 the groups of Eisenberg (32) and Serpell (33), independent 
of each other, presented high resolution x-ray images of small peptide fragments 

Figure 3.1 3D representations of different aggregates� a Crystall structure of GN-
NQQNY� b Crystal structure of KFFEAAAKKFFE� c ssNMR of HET-S�  d Insulin ag-
gregates visulized by SAXS� Reprinted with permission from Macmillan Publishers 
Ltd (32) (a), the National Academy of Sciences (33) (b), Wiley Interscience (28) (c), 
Vestergaard et al� (34) (d)�
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(GNNQQNY and KFFEAAAKKFFE respectively) that where fibrillated into amy-
loid fibrils (Figure 3.1 a and 3.1 b respectively). Both the methods of ssNMR and x-
ray crystallography have provided unprecedented insight concerning the structure 
of fibrillar protein aggregates as compared to other techniques. Another interesting 
method that does not require perfect crystals, but instead operates at supercritical 
concentration, is small-angle x-ray scattering. It has been used to follow the fibrilla-
tion process of insulin (SAXS, Figure 3.1 d), a relatively large protein compared to 
the peptides used by Eisenberg and Serpell, and they revealed three key components 
in the fibrillation process: insulin monomers, mature fibrils and oligomeric insulin 
(34). Furthermore, they were able to calculate a three dimensional representation of 
the repeating unit of the fibril and the oligomer component. The results from SAXS 
should be interpreted with caution as the supercritical conditions used do not neces-
sarily reflect the aggregation process found under physiological conditions. None-
theless, the technique is, relative to x-ray crystallography, more generally applicable 
and may offer insight as to the structure of protein aggregates that the x-ray crystal-
lographers have not yet been able to crystallize.

Common structural motif of fibrillar protein aggregates
Structural studies of fibrillar protein aggregates have shown that the protein or pep-
tide molecules are arranged so that the polypeptide chain form β-strands that run 
perpendicular to the long axis of the fibril (Figure 3.1 a and d) and it seems that 
many amyloid fibrils share a similar core structure independent of the amino acid 
sequence of the peptides building-up the fibril. Hence, most peptides form compa-
rable aggregated β-sheet-rich fibrillar assemblies, although heterogenic structures 
for specific types of fibrils can be observed as the alignment of adjacent strands, and 
the separation of the sheets might be slightly different. The cascade of folding and 
aggregation events resulting in a mature protein fibril is far from understood, but 
the general consensus is that aggregation is a nucleated growth process, very much 
similar to crystallization of organic and inorganic compounds (36). Similarly, the ag-
gregation process of proteins has a lag phase under which nucleation sites are being 
built up, and at a critical concentration the fibrillation proceeds exponentially, as can 
be seen by e.g. thioflavin T (ThT) fluorescence. Moreover, protein aggregation can be 
seeded by addition of preformed nucleation sites, shortening or eliminating the lag 
phase. Mutations within the protein, which can be destabilizing, may also reduce or 
eliminate the lag phase. However, elimination of the lag phase does not imply that 
there are no nucleation sites, only that the nucleation process no longer is the rate de-
termining step (36). The growth process is rather dependent on the sequence of the 
protein, and it has been shown that sequence identity with less than about 30%-40% 
agreement in different immunoglobulin domains leads to no coaggregation (37). 
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The toxic species of protein aggregates
Today, the mainstream hypothesis is that the toxic species is not the mature fibrils  
themselves, but instead a prefibrillar water-soluble oligomeric state (38, 39). The oli-
gomers are, as the name implies, clusters of a small number of proteins. The formed 
fibrils are thought to be a protective immune response to render the toxic oligomers 
harmless. However, the mechanistic details are still far from understood, and it is 
not certain that the toxic oligomers lie on a direct pathway to the mature fibrils. Sev-
eral prefibrillar species have been identified, such as oligomers, protofibrils and pro-
tofilaments. It is challenging to purify and identify different prefibrillar species as 
the fibrillation process is not linear but rather a process of several equilibriums that 
constantly shifts, with several fibrillar and prefibrillar species continuously present 
(Scheme 3.1). 

Alzheimer’s disease related protein aggregates
AD, a neurodegenerative disease characterized by the loss of neuronal function, was 
first described by Alois Alzheimer in 1906 (40). In Sweden alone there are about 160, 
000 cases of dementia and 60 % (ca. 100, 000) of those cases are caused by AD (41). 
More women than men are diagnosed with AD and generally the symptoms appear 
after the age of 65, although they can appear earlier. Two proteins are closely related 
to AD, the Aβ-protein, which exists in two main fragments, 40 and 42 AA-residues 
long, and the tau protein. Aβ is part of a bigger transmembrane glycoprotein, called 
APP (Aβ protein precursor), which is naturally abundant throughout the human 
body. The exact function of APP remains elusive but it is naturally cleaved extracel-
lularly by an a or β-secretase pathway (Figure 3.2). The a-secretase pathway is non-

Figure 3.2 The cleavage of the amyloid precursor protein (APP) into its disease 
related fragments Aβ40 and Aβ42� Reprinted with permission from Macmillan 
Publishers Ltd (114)�



Page 24

amyloidogenic, meaning that the formed APP fragment is not disease related. The β-
secretase pathway results in a 99 AA long fragment that is subsequently cleaved by 
g-secretase into Aβ40 and Aβ42, which later form extracellular protein aggregates. 
Tau aggregates are present in a number of diseases including Parkinson-dementia 
complex of Guam, Pick’s disease and AD. Tau is a microtubule-associated protein 
that exists in six different isoforms. Hyperphosphorylation and aggregation of tau 
causes destabilization of microtubules and tau “tangles” which are a hallmark of 
AD and other taupathies (42). In AD, the tau aggregates are found in nerve cells, 
known as neurofibrillary tangles (NFT’s), and consists of all six isoforms of tau in 
the same proportions as they are found in normal brain (Aβ and tau aggregates are 
shown in Figure 3.3 a and b) (42). As with many of the aspects of protein aggregation 
diseases, the interconnection between NFT’s and amyloid plaques is still not under-
stood. NFT’s appear initially in the transentorhinal region before they spread to the 
neocortical areas via the hippocampus and amygdala. Aβ pathology appears in the 
neocortical areas upon onset and it is possible that the occurrence of Aβ aggregates 
worsen tau pathology (42). Data from genetic mutations in the APP gene supports 
the hypothesis that Aβ aggregation occurs later than tau aggregation. Conversely, 
tau mutations lead to an increase in NFT’s and dementia, but the Aβ plaque forma-
tion remains impervious (42). Nevertheless, the appearance of aggregates is not fully 
correlated to the disease progress and prefibrillar states of Aβ and tau may very well 
appear at different time points.

The method for diagnosing the patient with AD today, starts with the patient re-
porting a loss of cognitive function (43). The loss of cognitive function is a later 
stage symptom, occurring after 20-30 years of disease progression in many cases. 

Figure 3.3 Visualization of Aβ (green arrows) and tau (orange arrows) aggregates 
in AD patient� a Fluorescent image with p-FTAA� b Antibody stain (different pa-
tient)� Reprinted with permission from Macmillan Publishers Ltd (36) (b)�
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Postmortem diagnosis of patients with dementia caused by AD is not easily made. 
A number of criteria have to be evaluated and fulfilled by experienced pathologists 
usually in combination with the patients medical history. Noticeably, studies have 
shown that the prevalence of moderate or severe AD pathology is increasing with 
age in healthy patients. That is, in order to diagnose a younger patient (≥80 years of 
age) with AD, a lower plaque load in the brain is needed than if the person is older 
(44). Hence, the diagnostic methods of today are insufficient and if a cure for AD is 
found; it is crucial that the patients can get diagnosed correctly long before the loss 
of cognitive function appears. Recent discoveries suggest that a simple blood sample 
(45) or a spinal fluid sample (45) may be sufficient for diagnosis but the methods are 
still experimental and not validated for clinical use. 

Prions
A subset of protein aggregates that does not necessarily fall into the class of amyloid, 
is the prion disease related aggregates also know as spongiform transmissible en-
cephalopathy (TSE). This is a transmissible form of protein aggregates, that replicate 
without any form of DNA or RNA involved, and this “prion only hypothesis” when 
introduced in 1982 by Prusiner was a subject of considerable controversy, but led to 
a Nobel price in medicine in 1997 (46). A membrane protein that is mainly a-helical 
in its structure, known as the prion protein, causes all TSEs. In its native, harmless 
form, it is known as PrPC (C=cellular or common) and in the disease related, mis-
folded β-sheet rich form, it is known as PrPSc (Sc=scrapie). The aggregates formed 
from PrPSc have a characteristically high resistance towards proteinase K digestion, 
an enzyme that typically digests any protein except itself. PrPC is found in a multi-
tude of tissues in mammals, but its native function is still not fully understood, and 
even though the PrPC protein is found elsewhere, the disease is always located in 
the brain. There are several human TSEs, for example, three forms of CJD (sporadic, 
familial and acquired), Kuru, and Gerstmann-Sträussler-Scheinker syndrome. The 
publics awareness of TSEs and prion diseases increased to never before seen propor-
tions as the connection between prion infected bovine meat and a human disease, 
termed, variant CJD (vCJD) was established (47). The relationship between BSE and 
vCJD is substantiated in several publications with animal trials (48-51) and the ini-
tial reports of vCJD in the UK in 1996 correlates well with the incubation time of the 
disease and the population of BSE infected meat in 1984-1986.

Using fluorescent markers to study protein aggregation diseases
The distinct repetitive β-sheet structure of amyloid fibrils lends itself to high affin-
ity interactions with small hydrophobic conjugated molecules. This interaction has 
led to the development of a number of amyloid specific small molecules. Today, the 
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most commonly used chromophores for the study of protein aggregation are ThT 
(Figure 3.4 a) and Congo red (CR, figure 3.4 b) but they both suffer from limitations. 
CR, an aromatic sulfonated azo dye, was introduced more than 80 years ago as an 
amyloid specific dye and its gold-green birefringence under polarized light has been 
one of the gold standard for amyloid detection ever since (52, 53). Although the 
binding of CR to protein aggregates is considered specific, the method requires good 
control and experience to be reliable (54). The specificity of CR binding to in vitro 
amyloid fibrils was however, questioned (55) when it was demonstrated that CR 
binds to native, partially folded conformations and amyloid fibrils of several pro-
teins. Furthermore, not all protein aggregates are congophilic, showing gold-green 
birefringence. ThT is another small molecule well established for use in analysis of 
aggregated proteins, especially for characterization of in vitro generated amyloid 
fibrils (56, 57). Upon binding, ThT increases its fluorescence 100-fold depending on 
the protein it interacts with (58). ThT is a blue-green-emissive dye, causing interfer-
ence with autofluorescence from tissue, which is a recurring problem. Both ThT and 
CR are small, stiff molecules and therefore they cannot be used to distinguish aggre-
gates of different AA-sequence or morphology within a sample. On the basis of the 
affinity of CR and ThT, several compounds have been synthesized to increase affin-
ity and contrast, and remove metabolic and toxic liabilities for in vivo applications as 
well as to increase blood-brain barrier permeability (59-62). 

Within diagnostics and pathological studies of protein aggregates associated with 
diseases, antibodies are the preferred technique for visualizing amyloid. However, 
the shape-shifting nature of proteins or peptides upon conversion to amyloid, makes 
it hard to specifically identify with antibodies. For instance, it is hard to separate the 
aggregated form of the protein from the native protein as most antibodies recognize 
a specific sequence of a distinct protein independently of the fold of the protein. It is 
also commonly known that in most diseases, like AD and prionosis, a collection of 
different protein aggregates, such as oligomeric species and heterogeneous protein 
aggregates, are associated with the disease and that they occasionally appear in dif-
ferent regions of the diseased organ (36, 63-67). Similarly to CR and ThT, convention-

Figure 3.4 Probes commonly used in staining of protein aggregates� a ThT� b CR
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al antibodies cannot distinguish protein aggregates having different conformations. 
However, conformational antibodies specific for a diversity of aggregated states of 
proteins, including soluble amyloid oligomers, fibrillar oligomers or amyloid fibrils, 
have recently been reported (68-71). Such conformationally specific antibodies might 
aid in clinical diagnostics of amyloidosis and for studying the underlying molecular 
and pathological events of these diseases.

In 2005, Konradsson (72) and Inganäs (72, 73) with coworkers described how two 
different LCPs, one anionic, PTAA (8, figure 5.1), (73) and one zwitterionic, tPOWT 
(1, figure 5.1),  (72), could be used for the detection of fibrillated bovine insulin and 
chicken lysozyme in vitro. Fibrillated insulin is not involved in any known human 
disease mechanisms, nonetheless, vast amounts of insulin are produced each year as 
medical treatment for diabetes patients and a reliable and fast technique to monitor 
aggregation of insulin during production is of great importance. Although it is rare 
to observe iatrogenic (i.e. treatment induced) protein aggregates due to administra-
tion of peptide pharmaceuticals, the therapeutic effect of the peptide drug becomes 
limited if the peptide has been converted into amyloid fibrils. These first studies 

(72, 73) showed that LCPs could be utilized for distinguishing native and fibrillated 
proteins in vitro. Clearly, the LCPs showed a distinct spectral signature when bound 
to amyloid fibrils and by plotting the ratio of the intensity of the emitted light at a 
specific wavelength, the kinetics of amyloid fibrillation could be followed. However, 
the specificity of the LCPs in more complex media was yet to be demonstrated. Was 
it possible to, in a complex solution or preferably in tissue, stain protein aggregates 
without unspecific binding and background emission becoming an unsurpassable 
obstacle? 

In 2006, Nilsson and Hammarström stained islet amyloid in ex vivo pancreas tissue 
with three LCPs, one anionic (8, figure 5.1), one cationic (6, figure 5.1) and one zwit-
terinonic (1, figure 5.1) (74). Initially, the competition from surrounding tissue pre-
vented detection of amyloid aggregates, however, modifications of the staining pro-
tocol from physiological to more severe conditions (pH 10 or pH 2.5), revealed clear 
patterns of amyloid plauqes in the expected regions (Figure 3.5). The co-localization 
of CR and LCP-staining on consecutive slides verified that it indeed was amyloid 
that was stained by the LCPs. The LCP-staining was also positive for amyloid in 
liver, kidney and muscle tissue from intestine. Moreover, brain tissue from patients 
with dementia was stained with the anionic LCP, and the LCP revealed more detail 
compared to CR small amyloid entities, vascular and intracellular plaques. 
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The strength of the LCP-staining technique was further demonstrated in 2007 (75) 
but more about that paper in chapter 5. More recently, spectral differentiation of 
different types of amyloidosis in samples from humans was demonstrated (76). 
Tissue from 108 patients with systemic amyloidosis was categorized into three 
major classes of amyloid, AA, AL and ATTR (Table 3.1 and figure 3.6). These types 
of amyloid are generally subtyped by immunohistochemistry, but the method is not 
fail proof and a complementary technique to verify diagnosis could be of use. In 
this study, two different LCPs and one LCO were used [PTAA (8) and tPTAA (4) 
figure 5.1; p-FTAA (19) figure 5.4]. p-FTAA had the highest quantum yield when 
bound to amyloid and the highest signal to noise ratio. Furthermore the staining 
is performed in PBS which allows antibody/p-FTAA costaining, but for spectral 
differentiation PTAA was best suited. Spectral analysis of the patient material was 
able to distinguish all three classes of amyloid with 90 % accuracy. However, it 
was speculated that the ambiguous results seen in 10 % of the cases to some extent 
can be attributed to different supramolecular structures of the aggregates that the 
immunohistochemistry did not reveal.

Figure 3.5 Fluorescence images of brain tissue from an AD patient, stained with 
Mayer’s solution, PTAA, and Congo red� a and b Tissue stained with PTAA� c, d, 
and e Tissue stained with Mayer’s reagent and PTAA� f Tissue stained with Congo 
red and Mayer’s reagent� The red arrow indicates PTAA fluorescence from amy-
loid-coated vascular vessels, whilst the green arrow indicates fluorescence from 
intracellular bound PTAA and the black arrow indicates nuclear protein stained 
with Mayer’s reagent� The intracellular structures stained by PTAA are located in 
the cytoplasm and do not colocalize with the nuclear proteins stained by Mayer’s 
reagent� Images a and c were recorded through a 470/40 nm filter� Images b, d, 
and f were recorded through a 546/12 nm filter� Scale bars (white lines) represent 
40 mm� Reprinted with permission from Wiley Interscience (74)�
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Figure 3.6 Characterization of the fluorescence emission of LCP-stained amyloid 
deposits� a-c Representative spectra from amyloid deposits stained with PTAA (a), 
tPTAA (b) or p- FTAA (c)� For PTAA, spectra with emission maxima at 570 (blue), 
580 (green), or 590nm (red) was observed� Upon staining with tPTAA and p-FTAA, 
differences between spectra were much more modest� Spectra were selected from 
samples (triangles) belonging to each of the three distinct groups observed in the 
correlation diagram of the spectral ratios� The wavelengths used for calculation 
of the spectral ratios R538/Emax and R538/642, 538 nm (*), Emax (+) and 642 nm (-), re-
spectively are highlighted� d Correlation diagram of the spectral ratios, R538/Emax 
and R538/642, for PTAA from all cases that were stainable with CR� The mean value 
of 8 spots from 5-10 individual amyloid deposits in each tissue section is repre-
sented as a square� The samples segregated into three non-overlapping groups� 
Comparisons to immunohistochemical results revealed that these groups corre-
sponded to AA (blue squares), AL (green squares), and ATTR (red squares) amy-
loidoses� Reprinted with permission from the American Society for Investigative 
Pathology (76)�
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In another recent paper, Sigurdson, Nilsson and Aguzzi et al. applied the amyloid-
staining protocol for LCPs on samples containing prion aggregates (77). This work 
verified the ability of using LCPs to distinguish distinct protein aggregates arising 
from the same protein, as protein aggregates associated with distinct prion strains 
could be separated by LCPs. Captivatingly, upon staining of formalin fixed tissue 
samples with one negatively charged LCP(-) (8, figure 5.1), one positively charged 
LCP(+) (Figure 2.2 a) and the PrP specific antibody SAF84, they were able to discrimi-
nate between four different mouse-adapted strains of prions [chronic wasting disease 
(CWD), bovine spongiform encephalopathy (BSE) , natural sheep scrapie (NS) and 
mouse-adapted Rocky Mountain Laboratory scrapie prions (RML)] (CWD and NS 
are shown in figure 3.7 a). Mouse-adapted CWD was seen with both LCPs but NS was 
only seen by LCP(-) and RML was only seen by LCP(+). BSE was not seen with any of 
the LCPs. The different staining properties of the LCPs they pointed out were either 
due to tertiary and quaternary differences in the PrP-aggregates or differences in the 
exterior decoration of the aggregates, e.g. glycosylation patterns. Formalin fixation, 
they pointed out, cross links the tissue and the protein aggregates and some of the 
native information of the deposits are thereby lost. Therefore, they prepared frozen 
brain sections fixed in ethanol and these experiments revealed congophilic protein 
aggregates for some of the mouse adapted prion strains. Fascinatingly, these types of 
congophilic aggregates could be separated thanks to the optical fingerprint obtained 
from LCP(-). This was shown in a correlation diagram by plotting the ratio 532/639 
nm against the ratio 532/exitation max; strains such as mouse-adapted CWD and NS 
were easily separated in the diagram (Figure 3.7 b). It was also shown that the optical 
fingerprint observed for LCP(-) bound to protein aggregates related to distinct prion 
strains most likely occurred due to a structural variance of the aggregates. By taking 
recombinant mouse prion protein (mPrP) and converting it into two different types of 
amyloid fibrils, Sigurdson et al. were able to show that the emission profile of PTAA 
could be used to distinguish these two fibril preparations (Figure 3.7 c) (77). As these 
two preparations of fibrils were chemically identical, having the same protein (mPrP), 
the spectral differences seen for LCP(-) were most likely due to structural differences 
between the fibrils. Similar observations have also been made using Aβ42 amyloid 
fibrils grown under different conditions in vitro (75) and amyloid fibrils built from 
reduced or intact bovine insulin (78). In these studies, the zwitterionic LCP, tPTT (75), 
or the cationic LCP, POMT (78), were used, showing that distinct LCPs can be used 
to differentiate protein aggregates of diverse origin. Hence, LCPs have so far been 
shown to provide indirect structural insights regarding the morphology of individual 
protein deposits and these findings may be of great value, as phenomena similar to 
those occurring in prion strains may be much more frequent than is now appreciated 
and may extend to additional proteinopathies.
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In 2009 Sigurdson and coworkers again used the staining technique in the study of 
a two point mutation in the PrP codon reading frame (79). The mutation locks a nor-
mally flexible loop in the PrP protein into a fixed position, and hence is referred to as 
the rigid loop mutation (RL). RL induces neurological disease in mice with no excep-
tions; the reference tga20 mouse did not, even at doubled concentration of the PrP 
protein compared to the RL mouse, develop spontaneous PrP plaques. The toxicity 
of the mutation was consequently attributed to the loop being in a fixed position, 
propitious for aggregation. The LCP technique was used for specific spectral assign-
ment of the protein deposits and the aggregates occurring in the de novo-generated 
prion strain were distinguished from the previously reported prion strains (77). In-
terestingly, the prion deposits were not stained by any of the conventional amyloid 
ligands, ThT or Congo red, indicating that LCPs could be used to identify a subset of 
protein deposits normally undetectable by conventional methods (79).

Figure 3�7 a Sections of CWD and sheep 
scrapie stained with LCP(-)� b Ratio plots 
of the ratio 532/639 vs� the ratio of 532/
Emax, distinguishing CWD, BSE and 
sheep scrapie� c Spectras of LCP(-) (PTAA), 
native PrP, and recombinant PrP� Fibrilla-
tion of preparation A are started from 
natively folded recPrP, and fibrillation 
of preparation B are started from dena-
tured recPrP� Reprinted by permission 
from Macmillan Publishers Ltd (77)�
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4.  Synthesizing poly and oligo-
thiophenes

The synthesis of polymers
Even though the synthesis of a bithiophene was reported as early as 1894 (80), the 
polymerization of thiophene was not carried out until 1980 when two groups in-
dependently described the polymerization of 2,5-dibromothiophene using the Ku-
mada coupling of Grignard reagents into polythiophenes (Scheme 4.1 a) (81, 82). An-
other polymerization method, introduced by Sugimoto and coworkers in 1984, was 
iron(III)chloride (FeCl3) mediated and carried out in chloroform (Scheme 4.1 b) (83); 
the reaction takes place on the surface of insoluble FeCl3 and has become the method 
of choice for the synthesis of LCPs used for fluorescence detection of viruses (84), 
DNA-hybridization (21, 22) and protein folding and misfolding events (23-25, 72, 75, 
85, 86). This reaction was recently modified in our lab to be carried out in an aque-
ous solution with a catalytic amount of FeCl3 and Na2S2O8 as the primary oxidant 
(Scheme 4.1 c) (87). This ensures low content of iron impurities that could interfere in 
biological measurements, e.g. by being toxic, or in electronic applications by reduc-
ing the charge transfer properties by unintentional doping from the metal ion (87).

Scheme 4.1 Different polymerization methods. i. Mg/THF, M(acac)n (M=Ni, Pd, Fe 
or Co, acac=acetylacetonate); ii Mg/THF, Ni(bipy)Cl2 (bipy=bipyridine); iii FeCl3, 
CHCl3.
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One drawback of polymerization is the variations resulting from the coupling proc-
ess. If one polymerizes an unsymmetrical starting material, the product polymer 
will be regioirregular, i.e. consist of a mixture of head to head (HH), tail to tail (TT) 
and head to tail (HT), coupled monomers (Figure 4.1 b). Moreover, the material will 
have a distribution of different chain lengths and in the case of FeCl3 polymerization, 
chloride termination of the a-position (see figure 4.1 a for definition of a-position) of 
the polythiophene is a known side reaction (72, 85, 88, 89). Furthermore, the charac-

terization of the material is cumbersome. The use of size exclusion chromatography 
(SEC) is a common way of determining the size distribution of polymers. However, 
the polystyrene standard used to calibrate for size has very different geometrical re-
straints compared to LCPs and therefore, the absolute size of the polymer chains can 
differ from the measured value (90, 91). Another common way to determine the size 
and distribution of LCPs is MALDI-TOF MS (Matrix-Assisted Laser Desorption/
Ionization-Time of Flight Mass Spectrometry). However, this technique also has its 
drawbacks. Firstly, not all LCPs can be ionized, which is a criteria for the technique 
to be of use. Secondly, care is required when one interprets the acquired data, since 

Figure 4.1 a The a and b-positions on thiophene. b Description of the notions: 
Head Head (HH), Tail Tail (TT) and Head Tail (HT).

Scheme 4.2 The HT selective polymerization method introduced Mccullough and 
Lowe (a) and Leclerc and coworkers (b). i 1. LDA, THF, -40 °C, 2. MgBr2•OEt2, -60 
°C → -40 °C, 3. -40 °C→ -5 °C, 4. Ni(dppp)Cl2 (dppp=1,3-bis(diphenylphosphino)
propane) -5 °C → 25 °C; ii methylimidazole, CH3CN; iii FeCl3, Bu4NCl, CHCl3 (dry).
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the masses found on MALDI-TOF MS do not always give a true picture of the actual 
chain length distribution due to the diverse readiness of ionization of chains of dif-
ferent lengths (92). 

The regioirregularity problem has been overcome in several ways. In 1992, McCul-
lough and Lowe used Kumada coupling to get quantitative HT-coupling (Scheme 
4.2 a) (93). Leclerc and coworkers have polymerized 3-alkoxy-4-methylthiophene 
in FeCl3 (Scheme 4.2 b) and shown that the sterically less congested alkoxy group, 
compared to the methyl group, will favor HT-coupling (86). An alternative solution 
to the problem is to couple two unsymmetrical monomers under controlled con-
ditions into a symmetrical thiophene dimer. Upon polymerization this results in a 
regioregular HH-TT-polymer (94). A different approach, explored by Nilsson et al. 
(72), would be to couple two unsymmetrical monomers to a third symmetrical unit 
schematically depicted in Scheme 4.3. 

A more comprehensive summary of different polymerization methods of thiophene 
derivatives can be found in a review written by Richard D. McCullough (95). Re-
garding problems with regioirregularity, McCullough and Osaka published a re-
view in 2008 (96). 

The synthesis of oligomers
The availability of easily accessible materials that are chemically defined and well 
characterized is crucial when one wants to go into molecular detail of the binding 
events of LCPs or LCOs in biological systems. Today, variations of the Stille (97) and 
Suzuki (98-100) cross coupling reaction of vinylic and aromatic compounds are the 
two most common ways to overcome the obstacles that polymerization present, al-
though, they too can be used for polymerization. Both are palladium catalyzed reac-
tions based on similar catalytic cycles consisting of three steps: oxidative addition, 
transmetalation and reductive elimination. (Figure 4.2). The Stille reaction couples 

Scheme 4.3 Synthetic route to a regioregular LCP. i KF, Pd(OAc)2, DMF; ii 1. TFA, 
CHCl3, 2. FeCl3, TBA-OTf, CHCl3.
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halogen or triflate-compounds with stannyl-compounds, whereas, the Suzuki reac-
tion couples halogen or triflate-compounds with boronic acid or ester derivatives in 
the presence of base. The role of the base is to facilitate the transmetalation by acti-
vating the boron, but the exact mechanism remains unclear. The necessity of a base 
in the Suzuki coupling adds a parameter that can be varied and finding the good 
reaction conditions may often be time consuming. This has led to the development 

of a variety of phosphine ligand catalysts but also to the search for alternatives to the 
phosphine/arsine ligands for these two cross coupling reactions. The properties of 
the catalyst need to be tuned for all three steps of the catalytic cycle to be effective. In 
the oxidative addition of the halogenated species the catalyst is the nucleofile and is 
preferably electron-rich, however, the transmetalation requires an electron-deficient 
metal for the nucleofilic stannyl or boronyl to attack the planar tetrahedral metal 
center of the catalyst. Moreover, steric hindrance is thought to favor the reductive 
elimination (101). Farina et al. (101) has studied the rate dependence of the palla-
dium catalyst ligand in the Stille cross coupling and found that the most commonly 
used ligand, triphenylphospine (PPh3), not at all was the best ligand. Using tri-2-
furylphosphine (TFP) or triphenylarsine (ArPh3) excellent yields and higher rates 
were obtained compared to PPh3 (101). Typically the exact cross coupling conditions 
have to be determined for each individual reaction. 

The most promising ligands today are the NHC (N-heterocyclic carbene) based ones. 
Herrmann et al. were the first to propose the NHCs as spectator ligands in transition-
metal complexes (102), and since then the development towards air-stable promis-
cuous metal-NHC catalysts have made an impact in transition metal cross coupling 
reactions (One example of a NHC-based catalyst is shown in figure 4.3). In a phos-

Figure 4.2 General catalytic cycle of the Suzuki and Stille cross coupling reactions. 
Y=Sn(alkyl)3 (Stille) or B(OR’’)2 (Suzuki, R’’ = H or alkyl) and X=Cl, Br, I or triflate.
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phine ligand, the steric substituents are directly attached to the donor atom and 
therefore the electronic and sterical properties of the ligand that are important at dif-
ferent stages of the catalytic cycle, are not easily separated. With NHCs, on the other 
hand, the steric bulk of the N-coupled ligands are not directly linked to the carbene 
carbon and therefore changes in these ligands will only have limited impact on the 
electronic properties of the carbene carbon. This means that the electronic and steric 

properties can be independently tuned to obtain selectivity and good yields (103). 
When electron-rich species such as thiophenes or pyrroles are coupled, the Stille 
reaction generally gives higher yields than the Suzuki reaction (104). Ewbank et al. 
used a CuO modified Stille cross coupling for the polymerization of thiophene de-
picted in scheme 4.4 a. (105). The same year, 2001, Barbarella et al. reported the first 
synthesis of a LCO using the Stille reaction in 70 % yield (Scheme 4.4 b) (10). 

Even though the Stille reaction is an excellent method to make carbon-carbon bonds 
between aromatic compounds, the negative environmental and health risks that 

Scheme 4.4 a Stille polymerization. b Stille reaction to a thiophene trimer. i 1. 
Pd2(dba)3, PPh3, CuO, DMF, 2. 3 M HCl (dba=dibenzylideneacetone); ii Pd(AsPh3)4, 
toluene, 110 °C.

Figure 4.3 [1,3-Bis(2,6-Diisopropylphenyl)imidazol-2-ylidene]
(3-chloropyridyl)palladium(II) dichloride (PEPPSI-IPr) (112).
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working with tin involves have shifted attention towards the Suzuki reaction. A 
common side-reaction of the Suzuki cross-coupling reaction is homo coupling of the 
boronic acid or ester (106), this is normally circumvented by using the more stable 
boronic esters over boronic acid and by adding an excess of the boronic ester. The 
Suzuki reaction can be carried out in various solvents including water and ethanol, 
and the boronic acid and ester are generally stable under ambient conditions. Fur-
thermore, boronyl derivatives are commercially more available than stannyl deriva-
tives. 

To the best of our knowledge, Bäuerle and coworkers were the first to utilize Suzuki 
cross-coupling-like conditions for a thiophene-thiophene coupling in 1999 (Scheme 
4.5 a) (107). In 2000 they showed a feasible route for the synthesis of LCOs using 
hydroxymethyl polystyrene resin containing a silyl-linker in eight consecutive steps 
with an overall yield of 48 % of which three were Suzuki cross-coupling reactions 
(the last steps are shown in scheme 4.5 b) (108). In the same year they published 
another route to LCOs using a chloromethylated polystyrene resin creating an ester 
linker to the thiophene (the last synthetic steps are shown in scheme 4.5 c) (109). The 
difference in linkers resulted in two different LCO-backbones, since the silyl link-
er was completely removed from the LCO upon cleavage from the resin, whereas 
the ester was hydrolyzed to a carboxylic acid that remained on the thiophene after 
cleavage and therefore can be used for further modification of the LCO. Bäuerle and 
coworkers have later shown how thiophene activation with iodine and bromine can 
be used to selectively cross-couple the iodine-activated site and a boronic ester to a 
HT-dimer, while the bromine activated site is left unreacted for later use (Scheme 4.5 
d) (110). 

Often the LCOs wanted for a special application are of hydrophobic nature, which 
rule out environmentally friendly solvents such as water or ethanol. This has led 
to the development of cross-coupling methods under solvent-free conditions (106, 
111). In two of these examples the coupling reaction of a bromo-thiophene and a thi-
ophene boronic ester takes place on Al2O3 (106), after which the reaction was rinsed 
off with ether and the product could be colected (Scheme 4.6, left and right). Further-
more, it was also shown how two brominated thiophenes could be coupled in the 
presence of bis(pinacolato)diboron that generated the thiopheneboronic ester in situ 
(Scheme 4.6, middle).
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Scheme 4.5 Different uses of the Suzuki cross coupling reaction to make LCOs. i 
Pd(PPh3)4, NaHCO3, DME; ii 1. Hg(OCOC5H11), CH2Cl2, 2. I2; iii 1. Pd(PPh3)4, NaHCO3, 
THF, 2. TBAF, THF; iv 1. Pd(PPh3)4, CF, THF, 2. Bu4NOH, THF, 3. MeI; v Pd(PPh3)4, NaH-
CO3, DME.

Scheme 4.6 Solvent-free Suzuki cross coupling reactions of thiophenes. i 
PdCl2(dppf), KF, KOH, Al2O3, 80 °C; ii PdCl2, KF, Al2O3, 80 °C.
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5. Results and discussion

From the beginning, our group has used the Suzuki cross coupling reaction for the 
coupling of thiophene. However, the yields were not satisfactory for making large-
scale synthesis, and during the first years in this project, efforts trying to increase the 
yields were made. Therefore, the Stille cross coupling reaction was tried, as it should 
theoretically work better for thiophene cross coupling reactions, vide supra. Even 
though none of these results have been published the yields were improved to about 
50 %. The drawback of the Stille reaction was the starting materials, as they had to be 
prepared. For example the synthesis of 2,5-di(tributylstannyl) thiophene involved 
toxic species, tributylstannyl chloride, and the purification of the product was very 
time consuming. Furthermore, the catalyst, (Ph3P)4As, had to be generated in situ and 
working with arsenic posed yet another environmental and health issue. Ultimately, 
it was decided to revisit the Suzuki cross coupling reaction, mostly due to the purifi-
cation problems. In 2006 a new catalyst was introduced by one of the major chemical 
suppliers and this catalyst, PEPPSI-IPr (Figure 4.3) (112), was acquired. The first try 
with this catalyst gave 80 % yield of the Suzuki coupling and later, the conditions 
have been optimized. With the experiences made during since the introduction of 
PEPPSI-IPr, the Stille reaction may be able to provide higher yields than the Suzuki 
cross coupling. Nevertheless, for the Suzuki reaction all required starting materials 
(as of now) are commercially available, reducing time-consuming synthesis of bulk 
materials,  and once again the health issues do make the Stille reaction less attractive.

Paper I
After the paper in 2005 (72) it was noted that the trimer-based LCP tPOWT (1, figure 
5.1) (The terms trimer and monomer are, in this case, a reflection of the number of 
thiophenes present in the repeating unit of the LCP) was more selective and specific 
towards in vitro formed protein aggregates and in vivo formed AD plaques com-
pared to the monomer based LCP POWT (5, figure 5.1). As more trimer-based ma-
terials were synthesized it seemed possible that this increase in sensitivity might be 
a characteristic of trimer-based LCPs in comparison to their monomer-based ana-
logues and this feeling encouraged the work that led to paper I. To test this hypoth-
esis, a library of eight LCPs was synthesized where every monomer-based LCP had 
a corresponding trimer-based LCP (Figure 5.1). As in the case of the monomer-based 
LCP POWT and the trimer-based LCP tPOWT, both have a thiophene backbone and 
are polymerized under the same conditions. Moreover, both are functionalized with 
the amino acid serine. The difference is found in the side chain density of the back-
bone; POWT has a serine functional side chain on every thiophene unit, whereas in 
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tPOWT, one third of the thiophenes are unsubstituted. The library was composed 
out of four monomer-based LCPs with four corresponding trimer-based LCPs. The 
side chains were modified to be zwitterionic [POWT, tPOWT and PTT (3), tPTT (7)], 
anionic [PTAA (8), tPTAA(4)], and cationic [POMT (6), tPOMT(2)]. Among the four 
zwitterionic LCPs, the difference was in the steric bulk of the side chain. PTT and 
tPTT were substituted with threonine instead of a serine, as in POWT and tPOWT. A 
closer examination of threonine reveals that it could be named β-methyl-serine, and 
as a consequence of the added methyl group, the steric bulk is increased in threonine 
when compared to serine. 

The synthesis was modified to be more versatile than the one previously described  
(Scheme 4.3) (72), by introducing the amino acids at a later stage of the synthesis, 
increasing the accessibility to a variety of trimer based LCPs once product 11 was 
isolated (Scheme 5.1 a). The tosylated trimer (11) was afforded in three steps. The 
initial bromination of 3-thiopheneethanol was described previously (In paper II the 
synthetic route was described by using iodine instead of bromine and of 2,5-dibo-
ronic acid bis(pinacol) ester instead of 2,5-diboronic acid, herein the advances made 
since then are shown. Details are given in appenix 1). Next the brominated 3-thienyl 
thiophene (9) was coupled to 2,5-thiophenediboronic acid under Suzuki coupling 
reaction conditions using PEPPSI-IPr as the catalyst to afford the trimer (10). The Su-
zuki coupling has to be performed before the introduction of the AA as PEPPSI-IPr 
catalyses the hydrolysis of the ether on the side chain. This has also been observed 

Figure 5.1 The eight different LCPs used in paper I and II�
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for the previously used catalyst Pd(OAc)2, although not to the same extent as for 
PEPPSI-IPr where the hydrolysis is almost quantitative. The Suzuki coupling suf-
fers from some homo coupling side reactions, but these by-products are effectively 
removed by reversed phase chromatography. Once the trimer (10) was afforded the 
activation of the alcohols by adding p-toluenesulphonyl chloride to a solution of 
product 10 in chloroform and pyridine gave the tosylated trimer (11). Next, Boc-Ser-
OH or Boc-Thr-OH was used to displace the tosylate and afford products 12 and 
14 respectively. Interestingly, the secondary alcohol Boc-Thr-OH is more effective 
in displacing the tosylate than the primary alcohol Boc-Ser-OH. Boc-deprotection 
of product 12 and 14 followed by polymerization in chloroform in the presence of 
tetrabutylammonium trifluoromethanesulfonate (TBA-OTf), that increases the solu-
bility of the forming polymer, in FeCl3 gave the LCPs tPOWT (1) and tPTT (3) re-
spectively. Furthermore, the carboxylic acids of product 12 were methylated using 
methyliodide and silver(II)oxide in dichloromethane to give product 13 which was 
polymerized using the method described for product 1 and 3, to give tPOMT (2). 
The synthesis of the LCP tPTAA (scheme 5.1 b) was similar to the LCPs (1, 2, and 
3). Adding acetylchloride to a solution of thiopheneacetic acid in methanol gave the 
methylester of thiopheneacetic acid, the product was washed and concentrated be-
fore it was iodinated with N-iodosuccinimide (NIS) in acetic acid and chloroform to 
give product 15. Product 15 was coupled to 2,5-diboronic acid bis(pinacol) ester to 
afford the trimer (16). Hydrolyzation of the methylesters of product 15, followed by 
polymerization under the same conditions as previously described gave tPTAA (4).

The goal of the study was to evaluate monomer-based LCPs vs. trimer-based LCPs 
and to use the library in an attempt to deduce something about the protein aggre-
gate/LCP interaction. The LCPs were evaluated on fibers from insulin, a well estab-
lish and easily accessible system to mimic amyloid fibrils (72, 73). From the screen of 
the LCPs, using absorbance and fluorescence, it was clear that the trimer-based ana-
logues were more quenched in solution, giving lower quantum yields. The trimer-
based LCPs showed optical signal specificity for amyloid-like fibrils as seen from in-
creased quantum yield and spectral shift, whereas no spectral changes could be seen 
with native insulin compared to buffered solution. Furthermore, the two LCPs with 
the highest specificity towards amyloid like fibrils, tPTAA and tPOWT, showed no 
interaction with the native form of insulin by analytical ultra-centrifugation (AUC), 
while they cosedimented with the fibrillated form of insulin, indicating,strong non-
covalent binding to the fibrils. Moreover, the AUC experiments showed that when 
the LCPs are free in solution they aggregate to small clusters, containing 5-10 LCP 
chains, these clusters are most likely interrupted upon interaction with fibrillated 
insulin and this separation of LCP-chains can explain the increased quantum yield 
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Scheme 5.1 The synthetic route to the four LCPs tPOWT, tPOMT, tPTT (a) and 
tPTAA (b)� i PEPPSI-IPr, K2CO3, toluene/methanol (1:1), 80 °C; ii p-toluenesulphonyl 
chloride, pyridine, CHCl3; iii K2CO3, DMF; iv 1� TFA, CHCl3, 2� FeCl3, TBA-OTf, CHCl3; 
v Ag2O, CH2Cl2; vi NIS, acetic acid, CHCl3; vii PEPPSI-IPr, K2CO3, toluene/methanol 
(1:1), 100 °C; viii NaOH, H2O
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observed on binding to amyloid like structures. The key properties of the LCPs, that 
all eight posses more or less, are the spectral shift and increase in quantum yield 
upon binding. From figure 5.2 one can easily see the higher increase in quantum 
yield from tPOWT compared to POWT when they bind to insulin fibrils. Actually, it 
was shown that the signal from fibrillated insulin could be distinguished from the 
signal of native insulin in a 70-fold excess of native insulin compared to fibrillated 
insulin. It was speculated that, since the hydrophobic backbone of the trimer-based 
LCPs are more exposed to the surrounding environment, the LCP will try to shield 
the backbone from the surrounding water by interaction with hydrophobic grooves 
located on the surface of the protein aggregate.

Paper II

Figure 5.2 Fluorescent emission spectra� Excitation was at 488 nm� The spectra 
are of POWT (unfilled symbols) and tPOWT (filled symbols) in 50 mM HCl, alone in 
solution, with native insulin or with fibrillated insulin�

In paper II, four of the LCPs from the library (2, 3, 6 and 8, figure 5.1) were used to 
visualize amyloid plaques in tissue slides from a transgenic mouse harbouring the 
Swedish mutation K670N/M671L. It was found that one of the LCPs (tPTT) was 
able to detect very small entities of densely packed microplaques in young mice 
(8 months), seen as a bright orange color from the fluorescing LCP. Furthermore, 
in a mouse of 18 months age, tPTT and to some extent PTAA, demonstrated dis-
tinct spectral fingerprints of the exterior and interior of the plaques. tPTT showed 
a green color in the interior in accordance with twisted and separated tPTT chains. 
The exterior fluoresced in bright orange, indicative of a densely packed and planar 
geometry of the LCP chains (Figure 5.3). The spectral fingerprint was retained in an 
in vitro experiment where Aβ42 was fibrillated under quiescent and agitated condi-
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tions, yielding fibers of two different morphologies, where the fibrils formed under 
quiescent (fluorescing in red) more resembled the fibers in the exterior of the plaque 
in their morphology and the fibrils formed under agitated conditions (fluorescing in 
green) had a morphology more alike the interior of the plaque. The conclusion from 
these experiments was that the interior of the plaques consist of a disordered center 
of fibrils that harden, as they grow outward from the center.

Figure 5.3 a Histological staining of the hippocampus of an 18-month tg-APPSwe 
mouse with tPTT� b Histological staining of the hippocampus of an 8-month tg-
APPSwe mouse with tPTT� The scale bars indicate 50 μm� c Confocal microscope 
image of four compact plaques with diffuse exterior in the cerebral cortex, where 
regions of the periphery and center were selected for spectral analysis as indicated 
with colored lines� d Normalized fluorescence spectra from the periphery and cen-
ter of plaque 1 indicated in the left panel� The green and red spectral components 
are indicated� e Bar plot of the ratio of the fluorescence intensity of the green com-
ponent and the red component of the spectra from the individual plaques 1–4 in 
the left panel� Reprinted with permission from American Chemical Society, ACS 
Chemical Biology (75)�
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Figure 5.4 The three different LCOs synthesized for paper III and their correspond-
ing fluorescent spectra when bound to amyloid plaques from an APP/PS1 trans-
genic mouse�

Paper III
After paper I and II and (72-74, 113) the specificity of the LCP system towards amy-
loid or amyloid like protein aggregates was well established, and the next step was 
to test the LCP system in vivo in live animals, to verify whether they would pass the 
blood brain barrier (BBB) and finally, specifically illuminate protein aggregates as-
sociated with neurodegenerative diseases. To do this a probe was needed that could 
pass the BBB along with a little bit of luck. Furthermore, the probe should be mono-
disperse; as small as possible, without loosing important hydrophobic interactions 
or its conformation sensitivity; have as few charges or polar groups as possible, but 
still be soluble at physiological pH and, in contrast to previous LCPs, stain under 
physiological conditions. By the conclusions drawn from paper I and II it was de-
cided to keep the thiophene trimer building block, but a trimer in itself would have 
had its emission in a region where the background fluorescence could have become 
a problem. Furthermore, it was not believed that a trimer would have the length 
required for it to be conformation sensitive. Finally, it was decided that a pentam-
er could be small enough for BBB passage. Moreover, it was decided that the side 
groups should be that of tPTAA and that the a-positions of the pentamer should be 
functionalized with formic acid to try to extend the effective conjugation by pulling 
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Scheme 5.2 i PEPPSI-IPr, K2CO3, toluene/methanol (1:1), 80 °C; ii NIS, acetic acid, 
CHCl3; iii NaOH, H2O

the electrons of the backbone. Initially, the methyl ester protection groups on the side 
chains were kept in order to increase the hydrophobicity of the probe. Fortunately, 
it was realized that the methyl esters had been hydrolyzed when the salt form of 
the probe was made and the active substance actually was the LCO later known as 
p-FTAA (Figure 5.4). Three different LCOs were synthesized according to the proce-
dure depicted in Scheme 5.2 with the anionic charges either on the side chain or the 
backbone (p-HTAA and p-FTAM respectively) or as in the case of p-FTAA on both 
side chain and backbone. The trimer building block is the same as for the one pub-
lished for tPTAA in paper I, but the synthesis has been modified. 

2-bromothiopheneacetic acid methyl ester was coupled to 2,5-thiophenediboronic 
acid under microwave conditions at 80 °C (Differences from paper I are found in: the 
halogen, Br instead of I; the boronic derivative, boronic acid instead of boronic ester; 
reaction temperature, 80 °C instead of 100 °C) to give the trimer (20). Iodination of 
product 20 with NIS in chloroform and acetic acid gave the diiodinated trimer (21) 
that was coupled with 2-thiopheneboronic acid under the same conditions as de-
scribed for product 20 to give the methylester of p-HTAA (22) that without purifica-
tion was hydrolyzed under basic conditions to give p-HTAA (17). Product 21 was 
also coupled with 2-carboxythiophene-5-boronic acid to give the LCO p-FTAM (18), 
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which was hydrolyzed to give p-FTAA (19).  

The initial in vivo experiments were performed at the Univärstätsspital in Zürich in 
the summer 2007. A mouse adapted sheep scrapie (mSS) and mouse adapted chronic 
wasting disease (mCWD) transgenic mouse were injected both intravenously (iv) 
and intracerebrally (ic) with p-FTAA (19). Even though this injection method elimi-
nated the possibility to draw any conclusions regarding the BBB passage, in these 
first attempts of in vivo staining, a positive stain was considered more important. 
Only a few hours after the injection, tissue slides from the brains were examined 
under the microscope and prion infected areas were found to be stained in both the 
mSS and mCWD case and the selectivity and specificity of the probe were astound-
ing (Figure 5.5)

Later, it was verified that iv injection was sufficient for staining, that is, the probe 
passed BBB. Furthermore, two more probes were tested, p-HTAA (17) and p-FTAM 
(18); p-HTAA that, due to the lack of formic acid at its a-positions is somewhat blue-
shifted, also passed BBB efficiently, whereas p-FTAM failed in effective BBB pas-
sage. It was speculated that the ionic sidechains (common for p-FTAA and p-HTAA 
but not p-FTAM) were crucial for BBB passage, but this has not yet been explored 
further. In the fall of the same year, live imaging experiments was performed in Tü-
bingen, Germany. Since the probes are two photon active, they can be excited with 
near infrared light (NIR), the absorption of NIR in tissue is lower than that of the 
visible light and therefore emission experiments can be performed up to 100 mm into 
the tissue. The technique could be considered noninvasive if one were to study the 
skin of the mouse, however, if staining in the neocortical area of the brain was to be 
detected, a piece of the skull of the mouse had to be removed and fitted with a glass 
window prior to the experiment. Once the sedated mouse was injected with the  

Figure 5.5 Fluorescent microscope image of the brains of a mSS transgenic mouse 
(a) and mCWD transgenic mouse (b)� Reprinted with permission from American 
Chemical Society, ACS Chemical Biology (6)�
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Figure 5.6 Time lap study of p-HTAA labeling of cerebral Aβ deposits through a 
cranial window by multiphoton imaging following an injection in the tail vein of a 
10 month old APP/PS1 mouse� p-HTAA fluorescence, seen in green, is first observed 
in the cerebral blood vessels with subsequent diffusion into the brain parenchyma� 
Within minutes, labeling of cerebral plaques is observed and after longer incuba-
tion periods, intensive p-HTAA fluorescence is only seen from cerebral plaques� 
Representative LCO-labeled plaques are indicated by white arrows to guide the 
eye when following the kinetics� Reprinted with permission from American Chemi-
cal Society, ACS Chemical Biology (6)�

LCP, it was instantly visible in the vasculature of the mouse (Figure 5.6) and after a 
few minutes the staining of the blood veins diminished and amyloid protein aggre-
gates started to appear. When the mouse was examined one week later, the staining 
of the plaques still remained. 

Due to the interest in oligomers in the field of protein aggregation, p-FTAA was eval-
uated as a prefibrillar sensitive probe. It was demonstrated that p-FTAA had a much 
earlier fluorescence response when compared to ThT during the fibrillation process 
of Aβ40 (Figure 5.7 a). Aliquots withdrawn at different time points and examined in 
the transmission electron microscope revealed that p-FTAA reacted to prefibrillar 
species, although not necessarily oligomers. Conversely, when the same experiment 
was performed with Aβ42 (Figure 5.7 b) the fluorescence response of the two probes 
p-FTAA and ThT overlapped perfectly. This is indicative of a distinct difference of 
the aggregation behavior of Aβ40 and Aβ42 that can be differentiated with p-FTAA 
but not with ThT under these fibrillation conditions. To further verify this prefibril 
sensitivity, costaining of p-FTAA and the oligomer specific antibody A11 was per-
formed. These results showed partial overlap of the spectra (Figure 5.7 d), which 
was expected as p-FTAA also bind to aggregates stained by the Aβ specific antibody 
6E10 with perfect colocalization of the stain (Figure 5.7 c).
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Figure 5.7 Fibrillation kinetic study and antibody staining showing the colocali-
zation with p-FTAA staining of Aβ from human AD tissue sections� a Fibrillation 
of Aβ40, TEM micrographs below taken at 120, 220 and 600 min� b Fibrillation of 
Aβ42, TEM micrographs below taken at 120, 220 and 600 min� c p-FTAA (green) 
and 6E10 (red) stain of Aβ shows full colocalization when merged� d p-FTAA (green) 
and the oligomer specific antibody A11 (red) stain of Aβ show partial colocaliza-
tion when merged� Reprinted with permission from American Chemical Society, 
ACS Chemical Biology (6)�
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6. Conclusions and future outlooks

During the last five years the previously described LCP staining technique for in 
vitro fibrillation systems has been studied and it has been shown that it indeed has 
the specificity to stain complex tissue samples ex vivo. It was shown that the trimer-
based LCPs were superior to their monomer based analogues in their interactions 
with protein aggregates and this finding was later used when the design of LCOs 
was decided upon. The LCOs are reduced in size and increased in their definition 
compared to LCPs. Two of the LCOs passes the BBB within a few minutes and spe-
cifically illuminate fibrillar assemblies of the Aβ, prion and tau protein. Furthermore, 
in the transition from LCPs to LCOs, the conformation sensitive properties have 
been retained and different strains of prions as well as tau and Aβ assemblies, can 
be spectroscopically distinguished. Additionally, the LCO p-FTAA shows increased 
selectivity towards prefibrillar assemblies of Aβ40 compared to the matured fibrils. 

The above-mentioned results show the intriguing possibilities of LCOs and the work 
to synthetically modify the thiophene pentameric scaffold is a work in progress. The 
LCO’s conformational sensitivity and the ability to use them in vivo allows for many 
exciting avenues of experimentation, for example; can one, by injecting different 
LCOs, with different fluorescent spectra, at different time points unveil some infor-
mation as to how protein assemblies grow? We have so far not defined the limita-
tions of the LCP/LCO staining applications, and at this time we can reveal that we 
have thrilling results with modified versions of the LCO scaffold that can be used 
to visualize stem cells as well as cancer cells. Furthermore, the pentameric scaffold 
has a very strong affinity for protein aggregates, and this can be taken advantage 
of for purposes other than fluorescent imaging. One could think of modification of 
present LCOs into MRI agents (or modifications that allow the LCO to be used in 
other imaging techniques such as SPECT or PET), for truly noninvasive techniques 
to study protein aggregation diseases in vivo. Furthermore, a scaffold that passes the 
BBB and targets protein aggregates with this selectivity may be suitable in the quest 
for therapeutics of protein aggregation diseases. Although, the studies performed so 
far are very limited. 

When this project started the LCO/LCP staining technique was new and frowned 
on by many. Today, it is starting to be accepted and several labs and hospitals in 
Europe, Asia and USA are using them in their research. And perhaps it will be the 
technique of choice to study protein aggregation events in a not too distant future.
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Appendix 1

The preparation of tPOMT and tPTT (Scheme 5.1 a) was previously briefly described 
(75). 

i. N-bromosuccinimide, acetic acid/chloroform (1:1); ii. 2,5-thiophenediboronic 
acid, PEPPSI-IPr, K2CO3, toluene/methanol (1:1), microwave 100 ºC, 10 min; iii. p-
toluenesulphonyl chloride, pyridine/chloroform (1:4); iv. Boc-Ser-OH, K2CO3, DMF 
(dry), 45 ºC, 24 h; v. iodomethane, silver(II)oxide, dichloromethane; vi. Iron(III)chlo-
ride, TBA-OTf, chloroform (dry); vii. Boc-Thr-OH, K2CO3, DMF (dry), 45 ºC, 24 h

Methods
General Methods
Organic extracts were dried over anhydrous magnesium sulfate, filtered and con-
centrated in vacuo at 40 ºC. 3-thiopheneacetic acid, 2-thiopheneboronic acid and 
PEPPSI-IPr ([1,3-Bis(2,6-Diisopropylphenyl)imidazol-2-ylidene](3-chloropyri-
dyl)palladium(II) dichloride) are commercially available from Sigma-Aldrich Co. 
5-(dihydroxyboryl)-2-thiophenecarboxylic acid was acquired from Maybridge. Mi-
crowave reactions were carried out on a SmithCreator 482 microwave reactor. NMR-
spectra were recorded on a Varian instrument (1H 300 MHz, 13C 75.4 MHz). Chemi-
cal shift were assigned with the solvent residual peak as a reference according to 
Gottlieb et al. (J. Org. Chem., 1997, 62, pp 7512–7515) TLC was carried out on Merck 
precoated 60 F254 plates using UV-light (l = 254 nm and 366 nm) and charring with 
ethanol/sulfuric acid/p-anisaldehyde/acetic acid 90:3:2:1 for visualization. Flash 
column chromatography (FC) was performed using silica gel 60 (0.040-0.063 mm, 
Merck). Gradient HPLC-MS were performed on a Gilson system (Column: Phenom-
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enex C-18 250 x 15 mm and Phenomenex C-18 150 x 4.6 mm for preparative and ana-
lytical runs respectively; Pump: Gilson gradient pump 322; UV/VIS-detector: Gilson 
155; MS detector: Thermo Finnigan Surveyor MSQ; Gilson Fraction Collector FC204) 
using acetonitrile with 0.1% formic acid and deionized water with 0.1% formic acid 
as mobile phase. MALDI-TOF MS were recorded in linear positive mode with a-cy-
ano-4-hydroxycinnamic acid matrix (CHCA) or 2,5-dihydroxy benzoic acid (DHB) 
as matrix.

General procedure A: Displacement of tosylate by Boc-protected amino acid.
The tosylat (3, 0.160 mmol),  amino acid (0.640 mmol) and K2CO3 (0.960 mmol) were 
added to dry DMF (3 mL) and heated to 50 °C for 12 h whereupon the mixture were 
diluted with toluene and washed twice with HCl (1 M, aq.) and once with H2O.

General procedure B: Deprotection of Boc-protected trimer building block 
followed by polymerization.
The Boc-protected trimer (0.0500 mmol) was dissolved in CHCl3 (1 mL) and cooled 
to 0 °C. TFA (0.25 mL) was added. After 30 min the solution was concentrated and 
polymerized without further purification. The ammonium salt and TBA-OTf  (0.250 
mmol) were dissolved in dry CHCl3 (1 mL, 0 °C). FeCl3 (0.225 mmol) was added and 
the mixture were stirred at room temperature. After 1 day the mixture was diluted 
with CHCl3 (10 mL) and extracted to H2O (2∗4 mL). The H2O extracts were combined 
and the product was precipitated by adding HCl (1 mL, 1 M) and acetone. After 
centrifugation the collected pellet was dissolved in H2O and re-precipitated. The 
procedure was repeated until the supernatant was colorless. 

Synthesis of 1 
To a solution of acetic acid and CHCl3 (9 mL, 1:1, 0 °C) 3-thiopheneethanol (0.530 g, 
4.13 mmol) and N-bromosuccinimide (0.760 mg, 4.27 mmol) were added. After 6 h 
the mixture was diluted with CHCl3 and washed with NaHCO3 (sat., aq.) and H2O. 
FC (toluene/ethylacetate 40:1→18:1) gave the afforded the product 1 in 72 % as a 
colorless oil.
Rf: 0.31 (toluene/ethylacetate 4:1)
13C NMR (CDCl3) δ: 35.5, 62.4, 75.6, 128.5, 131.0, 143.3
1H-NMR(CDCl3) δ: 2.84 (t, 2H, J = 6.6 Hz), 3.81 (t, 2H, J = 6.6 Hz), 6.82 (d, 1H, J = 5.2 
Hz), 7.41 (d, 1H, J = 5.2 Hz)

Synthesis of 2
1 (0.044 g, 0.173 mmol) and thiophene-2,5-bis-pinacolboronate (0.030 g, 0.089 mmol) 
were dissolved in degassed toluene (1 mL). K2CO3 (0.020 g, 0.145 mmol), PEPPSI-IPr 
(0.006 g, 0.009 mmol) and methanol (1 mL) were added to the solution. The mix-
ture was heated under microwave conditions for 10 min at 100 °C. The mixture was 
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filtered on celite, diluted with dichloromethane and washed with H2O. The crude 
product was purified by FC (toluene/ethylacetate, 2:1) followed by HPLC-MS (gra-
dient: ACN 65%→ACN 75% for 20 min) to give product 2 in 88 % yield as a slightly 
yellow oil.
Rf: 0.17 (toluene/ethylacetate 2:1)
Calcd mass for C16H16O2S3: [M+H]+ 337.0; found 336.9. [M+Na]+ 359.0; found 359.0.
13C NMR (CDCl3) δ: 32.7, 63.0, 124.6, 126.8, 130.2, 132.1, 135.4, 135.9
1H-NMR(CDCl3) δ: 3.07 (t, 4H, J = 6.9 Hz), 3.89 (t, 4H, J = 6.9 Hz), 6.99 (d, 2H, J = 5.2 
Hz), 7.10 (s, 2H), 7.22 (d, 2H, J = 5.2 Hz)

Synthesis of 3
p-Toluenesulphonyl chloride (0.153 g, 0.802 mmol) was added to a 0 °C solution of 
the trimer (2, 0.54 g, 0.160 mmol), pyridine (0.5 mL) and CHCl3 (2 mL). 16 h later the 
solution was diluted with diethylether and washed with HCl (1 M, aq.) and H2O. 
Subsequent FC (toluene) gave the tosylated trimer (3) in 83 % yield as a pale yellow 
solid. 
Rf: 0.74 (toluene/ethylacetate 4:1)
13C NMR (CDCl3) δ: 21.7, 28.9, 69.6, 124.3, 125.0, 127.0, 127.4, 127.9, 129.9, 132.3, 133.0, 
133.3, 144.9
1H-NMR(CDCl3) δ: 2.40 (s, 6H), 3.13 (t, 4H, J = 6.9 Hz), 4.23 (t, 4H, J = 6.9 Hz), 6.89 
(d, 2H, J = 5.2 Hz), 6.95 (s, 2H), 7.19 (d, 2H, J = 5.2 Hz), 7.27 (d, 4H, J = 8.2 Hz), 7.70 
(d, 4H, J = 8.2 Hz)

Synthesis of 4
General procedure A was used to synthesize compound 4. The amino acid used for 
displacement was Boc-Ser-OH. The crude product was purified by FC (toluene/
ethylacetate 3:1→1:1) to give 4 in 46 % yield as a pale yellow solid.
Rf: 0.25 (toluene/ethylacetate 1:1)
13C NMR (CDCl3) δ: 28.3, 28.4, 55.8, 63.5, 65.1, 80.3, 124.8, 127.0, 129.8, 132.2, 134.0, 
135.6, 155.5, 170.8.
1H NMR (CDCl3) δ: 1.44 (s, 18 H), 3.19 (t, 4H, J = 7.0 Hz), 3.82 (dd, 2H, J = 3.6, 11.1 
Hz), 3.88 (dd, 2H, J = 3.6, 11.1 Hz), 4.42 (m, 6H), 5.08 (d, 2H, 7.96) 6.98 (d, 2H, J = 5.1 
Hz), 7.11 (s, 2H), 7.24 (d, 2H, J = 5.1 Hz).

Synthesis of 5
4 (0.053 g, 0.0746 mmol), MeI (0.21 mL, 2.26 mmol) and Ag2O (0.069 g, 0.298 mmol) 
were dissolved in CH2Cl2 (1 mL) and heated to 35 °C. After 2 days the mixture was 
filtered followed by evaporation under reduced pressure. The crude product was 
purified by HPLC-MS (gradient: ACN 80%→ACN 90% for 30 min) to afford 5 in 53 
% yield as a pale yellow solid.
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Calcd mass for C34H46N2O10S3: [M+H]+ 739.2; found 739.3
13C NMR (CDCl3) δ: 28.3, 28.4, 54.0, 59.2, 64.9, 72.5, 79.9, 124.6, 126.8, 129.9, 132.0, 
134.4, 135.8, 155.5, 170.6
1H-NMR(CDCl3) δ: 1.44 (s, 18H), 3.16 (t, 4H, J = 6.9 Hz), 3.27 (s, 6H), 3.55 (dd, 2H, J = 
3.3, 9.3 Hz), 3.72 (dd, 2H, J = 3.3, 9.3 Hz), 4.30 - 4.50 (m, 6H), 5.36 (d, 2H, J = 8.2 Hz), 
6.99 (d, 2H, J = 5.2), 7.10 (s, 2H) 7.22 (d, 2H, J = 5.2 Hz)

Synthesis of tPOMT
General procedure B was used to polymerize 5 to afford tPOMT in 12 % yield as a 
red solid where n = 4 - 6.

Synthesis of 6
General procedure A was used to synthesize compound 6. The amino acid used for 
displacement was Boc-Thr-OH. The crude product was purified by FC (toluene/
ethylacetate 3:1) to give the product 6 in 46 % yield as a pale yellow solid.
13C NMR (CDCl3) δ: 20.0, 28.5, 28.6, 59.0, 65.1, 68.2, 80.3, 124.9, 127.1, 130.0, 134.2, 
135.8, 137.7, 155.5, 170.8.
 1H-NMR(CDCl3) δ: 1.20 (d, 6H, J = 6.3 Hz), 1.44 (s, 18H), 3.18 (t, 4H, J = 7.1 Hz), 4.21 
(t, 4H, J = 7.1 Hz), 4.30 - 4.50 (m, 4H), 5.35 (bs, 2H), 6.83 (d, 2H, J = 5.2 Hz), 7.10 (s, 
2H), 7.23 (d, 2H, J = 5.2 Hz)

Synthesis of tPTT
General procedure B was used to polymerize 6 to give tPTT in 18 % yield as a red 
solid where n = 3 - 6.
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