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Abstract The technique of using luminescent oligo-
thiophenes and luminescent conjugated poly-thiophenes to
monitor biological processes has gained increased interest
from scientists within different research areas, ranging from
organic chemistry and photo-physics to biology since its
introduction. The technique is generally straightforward and
requires only standard equipment, and the result is available
within minutes from sample preparation. In this review, the
syntheses of oligo and polythiophenes developed over the
last decades are discussed. Furthermore, the utilization of
these molecular agents for exploring biological events, e.g.,
DNA hybridization or protein misfolding events, are
covered.
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Introduction

This review will focus on two aspects of luminescent
oligo-thiophenes (LCOs) and luminescent conjugated
poly-thiophenes (LCPs). In part one, different ways to
prepare LCOs and LCPs and how the synthetic methods

have progressed over time will be discussed. We will
not cover mechanistic aspects in detail or elaborate
further every variation of the methods used. However,
our goal is to provide the reader with a comprehensive
overview of the synthetic routes that have been
published in the area, based on what we feel are the
most important synthetic leaps forward. In the second
part, we will cover how the optical properties of LCOs
and LCPs have been utilized for recording molecular
events, such as DNA hybridization and protein folding/
misfolding in biological systems.

Over the last decade, we have spent a great deal of
time and effort preparing and characterizing LCPs, en
route for studying biological systems and events. These
materials have over and over again surprised us with the
selectivity and specificity with which they can visualize,
mainly via fluorescence, various biological events in
vitro. The interest for LCPs started off with a serine
functionalized LCP (Fig. 4e) [1], originally synthesized
for use in electrical devices. It was realized that upon
dissolution in different buffers, the wavelength of the light
absorbed and emitted by the polymer changed [2].
Inspired by the work of Bednarsky et al. [3], Ewbank et
al. [4], and Barbarella et al. [5], the idea of using the
serine functionalized LCP in biological systems spawned,
and later, it was shown that DNA hybridization events
could be followed by fluorescence [6]. Moreover, it was
shown that the conformation-sensitive properties of
POWT allowed visualization of the structural change from
a random coil structure of the synthetic peptides JR2E and
JR2K alone in solution to a four-bundle helix motif when
the two peptides were mixed together [7]. Later, LCOs and
LCPs have shown a unique potential as a research tool
especially within protein misfolding-associated events and
diseases.
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Synthesis

Even though the synthesis of a bithiophene was reported as
early as 1894 [8], the polymerization of thiophene was not
carried out until 1980 when two groups independently
described the polymerization of 2,5-dibromothiophene
using the Kumada coupling of Grignard reagents into
polythiophenes (Fig. 1a) [9, 10]. Another polymerization
method, introduced by Sugimoto and coworkers in 1984,
was iron(III)chloride (FeCl3)-mediated and carried out in
chloroform (Fig. 1b) [11]; the reaction takes place on the
surface of the insoluble FeCl3 and has become the method
of choice for the synthesis of LCPs used for fluorescence
detection of viruses [12], DNA hybridization [6, 13], and
protein folding and misfolding events [7, 14–19]. This
reaction was recently modified in our lab to be carried out
in an aqueous solution with a catalytic amount of FeCl3 and

Na2S2O8 as the primary oxidant (Fig. 1d) [20]. This ensures
low content of iron impurities that could interfere in
biological measurements, e.g., by being toxic as well as in
electronic applications by reducing the charge transfer
properties by unintentional doping from the metal ion [20].

One drawback of polymerization is the variations that
inherently are a part of the material. If one polymerizes an
unsymmetrical starting material, the product polymer will
be regio-irregular, that is, it consists of a mixture of head to
tail (HT), head to head (HH), and tail to tail (TT) coupled
monomers (Fig. 1c). Moreover, the material will have a
distribution of different chain lengths, and in the case of
FeCl3 polymerization, chloride termination of the α-
position of the polythiophene is a known side reaction
[16, 17, 21, 22]. Furthermore, the characterization of the
material is cumbersome. The use of size exclusion
chromatography is a common way of determining the size

Fig. 1 a, b Different polymerization methods. c Different config-
urations of thiophenes; head to head (HH), tail to tail (TT), and head to
tail (HT). d Polymerization reaction using a catalytic amount of FeCl3.

e General catalytic cycle for Stille and Suzuki cross coupling
reactions. f Synthesis of a regio-regular polythiophene
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distribution of polymers. However, the polystyrene stan-
dard used to calibrate for size has very different geometrical
restraints compared to LCPs; therefore, the absolute size of
the polymer chains can differ from the measured value [23,
24]. Another common way to determine the size and
distribution of LCPs is matrix-assisted laser desorption/
ionization-time of flight mass spectrometry (MALDI-TOF
MS), though this technique also has its drawbacks. Firstly,
not all LCPs can be ionized, whereby the technique is of no
use. Secondly, care is required when one interprets the
acquired data, since 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 different lengths [25].

The regio-irregularity problem has been overcome in
several ways. In 1992, McCullough and Lowe used
Kumada coupling to get quantitative HT coupling
(Fig. 1f) [26]. Leclerc and coworkers have polymerized 3-
alkoxy-4-methylthiophene in FeCl3 and shown that the
sterically less congested alkoxy group, compared to the
methyl group, will favor HT coupling [19]. An alternative
solution to the problem is to couple two unsymmetrical
monomers under controlled conditions into a symmetrical
thiophene dimer. Upon polymerization, this results in a
regio-regular HH–TT polymer [27]. A different approach
would be to couple two unsymmetrical monomers to a third
symmetrical unit schematically depicted in Fig. 1. A more
comprehensive summary of different polymerization meth-
ods of thiophene derivatives can be found in a review
written by Richard D. McCullough [28]. Regarding prob-
lems with regio-irregularity, McCullough and Osaka pub-
lished a review in 2008 [29].

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 [30] and Suzuki [31, 32] cross-coupling
reaction of vinylic and aromatic compounds are the two
most common ways to overcome the obstacles that
polymerization present, although they, too, can be used
for polymerization. Both are palladium-catalyzed reactions
based on similar catalytic cycles consisting of three steps,
oxidative addition, transmetalation, and reductive elimina-
tion (Fig. 1e). The Stille reaction couples halogen and
stannyl compounds whereas the Suzuki reaction couples
halogen and boronic acid or ester derivatives in the
presence of base. The role of the base is to facilitate the
transmetalation by activating the boron, but the exact
mechanism remains unclear. The properties of the catalyst
need to be tuned for all three steps 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 tetrahe-
dral metal center of the catalyst. Moreover, steric hindrance
is thought to favor the reductive elimination [33]. Farina et
al. [33] has studied the rate dependence of the palladium
catalyst ligand in the Stille cross-coupling and found that
the most commonly used ligand, triphenylphospine (PPh3),
was not at all the best ligand. Using tri-2-furylphosphine
and triphenylarsine, 105 and 1,100 times higher rates,
respectively, and excellent yields compared to PPh3 [33]
were achieved. Typically, the exact cross-coupling con-
ditions have to be determined for each individual reaction.
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 not
only to the development of a variety of phosphine ligands
vide supra but also to the search for alternatives to the
phosphine/arsine ligands. The most promising ligands
today are the N-heterocyclic carbene (NHC)-based ones.
Herrmann et al. were the first to propose the NHCs as
spectator ligands in transition-metal complexes [34], and
since then, the development towards air-stable promiscuous
metal-NHC catalysts have made an impact in transition
metal cross-coupling reactions. In a phosphine ligand, the
steric substituents are directly attached to the donor atom;
therefore, the electronic and sterical properties of the ligand
that are important at different stages of the catalytic cycle
are not easily separated. With NHCs, on the other hand, the
steric bulk of the ligand is not directly coupled to the
carbene; therefore, they can be independently tuned to
obtain selectivity and good yields [35]. When electron-rich
species such as thiophenes or pyrroles are coupled, the
Stille reaction generally works better than the Suzuki
reaction [36]. McCoullugh et al. used a CuO-modified
Stille cross-coupling for the polymerization of thiophene
depicted in Fig. 2a [4]. The same year, 2001, Barbarella et
al. reported the first synthesis of a LCO using the Stille
reaction in 70 % yield (Fig. 2b) [5].

Even though the Stille reaction is an excellent method to
make carbon–carbon bonds between aromatic compounds,
the negative environmental and health risks that involve
working with tin 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 [37]; 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. Furthermore, boronyl derivatives are
commercially more available than stannyl derivatives.

To the best of our knowledge, Bäuerle and coworkers
were the first to utilize Suzuki cross-coupling-like con-
ditions for a thiophene–thiophene coupling in 1999
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(Fig. 2c) [38]. In 2000, they showed a feasible route to
synthesize 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 Fig. 2d) [39].
In the same year, they published another route to LCOs
using a chloromethylated polystyrene resin with a carbox-
ylic acid linker (the last steps are shown in Fig. 2e) [40].
The difference in linkers resulted in two different LCOs,
since the silyl linker was completely removed from the
LCO upon cleavage from the resin, whereas the carboxylic
acid linker 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 (Fig. 2f) [41]. 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 [37,
42]. The reaction took place on Al2O3 and after the
reaction, the crude product could be rinsed off and boron
salts and catalyst were left on the aluminum oxide (Fig. 2g).
Furthermore, they also showed how two brominated
thiophenes could be coupled in the presence of bis
(pinacolato)diboron that generated the thiopheneboronic
ester in situ (Fig. 2g).

The use of a NHC-based catalyst in the synthesis of
LCPs was first reported in 2007 [17, 18], where it was used
to make a thiophene trimer building block (Fig. 2h) that
was later polymerized by the method described by
Sugimoto and coworkers [11]. The catalyst was the
commercially available PEPPSI-IPr (Fig. 2i) [43] used
under microwave conditions. The necessity to keep the
ratio of the boronic ester at the highest 0.5 equivalents
makes this particular coupling somewhat demanding due to
the risk of homo coupling previously mentioned. In this
particular coupling, it is not possible to use an excess
boronyl owing to the risk of ending up with a large part of
mono-coupled bithiophene. It was not desirable to perform
the coupling as it was described by Herland et al. (Fig. 1f)
[16]. Instead, the amino acid was introduced at a later stage
of the synthesis, giving rise to a more divergent route to
differently functionalized LCPs and LCOs. Furthermore,
one reason for the somewhat low yield of 36% percent in
the coupling Herland et al. reported has later been attributed
to hydrolyzation of the ether side chain when Pd(OAc)2
was the catalyst. When PEPPSI-IPr was tried in the same
reaction, the hydrolyzation was quantitative (Åslund A,
unpublished results). However, the NHC-Pd catalyst in-
creased the yield of the coupling to 66% if the coupling was

performed before the serine functionalization. Since then,
the reaction has been further optimized and the thiophene-
diboronic acid pinacol ester has been replaced with the
commercially available thiophene-diboronic acid, the halo-
gen has been changed from iodine to bromine, and the
reaction temperature has been lowered from 100°C to 80°C,
while the yield has been raised to an acceptable 88 %
(Fig. 2h; Åslund A, unpublished results).

LCOs and LCPs recording biological events

The focus on conjugated polymers has, since the 1970s,
been on utilizing these materials in electronic devices such
as solar cells and displays; the importance of this was
accentuated when the Nobel prize was awarded to Alan J
Heeger, Alan G. MacDiarmid, and Hideki Shirakawa in
2000 “for the discovery and development of conductive
polymers”. However, conjugated polymers, especially
polythiophenes and polyfluorenes, also exhibit interesting
intrinsic optical properties that can be correlated to the
geometry of the polymer backbone. These optical proper-
ties have been used to record biological events and to our
knowledge, the proof of principle was first shown by
Bednarski and coworkers in 1993 [3]. They used a ligand-
functionalized conjugated polymer (polydiacetylene) to
monitor a ligand–receptor interaction by the colorimetric
change in the coil-to-rod transition of the polymer. Analyte
specificity in this first generation of conjugated polymer-
based biosensors was due to the covalent 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
functionalization of the conjugated polymer requires ad-
vanced synthesis and extensive purification of numerous
monomeric and polymeric derivatives. Secondly, this first
generation 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 big
Stokes shift separating the absorption and emission
spectra [5]. Furthermore, to diminish background fluores-
cence, 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 photo-
bleaching and photoactivation, and a “turn on” of the
fluorescence signal upon interaction is preferred over a
“turn off” [44]. If the LCO/LCP is intended for in vivo or
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live cell staining, it should also have low or preferably no
toxicity at the administered dose and be stable and soluble
under physiological conditions. One feature LCOs and
LCPs have, in contrast to the traditional stiff small
molecular dyes, is a flexible backbone (Fig. 3a). This
means that the backbone of the LCOs/LCPs can adopt

different geometrical shapes and if the backbone
becomes conformationally restricted, for instance due
to the interaction with a biological target, this will affect
the fluorescence from the dye. A twist of the backbone
gives rise, as a result of shorter effective conjugation
length, to a blue shift; whereas flattening of the

Fig. 2 a–h Different uses of the Stille and Suzuki cross-coupling reactions. i The commercially available cross-coupling catalyst PEPPSI-IPr,
[1,3-Bis(2,6-Diisopropylphenyl)imidazol-2-ylidene](3-chloropyridyl)palladium(II) dichloride

J Chem Biol (2009) 2:161–175 165



backbone increases the effective conjugation, which
results in a red shift [45]. The optical transitions of the
LCO/LCP are also governed by stacking between thio-
phene rings on adjacent polymer chains. In this case,
intermolecular radiative and non-radiative relaxation path-
ways occur more frequently and the spectral changes in
the form of red shift and lowered quantum efficiency is a
result thereof.

Other non-thiophene-based luminescent conjugated pol-
ymers have been used rather extensively to study biological
events [44–54]. 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
polymer or fluorescence resonance energy transfer (FRET)
between the polymer and a second fluorophore. Although
these molecules have been successfully employed for
recording DNA-hybridization events as well as protein
interactions [46–50], the following sections will focus on
LCPs and LCOs, as the thiophene based molecules have
been proven useful for studying a greater diversity of
biological events.

LCPs for recording DNA-hybridization events

The concept of utilizing a LCP as DNA sequence
specific marker was first shown by Leclerc and cow-
orkers [13, 51]. By using a cationic LCP (Fig. 3b), they
nicely showed how the flexibility of the thiophene
backbone can 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. 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 from 130 to 527 nm, corresponding
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 (Fig. 3c). When a
complementary oligonucleotide (B-2) strain was added to
the first complex, a double-stranded oligonucleotide was
formed, and the solution turned yellow, as the LCP once
again was in its twisted configuration. However, the LCP
was still in conjunction with the A-1/B-1 complex as
circular dichroism (CD) revealed a bisignate spectra at

Fig. 3 a Twisting of the LCO/LCP backbone. b Cationic LCP.
c Depiction of the detection scheme for DNA. Left, before LCP-
ssDNA interaction the LCP is yellow. Middle, LCP-ssDNA interac-
tion, the LCP is in a planar configuration seen as a red color. Right,
LCP-dsDNA interaction, the LCP is twisted in its configuration seen
as a yellow color. d Fluorescence images of POWT (Fig. 4e)/DNA
complexes. Hydrogels of POWT and ssDNA after binding of comple-

mentary DNA (upper left) and non-complementary DNA (upper right).
Cross points (100 Å~ 100 μm) of POWT and ssDNA after binding of
complementary DNA (lower left) or non-complementary DNA (lower
right). Subpanel c is reprinted with permission from [52]. ©2008
American Chemical Society. Subpanel d is adapted by permission from
Macmillan Publishers Ltd: Nature Materials, ©2003 [6]
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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 3×106 molecules in 200μL solution.
The robustness of the technique was verified with the
complementary oligonucleotide B-2 and B-3 with two and
one base pair mismatch each, respectively. In these cases,
a perfect dsDNA strand did not form, and the red-shifted
spectra were retained with minor alterations.

Later, Leclerc and coworkers modified the system by
covalently attaching a chromophore (Alexa Flour 546) to
the oligonucleotide, forming an A-1-Alexa complex [52].
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 oligonucleotide 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 containing 1010 copies of the LCP/A-1-
Alexa complex, the fluorescent signal became very strong.
The strength of the signal attributed to a fast and efficient
energy transfer from several copies of the LCP/A-1-Alexa
to the LCP/A-1-Alexa/B1 complex [53]. 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 [6]. The detection scheme had the
same basic principle as the one originally described by
Leclerc [13], although their system operated under physi-
ological conditions without any heating. They used a
zwitterionic LCP (Fig. 4e) that, free in solution, had a
fluorescent peak at 540 nm and a shoulder at longer
wavelength, indicating stacking of the LCP. When ssDNA
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 calculating 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 5 min. For the
scheme of detection to be easy to use and to be able to
assay 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
complementary DNA strand down to pM concentrations
(Fig 3d). Recently, Leclerc and coworkers also imple-
mented their FRET-based system [52] into a biochip
platform, and they were able to go down to attomolar
detection levels on a solid support, opening up for the
development of LCP based multi-arrays for fast and simple
PCR-free multitarget DNA detection [54].

LCPs for detection of conformational changes in peptides
and specific proteins

Peptides and proteins are known to adopt distinct con-
formations depending on their primary sequence of amino
acids and due to the influence of the surrounding
environment. It is of great importance to study the
conformational flexibility of these molecules, as a wide
range of pathological conditions are associated with
conformational 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, e.g., CD or
tryptophan fluorescence. In addition, small hydrophobic
fluorescent dyes selective for protein aggregates, such as
amyloid, have also been reported (see below) 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 conforma-
tions were first demonstrated by Nilsson et al.[7, 15] when
they studied the formation of a four-helix bundle motif by
JR2K and JR2E, two de novo designed 42 amino acids
(AA) long peptides. The JR2K peptide was positively
charged from an abundance 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 as an
increase in fluorescence (from reduced stacking). Con-
versely, if the random coil negatively charged peptide was
added, the 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 it adopted a more helical structure, seen as
an optical blue-shift.

In 2004, it was also demonstrated how the conforma-
tional changes in calmodulin, induced by the complexation
of Ca2+, altered the optical emission from a LCP [14]. The
LCP did not show any induced optical changes from Ca2+

alone in solution; however, calmodulin red-shifted the
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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 calmodulin 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 calcineurin, and the dissoci-
ation 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 albumin.
This result suggested that the alteration of the LCP
emission was due to a specific interaction between the
calcium activated calmodulin and calcineurin [14].

A similar approach for detection of a specific protein has
also been shown by the Leclerc lab [55]. 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 α-
thrombin in the presence of potassium. In a solution of
thrombin and potassium, the thrombin aptamer, free in
solution, is in a random coil state and adopts a unique
quadruplex structure visualized by the LCP. The system
was able to detect concentrations of thrombin as low as aM.

LCPs as specific ligands for protein aggregate

The formation of highly ordered aggregates of intra or
extracellular proteins, so-called amyloid, underlies a wide
range of diseases including neurodegenerative conditions
such as prion, Parkinson’s, Huntington’s, and Alzheimer’s
(AD) diseases. 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 [56, 57]. Structural studies of
amyloid have shown that the protein or peptide molecules
are arranged so that the polypeptide chain forms β strands
that run perpendicular to the long axis of the fibril, 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
comparable aggregated β-sheet-rich fibrillar assemblies,
although heterogenic structures for specific types of fibrills
can be observed as the alignment of adjacent strands, and
the separation of the sheets might be slightly different.

The distinct repetitive β-sheet structure of amyloid
fibrils has led to the development of small hydrophobic
fluorescent amyloid-specific ligands. Today, the state-of-
the-art chromophores for the study of protein aggregation
are Congo red (CR) and Thioflavin T (ThT), but they both
suffer from limitations. CR, an aromatic sulfonated azo dye,

was introduced more than 80 years ago and its gold-green
birefringence under polarized light has been one of the gold
standard for amyloid detection ever since [58, 59].
Although the binding of CR to protein aggregates is
considered specific, the method requires good control and
experience to be reliable [60]. The specificity of CR
binding to in vitro amyloid fibrils has, however, been
questioned [61] when it was demonstrated that Congo red
binds to native, partially folded conformations and amyloid
fibrils of several proteins. Furthermore, not all protein
aggregates are shown to be congophilic, e.g., show 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 [62, 63]. Upon binding, ThT increases its fluores-
cence 100-fold depending on the protein it interacts with
[64]. ThT is a blue-green-emissive dye, causing interference
with autofluorescence from tissue, which is a recurring
problem. Both ThT and CR are small-stiff molecules;
therefore, they cannot be used to distinguish aggregates 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 affinity and contrast and
remove metabolic and toxic liabilities for in vivo applica-
tions as well as increasing blood–brain barrier (BBB)
permeability [65–68].

Within diagnostics and pathological studies of protein
aggregates associated with diseases, antibodies are the
preferred technique for visualizing the amyloid. However,
the shape-shifting nature of proteins or peptides when being
converted to amyloid makes it hard to specifically identify
amyloid 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
prionoses, a collection of different protein aggregates, such
as oligomeric species and heterogeneous protein aggre-
gates, are associated with the disease and that they
occasionally appear in different regions of the diseased
organ [69–74]. Similarly to CR and ThT, conventional
antibodies cannot distinguish protein aggregates having
different morphologies. However, conformational antibod-
ies specific for a diversity of aggregated states of proteins,
including soluble amyloid oligomers, fibrillar oligomers, or
amyloid fibrils, have recently been reported [75–78]. Such
conformationally specific antibodies might aid in clinical
diagnostics of amyloidoses and for studying the underlying
molecular and pathological events of these diseases.

In 2005, Konradsson [16] and Inganäs [16, 79] with
coworkers described how two different LCPs, one anionic
[79] and one zwitterionic [16], could be used for the
detection of fibrillated bovine insulin and chicken lysozyme
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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 administration
of peptide pharmaceuticals, the therapeutic effect of the
peptide drug becomes limited if the peptide has been
converted into amyloid fibrils. These first studies [16, 79]
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 specific wavelengths, 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 pancreas ex vivo on tissue slides with three LCPs, one
anionic (Fig. 4h), one cationic (Fig. 4a), and one zwitter-
inonic (Fig. 4f) [80]. Initially, the competition from
surrounding tissue prevented detection of amyloid deposits;
however, modifications of the staining protocol from
physiological to more severe conditions (pH10 or pH2.5)
revealed clear patterns of amyloid deposits in the expected
regions. The colocalization 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, polythiophene-
acetic acid (PTAA, Fig. 4h). The LCP revealed in more
detail compared to CR small amyloid entities, vascular and
intracellular plaques, and more importantly, these different
amyloid entities could be differentiated optically. The
strength of the LCP staining technique was further
demonstrated in 2007 [18] by Hammarström and cow-
orkers; the brains of a transgenic mouse model harboring
the Swedish mutations K670N/M671L in the amyloid-β
precursor protein APP gene (tg-APPSwe) were studied. For
this study, two new LCPs were prepared, one zwitterionic
(Fig. 4c) and one cationic (Fig. 4b). In total, four different
LCPs were used (Fig. 4b, c, f, and h), two of the LCPs
(Fig. 4f and h) were polymerized from a thiophene
monomer, and two were polymerized from a thiophene
trimer (Fig. 4b and c). The study revealed distinct
fluorometric differences especially from the zwitterionic
LCP. The LCP was able to reveal small islets of compact
microplaques, in a mouse of 8 months age; as seen in
Fig. 5b, the plaques themselves are barely visible at a
magnification that with ease reveals an abundance of
plaques in a mouse of 18 months age (Fig. 5a). The
plaques fluoresce intensely in orange as a result of the tight
LCP packing induced by the plaques. Moreover, in a mouse
of 18 months age, the LCP reveal a greenish core with an
orange exterior (Fig. 5c–e). It was concluded that a likely
mechanism for this difference in the density of the plaques
originated from a diffuse core where the extruding branches
formed are more densely packed, although it was noted that
at the time, they were not able to rule out the opposite
mechanism, where small plaques branch out and a diffusely
packed core plaque was formed where these branches meet.
The results from the study validated previously reported
data [81].

Fig. 4 a–d Trimer-based LCPs; e–h Monomer-based LCPs; Zwitterionic (a, c, e, and g), cationic (b and f), anionic (d and h)
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In a study performed by Åslund et al. [17], the binding
preference of LCPs with protein aggregates in vitro was
evaluated. From a library of eight different LCPs, four
monomer-based (Fig. 4e–h) and four trimer-based LCPs
(Fig. 4a–d), important characteristics for the LCP/protein
aggregate binding event were pinpointed. Each monomer-
based LCP had a corresponding trimer-based LCP, with the
same side chain functionality but with one out of three side
chains removed. They concluded that the trimer-based
LCPs were more efficient in revealing the LCP/protein
aggregate interaction compared to their monomer-based
counterparts, as trimer-based LCPs, to a greater extent
showed larger changes in quantum efficiency and bigger
spectral shifts when bound to the aggregated form of the
protein. These effects are most likely due to an enhanced
exposure of the hydrophobic thiophene backbone. The
exposure of the backbone was brought about by the
polymerization of a thiophene trimer-block, with no

substituent on the center thiophene (Fig. 2h), whereas the
corresponding, more steric monomer-based LCPs were
substituted on every thiophene. A variety of studies suggest
that amyloid-specific dyes bind in a thin hydrophobic
groove along the long axis of the amyloid fibril, and
recently, a similar mechanism of binding was suggested for
the anionic LCP, PTAA [82, 83]. Presumably all LCOs and
LCPs used for protein aggregate studies have an analogous
binding to protein aggregates. Appropriate functionalization
of the LCOs/LCPs for TEM and solid-state NMR evalua-
tion of the probes bound to protein aggregates may shed
more light on the mechanism of interaction between LCO/
LCP and protein aggregates.

More recently, Sigurdson, Nilsson, and Aguzzi et al.
applied the amyloid-staining protocol for LCPs on samples
containing prion aggregates [84]. This work verified the
ability of using LCPs to distinguish distinct protein
aggregates arising from the same protein, as protein
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aggregates associated with distinct prion strains could be
separated by LCPs. Captivatingly, upon staining of
formalin-fixed tissue samples with one negatively charged
LCP(−) (Fig. 4h), one positively charged LCP(+) (Fig. 3b),
and PrP-specific antibody SAF84, they were able to discrim-
inate between four different mouse-adapted strains of prions
(Fig. 6a) (chronic wasting disease (CWD), bovine spongi-
form encephalopathy (BSE), natural sheep scrapie (NS),
and mouse-adapted Rocky Mountain Laboratory scrapie
prions (RML)). 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 deposits, 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 and by plotting the
ratio 532/639 nm against the ratio 532/excitation max;
strains such as mouse-adapted CWD, sheep scrapie and
BSE were easily separated in the 2D diagram (Fig. 6b). It
was also shown that the optical fingerprint observed for LCP
(−) bound to protein deposits related to distinct prion strains
most likely occurred due to a structural variance of the protein
deposits. 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 prepara-
tions (Fig. 6c) [84]. 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 Aβ 1–42 amyloid fibrils grown
under different conditions in vitro [18] and amyloid fibrils
built from reduced or intact bovine insulin [85]. In these
studies, the zwitterionic LCP, tPTT (Fig. 4c) [18], or the
cationic LCP, POMT (Fig. 4f) [85], 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.

In 2009, Sigurdson and coworkers yet again used the
staining technique in the study of a two-point mutation in

the PrP codon reading frame [86]. The mutation locks a
normally 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
exceptions; 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
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being in a fixed position, propitious for aggregation. The
LCP technique was used for specific spectral assignment of
the protein deposits, and the aggregates occurring in the de
novo-generated prion strain were distinguished from the
previously reported prion strains [84]. Interestingly, 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 [86].

Future challenges for LCOs and LCPs

For the study of protein aggregation diseases, in vivo
imaging is the next natural step to take. To prove that the
probes are nontoxic and that they can be injected for
subsequent analysis of the desired organ are two major
obstacles to surpass. For studies in organs other than the
brain, the size of the probe is not crucial, but if the probe is
to pass the BBB, it has to be relatively small, preferably
<600 D; this means that the well-defined smaller LCOs
probably are more suitable than the LCPs. Furthermore, we
foresee that LCOs will be the dominating optical probe for
in vivo studies of protein aggregates due to their well-
defined optical characteristics but foremost for the ease of
which they can be functionalized. Ongoing work in our
own facilities is directed mainly towards LCOs for in vivo
studies. The availability of LCOs that cross the BBB opens
possibilities for several different studies, e.g., indirect
protein deposit age determination, discrimination of differ-
ent morphologies of plaques, and live imaging of the
plaques. Several of the LCPs discussed in this review have
already been proven to be two-photon active [85, 87]. Two-
photon activity means that the LCPs/LCOs can be excited
with light in the near-IR region (e.g., 886 nm). At this
wavelength, the energy of the photons of excitation is
approximately half the normal energy; to simplify, two
photons are needed to excite the electron. Near-IR has fairly
low absorbance from soft tissue in living matter and can
penetrate the tissue up to 100μM. This feature will make
live imaging of plaques in animal models possible of the
kind described by Jucker and coworkers [88] and Bacskai
and coworkers [89].

Recently, it has been suggested that maybe the time has
come for the LCOs/LCPs to go back to their initially
intended use and, by making proper modifications, build
electronic devices [90]. The stable and structurally defined
amyloid fibrils can be used as a template for making well-
defined nanowires on which conjugated polymers can be
symmetrically aligned. Hence, amyloid fibrils might offer
an attractive avenue for development of functional nano-
devices. The Inganäs and Konradsson group has shown that
both fluorescent and conducting conjugated polymers can
be used to decorate amyloid fibrils or be incorporated into

amyloid fibrils, opening up a way for controlling the
alignment of conjugated polymers in organic electronic
devices [91]. Recently, Li et al. used triblock peptide
copolymers and a LCP (Fig. 4g) to build nanotapes that
they propose can be used in nano-electronic devices [92].
Hence, the future for implementing organic materials within
biology appears to be as bright as ever before.

In conclusion, LCOs and LCPs have shown great
potential as light-emitting probes in a variety of biological
systems. The straightforward use, robustness, sensitivity,
and information they provide suggest that these molecular
agents may be an important research tool, foremost in the
study of protein aggregation diseases. LCPs and LCOs are
already at use in labs ranging from medicine to chemistry
and physics, indicating that they have found a practical use
within the field of chemical biology.
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