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Synopsis

Synopsis
Aggregation of proteins, especially caused by the physical and chemical
instability is one of the major problems that are related to many scientific fields
ranging from biochemistry, biophysics to pharmaceutical and medical sciences.1-3
Amyloid fibrils, a filamentous form of aggregated protein, are responsible for several
neurological diseases such as Alzheimer’s, Parkinson’s, Type 2 diabetes, etc. As of
now, more than twenty diseases have been implicated to be associated with the
formation of amyloid fibrils in different tissues and organs.4-8 The amyloid fibrils are
characterized by the presence of common β-sheet structure which is irrespective of
constituent polypeptides indicates the aggregation into amyloid fibrils is a generic
nature of proteins.
The early diagnosis and therapy of amyloidosis is crucially depend on
techniques that can lead to sensitive detection of these fibrils or plaques both in-vitro
and in-vivo9and thus it is of great significance to develop such methods and
techniques. Neuro imaging using magnetic resonance imaging (MRI), positron
emission tomography (PET) and single photon emission computed tomography
(SPECT), are currently used for the detection of amyloid related diseases.9 However,
various factors such as low sensitivity of MRI probes, high cost, narrow isotope
availability and radioactivity of PET probes limits their usage. Therefore, relatively
inexpensive and simple technologies for amyloid imaging have recently attracted the
attention of researchers. One of such promising alternative to the existing technologies
is the optical imaging using amyloid specific fluorescence probes.
Thioflavin-T (ThT), a benzothiazole based molecule, is considered as gold
standard amyloid stain and has been used for the amyloid detection since its discovery
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in 1958. However, recently it has been shown that ThT itself promotes protein
fibrillation by stabilizing the ordered β-sheet like conformations.10 Additionally,
emission of ThT in amyloid fibrils depends on the external conditions, like pH and
ionic strength, etc11. Recently, our group has shown that only 10% of the amyloid
bound ThT are responsible for its fluorescence enhancement.12 It has been shown that
molecular rotors based molecules show significant changes in their photophysical
properties upon binding with amyloid fibril. However, such probes are less sensitive
than ThT13. In this regard, recently we have shown that one of the cyanine based
molecular rotor has high affinity towards the amyloid fibril with large emission
enhancement and the result will be discussed in chapter 3 of the thesis.
The positive charge on the ThT makes it difficult to penetrate the Blood Brain
Barrier (BBB) and hence, cannot be used for in-vivo detection of amyloid fibrils. A
neutral analogue of ThT can increase the penetration through the BBB. Several neutral
analogue of ThT has been reported to bind the amyloid fibril but without any
modulation in their optical properties and hence cannot be used for the optical
imaging.9 In this regard, we have successfully designed a neutral ThT analogue which
shows significant modulation in its photophysical properties upon binding to amyloid
fibrils. In chapter 4, synthesis, photophysics and binding interaction of this neutral
ThT analogue with amyloid fibrils will be discussed.
To avoid the interference from the cellular auto fluorescence in cellular
amyloid imaging, probes with longer emission wavelength is desired. It has been
reported that apart from neutral molecules, zwitterionic probes have been also shown
to be promising in neuro imaging as they have capability of the BBB penetration.14
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The interaction between amyloid fibrils and a zwitterionic fluorescence probe with
long wavelength emission has been investigated, and will be presented in chapter 5.
Apart from the detection, the dynamics in amyloid fibrils also plays important
role in understanding the structure and the nature of amyloid fibrils. Thus, it is very
important to understand the dynamical nature of the amyloid fibrils. Studies on
amyloid fibrils are mostly focused on the effect of protein’s sequence, conformation,
and external conditions such as pH, ionic strength1,15-17 etc, but the most important
constituent of biological system,18 water, has been treated as spectator. In fact, it has
been shown that water assists the protein to aggregate. Actually, initial water- protein
electrostatic interactions play a vital role in protein aggregation.19 This shows
importance of the understanding of the dynamics of water in fibril and their
modulation due to fibrillation. Dynamics of water molecules in amyloid fibrils have
been investigated and compared with native protein and results will be discussed in
chapter 6.

Chapter 1: Introduction
This chapter deals with the general introduction about the structure and
importance of amyloid fibrils especially on the perspective of its general structural
properties. Details about the variety of interactions that can be offered by the amyloid
fibrils will be presented. Techniques currently used for the detection, diagnosis and
evaluation of therapeutic drugs for the amyloidosis will be discussed. The advantages
of fluorescence based probes over the other probes and the current status of the
fluorescent based amyloid imaging probes will be described. Further, the need for the
new, sensitive, efficient amyloid fluorescent markers and the present approaches for
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the designing aspects will be highlighted. Later part of this chapter deals with the
general introduction about the photophysical processes with the emphasis on the
possible excited state dynamics will be presented. The chapter ends with the scope of
the work and future perspectives in the field presented in this dissertation.

Chapter 2: Experimental techniques
Brief description on the experimental techniques used in the work, presented in
this dissertation, will be presented. Basic working principles of spectroscopic
techniques such as spectrophotometry, spectrofluorimetry and fluorescence imaging
techniques like epifluorescence and confocal fluorescence microscopy will be
described. Working principles of time-resolved emission techniques, like, timecorrelated single photon counting (TCSPC) and femtosecond fluorescence
upconversion, will be discussed in greater detail as they are extensively used in the
work presented in this thesis. Finally, quantum chemical calculations and blind
molecular docking used in this work will be presented briefly.

Chapter 3: PicoGreen (PG) as amyloid fibril sensor and deciphering its ultrafast
dynamics
First half of this chapter describes about the screening of PicoGreen as new
sensitive amyloid probe and its comparison with Thioflavin T. It is seen that PG, a
cyanine based molecular rotor, interact strongly with protein fibrils with ~1000 fold
increase in its emission yield. Further, under similar condition, only 400 times
emission enhancement has been observed for gold standard amyloid probe, ThT.
Detailed binding analysis reveals that only one mode of binding exists between PG
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and fibril with large binding affinity. PG can also probe fibrillation kinetics similar to
ThT. Fluorescence microscopy studies revealed that under similar conditions, PG give
brighter images compared to ThT. Time-resolved emission studies shows that the
excited state lifetime of PG increases from 1.5 ps in water to 3.45 ns in amyloid fibril
indicating extensive modulation in the excited state dynamics of PG upon binding
with amyloid fibrils. Unlike ThT, interaction between cationic PG and amyloid fibrils
is unaffected by the ionic strength of the medium suggesting that the hydrophobic
forces are primarily responsible for the PG-fibril interaction. The competitive binding
studies shows that ThT and PG has distinct binding sites in amyloid fibril and they are
separated by ~ 52 Å. Blind molecular docking studies have been performed to
understand the binding of PG in fibril. Docking studies further supports distinct
binding sites for ThT and PG in amyloid fibrils.
In the second part of this chapter, detailed photophysical properties of PG has
been investigated to understand the fundamental mechanism that is responsible for its
amyloid sensing activity. Steady-state emission studies show that viscosity of the
solvents largely modulates the emission yield of PG indicating the presence of a nonradiative torsional motion of large amplitude in its excited state. Detailed femtosecond
resolved transient emission studies in solvents with different polarity and viscosity
indicates the presence of faster excited state decay which is independent of the solvent
viscosity. Such, faster decay is followed by a relative slower decay that is largely
controlled by the solvent viscosity. Detail analysis of the excited state dynamics
revealed that the ultrafast intramolecular charge transfer (ICT) process takes place
within ~200 fs which precedes the bond twisting leading to the formation of twisted
ICT (TICT) state. In case of insulin fibril, the torsional dynamics of PG has been
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slowed down and extends over nanosecond region. Such extensive retardation in the
non-radiative torsional motion is claimed to be primarily responsible for the observed
large increase in its emission yield upon binding with amyloid fibrils.

Chapter 4: Synthesis, Photophysics and interaction with amyloid fibrils of
neutral benzothiazole derivative.
First part of this chapter presents the details of synthesis, photophysical
properties of a neutral analog of ThT, 2-[2’-Me,4’-(dimethylamino)phenyl]
benzothiazole (2′-Me-DABT). 2′-Me-DABT has been synthesized by the formylation
of N,N,3-trimethylaniline by Vilsmeier-Haack reaction followed by the condensation
reaction with 2-amino thiophenol. Unlike, ThT, emission characteristics of 2′-MeDABT is found to be very sensitive to solvent polarity and independent on the solvent
viscosity indicating absence of torsional motion in the excited state of 2′-Me-DABT.
Fluorescence spectra of 2′-Me-DABT in solvents of varying polarity suggested that it
is very good solvatochromic dye. From detailed photophysical studies, it has been
understood that in aprotic solvents, the Stokes’ shift follows a linear relationship with
solvent polarity function, Δf and has excited state dipole moment of 10.8D. However,
in protic solvents, variation in the Stokes’ shift with Δf shows a break at Δf values of
0.30. The excited state dipole moment is estimated to be 12.1 and 19.1 D for protic
solvents with Δf values <0.30 and >0.30 respectively. Such high dipole moment of the
excited state indicates the ICT nature of the excited state. Formation of ICT is also
supported by the fact that both electron donating anilino moiety and electron accepting
benzothiazole moiety are present in 2′-Me-DABT. The fluorescence quantum yield
decreases slowly in low polar protic solvents and falls down drastically in high polar
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protic solvents. From detail analysis of radiative and non-radiative rate constants, it is
inferred that H-bond assisted additional non-radiative process is responsible for such
drastic decrease in the quantum yield in protic solvents. Role of H-bonding is
confirmed by the isotopic effect on the photophysical properties of 2′-Me-DABT.
In the second half of this chapter, the interaction of 2′-Me-DABT with the
insulin fibrils will be presented. The emission intensity of 2′-Me-DABT in water
increases by ~65 times and a blue shift of ~55 nm in emission maxima is observed
upon interaction with insulin fibrils. Such spectral shift makes 2′-Me DABT a very
good ratiometric sensor for amyloid fibrils. The advantages of such properties in view
of amyloid imaging agent will be projected. Two modes of binding is observed for 2′Me-DABT in fibrils with binding constant very similar to that for ThT. Dye
replacement experiments revealed that ThT and 2′-Me-DABT do not share same
binding location. Large overlap of emission of 2′-Me-DABT and absorption spectra of
ThT in insulin fibril leads to energy transfer from photoexcited 2′-Me-DABT to ThT
in amyloid fibrils. The mean separation between 2′-Me-DABT and ThT in amyloid
fibrils has been estimated to be 42 Å by using Forster theory of energy transfer. The
nature of binding and structure of 2′-Me-DABT and ThT in amyloid fibrils has also
been investigated through blind molecular docking studies.

Chapter 5: Zwitterionic SYPRO Orange as sensitive amyloid probe
This chapter contains the results of the interaction of a zwitterionic stilbazolim
based probe, SYPRO Orange (SO) with amyloid fibrils. SO shows remarkable
fluorescence enhancement of ~1200 fold along with large blue shift of ~40 nm in its
emission upon binding with amyloid fibrils. Detailed spectral analysis shows that
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there are two modes of binding interactions between SO and fibril. Fluorescence
microscopic studies revealed that SO gives brighter images of the fibril than ThT
under similar conditions. Fluorescence studies also show that the limit of detection
(LOD) for SO is 35 times lower than ThT which makes it an efficient amyloid probe.
The mechanism for such large fluorescence enhancement of SO upon binding with
amyloid fibrils has been understood from the basic photophysics of SO in molecular
solvents of different properties, like polarity, viscosity, H-bonding ability etc. From
the polarity dependent studies it has been revealed that SO acts as solvatochromic dye.
Additionally, it is seen that the quantum yield of SO drastically reduces with increase
in the solvent polarity. Increase in solvent viscosity also causes increase in its
emission yield along with a blue shift in the emission spectrum. H-bonding with
solvent molecules leads to red shift in absorption spectra. The photophysics in
methanol-water mixtures indicate the formation of aggregates in aqueous solution.
From all these detailed experiments, we have concluded that at low concentration of
fibril (1 μM), SO aggregates break and bind to the hydrophobic site in fibrils. At high
concentration of fibril, SO binds to a restricted location where sulphonate group of
dye interacts with the fibril through hydrogen bonding that leads to the red shift in the
absorption spectrum and blue shift in the emission spectrum. Such propositions are
also supported by the blind molecular docking studies.

Chapter 6: Solvation dynamics in HSA fibril
In this chapter, by employing time-resolved fluorescence spectroscopy, solvent
relaxation dynamics in Human Serum Albumin (HSA) fibril using intrinsic tryptophan
(W214) as fluorescent probe have been studied and compared with the dynamics in
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native protein. It is seen from steady state fluorescence measurements that the
intensity of W214 fluorescence decreases along with ~8 nm blue shift in the emission
maxima due to fibrillation of HSA protein indicating W214 becomes closer to the
quencher charged amino acid residues in the fibrillar phase than in the native protein.
The shorter lifetime of W214 in amyloid fibril as compared to native protein also
supports such proposition. From detailed wavelength dependent dynamics, timeresolved emission spectra (TRES) has been constructed for both protein and fibril. It is
well established that the dynamic Stokes’ shift is a measure of solvent relaxation
process. It is observed that the extent of change in peak frequency is large and faster
for fibril compared to native protein indicating faster solvent relaxation in structurally
more ordered fibril than in native protein. Thus, the present results indicate that the
fibrillation of the protein leads to the exposure of the tryptophan moiety either to the
bulk water or to the some water channels inside the fibril where water is more labile
than that in the interior of the native protein. Further, our fluorescence depolarization
studies also indicate that the W214 residue is located in a relatively more flexible
region of the ordered amyloid fibril than that in the native protein.
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Chapter1: Introduction

Chapter-1
Introduction
1.1 General introduction about amyloid fibrils
Peptides and proteins, under certain conditions, undergoes structural
transformation from their folded native state to highly ordered filamentous fibrillar
aggregates, commonly known as amyloid fibrils.1-8 Formation of such fibrillar
aggregates leads to a reduced availability of the protein and affects their normal
biological activity. The appearance of these aggregates is one of the observed
pathological conditions in many protein misfolding diseases.1-8 It is believed that the
region which is enriched with amyloidogenic proteins will be of more risk for amyloid
based diseases, like Alzheimer’s, Parkinson’s, type II diabetes etc.9-13 Unfortunately,
currently there is no effective treatment available to reverse or stop the progress of
these devastating diseases, primarily due to difficulties in identification of their
etiology. Due to the severe neurotoxicity of these protein aggregates, early diagnosis
can increase the chances of treating such diseases at proper time.14 Particularly, early
diagnosis allows the people to avail the possible treatments, enroll for the clinical
trials and even to understand the progress of the disease.14
In all these amyloid related diseases, a particular protein or protein fragment
converts from it native soluble form to extracellular insoluble amyloid plaques which
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accumulate in different tissues and organs.1, 10, 15 More than 20 proteins have been
identified to be related to the amyloid related diseases.16 However, these proteins are
unrelated in terms of their secondary structure or sequence.16 Aggregation of some of
these proteins is also responsible for the intracellular deposits and formation of
amorphous aggregates. Native amyloidogenic proteins may be rich in α- helix, βhelix, β-sheet or random coiled structure or combination of all.17-22 They may be rigid
globular proteins or intrinsically disordered proteins.23, 24 In spite of these differences,
the fibrils formed by proteins with largely different secondary structures have
common structural feature, β-sheet structure.25 However, depending of the relative
orientation of the successive β-strand with respect to the fibrillar axis, aggregation
may results in formation of fibrils with parallel or anti parallel β-sheets.25-28 Most of
the fibrils show rope like structure. These fibrils can be formed in vitro from many
proteins, perhaps all, independent of their relation with the pathology of the
diseases.10, 29, 30 Further, it is believed that the formation of fibrils is a generic property
of proteins i.e., many proteins have inherent tendency to form amyloid fibrils under
certain denaturizing conditions.29, 30
In order to get the molecular understanding of the amyloid formation, it has
been proposed that the formation of misfolded protein is the prerequisite for the
formation of amyloid fibrils.11, 31-34 The reason for such proposal is that the fibril has
common cross β-sheet structure independent of the secondary structure in their native
form.25, 27, 28 Such common structural feature indicates that it is prerequisite for the
proteins to undergo unfolding to a specific conformation which is required to form the
oligomers and matured fibrils.32-34 Such a partially unfolded proteins or peptides can
offer variety of interactions, such as electrostatic, hydrogen bonding, hydrophobic
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contacts and Van der Waals forces, which are required for the oligomerization and
further advancement towards the formation of matured fibrils.32, 34, 35 Table 1.1 lists
some of the diseases and the proteins associated with such diseases.
Table 1.1 List of some protein aggregation related diseases and associated proteins
Sr. No

Disease

Corresponding protein

1.

Alzheimer’s

β-Amyloid,36 Tau37, 38

2.

Parkinson’s

α-synuclein39‐41

3.

Huntington’s

expanded

Glu

repeats

of

Huntingtin12, 16
4.

Pick disease

Tau1

5.

Hemodialysis-related

β2-microglobulin42

amyloidosis
6.

Injection localized amyloidosis

Insulin43

7.

Type II diabetes

Amylin44

8.

Scrapie

Prion22, 45

9.

Senile amyloidosis

Transthyretin46, 47

10.

Creutzfeldt-Jakob disease

PrP22

11.

Spongiform encephalopathies

Prion22

Although proteins involved in these aggregation induced disorders lack strong
similarities in their sequence,20,

48

amino acid composition,48 size and structure of

native soluble state,49 the final fibrillar structures are having significant similarity in
their external morphology as well as internal architecture.27,

50, 51

The fibrillar

aggregates have unbranched rod like structures which are comprised of intertwined
protofilaments (small aggregates of β-strands).27, 50, 51 The X-ray diffraction studies on
amyloid fibrils revealed a characteristic pattern of ‘cross β’ structure.27, 28 This pattern
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indicates that these fibrils share a common structure consists of β sheets, in which the
direction of hydrogen bonding runs parallel to fibril axis and stacking of β sheets runs
perpendicular to the fibril axis.28 The X-ray diffraction pattern of amyloid fibrils
consists of two reflections at 4.8Å and 10-11Å found on perpendicular axes.52 The
meredional reflection at 4.8 Å arises due to the hydrogen bonding patterns between
the β strands in the same β sheet in parallel alignment while same reflection arises at
9.6 Å in the case of antiparallel fibrils with repeat being every other β-strand.52, 53 The
long equatorial reflection at 10-11Å appears due to inter β sheet hydrogen bonding.
This is pictorially shown in figure 1.1. This pattern has also been adopted by several
proteins and synthetic peptides from variety of sources.27, 28, 52-54

Figure 1.1 The characteristic cross-β spacing from X-ray diffraction from amyloid
fibrils. (Adopted from ref [25] with the permission from Elsevier)
There are different types of mechanisms have been proposed for the formation
of amyloid fibrils.55-57 Among them, most accepted mechanism is nucleation induced
growth mechanism.58 In this mechanism, the native protein has low tendency to form
small oligomers i.e., attachment of monomeric proteins to small oligomers is not
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thermodynamically favorable.21 At this stage, the formation of small aggregates is
reversible in nature until they manage to form aggregates of sufficient size. Such
aggregate is called as critical nucleus through which the attachment of unfolded
monomeric proteins is thermodynamically favorable.58-61 This will trigger the
formation of fibril. During this phase, the conformational rearrangements of the native
protein takes place in order to favor the formation of critical nucleus. The formation of
such nucleus depends on the size of the native protein, experimental conditions such
as low pH, elevated temperatures, ionic strength and presence of co-solvents in the
solution.41,

62-64

The effect of all such parameters on the lag phase has been well

studied and reported in the literature. After the formation of critical nucleus, further
association of unfolded monomers is very rapid and shows exponential growth which
is known as elongation phase.58-61 During this phase, the formation of protofibrils
which is further converted to fibrils takes place. These fibrils will convert in to mature
fibrils by the equilibration of surrounding interactions such as hydrogen bonding and
hydrophobic forces. Thus, this phase is called as equilibrium phase or saturation
phase.58-61 The acceleration of fibril formation due to the addition of preformed fibrils
as seeds also supports the nucleation induced growth mechanism.58-61 The fibrillation
mechanism is pictorially represented in figure 1.2.
For most of the studies presented in this dissertation, bovine insulin has been
used as a model protein65. Insulin is a small disulfide-containing helical protein whose
main activities include regulating glucose metabolism,66 stimulating lipogenesis,67 and
increasing cellular transport of amino acids.67, 68 Fibrillar insulin aggregates have been
found earlier in patients with type II diabetes69, 70 and during normal aging.71 During
the treatment of diabetes, intravenous injection of insulin is used to control glucose
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Figure 1.2 The typical kinetic profile for the amyloid fibril formation.
metabolism.43 However, such treatment is suffered from the pathogenic deposition or
fibrillation of insulin due to its high local concentration at the sites of frequent
injections and leads to injection localized amyloidosis.43 Fibrillar form of insulin
becomes therapeutically ineffective, and the injection of such species is likely to
trigger an unwanted/adverse immune response.72 In addition, the fibrillar form of
insulin has been shown to be toxic to pancreatic β-cells73 and rat pheochromocytoma
PC12 cells.74 In vitro, insulin has been shown to exhibit an increased propensity for
fibrillation upon exposure to conditions that favors the formation of partially folded
intermediates such as mutation,75 addition of co-solvents,64 acidic pH,76, 77 elevated
temperatures,76, 77 and dissolution with organic solvents.43, 64 Results from previous
investigations suggest that the key driving force for insulin fibrillation is hydrophobic
interaction, which is attributed to the enhanced exposure of buried aminoacids to
solvent.43,

76, 78

In pharmaceutical industry, protein stability is one of the limiting

factors to be overcome to develop protein based drugs.79 The fibrillation of insulin
creates additional difficulties for the storage and transport of insulin based drugs.79, 80
To be mentioned, the choice of insulin as model amyloidogenic protein in the present
6
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work is primarily due to its high propensity to form amyloid fibrils with the same
mechanism and morphology as the other disease related proteins.76, 81 The reasons for
choosing bovine insulin out of different variant as the model amyloidogenic protein
are as follows: (1) Posses similar sequence and structure of human variants.82, 83 (2)
Availability of large amount of biochemical and structural data.77, 84 (3) Retains a high
fibril-forming propensity at the acidic pH.85 (4) Easy availability and low cost.

1.2 Techniques for characterization of amyloid fibrils
Since the discovery of amyloid fibrils by Rudolph Virchow in the year of
1854,86 large amount of information about their origin, morphology, structural
features,27 formation mechanism,61 pathological features and mechanism of their
toxicity87 through several biochemical and biophysical techniques are available in the
literature.88, 89 Large number of physical techniques such as sedimentation,90 turbidity
measurements,91 light scattering techniques,92 size exclusion chromatography,93 small
angle X-ray scattering (SAXS)89 techniques has been complemented to understand the
mechanism of fibrillation and for differentiating intermediate species such as
oligomers, protofibrils etc., based on the differences in their sizes, shapes and
diffusion properties. Morphological features of amyloid fibrils has been examined by
the experimental techniques such as atomic force microscopy (AFM)94, 95 and electron
microscopic techniques like, scanning electronic microscopy (SEM) and transmission
electron microscopy (TEM).27, 93 Complementary techniques such as X-ray diffraction
(XRD,28 circular dichroism (CD),96,

97

Fourier transform infrared spectroscopy

(FTIR),97 electron paramagnetic resonance (EPR),98 solution and solid state nuclear
magnetic resonance (NMR)99, 100 spectroscopic techniques have also been utilized for
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the characterization of structural features of intermediates as well as matured fibrils
produced in-vitro. However, usage of such techniques is limited to in-vitro and ex-vivo
studies only and also suffers from limited sensitivity.101

1.2.1 Imaging techniques
Recently, the increased enthusiasm for the detection of the amyloid fibrils in
the brain of living patients has led to the development of in-vivo imaging techniques.
Hence, imaging techniques such as magnetic resonance imaging (MRI)102-104 and
nuclear techniques such as positron emission tomography (PET)38, 105-107 and single
photon emission computed tomography (SPECT)38,

105-107

are being employed

regularly nowadays for the in-vivo detection and quantification of amyloid fibrils.
MRI uses a strong magnetic field and radio waves to create detailed images of the
affected organs and tissues within the body. It has been suggested that iron
concentrated in AD plaques may enable their MRI detection using ultra high magnetic
field strength (>7 Tesla).108 In general, MRI contrasting agent must be added to get
better images of amyloid plaques during brain imaging.109 For proper MRI imaging of
Aβ plaques, a contrast agent is usually required, such as 19F110 and gadolinium-labeled
probes.111 However, these contrast agents may have limited brain uptake and potential
toxicity. Low sensitivity and blurred signal contrast between the Aβ plaques and
surrounding tissues makes MRI not suitable for real-time amyloid imaging.112 In PET,
the positron emitting radioisotopes such as

11

C,

18

F etc., are attached to the amyloid

specific probes and injected in the body for imaging.107 The positron emitted at the
location of fibrils is combined with the electron in the vicinity to emit two γ-rays of
equal energy of ~511 keV exactly in the opposite direction.105 Detection of such
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correlated event led to the identification of fibrillar deposits in the tissues. Several
PET probes show very strong affinity towards Amyloid β plaques.105 Among them
Florbetapir-F1838, Flutemetamol-F18113 and Florbetaben-F18114 are US FDA
approved PET diagnostic agents.115 SPECT is also a related technique, which can be
used to construct three dimensional images. This technique requires delivery of a
gamma emitting radioisotope into the patient, normally through injection into the
bloodstream. Normally gamma emitting isotopes such as

123

I,

99m

Tc and 11C has been

attached with amyloid specific markers and the emitted gamma rays have been imaged
through gamma camera.106, 116 The collection of different images at different depths
has been utilized to construct 3D image of brain. However, risk of handling
radioactive probes, narrow isotope availability, short lifetimes, high cost, etc limited
the clinical usage of PET, SPECT techniques for in-vivo amyloid imaging.112, 117-120 In
addition, expensive instrumentation, high skilled personnel, time consuming data
analysis, etc also makes the usage of PET and SPECT limited for neuroimaging.112, 117120

All such limitations result in the high cost for PET scanning. For example, the cost

of one PET scan is about $1000 which is heavy burden for average families in
developing countries.

1.2.2 Fluorescence imaging of amyloid fibrils
Due to such limitation of radioactive based imaging techniques, a thrust for the
development of relatively inexpensive and easily available techniques for the
neuroimaging has been initiated. Optical imaging is very promising alternative
technique for amyloid imaging both in-vitro as well as in-vivo.121 Compared to PET,
SPECT and MRI, fluorescence imaging possesses advantages such as real time
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monitoring, absence of radioactivity, high special resolution and most importantly
high sensitivity.118, 121, 122 Additionally, it is relatively less expensive than any other
radio nuclide based imaging techniques. The imaging speed scan is rapid which is
helpful in high throughput of the samples and for real time monitoring of the disease
progression. Analysis does not need very highly skilled personnel. The method can be
applied to detect fibrils in-vitro, ex-vivo and in-vivo as well. In recent days,
researchers have developed many fluorescent amyloid specific probes to (1) monitor
the aggregation in real time (2) differentiate intermediate species from both native and
fibrillar states of protein (3) obtain information at single molecular level and (4) to
gain fundamental knowledge on the structure and dynamics of fibrils.117, 123, 124 Figure
1.3 schematically depicts the information that can be extracted from the most common
fluorescence readouts. The unique advantage of fluorescence based methodologies is
its versatility. Fluorescence sensors are multiparametric, reporting on changes in
intensity, spectral position, excited state lifetime, anisotropy as well as energy transfer
and excimer formation etc. Such features cannot be offered by a radio ligand or
magnetic imaging agent. The intensity, band position of fluorescence spectra reports
on the nature of surrounding environment of the probe and excited state lifetime tells
about the nature of the excited state processes that are responsible for the observed
changes.125 Fluorescence anisotropy helps in distinguishing different intermediates in
the fibrillation processes by measuring the tumbling motions, which are primarily
controlled by their sizes. FRET experiments allowed finding the inter-residue
distances in oligomers as well as in fibrils by deploying site specific fluorescent
reporters.46
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Figure 1.3 Pictorial representation of most-common fluorescence measurements used
to extract kinetic and structural information on amyloid fibrils.
All these emission properties of fluorophore are mainly governed by the
processes that take place in their photoexcited state. Different types of excited state
processes of these fluorescent molecules and their modulation in the presence of the
fibrils will govern their sensitivity.126,

127

The information of such excited state

processes will help us in understanding the mechanism of their binding to protein
aggregates. Such knowledge will also help us to design and develop new probes with
required excited state processes which can lead to a better sensitivity towards the
detection of amyloid fibrils. Preferably, an amyloid probe should possess very low
emission quantum yield in its free form and should enhance its fluorescence intensity
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to a great extent due to its association with amyloid fibrils. Thus, a sensitive amyloid
probes generally have an efficient non-radiative decay channel in their photo excited
state leading to extremely low emission yield in their free form.128 However, on
association with amyloid fibril, the immediate surroundings of these probes are such
that it restricts such principal non-radiative decay channel leading to large increase in
its emission yield.129, 130 Factors that are responsible for the restriction in the nonradiative decay channel, may be reduced polarity, increased viscosity, any special
interactions such as electrostatic forces, hydrogen bonding, etc. Beside the changes in
the emission intensity, these environmental factors also affect the position of the
emission spectrum of the probe due to its interaction with protein aggregates. Such
changes in the spectral position upon binding with the amyloid fibrils have opened up
another path to interrogate the fibrillation processes. Probes that changes it spectral
position upon binding with amyloid fibrils are generally known as ratiometric
sensor.131, 132 As the emission maximum of the fluorophore in its free form is very
different from its amyloid bound form, the intensity ratio at these two different
wavelengths will be very useful in identifying fibrils and monitoring the fibrillation
process.131

1.3 Classification of amyloid probes based on excited state processes
Different excited processes of the fluorescent probes that are being modulated
due to their association with amyloid fibrils have been discussed below.
1.3.1 Intramolecular charge transfer
Following photoexcitation, electronic charge can transverse from electron rich
moiety to electron deficient part in the same molecule results in the charge separation
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in the excited state of the molecule. Such transfer of charge within a molecule results
in the formation of intramolecular charge transfer (ICT) state of the molecule.133, 134
Because of such ICT process, the molecular dipole moment in the excited state
becomes higher than ground state.135 Such increase in the excited state dipole moment
is manifested in the large red shift in the absorption as well as emission spectrum of
the molecule with the increase in the solvent polarity. Due to higher dipole moment of
the excited state than ground state, the increase in the solvent polarity causes more
stabilization of the excited state than its ground state.135 Hence, such preferential
stabilization of the excited state results in the red shift in the absorption and the
emission spectra of the molecules due to increase in the polarity of the surrounding
media. Such spectral shift with the change in the solvent polarity is commonly known
as solvatochromism and molecules which show solvatochromism are known as
solvatochromic probes.136-138 A large number of probes deployed for the detection of
amyloid fibrils possesses electron rich and electron deficient moieties connected
through spacer.139 Hence, ICT process can takes place in such amyloid probes. As
amyloid fibrils are formed by the aggregation of misfolded proteins through
hydrophobic interactions, they offer varieties of hydrophobic binding sites for the
amyloid probes. Upon binding into such hydrophobic sites in amyloid fibrils, ICT
based probes experience low polarity as compared to the bulk water. Such decrease in
the surrounding polarity results blue shifted emission bands of the probes upon
binding with the amyloid fibrils.140 The extent of changes in the spectral position of
the probe in amyloid fibrils is utilized to quantify the fibrils as well as to monitor the
fibrillation process.140
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There are several solvatochromic probes which along with the changes in the
spectral position also show large changes in their emission intensity on association
with amyloid fibrils.131 Such changes in the emission intensity along with the changes
in the spectral position lead to the ratiometric detection of amyloid fibrils. A
ratiometric sensor has much higher sensitivity than a normal intensity based probes
due to lack of interference from several factors like, fluctuation in the excitation light
intensity, concentration variation, etc during measurements.132
Apart from the sensing activity, ICT based probes can also elucidate the
solvent relaxation dynamics in complex environments such as macro molecules such
as cyclodextrins,141 proteins,142-144 DNA,145 reverse micelles146,

147

etc. Studies on

solvent relaxation are extremely important to study the mechanism of fibril formation
and also in understanding the nature of solvent molecules in different parts of the
fibrils.148, 149 In fact, the intermolecular interactions of proteins are highly dependent
on the nature of the water molecules in their hydration shell.150 ICT based molecules
have been used to study the solvation dynamics through the time-dependent
fluorescence Stokes’ shifts measurements.151-154 On photoexcitation, the dipole
moment of the probe molecule increases instantaneously. The polarisation of the
surrounding solvent molecules responds to this dipole change in the solute and start
reorganizing around the new dipole. Therefore, the energy relaxation process, caused
by the solvent reorganization around the photoexcited probe, shifts the fluorescence
spectrum to longer wavelengths with time.155 The idea of solvent relaxation process
has been conceptually illustrated in figure 1.4.
The reaction coordinate for the solvation process is considered to be
represented by a so-called generalized solvation coordinate. In the case of a polar
14
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solvent the reaction coordinate is a measure for the nuclear solvent polarization that
can be considered to be in equilibrium with an effective dipole moment μ(t) of the

Solvent Relaxation

Excitation

Fluorescence

Solvent Coordinate

Figure 1.4 Schematic presentation of the dynamic Stokes’ shift caused by solvent
relaxation process following photoexcitation of the fluorescent probe. Adopted from
reference [155]
solute molecule. Normalization leads to the relative coordinate x(t), given as,

x (t ) =

μ ( t ) − μg
μe − μg

(1.1)

where μg amd μe represent the ground and the excited state dipole moments of the
probe.138 The relaxation of the excited state population is usually studied by
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monitoring the temporal characteristics of the spectral response function, C(t), which
is defined by following equation.138

C (t ) =

ν(t ) − ν(∞)
ν(0) − ν(∞)

(1.2)

where ν ( t), ν ( ∞) and ν ( 0) are the fluorescence peak frequencies at times t, ∞ and 0,
respectively.
For the measurements of time-resolved emission spectra (TRES), a set of
fluorescence decays are collected at different wavelengths, covering the entire
emission band of the probe. These decays are fitted using a suitable functional form
(usually a multi-exponential function) to obtain the fitted curves D(λ,t). The TRES
spectra, S(λ,t), are then constructed using the fitted decays, D(λ,t), after their
normalization with respect to the steady-state fluorescence spectrum, S0(λ), using
following relation.138, 156, 157
S (λ , t ) = D ( λ , t ) ∞

S 0 (λ )

(1.3)

∫ D(λ , t )dt
0

To obtain smooth TRES, the data points obtained for the spectra S(λ,t) using equation
1.3 are fitted following some line-shape function (usually log-normal function) for the
emission band.138, 156, 157 The smooth TRES thus obtained are then used to estimate the
emission maxima at different times and consequently to construct the dynamic Stokes’
shift correlation function, C(t). The function C(t) thus obtained is the measure of the
solvent relaxation dynamics. By using this method, recently, Mukhopadhyay and his
coworkers studied the solvation dynamics in amyloid fibril of an intrinsically
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disorderd protein, κ-casein by labelling an ICT based probe acrylodan (2, figure 1.5)
at N-terminal of the protein. They revealed that the water dynamics got slowed down
due to fibril formation.148 This is explained on the basis of trapped water in between
beta sheets of the fbirl. It is also obseerved that there is dynamical exchange between
bulk water and bound water.148
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Aggregation based Probes
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Figure 1.5 Structures of selected extrinsic fluorescence probes employed in amyloid
fibrils detection.
1.3.2 Fluorescence resonance energy transfer
Fluorescence resonance enegy transfer (FRET) is distance dependent
interaction between two molecules where the energy absorbed by a fluorescent
molecule (donor) will be transferred to second molecule (acceptor) non-radiatively
through long range dipole-dipole interactions.125 This energy transfer can be
experimentally monitored by the quenching of donor fluorescence with a concomitant
increase in acceptor fluorescence with increase in acceptor concentration.125 As the
theory of FRET has been explained by Forster, FRET is also known as Forster
resonance energy transfer.158 FRET is insensitive to the surrounding solvent shell of a
fluorophore, and thus, produces molecular information unique to that revealed by
other solvent-dependent events, such as fluorescence quenching, solvent relaxation, or
anisotropic measurements. According to Forster’s theory,158 FRET efficiency (E)
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exclusively depends on the following factors: (i) Spectral overlap between the donor
emission and the acceptor absorption (ii) orientation of the transition dipoles of the
donor and acceptor (iii) emission quantum yield of the donor (iv) extinction
coefficient of acceptor and (v) distance between the donor and acceptor. Main
advantage of FRET is its ability to find the distance between the donor-acceptor in Å
level by knowing FRET efficiency. The FRET efficiency (E) has been calculated by
the following equation.125

E =1−

FDA
τ
= 1 − DA
FD
τD

(1.4)

where FDA, FD, are the emission intensity of donor in the presence and absence of
acceptor respectively. However, the measuring emission intensity with reliability is
difficult due to the spectral overlap between emission spectra of donor and acceptor
(common in many cases). For that purpose, lifetime of the donor in the presence (τDA)
and absence of acceptor (τD) have been used to calculate FRET efficiency. The mean
relative distance (R) between the donor and acceptor dyes is calculated by the
following equation

R = R0 6

1− E
E

(1.5)

where R0 is known as Forster distance, a distance at which there is 50% energy
transfer is achieved. R0 is estimated by using the following equation.158

R0 = 0.211[κ 2 n −4QD J (λ )]1/ 6

(1.6)
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where, κ2 is the orientation factor which is considered as 2/3 for the random
orientation of donor and acceptor. n is the refractive index i.e., 1.4 for macro
molecules in water. QD is the quantum yield of the donor and J(λ) is the overlap
integral which takes care of the spectral overlapping between emission spectrum of
donor and absorption spectrum of acceptor and calculated by following equation.158
∞

J (λ ) =

4
∫ FD (λ )ε A (λ )λ d λ
0

(1.7)

∞

∫ FD (λ )d λ
0

where εA is the molar extinction coefficient of the acceptor, FD(λ) is the peak
normalized fluorescence intensity of donor at the wavelength, λ. Thus we can measure
the distance between the FRET pair as close as ~10Å up to 10 nm.159 Such advantage
of FRET has been explored by several research groups to identify the relative location
of new amyloid probe either with respect to intrinsic fluorophore such as tryptophan
or extrinsic fluorophores.46, 160, 161
Besides that, FRET has also been utilized to monitor or distinguish distinct
features of amyloid fibrils. A FRET sensor has been developed to follow fibrillation
process by fusing yellow fluorescent protein (YFP, donor) to α-synuclein protein
aggregates (acceptor) by monitoring the lifetime of YFP by fluorescence lifetime
imaging (FLIM) technique.162 It is observed that the decrease in the lifetime can be
very good probe to monitor the dynamics compared to the emission intensity. In fact,
this strategy has been utilized to monitor the fibrillation kinetics inside living cells.162
Moore and his co-workers developed a methodology based on FRET between two
curcumin derivatives, CRANAD-2 & 5 (8, 9, figure 1.5) to differentiate Aβ monomers
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from higher molecular weight aggregates, even dimers. Monomers could not facilitate
FRET between these two probes while in dimers and higher Aβ aggregates these two
probes come close to each other resulting FRET between them. It is also shown that
by combining thioflavin T (ThT) (20, figure 1.5) assay and this FRET assay,
oligomers can also be distinguished from matured fibrils.163 Deng et al reported that
through dansyl-tryptophan FRET in Transthyretin (105-115), inter peptide
arrangements can be studied.46 Same group has also proved that the dansyl-tryptophan
FRET is versatile tool for distinguishing the arrangements of beta sheets in the
amyloid core. They have shown that dansyl-tryptophan FRET efficiency in parallel βsheets is much higher than that in anti-parallel β-sheets.161
1.3.3 Aggregation induced quenching (AIQ) and enhancement (AIE)
The quenching of fluorescence with increase in the concentration of
fluorophore is a well known phenomenon. This concentration quenching is due to the
formation of aggregates, which is also known as ‘Aggregation induced quenching’
(AIQ).164 In general such aggregation process is unwanted in most of the application
of these fluorophores.165 Most of the fluorophores are organic in nature and they tend
to aggregate in aqueous solution due to their limited solubility in water resulting their
fluorescence quenching.164 Recently, it has been shown such fluorescence quenching
due to the aggregation of probes is advantageous in detecting hydrophobic species
such as amyloid aggregates.140,

166

These probes generally exist as aggregates in

aqueous solution. However, on addition of amyloid fibrils to their aqueous solution,
their aggregates breaks and the monomeric probes binds to the hydrophobic region of
the fibril. Such de-aggregation of the probe due to the addition of fibril results in large
increase in their emission intensity. At present, probes based on this principle, known
22
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as ‘disaggregation induced fluorescence probes’, are used regularly to detect the fibril
and to follow the kinetics of the fibril formation.166
Swager et al designed and synthesized new fluorescent probe, NIAD-4 (24,
figure 1.5), based on bisthiophene molecular structure.140 This dye shows strong
affinity towards the amyloid fibrils and shows large fluorescence enhancement (~400
fold) upon binding with fibrils. Such large enhancement along with BBB (Blood brain
barrier) penetrating power makes it very sensitive probe for fibrils.140 Sodupe and
coworkers has established through detail photophysics in different environment and
computational studies that NIAD-4 primarily present in the aggregated form in the
aqueous solution and disaggregates in the presence of amyloid fibrils.166
However, there are several fluorescent probes has been discovered which on
aggregation shows much higher emission yield compared to their monomers in the
solution. The formation of aggregates in such class of molecules results in the
retardation in the non-radiative torsional motion in their excited state and results in
large fluorescent enhancement.167 Fluorescent probes based on this principle,
commonly known as “aggregation induced enhancement” (AIE),167 has also been used
for the detection of amyloid fibrils. For example, Pradhan et al designed an AIE based
fluorescence probe, tetraphenylethene (TPE, 25, figure 1.5) linked to an amyloid
binding peptide, for monitoring the fibrillation process.168 This probe doesn’t show
any fluorescence in aqueous solution while it shows large fluorescence enhancement
due to the formation of aggregates on the fibrillar surface.168 Another interesting
example of AIE based probe is 1,2-bis[4-3-sulfonatopropoxyl) phenyl]-1,2diphenylethene (BSPOTPE, 26, figure 1.5).81 This dye shows very low fluorescence in
the presence of monomeric insulin protein while shows enhanced fluorescence in the
23
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presence of preformed fibrils. However, surprisingly, prior mixing of this probe with
insulin inhibits its fibrillation. This is due to the fact that BSPOTPE binds with
partially unfolded insulin through hydrophobic interaction and obstructs further
progress of the fibrillation process. Thus, BSPOTPE can also serve as ex-situ monitor
and in-situ inhibitor for the fibrillation process.81 Similar strategy has been applied by
other research groups also but could not able to reach significant sensitivity.169
1.3.4 Ultrafast molecular rotors (UMR)
Ultrafast molecular rotors are characterized by the ultrafast torsional motion
around a single bond connecting electron donor and acceptor moieties of a molecule in
their excited state.170-177 Strictly speaking, these are subclass of ICT based probes but
their emission properties are mostly governed by the rate of formation of twisted
intramolecular charge transfer state (TICT) from locally excited state (LE).170-177
These molecules possess extremely low quantum yield in low viscous solvents. This is
due to the existence of barrier less large amplitude torsional motion which creates
efficient non-radiative channel for the depopulation of the photo excited state.128, 130,
178, 179

The retardation in such non-radiative torsional motion in the excited state will

show high impact in its fluorescence properties. For example, in viscous solvents, due
to the frictional force offered by the solvent, the rate of bond twisting decreases which
leads to increase possibility of radiative emission from the LE state and thus increase
in their emission yield.128, 130, 178, 179 Because of such property, the emission yield of
UMRs is very sensitive to viscosity of the surrounding medium.170, 180-183
Thioflavin T (ThT, 20, figure 1.5), a gold standard amyloid probe, belongs to
the class of UMR.129,

184-186

On photoexcitation, non-radiative twisting around the
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central C-C single bond takes resulting very low emission yield in aqueous solution.
However, in confined environment, like amyloid fibrils such bond twisting process
retarded and shows large increase in its emission yield.128, 130, 179, 181, 187 Apart from
ThT, several other UMR based probes have been explored for the sensitive detection
of amyloid fibrils. Auramine-O (AuO, 21, figure 1.5) is another classic example of
UMR in which rotation about two amino phenyl groups leads to very low fluorescence
in aqueous solution.188, 189 However, the binding of AuO to amyloid fibrils leads to
large enhancement in its emission yield.190 Interestingly, in the presence of insulin
fibrils, AuO gives a new emission band at 560 nm in addition to its normal emission
band at 500 nm.190 Through detail spectroscopic studies, it has been showed that the
long wavelength emission band arises due to formation of emissive H-aggregates of
AuO in amyloid fibrils.191 As this aggregate band appears only in insulin fibrils and
not in fibrils from other proteins like lysozyme, β-lactoglobulin and HSA, such
properties of AuO can be used to distinguish insulin fibrils from other fibrils.191
However, strong fluorescence enhancement observed in the presence of native BSA
protein questions the applicability of AuO as amyloid marker.192Di-cyano vinyl
julolidine (DCVJ, 22, figure 1.5) is another UMR which is also been employed to
detect amyloid fibrils.193,

194

DCVJ shows increase in its emission intensity on

association with amyloid fibrils. Nonetheless, in contrast to ThT, it has been shown
that DCVJ can detect the prefibrillar aggregates in solution. However, the sensitivity
of DCVJ to amyloid fibrils is not as good as ThT.194
Apart from the intensity based measurements, fluorescence lifetime of the
molecular rotor is also sensitive to aggregation of proteins. Thompson et al reported
that through fluorescence lifetime imaging (FLIM) of molecular rotor DISC2 (23,
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figure 1.5), multiple stages in the aggregation of lysozyme and insulin can be
detected.195 Same group introduced cyanine-based and BODIPY-based viscosity
sensitive fluorescent molecular rotors to monitor the supramolecular assembly of
various proteins.196 The molecular rotors were covalently linked to the aggregating
proteins to provided a unique possibility to monitor the aggregation process in
amyloid fibrils both in-vitro and ex-vivo. Such approach offers opportunity to observe
increased molecular crowding during protein aggregation in vitro and ex-vivo.196
Hence, to develop and design an efficient molecular probe for amyloid fibrils, one
should consider following points.102, 112, 117, 119, 120, 123, 139
1. High sensitivity and binding affinity for amyloid fibrils.
2. Significant changes in the fluorescence properties upon binding to fibrils
3. Suitable emission wavelength to minimize the interference from background
fluorescence
4. Ability to cross blood brain barrier (BBB)
5. High metabolic stability
6. Fast washout kinetics from normal brain regions
7. Low toxicity
8. Easy synthesis or availability.
Various classes of extrinsic fluorophores have been developed for assessing
amyloid fibrils formation. However, the exact mechanism by which these probes
recognize the misfolded and fibrillar state of amyloidogenic proteins is not well
understood. It is believed that probe intercalation due to the similarity in the structure
with the inner grooves present in the fibrillar structure is responsible for their sensing
activity.184, 197, 198 Energy lowering by the hydrophobic contacts and hydrogen bonding
26

Chapter 1: Introduction

interactions of the side chain of the amino acids with aromatic moieties of the probe
molecule is also playing important role in the binding of these probes in amyloid
fibrils.21, 129

1.4 Classification based on Molecular structure
Most of the existing fluorescence probes possess common structural features, a
push-pull structure with donor and acceptor moieties at the two ends of the structure
and are connected by polarizable bridge. This structural feature makes the probe
molecules polar.199 Due to the difference in the excited state and ground state dipole
moments, their fluorescence properties are very sensitive to the surrounding
polarity.200 Most of the research on developing amyloid probes adopted a strategy of
making derivatives of existing standard amyloid probes instead of going for new
molecular scaffold. Hence, we will further discuss about the advances in designing
molecular probes for the detection of amyloid fibrils in the view of different molecular
scaffolds.
1.4.1 Congo Red based molecules
Congo Red (CR, 1, figure 1.5) is an aromatic sulfonated azo dye, was
introduced in 1920 by Benhold201 and Divry202 and demonstrated its characteristic
blue-green birefringence under cross polarizers in the presence of amyloid fibrils.
Since then, it is one of the standard assays for identification of amyloid fibrils. Despite
such usage, CR binding to collagen and cytoskeletal proteins also gives characteristic
birefringence leads to false positive signals.203 Further, Fink and his co workers
showed that CR can also bind to native and partially folded α-proteins, such as
interleukin 2 and citrate synthase.204 Through small angle X-ray scattering it has been
shown that CR can induce oligomerization of native proteins.204 Due to these reasons,
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large number of derivatives of CR has been synthesized to overcome the limitation
shown by CR. Klunk and his coworkers showed that the main structural feature that
defines CR binding to fibrils is two acidic groups and the separation between them.
They have synthesized fluorescent and lipophilic derivative of CR, Chrysamine-G (3,
figure 1.5), which has two acidic groups having similar space between them.119
Chrysamine-G retained the amyloid affinity of its parent molecule, CR. However, due
to its large size, the brain uptake of Chrysamine-G is very less. This limits its usage as
in-vivo imaging agent.205 Consequently, intense efforts made to develop derivatives
with high BBB permeability. BSB, K114 (12, 13 figure 1.5) are analogs of CR
showed very good brain pharmacokinetics.206-208 As BSB has short wavelength
emission, the interference from the autofluorescence from the cells is serious problem
for the fluorescence imaging.207 But radiolabelled BSB has been used as PET imaging
agent.209 K114 is also suffers from the interference from cellular auto fluorescence but
to a lesser extent than BSB.208 Another CR derivative is methoxy-X04 (11, figure 1.5),
which has shown to be a good candidate for in-vivo imaging of amyloid plaques.210
However, the fluorescence properties and the brain uptake of methoxy-X04 is reported
to be insufficient for in-vivo imaging of protein aggregates in transgenic mice
models.210 Hence, the derivatives of CR are less ideal for the imaging of fibrils.
Further structural modifications are limited as the molecular frameworks of these dyes
are quite rigid. As a result, attention has been shifted to develop probes on different
molecular scaffold.
1.4.2 Thioflavin T based molecules
Another molecular dye for the histological staining of amyloid plaques is
Thioflavin T (ThT). ThT is used for the detection of amyloid fibrils since 1959 and
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remains unchallenged for decades.198 ThT, a benzothiazole based UMR, is non
fluorescent in the aqueous solution and shows large enhancement in its fluorescence
intensity upon binding to amyloid fibrils.129, 186 Due to such large enhancement and
lack of protein specificity makes it a gold standard for detection of amyloid fibrils invitro.211 Large enhancement in the presence of fibrils is attributed to the retardation of
ultrafast non-radiative torsional relaxation around its central C-C bond in the excited
state.128, 178, 212 However, several recent studies show that ThT can promote fibrillation
through stabilizing β sheet conformations213 and its sensitivity towards the fibrils is
largely affected by the solution pH and ionic strength.194, 214 Such limitations of ThT
question its usage as gold standard amyloid probe. Furthermore, positive charge on
ThT decreases its permeability through BBB which limits its usage in in-vivo
imaging.215 Intense efforts have been made to modify the molecular scaffold of ThT to
have lipophilic derivatives with better brain permeability. Among them, 2-(4,(4methylamino)phenyl) benzothiazole (BTA-1, 14, figure 1.5) shows nanomolar affinity
towards amyloid fibrils with better brain uptake.215 However, most of the derivatives
don’t retain the fluorescent properties of parent ThT.215 Thus, some of them are
radiolabelled with

11

C and used as PET / SPECT agents.106, 140, 216 Out of them,

11

C-

PIB (15, figure 1.5) is successful in-vivo PET imaging agent which has been recently
undergone clinical trials.217, 218
Nonetheless, some of the fluorescent derivatives of ThT have shown affinity
towards amyloid fibrils. Jung et al synthesized several ThT analogues which show
micromolar affinity towards amyloid fibrils but the modulation in their fluorescence
intensity upon bind with amyloid fibrils is limited (~36 fold).219 Saji and coworkers
have synthesized two push-pull benzothiazole based derivatives PP-BTA-1 and PP-
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BTA-2 (5, 6 figure 1.5) with benzothiazole moiety as electron donor and dicyanovinyl
moiety as electron acceptor.124 These derivatives also show very good affinity to
fibrils in postmortem AD brain. From the inhibition studies, it has been shown that
these dyes occupy same fibril site as ThT indicating both dyes are detecting similar
fibrillar structure.124 However, fluorescence enhancement observed for these dyes due
to their association with fibrils is low and not suitable for imaging of fibrils.124
1.4.3 Curcumin based molecules
Curcumin (7, figure 1.5), a common ingredient in Indian spices, is one of the
histo-pathological amyloid staining dye for the senile plaques.220, 221 It has also been
shown that curcumin can easily penetrate through BBB. Curcumin is being used in
multiphoton imaging of amyloid fibrils in transgenic mice.220, 221 However, number of
efficacy and safety studies revealed its instability in aqueous solution and its low
bioavailability. Furthermore, it is also reported that curcumin can bind to native
proteins and affect the fibrillation process. For example, Hafner-Bratovic et. al.
showed that curcumin binds to α-helical intermediate of prion protein and inhibits its
aggregation.222 It is also shown, through SEM technique, that insulin forms smaller
fibrils in the presence of curcumin.223 Thus, curcumin might give false positive signals
during the evaluation of the efficiency of therapeutic drugs.220
Curcumin has also been derivatized to give better fluorescence amyloid
specific probe. In the curcumin structure, a difluoroboronate moiety and two dimethyl
anilino groups have been attached to create a donor-acceptor-donor architecture.
Among such derivatives, CRANAD -2 (9, figure 1.5) shows significant fluorescence
enhancement (~70 fold) and large blue shift (~90 nm) in its emission spectrum in
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presence of Aβ aggregates.224 Unfortunately, low brain uptake and slow clearance
from non specific regions of brain makes it unsuitable for the in-vivo imaging.224
Same group have developed several other curcumin derivatives like CRANAD-58,
CRANAD-17 etc.225 However, all these probes interact with soluble Aβ monomers
leads to fluorescence changes but to a lesser extent compared to insoluble fibrillar
species.225
1.4.4 Luminescent conjugated polymers (LCP)
The optical properties of conjugated polymers are highly affected by the
conformation of polymer framework and separation of different parts of polymer and
aggregation of polymer chains.226 The distinctive conformational sensitive optical
properties offer a great advantage for studying protein aggregation as binding of LCPs
to different structural intermediates give different emission characteristics.227 For
example, Polythiophene acetic acid (4, PTAA, figure 1.5) exhibits different spectral
properties in the presence of native and fibrillar states of protein.227 PTAA emits
strong emission at 550 nm in the presence of native insulin and quenched emission at
580 nm in the presence of insulin fibril.227 Although the different protein forms are
easily distinguishable due to its distinctive emission properties, LCPs that are selective
to fibrils are preferred. Further, a zwitterionic polymers t-POWT and PONT has
shown fluorescence enhancement (~6 fold), contrasting to PTAA, in the presence of
insulin fibrils.228 Like ThT, PONT can also follow the fibrillation kinetics.228 Due to
the low fluorescence enhancement further chemical modification is required to
enhance the optical properties. The conformation induced change in optical properties
has been used to identify different structural intermediates during amyloid formation
in transgenic mice. LCPs exhibit emission of different colours which are attributed to
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different kind of aggregated species. This property has been utilized to understand the
pathways involved in fibrillation as well as polydispersity/heterogeneity of fibrils.139
Swager et al designed new fluorescent probe, NIAD-4 (23, figure 1.5) based
on bisthiophene molecular scaffold.140 This dye shows strong fluorescence
enhancement (~400 fold) along with large affinity to fibrils.140 Further, some more
derivatives such as NIAD-11 and NIAD-16 have been evaluated for in-vivo imaging.
NIAD-16 can distinguish vascular and non-vascular Aβ plaques from background
signal through fluorescence lifetime imaging studies.118
1.4.5 Cyanine based molecules
Yarmoluk and his coworkers have studied the fluorescence properties of a
series of polymethine cyanine containing benzothiazole and benzimidazole end groups
in presence of β-microglobulin fibrils.229 Out of all the dyes screened, molecules
containing small polymethine chain (mono and trimethine) have shown higher
contrast to amyloid fibrils to native proteins. Cyanine dyes with long methine chain
are sensitive to spherical oligomers.229 Meso-substituted symmetric cyanine dyes such
as T-49, SH-516, etc. also show a promising fluorescence response towards fibrillar
aggregates.229 A fluorescent benzothiazole based meso substituted cyanine dye, 7519,
has been used for the study of fibrillation inhibitory properties of zirconium metal
complexes.230 Volkova et al introduced several cyanine based dyes for the amyloid
detection. These probes have spectral properties, unlike ThT, suitable for the in-vivo
amyloid imaging and their presence doesn’t affect the fibrillation process. But these
probes show quite limited sensitivity.231 THK-265 (16, figure 1.5) is another cyanine
based probe with two pyrimidine rings at the two ends of molecule.232 THK-265
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shows strong affinity to fibrils than Thioflavin-T but less than BTA-1. But large
fluorescence yield (38.5%) in the free form and low Log P value (~1.8) restricts its
practical applicability.232
1.4.6 BODIPY based molecules
Boron-dipyrromethene, BODIPY, based dyes found extensive applications in
variety of fields due to its photo stability, high extinction and fluorescence yields,
wide tunability and ease of synthesis.233 One of the derivative, BODIPY-7 (19, figure
1.5), has been synthesized and its dual SPECT/fluorescence imaging properties.116
Unfortunately, radiolabelled one doesn’t meet requirement of the SPECT imaging
agent. High emission yield in its free form and small Stokes’ shift limits in further
usage in optical imaging.116 Saji and his coworkers synthesized series of BODIPY
derivatives known as BAP-1(18, figure 1.5) to BAP-5.234,

235

All these derivatives

show very strong affinity to amyloid deposits ex-vivo. But these probes show
nonspecific binding i.e., showed large accumulation in the scalp than in the brain.235
These results suggest that further chemical modifications of BODIPY derivatives are
required for future imaging applications.
1.4.7 Other probes
Extensive effort has been made to develop amyloid probes based on several
other chemical scaffolds. Hintersteiner et al have synthesized a series of oxazine core
based probes and have been assayed for their affinity to the amyloid structures.236
Among these probes, AOI-987 (17, figure 1.5) shows absorption and emission at 650
nm, 670 nm respectively, shows bright images and good affinity to fibrils. It also
displaced ThT bound to Aβ suggests both dye occupies same binding site.236
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Nonetheless, the signal contrast between the wild-type and transgenic mice were not
significant. Small stokes shift and low fluorescence enhancement makes it as
inefficient in imaging applications. Structurally, AOI-987 belongs to a donor–acceptor
structure but with a rigidified bridge. This might be the reason for non optimal
properties of this probe.236
Recently, Cui et al reported a series of probes called DANIR probes which are
having dimethyl aniline group as donor and dicyano vinyl group as acceptor with
conjugated double bonds as bridge.122 Among them, DANIR 2c (10, figure 1.5) shows
strong affinity towards fibrils but the fluorescence enhancement is very low (~12
fold).122 To improve this aspect same group has introduced second generation of
DANIR probes by replacing benzene group with naphthalene group leading to the
increase in the π- conjugation length in the system.237 These dyes show strong
fluorescence enhancement in the presence of fibrils both in-vitro and in-vivo.
However, these dyes exhibit poor brain kinetics such as low brain uptake and show
slow washout kinetics from normal brain regions.237 Besides, DANIR 3c is shown to
be unstable in mice.237 Further chemical modifications are needed to have proper
balance between hydrophilic and hydrophobic properties of DANIR probes for better
contrast and proper brain kinetics.
Research on the fluorescence based detection of amyloid self assembly has
taken a great leap in the last few years. Several classes of dyes have been explored for
the efficient detection of protein aggregates in-vitro, ex-vivo and in-vivo. Despite such
intense efforts, still ThT has been used extensively for the regular detection of
amyloid fibrils in-vitro and for histological staining of postmortem AD brains. This is
due to the fact that except a few, most of the dyes developed doesn’t show better
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fluorescence enhancement than ThT even though they have better binding affinity.215,
238, 239

Thus, there is still lot of scope for developing fluorescence probes for amyloid

fibrils with better sensitivity. Recently, our group showed that, through ultrafast
fluorescence spectroscopy, only small part of (~10%) of amyloid bound ThT
population is contributed to the observed fluorescence enhancement.214 The major part
of bound ThT i.e., surface bound ThT, which are driven by electrostatic forces, are not
contributing to its fluorescence enhancement in amyloid fibrils. Only those ThT
molecules which are bound in the inner grooves of the fibrils give the enhanced
fluorescence.214 Thus, strategy for developing better amyloid probes is to reduce
surface bound population. This can be achieved by designing probes with better
hydrophobic character in their molecular structure. By doing this, we can increase the
percentage of dye population bound in the inner grooves of the fibrillar structure. In
this dissertation, we have explored three electronically different probes, cationic
(chapter 3), neutral (chapter 4) and zwitterionic probes(chapter 5) for the efficient
detection of amyloid fibrils through monitoring their modulation in the fluorescence
properties such as band position, intensity and excited state lifetime. The relative
location of these probes with respect to ThT has been identified by employing energy
transfer phenomenon. AutoDock studies also have been performed to understand the
nature and kind of interactions that leads to efficient binding of these probes to
amyloid fibrils.240 Beside the detection of amyloid fibrils, understanding the
dynamical aspects which govern the fibrillation also has utmost importance in
determining their activity. In the chapter 6, we have attempted to understand the fate
of dynamics of water in Human serum albumin (HSA) fibrils and compared with that
of native protein.
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Chapter-2
Instruments and Methods
2.1 Introduction:
This chapter gives a brief overview of the various experimental techniques that
have been used to pursue the research work pertaining to the present thesis. To
understand the dynamical processes in different probes in amyloid fibrils, both steadystate and time-resolved photophysical measurements were carried out using absorption
and fluorescence techniques. Time-resolved fluorescence anisotropy measurements
have been performed to understand the rotational diffusion of the probes in amyloid
fibrils. Fluorescence imaging techniques such as epi-fluorescence as well as confocal
microscopy have been used to image dye stained amyloid fibrils. Ultrafast processes
like, charge transfer, solvent relaxation, intramolecular relaxation, etc in the excited
state of the probe molecules have been investigated using state-of-the-art femtosecond
time-resolved fluorescence up-conversion technique. Brief description of different
instrumental techniques used in this work was presented below.

2.2. Ground-State Absorption Measurements
The knowledge on the absorption and emission properties of systems under
investigation will help in better understanding the effect of light on the chromophoric
systems. Optical absorption (ultraviolet-visible; UV-vis) spectroscopy is an
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extensively utilized technique to obtain information about the ground-state absorption
characteristics of the chemical systems (the wavelengths of the absorption bands, the
extinction coefficients at different wavelengths). UV-vis absorption spectrum, being
dependent on the electronic structure and the environment of the absorbing
chromophore, allows the characterization or the identification of different
chromophoric systems and their micro-environments. Changes in the solvent polarity,
polarizability and hydrogen bonding characteristics often induce significant changes in
the absorption spectra.125,

241-243

Hence, this simple spectroscopic technique can

provide much useful information regarding the nature of interactions between the
ground-state of a chromophoric molecule and its surrounding environment.
Measurements of the optical absorption spectra is very essential to maintain the
concentration of the absorbing species for the purpose of their investigations using
different other spectroscopic techniques.
The working principle of the spectrophotometer is based on the BeerLambert’s law (cf. equation 2.1). According to this law the absorbance (A) of a
chromophore is directly proportional to the concentration (C) of the species, its molar
extinction coefficient (ελ) at the measuring wavelength λ and the optical path length
(l).241
⎛ I0 ⎞
A = log ⎜ ⎟ = ελCl
⎝ I ⎠

(2.1)

where I0 and I are the intensities of the incident and transmitted light, respectively. In
present work, absorbance of the chemical systems has been measured in a quartz
cuvette of 1 cm path length.
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Ground-state optical absorption measurements have been carried out using a
JASCO (Model #V-650) UV-visible spectrophotometer. It is a double-beam
spectrophotometer with a photomultiplier tube (PMT) detector. Typical operating
wavelength range is 200-900 nm. The light sources used in this instrument are
deuterium lamp (range: 190 to 350 nm) and a tungsten (W) lamp (range: 330 to 900
nm).

2.3. Steady-State Fluorescence Measurements
Fluorescence spectroscopy is the most sensitive and extremely powerful
technique to investigate various photophysical and photochemical processes that occur
in the excited state of the chromophoric molecules. The intensity of the fluorescence
band, the fluorescence peak position, as well as the shape of the fluorescence spectrum
is in general very sensitive to the environment.125, 241-243 In the present study steadystate fluorescence measurements (fluorescence intensity, excitation spectra or
emission spectra) have been carried out using a Hitachi spectrofluorometer (model F4500), which uses a 150 W continuous powered high pressure xenon lamp as the
excitation source and R-928F PMT (Hamamatsu) as the photo detector. The spectral
range covered in the present instrument is 220 to 800 nm. Liquid sample in a 1 cm x 1
cm suprasil quartz cuvette is excited and the fluorescence is measured in a
perpendicular direction with respect to the direction of the excitation beam in order to
minimize the excitation background.
The quantum yield of fluorophores has been measured by comparative method
using a known standard as reference.125 The fluorescence quantum yield of the sample

39

Chapter 2: Instruments and methods

(φsample) can be expressed with respect to the quantum yield of the reference (φreference)
according to equation 2.2.125
2
nsample
ODreference Asample
φ sample =
×
× 2
× φ reference
ODsample Areference nreference

(2.2)

where ODreference and ODsample are the absorbances at the excitation wavelength,
Areference and Asample are integrated fluorescence intensities and nreference and nsample are
the refractive indices for the reference and the sample solutions, respectively.

2.4. Fluorescence Lifetime Measurements
Time-dependent fluorescence studies are extremely important to understand
the details of the photoprocesses taking place in the excited state of the molecules. The
most versatile technique for the time-dependent fluorescence measurement is based on
the Time-Correlated Single Photon Counting (TCSPC) principle and is widely used to
measure fluorescence lifetimes in the nanosecond to millisecond time scales.125, 241-247
In fact, the development of various ultrashort light sources like the nanosecond flash
lamps, nanosecond LEDs, picosecond laser diodes, picosecond/sub-picosecond pulsed
lasers, etc. has made the TCSPC technique as the most demanded technique for timedependent fluorescence measurements.125,

241-247

In the present work a TCSPC

spectrometer from Horiba Jobin Yvon IBH, UK (model Data Station Hub) was used to
measure the fluorescence lifetimes of the samples under investigation. The important
aspects related to the present TCSPC spectrometer are described in the following
sections.
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2.4.1. Basic Principles of TCSPC Technique
The time dependent fluorescence measurement by TCSPC technique relies on
the principle that the probability distribution of a single photon emission is equivalent
to actual intensity versus time distribution for all photons detected.125,

244-247

The

schematic diagram of TCSPC has been presented in figure 2.1. The overall
fluorescence decay measurement is carried out in the following sequence. The
excitation pulse is splitted into two parts. One part is used for the excitation of the
sample and other is synchronously fed into the start PMT. The output electrical signal
from start PMT is routed through constant fraction discriminator (CFD) to a time to
amplitude converter (TAC). On receiving the start pulse, the charging of TAC is
initiated and continues with time. A STOP signal is generated on receiving first
emission photon from the sample at the stop PMT. The STOP signal is fed to the stop
input of TAC after passing through another CFD and variable delay line. On receiving
the STOP signal, the charging of TAC stops and generates an electrical output with
amplitude proportional to the time difference between the START and STOP pulses.
The TAC output pulse is then fed into the Multichannel Analyzer (MCA) through an
Analog-to-Digital Converter (ADC). The ADC generates a numerical value
proportional to the amplitude of the TAC output pulse and thus selects the
corresponding memory channel in the MCA, where a single count is added up.
The above START and STOP cycle is repeated for exceedingly large number
of times to generate histogram of counts in the MCA channels. In TCSPC
measurements, the emission count rate is kept very low (not exceeding 2% of the
excitation rate) by adjusting the excitation and emission slits.125, 244-247 Under such
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Figure 2.1 Schematic diagram of a Time-Correlated Single Photon Counting
(TCSPC) Spectrometer.
situation, the distribution of counts recorded in MCA channels should represent the
time dependent probability distribution of single photon emitted from the sample and
thus the fluorescence decay.125, 244-248

2.4.2. Important components of a TCSPC spectrometer
The important components of the present TCSPC instrument are briefly described
below.
(a)

Pulsed excitation source: Various light emitting diodes (LED’s) and diode

lasers, having different emission wavelengths between 292 nm to 490 nm have been
used as the excitation sources. With diode laser excitation sources (405 and 445 nm)
and using a special fast stop PMT (vide infra), the instrument response function (IRF)
for the spectrometer is about 170 ps (FWHM). With the LED excitation sources, the
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IRF is about 1.2 ns (FWHM). The repetition rate for excitation sources is usually kept
at 1 MHz.
(b) Constant Fraction Discriminator (CFD): CFD offers two advantages in TCSPC
setup one is to improve signal to noise ratio and other is to give well defined timing
information to TAC from the START and STOP pulses. Since the other simple
leading edge discriminators are always possess significant timing errors, the CFDs are
known to be the best-suited discriminators for the TCSPC measurements to obtain
accurate timing information for TAC.
(c)

Variable Delay Line: A variable delay line is introduced in the path of STOP

signal immediately after CFD to ensure that the entire stop signal should arrive at
TAC after receiving the respective START signal. An optimum delay is always
required to be introduced in the variable delay line to place the recorded fluorescence
decay trace, histogram in the MCA, properly within the MCA channels.
(d)

Time-to-Amplitude Converter (TAC): TAC is the heart of a TCSPC

instrument.244-246, 249-251 The time-correlation between excitation and emission events
(START & STOP signals) is in fact carried out by this unit and its function is
conceptually shown in figure 2.2. The electrical signal received from START PMT
initiates the charging process of timing capacitor in TAC and the charging is
terminated upon receiving STOP signal. This generates the electrical output pulse
whose amplitude is proportional to time difference between start and stop events. If
the stop event is not registered with in preset time, TAC range, the charging
automatically stops without recording an event and gets reset for the next collection
cycle. In the present TCSPC instrument the TAC range can be varied from 50 ns to
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200 μs. A suitable TAC range is judicially selected to make the complete fluorescence
decay of the sample to be collected within the appropriate channels of the MCA used.

TAC Range

VTAC

Time
Start

Stop

Reset

Figure 2.2 Functioning of a TAC unit used in a TCSPC instrument. Start indicates the
initiation of the charging process. Stop signal can arrive at TAC unit at any time
within the TAC range following the arrival of the start pulse.
(e) Multichannel Analyzer (MCA) and its calibration: The MCA used in TCSPC
instrument have an analog to digital convertor (ADC) and a memory having large
number of channels for storing the time correlated data. The MCA used in a TCSPC
instrument can be operated either in the Pulse Height Analysis (PHA) mode (for
measuring fluorescence decays) or in the Multichannel Scaling (MCS) mode (for
measuring time-resolved emission spectra). The time calibration of MCA channels
(time/channel) can be carried out by using a number of precisely calibrated delay lines
in the path of the STOP pulse.244-246, 249-252 Here, the STOP signal is divided into two
paths, one is fed to the START input of the TAC and the other is routed through the
precisely calibrated delay lines to the STOP input of the TAC. As the same signal is
fed into the START and STOP input of the TAC, count will be collected at a single
channel of the MCA, determined by the known delay introduced in the path of the
STOP pulse. For different known delays, the counts are thus collected at different
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channels of the MCA. The MCA data thus obtained are then transferred to a computer
and the time calibration is calculated using a suitable analysis program. The
calibration process should be independently carried out for different TAC ranges to be
used in the measurements.
(f) The Start PMT: As the light intensity detected by the Start PMT is quite high, an
ordinary PMT with medium gain and reasonably low transit time (the time difference
between the emission of a photoelectron and its arrival to the anode) can be used to
generate the START signals for the TAC unit.
(g) The Stop PMT: The transit time spread of the PMT has a prominent effect on the
time resolution of a TCSPC instrument. Reduction in the transit time will also reduce
the transit time spread resulting in better time resolution of a TCSPC measurement.
Hence, a fast PMT is always preferable for the TCSPC measurements. It is important
to mention that due to the inherent low level of light in TCSPC measurement, stop
PMT should have high gain which in turn needs large number of dynodes. In general
use of large number of dynodes results in the increase in the transit time as well as its
spread and thus, reduces the time resolution significantly. The detector used in this
instrument is a special Hamamatsu PMT, used in combination with a TBX4 module
provided by IBH, UK, and is used with a Peltier cooling. The spectral response of the
detector is from ~300 to 800 nm. To increase the time resolution below 100 ps, a multi
channel plate (MCP) PMT has been coupled with the IBH TCSPC instrument. For
faster data collection, the START and STOP signals are reversed in this setup. The
electrical pulses synchronized with excitation light source are directly used as the
STOP pulses for the TAC unit while the electrical pulses generated due to the emitted
photon in the STOP PMT is actually used as the START pulse for the TAC unit. Such
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reverse order in the START and STOP signal (commonly known as “reverse mode”)
is used to avoid unnecessary charging of the TAC unit while using excitation source
with high repetition rate. To be mentioned, a PC based card that incorporates both
TAC and MCA is used for the data collection. PC monitor is directly used to display
the measured decay curve. DAS6.0 software (IBH, UK) is used to analyze the
measured decay curves to obtain the fluorescence decay parameters of the samples.

2.4.3. Analysis of the fluorescence decay curves measured in a
TCSPC instrument
In the absence of any complex photochemical processes, the emission decay of
excited state molecules follows single-exponential decay kinetics (equation 2.3).
However, the decay often becomes more complicated due to the presence of complex
processes in their excited state and needs a complex decay functions for its
representation. In general, most of the complex decay kinetics can be fitted with the
multi-exponential decay function (equation 2.3).244-246, 248, 252-255

I (t ) =

∑

Ai e x p ( − t / τ i )

(2.3)

where Ai is the pre-exponential factor and τi is the fluorescence lifetime of the ith
decay component of the measured decay. If the sample is excited with an unusually
short excitation pulse ( δ-pulse) and the response time of the detection system is very
fast compared to the fluorescence lifetime of the sample, the fluorescence lifetime can
be directly obtained from the observed fluorescence decay either by noting the time at
which the fluorescence intensity decreases to 1/e of its initial value or from the slope
of the plot of log I(t) versus t.244-246, 248, 252-255
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However, when the fluorescence lifetime is short and comparable to the
instrument response function, the decay traces will get distorted due to the finite width
of the excitation profile. Under such circumstance, it is not possible to apply the above
procedures to obtain the fluorescence lifetime of the sample. In such cases, the
observed fluorescence decays are analyzed following a reconvolution and compare
procedure as described below. Since the excitation pulses used do have a finite time
width and also the detection system has its finite response time, the observed decay
curve I(t) would actually be a convolution of the true decay curve G(t) and the
effective instrument response function P(t). From a simple consideration it can be
shown that the function I(t), G(t) and P(t) can be correlated by the following
convolution integral.244-246, 248, 252-255
t

I (t) =

∫ P (t ′) G (t − t ′) d t'

(2.4)

0

Both I(t) and P(t) can be measured experimentally. The measurement of emission
from the sample produces I(t). To record P(t), an ideal scatterer is placed in place of
the sample and the scattered light is collected under similar condition. During
analysis, a decay function G(t) is first assumed for the sample and is convoluted with
the observed P(t) according to equation 2.4 to obtain a calculated decay curve Y(t),
which is then compared with the experimentally observed decay curve, I(t). This
procedure is repeated by changing fitting parameters iteratively until a proper
representation of true decay curve is obtained. The success of an analysis and
accordingly the acceptance of a fit is determined from the judgment of the following
statistical parameters.

47

Chapter 2: Instruments and methods

2

(a) Reduced Chi-square ( χ r ) values: An important statistical parameter to judge
the goodness of a reconvolution analysis of an observed fluorescence decay curve
2

using TCSPC measurement is the reduced chi square ( χ r ) value which is defined by
the following equation.244-246

χ 2r

∑ W i lY (i) − I(i)q

= i

2

(2.5)

(n − p)

where Y(i) is the count at the ith channel of the calculated curve, I(i) is the count at the
ith channel of the experimentally measured curve, Wi [=1/I(i)], is the weighting factor
of the counts in the ith channel, n is the number of channels used for the decay to be
analyzed and p is the number of degrees of freedom in the decay function considered
for the analysis (equals to the number of variables in the function G(t)). For a good fit,
the

χ 2r

value should be very close to unity.244-246

(b) Distribution of weighted residuals: Another important statistical function that is
widely used in combination with χ2r values to judge the goodness of a re-convolution
analysis of an observed decay is the distribution of the weighted residuals among the
data channels used. The weighted residual for the ith channel, ri, is defined by equation
2.6.

ri =

l

q

W i Y(i) − I(i)

(2.6)

where Wi, Y(i) and I(i) are as defined earlier. For a good fit, the weighted residuals
should be randomly distributed about the zero line for the whole range of the data
channels used in the decay analysis.244-246

48

Chapter
C
2: Instruments
I
a methodss
and

2.5
5. Fluoreescence Anisotrop
A
py Measu
urementss
In a hoomogeneouss solution, where
w
all flluorophores are random
mly oriented,
exccitation withh a polarizedd light resullts in an annisotropic disstribution inn the groundd
statte due to ph
hotoselectivve excitationn. Each chroomophore haas, within itts molecularr
fram
mework, a fixed abso
orption andd emission transition dipole
d
withh a definitee
orientation witth respect to
o the molecuular axis. The
T probability of absorrption of thee
inccident light is
i determined by the anggle between the absorptiion transition
n dipole andd
thee electric fielld vector of the incidentt light. Chorm
mophores w
with absorptioon transitionn
mooment orientted parallel to the electric field of
o the inciddent light preferentially
p
y
abssorbs the phhoton.164, 244, 246, 256 Thuss, due to su
uch photoselection, the excited
e
statee
pop
pulation is not
n randomly
y oriented. Innstead, theree will be som
mewhat largeer number off
exccited molecuules, which have their absorption
a
transition dippole momennt aligned too
thee polarizatioon of the excitation ligght. This prreferential eexcitation of
o moleculess
creeates anisotroopy in excitted electronic state and a mirror imaage of this anisotropy
a
inn
thee ground-statte (see Figurre 2.3).125

Figgure 2.3 Creeation of grround-state and
a excited state anisotrropies from an isotropicc
distribution of molecules due
d to photosselective abssorption of pphotons.
In diluute solution
ns, where iintermolecullar energy transfer iss negligible,
deppolarization in the grounnd-state anissotropy is prrimarily due to the rotatiional motionn
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and electronic relaxation of the fluorophores. However, depolarization in the excited
state takes place only due to the rotational relaxation process. The anisotropy
measurements reveal the average angular displacement of the fluorophore that occurs
between the absorption and the subsequent emission of a photon. This angular
displacement is dependent upon the rate and extent of rotational diffusion during the
lifetime of the excited state. Such diffusive motions are largely dependent on the size
and shape of the molecules and the frictional forces due to the surrounding
environment. Such frictional force could be due to merely shearing force (viscosity) or
due to any solute-solvent interaction, like H-bonding, etc. Thus, the anisotropy
measurements provide us the knowledge about the frictional force exerted on the
fluorophore by surrounding media.125, 244, 254, 256
Fluorescence anisotropy can be measured using both steady-state and timeresolved techniques. In a steady-state measurement, the sample is illuminated with a
continuous beam of plane polarized light while in time-resolved technique the
excitation is performed with a pulsed polarized light. The schematic for the
measurement of the fluorescence anisotropy (both steady-state and time-resolved) is
illustrated in figure 2.4. The sample is excited with the vertically polarized light, i.e.
the electric vector of the excitation light is oriented along the z-axis. In steady-state
measurements, the emission intensity the sample is measured through a polarizer
oriented either parallel ( I& ) or perpendicular ( I⊥ ) with respect to the excitation
polarization and the anisotropy (<r>) is calculated using following equation.125, 244, 254,
256
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< r >=

I& − GI
G⊥

(2.7)

I& + 2G
GI ⊥

measuremennt of fluoresccence anisottropy.
Figgure 2.4 Sch
hematic diaggram for the m
The facctor G in equation
e
2.77 arises to correct the polarization
n dependentt
sen
nsitivity of the detecttion system
m. The G-fa
factor is exxperimentally
y measuredd
inddependently by exciting the sample with horizonntally polariized light an
nd measuringg
thee fluorescencce intensitiess at perpenddicular (IHV) and parallel (IHH) polarrization withh
respect to exccitation polarization. T
The ratio off emission intensity att these twoo
pollarization, IHV/IHH, givves the value of the G factor at respectiv
ve emissionn
waavelength.125, 244, 254, 256
Similarr to steady-sttate anisotroopy, the timee-resolved fluuorescence anisotropy
a
iss
exppressed as

r(tt) =

I& (t) − GI⊥ (t)

(2.8)

I& (t) + 2GI⊥ (t)
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where I& (t) and I⊥ (t) are the two polarized fluorescence decays with emission
polarizations parallel and perpendicular with respect to the vertically polarized
excitation light.125, 244, 254, 256

2.6. Fluorescence up-conversion Measurements
The maximum time resolution that can be achieved with the TCSPC technique
is ~40 ps using a MCP-PMT as the detector. Further improvement in the time
resolution in TCSPC techniques could not be archived due to lack of fast detector
system.125,

244, 254, 257

Hence, any excited state processes that happens in the sub-

picosecond time-scale cannot be measured by TCSPC technique. However, to record
the emission transient in the sub-picosecond time scale, non-linear optical gating
technique is introduced by Mahr and Hirsch.258 Such technique can provide the time
resolution comparable to the excitation pulse width. In optical gating technique, the
emission from the sample is mixed with the femtosecond laser pulse (gate) in a
nonlinear medium to generate the sum or difference frequency light. Such optical
mixing technique can provide time resolution close to the width of gate pulse. Optical
gating technique, where the mixing of the gate pulse and the fluorescence generates
sum frequency, commonly known as fluorescence upconversion technique, is widely
used for measuring the fluorescence decays in the ultrafast time scales.

2.6.1. Basic principle of fluorescence up-conversion
2.6.1.1. Sum-frequency generation
The basic principle of fluorescence upconversion is based on the generation of
sum frequency of incident gate beam of frequency (ωg) and the emission frequency
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(ωfl) in a thin nonlinear crystal. The generation of sum frequency (ωs) is schematically
shown in figure 2.5. Due to the pulsed nature of the gate pulse, the sum-frequency is
generated only during the temporal overlap of the gate pulse and the emission light in
the upconversion crystal. Thus, despite longer temporal width of the emission light,
only a thin slice of it will be upconverted by the gate pulse and hence, providing timeresolution quite comparable to the width of the gate pulses used.258-262

θ

Figure 2.5 Schematic representation of sum frequency generation in a non-linear
crystal.
The up-conversion efficiency of gate and emission pulses are mainly governed

K

by the phase matching condition among the wave vectors ( k ) of the different lights
(ωg, ωfl, and ωs) that interact in the nonlinear crystal.258-262 For the efficient sumfrequency generation, two important criteria that needs to be satisfied are the “energy
conservation” and the “momentum conservation” phase (matching condition) among
the interacting lights in the nonlinear crystal. The conservation of energy implies
following relation among the frequencies of the different light involved.

ω g + ω fl = ω s

(2.9)
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Similarly, the momentum conservation (phase matching) condition gives the
following relation

r
r
r
k s = k g + k fl

K

(2.10)

K

K

where k g , k fl and k s are the wave vectors for the gate, fluorescence and the sum
frequency lights. The closeness of the phase matching condition for the sum frequency
r

generation has been related to a parameter called phase mismatch. Δ k , and is
expressed by the following equation.

r r
r
r
Δk = k s - (k g + k fl )

(2.11)

For the collinear propagation of the gate and the fluorescence beams, the expression
for phase mismatch can be simplified as,

r r
r
r
1
Δk = k s - (k g + k fl ) = n s ω s − n g ω g − n fl ω fl
c

d

i

``

(2.12)

where c is the velocity of light in vacuum and ns, ng and nfl are the refractive indices of
the lights ωs, ωg and ωfl, respectively, in the non-linear medium. It is trivial that for

G

the true phase matching condition, the Δ k value should be equal to zero. Thus,

G

smaller is the Δ k value, better is the phase matching condition and hence better is the

G

upconversion efficiency. However, achieving zero value for Δ k is not practically
possible as none of the interacting lights are monochromatic in nature. Thus,
practically, efforts are made to achieve minimum phase match condition to attain
maximum intensity for the sum frequency light.258-262 To achieve this, the optical axis
of the non-linear crystal is rotated with respect to the polarization direction and the
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direction of propagation of the gate and the fluorescence light pulses until the intensity
of the sum-frequency light becomes maximum for a selected ωfl value. The
monitoring emission wavelength (ωfl) can be easily achieved by setting the
wavelength of the monochromator at the sum-frequency light ωs that is expected
according to equation 2.21. Thus, fluorescence decays at different emission
wavelengths can be measured by simply tuning the optic axis of nonlinear crystal for
the maximum generation of sum frequency. Due to high transparency over a wide
spectral range (190-2500) and a reasonably high non-linear efficiency for the sumfrequency generation process, β-barium borate (BBO) is considered to be the best
suited nonlinear crystal for the fluorescence up-conversion measurements.258-262
2.6.1.2. Time resolution
The fluorescence decay in the upconversion measurements has been obtained
by the measuring the integrated intensity at different time delay of the gate pulse at the
nonlinear crystal with respect to the excitation pulse and thereby scanning the whole
fluorescence decay of the sample as shown in Figure 2.8. At any delay of the gate
pulse, the intensity of the sum frequency light (IS) is proportional to the correlation
function of the fluorescence intensity (Ifl) and the intensity of the gate light (Ig), and is
given by the following equation.258-262

Is (τ ) =

+∞

∫ I fl (t)Ig (t − τ )dt

(2.13)

−∞

where τ is the time delay between the excitation and the gate pulses. Since the
intensity of the gate pulse, Ig, unchanged at all the delays, the intensity of the sum
frequency light at each delay position is directly proportional to the intensity of the
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fluorescence light at that delay. Thus, pictorially, the value of the integral in equation
2.13 at any delay position can be represented by the shaded area under the
fluorescence curve as shown in Figure 2.6. The entire fluorescence decay trace can be
obtained by scanning the delay for the gate pulse and recording the integrated intensity
of the sum frequency light at each delay.258-262

Figure 2.6 Schematic representation of fluorescence decay measurement using
fluorescence up-conversion technique.
The block diagram of femtosecond fluorescence upconversion instrument used
in the present work is shown in figure 2.7. A diode pumped solid state (DPSS) laser
pumped mode locked Ti-Sapphire laser has been used to produce ultrashort laser
pulses for the wavelength around 800 nm. The pulse duration of the present
Ti:sapphire laser system is ~50 fs and it operates with a repetition rate of 82 MHz with
a wavelength tunability over 720-900 nm. For the work presented in this thesis, 880
nm laser pulse from the oscillator is used. The second harmonic pulse at 440 nm is
generated by passing the fundamental 880 nm light from the oscillator through a
nonlinear BBO crystal. The second harmonic light (440 nm) thus produced is
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sep
parated from
m the residuaal fundamenntal light (8880 nm) usinng a dichroicc mirror andd
furrther used foor the excitaation of the samples. The
T intensityy of the 440
0 nm light iss
norrmally kept reasonably
r
l to ensuree that the fluuorescence inntensity rem
low
mains linearlyy
deppendent on the
t excitatioon laser intennsity and to minimize thhe photo-deegradation off
thee samples.

Figgure 2.7 Thhe Schematicc diagram oof the femtoosecond fluoorescence up
p-conversionn
instrument.
For thee upconversiion experim
ments, the saample solutioon is kept in
i a rotatingg
quaartz cell of 1 mm thickkness. The sample cell is rotated ccontinuously
y during thee
meeasurement to minimizze the photoo-decompossition. A loong pass fillter is usedd
imm
mediately after
a
the sam
mple cell too block thee excitation light and transmit
t
thee
em
mission light. The transieent fluoresceence originatting from thee sample is then
t
focusedd
ontto an up-coonversion crrystal (0.5 m
mm thick BBO
B
crystall), using tw
wo parabolicc
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mirrors. The residual fundamental beam, the gate pulse, is initially directed to an
optical delay line and subsequently focused onto the up-conversion crystal. A
translational stage, driven by a stepper motor with a step size of 0.1 μm, is used to
change the delay between the gate pulse and the emission light. The gate pulse is
focused onto the up-conversion crystal using a lens to mix with the fluorescence signal
and thus to generate the sum-frequency or the up-converted signal. The upconverted
light is focused onto a slit of a double monochromator after passing through a band
pass filter that eliminates the gate and the unused fluorescence light but transmits the
up-converted light. This up-converted light is finally detected by using a
photomultiplier tube connected to a photon counting system (CDP Inc. Russia). A
variable wave plate (Berek compensator) in the path of the excitation beam is used to
control the polarization direction of the excitation pulses relative to the horizontally
polarized gate pulses. Fluorescence up-conversion measurements are normally carried
out under magic angle condition to avoid the rotational depolarization effect of the
probe molecules on the observed fluorescence decays.
2.6.1.3. Instrument response function
As the excitation pulses are having considerable pulse width, the fluorescence
decay measured at a particular wavelength using this technique is a convolution of the
sample response with that of the instrument response function. Thus, the measured
fluorescence decay should be deconvoluted with that of instrument response function
(IRF) in order to get true sample response or the exact decay parameters. Thus, it is
very essential to measure IRF of the up-conversion setup to analyze the observed
fluorescence decays, and this can be easily obtained by mixing the residual excitation
light that passes through the sample with the gate pulse in the up-conversion crystal
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andd measuringg the sum-frrequency ligght, which is
i commonlyy referred as
a the cross-corrrelation lighht. The channges in the cross-correllation light intensity wiith the delayy
tim
me of the gaate pulse caan be easilyy recorded similar
s
to thhe measurem
ments of thee
fluorescence decays
d
and thhe temporall profile thuus obtained ffor the cross-correlationn
lighht representss the IRF off the fluoresscence up-coonversion innstrument. A typical IRF
F
of the present setup is shoown in Figurre 2.8, which is found tto be Gaussiian in shape.
The FWHM off the IRF forr the present instrument is
i found to bbe ~175 fs

Figgure 2.8 A typical insttrument respponse functiion of the present
p
fluorrescence up-connversion insstrument meeasured for 4440 nm exccitation lightt. The full-w
width at halff
maaximum of th
he instrumen
nt response function
f
is ~175 fs.

2.7
7 Fluoresscence Microscop
M
py
Fluoresscence microoscopy is a vversatile tech
hnique, whicch has been used widelyy
in the field off life sciencees, material sciences annd in mediccal sciences to visualizee
diffferent targeets stained with fluorrescence prrobes.263 Fluuorescence microscopee
bassically imag
ges differennt classes of substraates throughh the fluorrescence orr
pho
osphorescennce emanatinng from thee fluorophorres after phootoexcitation
n. Since thee
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wavelength of emission from the probes is quite separated from the excitation light,
fluorescence microscope provides images with much better contrast over the other
conventional optical microscope. Fluorescence images give information about the
physical and chemical environments around the fluorophores and thus the specific
attached targets. The development of variety of organelle specific fluorescent probes
enhances the ability of fluorescence microscopy to identify different components in
the cell such as nucleus, mitochondria, cell membranes etc.263, 264 Such use of array of
fluorophores also helps us to understand the function of different cellular components
simultaneously. Further, polarized fluorescence microscopy can provide information
about the orientation of fluorophores with respect to the orientation of its targets.227
Recent advances in this field such as fluorescence lifetime imaging (FLIM) and single
molecule fluorescence microscopy will help us not only to record the images but also
to understand the dynamics, even in the live cells.118, 162

2.7.1 Principle
The basic design of the fluorescence microscope consists of a light source to
illuminate the sample, an excitation filter to choose the wavelength of excitation, a
dichroic mirror to reflect the excitation light and transmit the emission light and an
emission filter to cut any residual excitation light and a detector to record the image.263
Thus, only the fluorescence light emitted only reaches the detector to give the image
of the fluorescence structures of the specimen. In general, the light sources used are
broad band sources like Xenon arc lamp or mercury vapour lamp. Nowadays, high
power tunable laser sources or LEDs are also being used. The excitation filter,
emission filter and dichroic mirror should be selected according to the excitation and
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em
mission profiiles of the fluorophores
f
s of interest. CCD arrayy is commoonly used ass
dettector for reccording the fluorescence
f
e images.

2.77.2 Epifluoorescence microscop
pe
The maajority of thee fluorescennce microscoope used in the
t biological science iss
bassed on epi-ffluorescence microscopee.263, 265 A schematic
s
reepresentation
n of the epi-fluorescence microscope
m
is shown iin figure 2..9. In generral, in epi-fluorescencee
miccroscopic deesign, vertical illuminatiion from thee top of the ssample is prreferred. Thee
colllimated exccitation lightt is focused on the sam
mple by usinng an objectiive lens andd
fluorescence em
mitting from
m the specim
men is collectted with the same objecttive lens andd
dettected with the
t CCD cam
mera after paassing throu
ugh the dichrroic mirror and
a emissionn
filtter. In this configuratio
c
n, most of the excitatioon light, exxcept scatterred from thee
sam
mple, is trannsmitted throough the sam
mple. Thus, vertical exccitation helpss to enhancee
thee signal to noise
n
ratio. For
F our studdies, Axioskkop II mot pplus (Zeiss) microscopee
equuipped with 40x objecttive has beeen used for the imaginng of PicoGreen stainedd
insulin fibrils (chapter
(
3).

pe.
Figgure 2.9 Thee schematic diagram of a typical epi--fluorescencce microscop
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2.77.3 Confoccal microsscope
Confoccal microscoopy has been developed
d to overcom
me some limitations off
wid
de field fluoorescence miicroscopies such as low optical resoolution, imagge distortionn
etcc.265 In epi-fl
fluorescence microscopee the samplee is excited uuniformly with
w the lightt
froom the excitaation sourcee and recordds its fluoresscence imagges. The schematics of a
connfocal microoscope are shhown in figuure 2.10.

Figgure 2.10 Scchematic diaagram of typiical confocaal fluorescence microscope
Confoccal design off focal poinnt and the pinhole elimiinates light from out off
foccus planes orr points awaay from the optic axis. This
T is know
wn as opticaal sectioning.
Thuus, the deteector receivees the lightt mostly froom the focaal point. This records a
fluorescence im
mage of a pooint object which
w
is free from out off focus blur. By scanningg
through the en
ntire specim
men, we can get the totaal fluorescennce image with
w a betterr
resolution. Butt the increaseed resolutionn is at the co
ost of decreaased signal intensity
i
andd
hennce long exp
posures are needed,
n
whicch can causee photo bleacching of the samples. Too
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avoid this, very sensitive detectors such as high gain PMTs or avalanche photodiodes
have been used in confocal microscopes. Through confocal microscopy, three
dimensional images can be reconstructed by collecting the images at different depths
of a thick object.238,

266

For imaging of 2Me-DABT and SYPRO Orange stained

insulin fibrils, LSM 780 meta laser scanning confocal microscope (Zeiss) has been
used.

2.8 Quantum Chemical Calculations
Density functional theory (DFT) is a quite powerful method to evaluate the
ground state properties of molecular systems with an appreciable accuracy.267 The
time dependent DFT approach (TDDFT) has become a routine method for the
evaluation of vertical electronic excitation spectra and excited state geometry.
Although, TDDFT calculated energy parameters do not provide quantitative accuracy,
qualitative information regarding the electronic and geometric structures and energetic
are reasonably good. The ground state geometries of all the molecules were optimized
using the density functional theory (DFT) without imposing any symmetry restriction.
Becke’s three parameter hybrid exchange function with the Lee-Yang-Parr gradient
corrected correlated functional (B3LYP)267,

268

was used in conjunction with 6-

311++g(d,p) basis set as implemented in Guassian 03 software package.269

2.9 Molecular Docking Studies
Autodock suite (version 4.2) implemented in the autodock tools (version 1.5.6)
was used for the molecular docking studies of amyloid probes with fibril structure to
detect the binding site, best direction and binding energy.240, 270 The structure of Aβ1-
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42 fibril was obtained from Protein database (PDB) with PDB id: 2MXU.271 The
structures of probes have been optimized using DFT and further used for blind
molecular docking studies. To be mentioned, in Autodock experiment, the host
molecules are considered to be structurally rigid and do not allow any structural
reorganization due to the incorporation of the guest molecules. Inspite of such
limitation, the prediction of the autodock on the binding sites of small molecules in
different biomolecules, like protein, DNA, is found to be quite reasonable. Hence, for
our studies, fibril was considered as a rigid host molecule and probe molecules as a
flexible ligand allowing all torsional motions in the molecule. Mullikan charges
obtained from quantum chemical calculations have been used in docking studies.
Molecular docking was initiated with several initial positions of the ligand with
respect to the fibril. The size of the grid was made in such that the ligand can access
all possible binding sites in fibrils. Each docking involved 200 independent runs with
a maximum number of 5 x 106 energy evaluation and 27000 generations. The
Lamarckian genetic algorithm (LGA) method was applied to find the docked
conformations of the ligand with the lowest energy.270 Results of all 1000 runs were
clustered with root mean square deviation (RMSD) <2 Å and ranked according to their
binding energies. The highest binding energy conformations have been reported. To
identify relative location one probe with respect to other, docking with multiple
ligands has been performed. In this procedure, already docked molecule-fibril
complex is treated as rigid host and the additional probe is treated as the ligand and
above procedure has been applied to get the final docking conformation.
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Chapter-3
PicoGreen as amyloid fibril sensor and
deciphering its ultrafast dynamics
3.1. Introduction
As discussed in chapter 2, among the several techniques available for the
detection of fibrils, optical imaging using fluorescent amyloid markers has received a
lot of attention.112 Thus, developing new sensitive probes for amyloid fibrils is an
active field of research. Among the developed fluorophores, Thioflavin T, belongs to
class of ultrafast molecular rotors (UMR), has been utilized extensively for staining
amyloid fibrils both in-vitro and ex-vivo due to its large fluorescence enhancement in
the presence of fibrils.198 Such large emission enhancement of ThT is due to the
retardation of ultrafast non-radiative torsional relaxation around its central C-C bond
upon binding with amyloid fibrils.212 ThT has becomes a gold standard for amyloid
detection and in use for several decades. Additionally, its selective binding with
amyloid fibril and lack of interaction with native, unfolded proteins, oligomers, and
protofibrils makes it a suitable probe to monitor the fibrillation kinetics.129 Thus, ThT
has also been used to evaluate the anti amyloid activity of several drugs. Despite
having lot of advantages, use of ThT for the detection of amyloid is also suffered from
several drawbacks. ThT has shown to promote the fibrillation process through the
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preferential stabilization of the beta sheet conformations in amyloid fibrils.213 The
fluorescence intensity of Thioflavin T in fibril is highly sensitive to the external
conditions such as ionic strength and pH and also on the structural morphology of the
fibrils.194, 214 Thus, it is difficult to assign the activity of the drugs just based on the
ThT fluorescence. Recently, we have shown through ultrafast fluorescence
spectroscopy that, only small part of the amyloid bound ThT is contributing to the
enhanced fluorescence while the other major part does not contribute much to the
observed emission.214 Further, the excitation and emission spectral positions of ThT
are not compatible with standard laboratory instruments, like fluorescence
microscope, flow cytometer, plate readers etc. Thus, there is a need for an efficient,
sensitive fluorescent amyloid probes.
In the search of such probes, recently it has been reported that molecular rotor
based probes are promising for the amyloid staining. Recently, two UMR based
fluorophore, namely, Auramine O (AuO)190 and, di-cyano vinyl julolidine (DCVJ)194
has been shown to have good sensitivity towards amyloid fibrils compared to native
protein. It has been shown that the restriction of their internal rotation upon binding to
fibrils cause the observed enhanced fluorescence for both UMR dyes. However, the
sensitivity achieved with these UMRs is either comparable to or less than that of
ThT.190, 194 In recent past, Volkova et. al. shows that cyanine based probes can also
able to detect amyloid fibrils. These cyanine dyes has spectral properties suitable for
the use of common laboratory instruments to detect amyloid fibrils and their presence
does not affect the fibrillation process. However, such cyanine dyes suffers from low
sensitivity.229, 231
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From all
a these repo
orted resultss it is expectted that a cyyanine basedd UMR mayy
proovide suitablle spectral prroperties, likke cyanine dyes,
d
as welll as high sennsitivity, likee
UM
MRs, for thee efficient detection
d
of amyloid fibbrils.. PicoGrreen (PG) is one of thee
reccently reporteed cyanine based
b
molecuular rotor whhose structurre is shown in scheme 1.
This dye show
ws very weakk fluorescennce in waterr.272 Dragan et. al propo
osed that thee
ultrrafast internal dynamics of the probee are responnsible for succh high quen
nching of thee
exccited state in
i low viscous solventts.272 Throug
gh quantum
m chemical calculations,
Ok
kishi et. al. showed thaat rotation of
o benzothiaazole group is responsib
ble for suchh
effficient quencching of the excited statte of PG in low viscouss solvents.2773 It has alsoo
beeen proposed
d that restricction on suchh rotation can improve the emissio
on yield to a
siggnificant exteent. Thus, thhe emission quantum yieeld of PG is reported to be increasess
274
witth the increaase in the viscosity of surrrounding medium.
m

Sch
heme 3.1 Molecular struuctures of PicoGreen (PG
G) and Thiofflavin T (ThhT).
From the
t
molecuular structurres, it is evident that like ThT, PG has a
bennzothiazole group and also shows the propertiies of a moolecular rotoor where thee
bennzothiazole rotation is playing
p
a key
k role.275 Inspired
I
from these faccts, we havee
expplored the possibility
p
o the use of PG as amyloid
of
a
straain and investigated itss
pho
otophysical properties in insulin fibril througgh steady sstate and tiime-resolvedd
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fluorescence techniques. It has been shown that large enhancement of PG fluorescence
is observed upon its interaction with insulin amyloid fibrils. Fluorescence resonance
energy transfer and molecular docking studies has also been carried out to determine
the probable location of PG in fibril.
Apart from the detection point of view, the dynamics of molecular rotor probes
give a detailed understanding about the mechanism of its sensing activity. For
example, in case of ThT, it has been shown that the restriction of excited state
torsional dynamics in amyloid fibrils is responsible for the observed large
fluorescence enhancement compared to water.128, 130 The knowledge about the detailed
excited state dynamics will help us to understand the molecular level details of the
binding and helps us to design new molecules with suitable excited state properties
that can result in better amyloid sensitivity. For this purpose, we have studied the
excited state dynamics of PG in molecular solvents with different polarity as well as
viscosity. We have also correlated the dynamics of PG in fibril with the dynamics in
molecular solvents.

3.2. Experimental Methods
Bovine insulin, ThT, NaCl have been purchased from Sigma-Aldrich. ThT has
been recrystallized twice from water and its purity has been checked by NMR.
PicoGreen (20X in DMSO) has been purchased from Invitrogen and used as received.
Acetonitrile (ACN), ethyl acetate (EA) were purchased from Spectrochem, India and
ethylene glycol (EG) was purchased from Sigma-Aldrich. Triple distilled water has
been used for all the experiments. The fluorescence quantum yield of PG in molecular
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solvents were determined by comparative method using Nile red in dioxane (φf=0.7)
as the reference.
The ground state absorption and steady state emission spectra were obtained
from Jasco spectrophotometer (model # V-650) and Hitachi spectrofluorometer
(model # F4500). Nanosecond time-resolved emission measurements have been
carried out using a time-correlated single photon counting (TCSPC) based instrument
from IBH, UK. All the samples were excited with 451 nm delta diode laser with
instrument response of 170 ps. Except anisotropy measurements, all emission
measurements were carried out with the emission polarizer at magic angle with
respect to the vertical polarization of the excitation light. All measurements were
carried out at ambient temperature (250C).
The time weighted average lifetime has been calculated according to the following
equation.125

τ avg = ∑

aiτ i2
∑ aiτ i

(3.1)

For the calculation of FRET efficiency the amplitude weighted average lifetime has
been estimated using following equation.125

τ avg = ∑

aiτ i
∑ ai

(3.2)

Insulin fibrils has been prepared by following method proposed by Manno et
al.276 Briefly, 2 mg/ ml of insulin has been dissolved in 20% acetic acid and heated at
700C for about 24 hours with constant stirring. The formation of fibril has been
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confirmed by standard ThT fluorescence assay. The fibrils were diluted 12 times with
Tris buffer and the pH of the fibril has been adjusted to 7.4 by using dilute NaOH
solution. For the fibrillation kinetics experiments, the insulin fibrils have been
prepared by another method reported by Heldt et al.75 Insulin (2mg/ ml) has been
dissolved in 25 mM HCl, 100 mM NaCl (pH 1.6) and heated at 600C for 4 hours. The
aliquots of the fibril have been taken every 15 minutes and required amount of dyes
have been added and subsequently their fluorescence has been measured. The kinetic
profiles were fitted with the following sigmoidal equation

If =

I 0f − I ∞f
1+ e

( t − to ) / σ

+ I ∞f

(3.3)

0

∞

where If is observed intensity of fluorescence, I f , I f is the fluorescence intensity in
the absence of fibril and at the completion of fibrillation, t0 is the time at which 50% of
the maximal fluorescence has been achieved. Lag time is given by t0-σ.277
Femtosecond time-resolved fluorescence measurements were carried out using
a fluorescence upconversion instrument discussed earlier (cf. Chapter 2). In the
present study the second harmonic of Ti-Sapphire laser pulses (440 nm, 50 fs, 82
MHz) was used for the sample excitation. For the construction of the time-resolved
emission spectra (TRES), the fluorescence transients were recorded at 10 nm intervals
across the steady-state emission spectrum of PG. All these fluorescence transients
were fitted with a tri-exponential function using an iterative convolution method.
Time-resolved emission spectra (TRES) were reconstructed using the best fitting
parameters of the fluorescence decays measured at different wavelengths following
the method proposed by Maroncelli and Fleming.138 In the present study, the
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experimental data points for the each reconstructed TRES were fitted using the
lognormal function of the following form.138
2
⎡
⎧ 1 ⎛ 2b(ν −ν P ) ⎞ ⎫ ⎤
I (ν ) = a exp ⎢ − ln(2) ⎨ ln ⎜1 +
⎟⎬ ⎥
w
⎠ ⎭ ⎥⎦
⎢⎣
⎩b ⎝

=0

if

if

2b(ν −ν P )
> −1
w

2b(ν −ν P )
≤ −1
w

(3.4)

where, the amplitude, a, the peak frequency, νp, the width parameter, w, and the
asymmetry parameter, b, are the adjustable parameters. The full width at half
maximum (FWHM) of the emission spectra were calculated from width parameter, w,
and the asymmetry parameter, b, by using the following equation.138

FWHM = w

sinh(b)
b

(3.5)

Autodock suite (version 4.2) implemented in the autodock tools (version 1.5.6)
was used for the molecular docking studies.240 The structure of Aβ1-42 fibril was
obtained from Protein database (PDB) with PDB id: 2MXU. The geometry of PG and
ThT were optimized by quantum chemical calculations using Gaussian 03 package.269
B3LYP functional267, 268 and 6-31++g(d,p) basis function were used to optimize the
chemical structures by DFT method. The energy optimized structure of PG has been
used for blind molecular docking studies. For docking studies, fibril was considered as
rigid host molecule and PG as a flexible ligand allowing all torsional motions in the
molecule. For docking with ThT, fibril with a docked PG was used as a host molecule
and a similar procedure as used for the docking of PG with fibril was followed.
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3.3. Results and Discussion
3.3.1 Steady state emission measurements
The emission properties of PG are reported to be highly sensitive towards its
immediate surroundings.272,

274

The emission spectra of PG in water and in the

presence of insulin fibrils of different concentrations have been recorded by exciting
the sample at 485 nm and presented in figure 3.1. The emission spectrum of PG in
water shows a very weak and broad emission with a maximum at 540 nm. Extremely
low quantum yield of PG in water has been reported to be due to the high frequency
rotation and stretching C-C bond of benzothiazole and quinolinium coupled
system.272, 273 From figure 3.1 it is clear that there is a spectacular enhancement of
~1000 fold in the fluorescence intensity of PG due to the addition of insulin fibrils.
Such increase in the emission yield clearly indicates that PG binds very strongly with
insulin fibrils. Dragan et. al, showed that the fluorescence intensity of PG is very
sensitive to viscosity rather than the polarity of the media.272 This means that PG
experiences a larger microviscosity at the binding site of the fibril leading to large
fluorescence enhancement. This result indicates the internal dynamics of PG are being
restricted due its binding to insulin fibrils. The variation in the emission intensity at
540 nm for PG due to the addition of amyloid fibril is shown in the inset of Figure 3.1.
Such low background fluorescence in water and remarkable fluorescence
enhancement (~1000 fold) in fibrillar media makes PG a very good fluorescence
probe for the detection of amyloid fibrils.
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Figure 3.1 (A) The fluorescence spectra of PG in water in the presence of different
concentrations of insulin fibril. Arrow indicates the increase in insulin fibril
concentration, 0-30 μM. Concentration of PG is 130nM. The excitation wavelength is
480 nm. Inset: The fluorescence Spectra of PG in water (B) Variation in the emission
intensity of PG at 540 nm with the fibril concentration. Circles represent the
experimental data points and the solid line represents the fitted line according to
Equation 3.6.
In order to quantify the propensity of PG towards insulin amyloid fibrils, the
changes in the emission intensity due to the addition of amyloid fibrils were fitted
with following modified Benesi-Hildebrand equation.278

If =

I 0f + I ∞f Kb [ fibril ]

(3.6)

1 + Kb [ fibril ]

where If is the observed fluorescence intensity, If0, If∞ are the fluorescence intensity of
free and completely bound PG, respectively. Kb is the binding constant. The solid line
in the inset of figure 3.1 represents the fitting of the experimental data with equation
3.4. A nice correlation (R2=0.997) clearly indicates that there is 1:1 binding is
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operating between PG and fibril and the estimated binding constant is found to be
2.45x104 M-1.

3.3.2. Time resolved emission measurements
Steady state measurements show that the internal dynamics of PG has been
restricted upon binding with insulin fibrils. The excited state lifetime is reported to be
a measure of internal dynamics of PG.272 To understand the effect of the interaction of
insulin fibrils on the internal dynamics of PG, we have measured the fluorescence
lifetime of PG in fibrillar solution using TCSPC method and the results are presented
in figure 3.2. Black curve represents the decay trace of PG in water. It is clear that the
lifetime of PG is IRF limited. It has been reported that the excited state lifetime of PG
in buffer is ~4 ps.272 Such short lifetime is due to the internal dynamics such as
rotation, isomerization etc., of the molecule. Recently, Nakai and his coworkers
showed theoretically that there exist two conical intersections between the ground and
excited states in the free PG molecule. The rotation of benzothiazole and stretching of
C-C bond adjacent to benzothiazole group are the requirements for the formation of
conical intersections. This gives the additional non-radiative channel for the
deactivation of the excited state leading to very low quantum yield for PG in
solution.273
The excited state decay of PG is gradually slower with increase in the
concentration of insulin amyloid fibrils which is evident from figure 3.2A. All the
decays were fitted with tri exponential function and fitted parameters are presented in
table 3.1. The excited state lifetime of molecular rotors is, in general, represented by
the average lifetime due to the existence of barrier less potential energy surface.128, 130,
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178, 279

Drawing an analogy, for PG also the average lifetime will be representative for

the whole process. The variation in the average lifetime of PG with the addition of
insulin fibrils have been displayed in figure 3.2 B. It is evident from figure 3.2B that
in the presence of insulin fibrils, the excited state lifetime increased from 4 ps in neat
water272 to 3.45 ns in 30 μM insulin fibril solution. Increase in the excited state
lifetime by three orders of magnitude clearly indicates the presence of strong
interaction between PG and insulin fibrils. Dragan et. al. measured the excited state
lifetime of PG with different solution conditions such as different polarity and
viscosity and concluded that the excited state lifetime of PG is very sensitive to the
solution viscosity rather than the polarity.272 They have also shown that PG can serve
as very good viscosity sensor and has been used estimate the viscosity inside collagen
fibers.274 Thus, in case of insulin fibrils, PG is experiencing a higher microviscosity at
the binding location where its internal rotation is restricted.

Figure 3.2 (A) Time-resolved fluorescence decays of PG (130 nM) in insulin fibril of
different concentrations (0-30 μM). Excitation wavelength 445 nm and the emission
were monitored at 540 nm. The dotted line represents lamp profile. (B) The variation
in the average lifetime of PG with the concentration of insulin fibrils.
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Table 3.1 Fitting parameters for transient emission decays and average lifetime of PG
in amyloid fibril solutions.
[Fibril]
0.30
0.60
1.18
2.31
5.45
10.0
13.8
20.0
24.7
32.7

A1
41
28
13
7
5
4
3
4
3
3

τ1 / ns
0.05
0.06
0.06
0.07
0.14
0.15
0.17
0.24
0.25
0.25

τ2 / ns
0.40
0.47
0.77
0.94
1.32
1.31
1.45
1.58
1.63
1.65

A2
33
36
35
29
26
22
23
23
23
23

τ3 / ns
2.24
2.26
2.99
3.30
3.75
3.79
3.93
3.96
3.99
4.05

A3
26
36
52
64
69
74
74
73
74
74

τavg / ns
0.73
1.00
1.83
2.39
2.94
3.10
3.25
3.26
3.34
3.38

3.3.3. Time-resolved anisotropy studies
Fluorescence anisotropy technique is extensively used to understand the
binding pattern for dye-bio-supramolecular assemblies.280,

281

To understand the

rotational dynamics of PG upon interacting with insulin fibrils, time-resolved
anisotropy measurements of PG in water with the addition of different concentrations
of insulin fibril have been performed and the results are presented in figure 3.3. From
figure 3.3, it is seen that the anisotropy decay for PG in water is very fast which yields
a time constant of ~100 ps. The addition of insulin fibril to aqueous solution of PG
causes a drastic decrease in the rate of decay in anisotropy. This result indicates that
the rotation of PG is getting restricted upon binding to insulin fibril. This implies that
fibril bound PG experiences a larger rigidity compared to free molecule in water. The
time-resolved anisotropy data also corroborates with the results from both steady state
and time-resolved fluorescence measurements. All anisotropy decays were fitted with
bi-exponential function and the fitted parameters are presented in table 3.2. The fast
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rotational time constant (~100 ps) can be assigned to the unbound PG molecules and
the longer decay component can be assigned to PG bound to fibril. At the highest
concentration of fibril used in this study, fluorescence anisotropy of PG does not
decay completely within the lifespan of the fluorophore and yields a residual
anisotropy of 0.36 at 10 ps. Anisotropy decay parameters presented in table 3.2
suggests that the residual anisotropy of PG increases with increase in the fibril
concentration.

Figure 3.3 Time resolved fluorescence anisotropy of PG with varying concentration
of insulin fibril (1) water (2) 0.30 (3) 1.18 (4) 5.21 and (5) 25.62 μM.
Table 3.2 Fitting parameters for anisotropy decays of PG in fibrillar solutions
r1 / ns
a2
r2 / ns
r∞#
a1
[fibril] / μM
0
100
0.12*
0
0.3
47.2
0.08
53.78
3.91
0.079
1.2
39.3
0.10
61.69
9.87
0.227
2.6
24.2
0.10
75.76
13.72
0.284
5.2
100.0
0.09
------0.295
11.8
100.0
0.11
------0.366
19.9
100.0
0.11
------0.353
25.6
100.0
0.11
------0.348
# limiting anisotropy is represented by the value of anisotropy at 10 ps. * subjected to
errors due to small lifetime of ~ 4 ps
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3.3.4. Effect of ionic strength
As PicoGreen is positively charged and at neutral pH some of the amino acids
such as glutamic acid (pKa=4.07), in the fibril are expected to be in anionic form, it is
highly expected that the electrostatic forces might play a role in the binding of PG to
the amyloid fibril. To evaluate the role of electrostatic interaction in the binding of PG
to insulin fibrils, we have studied the emission properties of PG in amyloid fibrils in
the presence of varying amounts of salt and results are presented in figure 3.4. In
contrary to our expectation, no change in the fluorescence intensity as well as the
lifetime of PG has been observed even in the presence of salt of ~106 times more
concentrated than the probe concentration in amyloid fibrils. This result clearly
indicates that despite of charges on the host and guest molecules, electrostatic
interaction does not have any role in the association of PG with amyloid fibrils.
Hence, hydrophobic interaction is the most probable forces operating between PG and
insulin fibrils. From the molecular structure of PG we can observe three molecular
groups benzothiazole, quinolinium and aminopropyl chains. Comparison of molecular
structure of PG with standard amyloid staining dye, ThT, indicates the presence of
common benzothiazole moiety in both molecules. It is believed that the size of the
benzothiazole moiety is such that it can nicely fit in the amyloid grooves and leads to
strong binding of ThT with fibrils.198 Thus, it can be inferred that like ThT, the
benzothiazole unit of PG can fit tightly into the amyloid grooves. Such binding of the
benzothiazole unit hinder its non-radiative torsional motion resulting large increase in
its emission yield.
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Figure 3.4 (A) Fluorescence spectrum of PG in insulin fibril without salt (solid curve)
and with 500 mM NaCl (dashed curve). (B) Fluorescence decays of PG fibril with
(solid) and without salt (dashed). Dotted curve represents IRF.

3.3.5. Comparison with standard amyloid staining dye, Thioflavin T
As mentioned earlier that ThT is most widely used amyloid staining dye whose
fluorescence is greatly enhanced when bound to amyloid fibrils.198 Hence, to compare
the sensitivity of PG in comparison to ThT, fluorescence spectra of both dyes were
recorded in water and amyloid fibril under similar experimental condition and the
results are displayed in figure 3.5 A. From figure 3.5A, it is observed that the
fluorescence intensity of PG is enhanced by a factor of ~1000 while under the same
conditions, ThT shows only 400 fold increase in its emission intensity. Thus, the
present results suggest that PG has 2.5 times more sensitivity towards insulin fibrils as
compared to the gold standard amyloid probe, ThT. However, besides higher
sensitivity, an amyloid probe should also capable to follow the kinetics of the amyloid
formation. To check such characteristics for PG, we have also monitors the changes in
the emission intensity of PG during the fibrillation process and the results are
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compared with ThT. The changes in the emission intensity of PG and ThT during
fibrillation process are shown in 3.5 B. It is evident from the figure that both PG and
ThT can follow the process of fibrillation with equal capability. The fibrillation
kinetics has been analyzed according to the equation 3.1. The lag times thus estimated
are 96.5 and 95.5 min for PG and ThT respectively. Similar fibrillation lag time with
these two probes, further confirms that both these dyes are equally potential to
monitor the amyloidosis process. Thus, all these results clearly indicate that due to
higher sensitivity towards the amyloid fibrils, PG is a superior amyloid probe than
ThT. Further, the longer excitation and emission wavelength for PG as compared to
ThT, make it possible to use the common laboratory instrument for the detection of
amyloid fibrils. The longer emission wavelength of PG (540 nm) as compared to ThT
(490 nm) would also be advantageous due to low interference from the cell auto
fluorescence.282 It is important to be mention that the binding strength of PG
(2.45x104 M-1) is smaller than ThT (Kb1~1x107M-1 and Kb2 ~3.6x104 M-1).186
Recently, our group showed that only minor population of fibril bound ThT is
contributing to its characteristic fluorescence through ultrafast fluorescence
spectroscopy. However, in the case of PG we have observed ionic strength
independent single mode of binding exists for PG to fibrils. Hence, although the fibril
binding affinity of ThT is higher than PG, all the fibril bound PG is contributing to the
observed fluorescence which leads to give large sensitivity over ThT.
Fluorescence microscopy is a versatile tool which has been extensively utilized
to visualize the protein fibrils using fluorescent dyes.263 ThT has been widely used to
see the fibrils under optical microscope since years.283 To check whether PG can also
be used for microscopic studies, we have recorded the fluorescence microscopic
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Figure 3.5 (A) The emission spectra of ThT and PG (0.1μM) in the presence of 30
μM of insulin fibril. Dotted curves represent the emission spectra in water for both
dyes. (B) Fibrillation kinetics of Insulin fibril with both ThT ({) and PG (∇). Solid
lines represent their fits with equation 3.1.
images of amyloid fibril strained with same concentration of PG and ThT and the
results are shown in Figure 3.6. From the figure, it can be clearly observed that PG
gives brighter images compared to ThT. This result is in corroboration with the results
obtained from the steady state emission studies. Thus, brighter microscopic images
indicate that PG can serve as a better alternative to ThT for in-vitro imaging of
amyloid fibrils.

Figure 3.6 Microscopic images of insulin fibrils strained with (A) PG and (B) ThT.
Concentration of dye and fibrils are same in both measurements.
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3.3.6. Competitive binding and energy transfer studies
As PG and ThT have similar benzothiazole moiety in their molecular structure
and the rotation of benzothiazole is restricted due to the binding interaction in both the
cases, it might be possible that they may have similar binding location in the amyloid
fibrils. In order to verify such possibility, we have carried out competitive binding
with PG and ThT in fibrillar media. As binding constant of ThT is much higher
compared to PG, it is expected that ThT can replace PG if they have same binding
sites in amyloid fibrils. To check such possibility, we have gradually added ThT to the
PG-fibril solution and the emission spectra have been recorded and shown in figure
3.7. The figure shows that there is no change in the emission intensity of PG even
after addition of excess amount of ThT to the fibril solution. This implies that the
added ThT does not affect the binding of PG in the amyloid fibril indicating that these
two amyloid probes have distinct binding location in the amyloid fibrils.

Figure 3.7 Emission spectra of PG (0.1 μm) in 30 μM fibril in the presence of
different concentrations (0-3 μM) of ThT.
To understand the relative location of these two amyloid probes, energy
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transfer between these two probes has been investigated. The normalized absorption
and emission spectra of PG and ThT in insulin fibrils are presented in figure 3.8. It is
observed that the emission spectrum of ThT and absorption spectrum of PG have
significant spectral overlap which makes them a very good fluorescence resonance
energy transfer (FRET) pair.125 Thus, we can use FRET to find the relative location of
PG and ThT in amyloid fibrils.

Figure 3.8 Normalized absorption (dashed) and emission (solid) spectra of ThT
(green) and PG (red) in Insulin fibrils.
The emission spectra of ThT-fibril solution in the presence of different
concentrations of added PG are recorded and shown in figure 3.9A. From figure 3.9A
it is observed that due to addition of PG to ThT-fibril solution, the emission intensity
490 nm due to ThT gradually decreases with concomitant increase in the emission of
PG at 540 nm. Additionally, due to addition of PG, an iso-emissive point at 560 nm
has also been observed. The increase in the emission intensity of PG is clearly evident
from the intensity normalized emission spectra as shown in the inset of figure 3.9 A.
The appearance of an iso-emissive point clearly indicates that the decrease in ThT
emission and increase in PG emission are interconnected. This result can be explained
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from the fact that due to significant spectral overlapping between emission spectrum
of ThT and absorption spectra of PG, the energy can easily flow from the photoexcited
ThT to a ground state PG bound to amyloid fibril. As a control experiment, we have
also measured the emission spectrum of PG (final concentration used in the
experiment) in fibril by exciting at 440 nm and shown as dashed line in figure 3.9 A.
Such low emission intensity of PG in amyloid fibril on photoexcitation with 440 nm
clearly indicates that the large emission observed at 540 nm due to the addition of PG
to ThT-fibril solution is not from the direct excitation of PG. Rather, such large
emission of PG arises due to the efficient energy transfer from the photoexcited ThT
to PG.

Figure 3.9 (A) Emission spectra of ThT (0.1 μM) in fibrils in presence of different
concentrations of PG (0-1µM). Dashed line represents the emission spectra of 1µM
PG on excitation with 440 nm light. Inset: Intensity normalized emission spectra of
ThT-fibril solution with different PG concentrations. (B) Emission decays traces for
ThT in fibrillar solution in the absence (red) and presence (green) of PG. Excitation
wavelength is 440 nm.
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Time-resolved emission studies have also been conducted to confirm the
energy transfer between ThT and PG in amyloid fibrils. The energy transfer creates an
additional deactivation channel for the donor excited state resulting decrease in its
fluorescence lifetime.125 In order to check such possibility we have measured emission
transients of ThT in fibril in the absence and presence of PG. The fluorescence decay
of ThT in fibril follows non exponential kinetics which is fitted with tri exponential
function. The average lifetime of ThT in amyloid fibrils decreases from 0.67 ns to
0.34 ns in the presence of PG. Such large reduction in the fluorescence lifetime clearly
indicates that efficient energy transfer takes place between photoexcited ThT and
ground state PG in amyloid fibrils. Time-resolved fluorescence data have been used to
estimate the energy transfer efficiency using following equation.284

E =1−

τ DA
τD

(3.7)

where, τDA, τD are the amplitude weighted average lifetimes of the donor in the
presence and absence of acceptor respectively. So efficiency of FRET is estimated to
be ~50.1%. From Forster theory of resonance energy transfer, the Forster distance (R0)
has been calculated using the following equation284

R = R0 6

1− E
E

(3.8)

R0 = 0.211[κ 2 n −4QD J (λ )]1/ 6

(3.9)

Where κ2 is the orientation factor which is 0.67 for random orientation of donor and
acceptor, n is refractive index = 1.4 for macromolecules in water, QD is quantum yield
of donor (0.43 for ThT in fibril), J(λ) is overlap integral which is given as
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J (λ ) =

4
∫ FD (λ )ε A (λ )λ d λ
0

(3.10)

∞

∫ FD (λ )d λ
0

εA is extinctionn coefficient of the accepptor, FD is fluorescence
fl
intensity off donor. Thuss,
R0 is calculatedd as 52.7Å. The
T mean reelative distan
nce has beenn estimated as
a 53.3 Å.

3.33.7. Quanttum chemical calcullations and
d Molecullar dockin
ng studies
The sttructures off PG and ThT were optimized by quantum
m chemical
callculations using
u
a Guassian 03 ppackage.269 B3LYP fuunctional267,

268

and 6--

31+
++g(d,p) bassis function was used too optimize thhe chemical structures by
b DFT. Thee
minnimum enerrgy configurrations of ThhT and PG were shownn in figure 3.10
3
and aree
useed further in docking stuudies.

Figgure 3.10 Opptimized struuctures of (A
A) PG and (B
B) ThT.

86

Chapter 3: PicoGreen as amyloid sensor

In order to further determine the preferred binding location and the nature of
interactions between PG and fibril we have performed blind molecular docking studies
for PG with fibrils using Autodock 4.0. As the crystal structure of insulin fibril is not
available we have carried out docking studies with Aβ1-42 fibril (pdb ID: 2MXU)
structure which is closely associated with Alzheimer’s disease.271 Out of several initial
positions of PG used for docking, the most energetically stable configuration has been
obtained and shown in figure 3.11. From the figure it is seen that PG binds in the inner
core of the amyloid fibrils. From the detailed analysis of the several possible
molecular interactions, we found that hydrophobic forces are the main reason for the
binding of PG to fibrils. There is also π-π Interaction between quinonoid group of PG
and aromatic side chains of amino acids in the fibril exists in PG-fibril complex.

Figure 3.11 (A) The most stable configuration of PG in fibril obtained from molecular
docking studies. (B) Closer look at the interactions between PG and amino acids of
fibril at the binding pocket. For clarity, PG is shown by ball- stick model and amino
acids are shown by sticks.
In order to identify the relative locations of PG and ThT in amyloid fibrils, we
have further carried out docking studies of ThT with already docked PG-fibril
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com
mplex. The most energeetically stabiilized ThT conformation
c
n is in the in
nner core off
am
myloid fibrilss. The dockeed conformaation of PG and
a ThT in amyloid
a
fibrrils has beenn
shoown in figurre 3.12. The docking stuudies show that
t
PG and ThT are sep
parated by a
distance of 42 Å. These results
r
are coonsistent wiith the resullts obtained from steadyy
statte and time-resolved fluuorescence measuremen
nts. Molecullar docking studies alsoo
suppports that ThT
T
and PG
G are havingg situated in
n different bbinding sitess in amyloidd
fibrrils as shown
n by the expperiments.

Figgure 3.12 Biinding pose of ThT in thhe fibril incorrporated witth PG.
Thus, our
o detail stu
udies clearlyy indicate th
hat PG is a vvery sensitivve probe forr
thee detection of
o amyloid fiibrils. Such hhigh sensitivvity is primaarily due to its
i extremelyy
low
w emission yield
y
in bulkk water and its subsequent increasee in its emisssion yield inn
am
myloid fibrilss. Unfortunattely, at this juncture, wee do not havve any know
wledge of thee
funndamental prrocesses thatt is responsibble for the loow emissionn yield of PG
G in water. Itt
is expected
e
thaat such fundaamental proccesses will be
b inhibited in the amyloid fibrils too
shoow large em
mission yieeld. Hence, it is of uttter importaance to und
derstand thee
funndamental prrocesses thatt takes placee in the excitted state of P
PG in water and in otherr
low
w viscous soolvents. Hencce, we have investigated
d the photophysical propperties of PG
G
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in different molecular solvents, including water, using steady-state and femtosecond
time-resolved fluorescence techniques.

3.3.8. Photophysical studies of PG
3.3.8.1. Steady state fluorescence measurements
Steady state fluorescence spectra have been recorded to evaluate the effect of
viscosity of the medium on the emission quantum yield (φf) of PG. Being a member of
UMR, the emission intensity of PG is expected to be influenced by the solvent
viscosity. We have recorded the emission spectra of PG in acetonitrile (ACN)ethylene glycol (EG) solvent mixtures with different compositions. The selection of
ACN-EG solvent mixtures is based on the fact that they have very similar polarity (ε
for ACN is 37 and ε for EG is 37.5) but quite different viscosity (η for ACN is 0.34 cp
and η for EG is 16 cp).285 Hence, due to the change in solvent composition of the
mixed solvent, there will be hardly any change in the solvent polarity and thus only
the effect of viscosity will be observed in the emission spectra. The fluorescence
spectra of PG in ACN-EG solvent mixtures with different compositions are shown in
figure 3.13A. It is evident from figure 3.12A that the emission intensity increases with
increase in the viscosity of the solvent medium. The quantum yield of PG in mixed
solvents have been measured by comparative method using Nile red in dioxane
(φf=0.7) as a reference286 and the values are presented in table 3.3. Thus, the emission
quantum yield of PG increases from 2.13 x 10-4 in ACN to 33.7x10-4 in EG. Variation
in the φf values with the solvent viscosity is represented in figure 3.13B. Thus, there is
more than 15 fold increase in the emission yield due to change in solvent from ACN
to EG. Nakai et al suggested that large quenching of PG in non-viscous solvents is due

89

Chapter 3: PicoGreen as amyloid sensor

to the non-radiative torsional motion in the excited state of PG.273 Such efficient
torsional motion has been restricted in viscous medium which leads to increase in the
emission yield.

Figure 3.13 (A) The fluorescence spectra of PG in ACN-EG solvent mixtures with
different compositions. (B) The variation of emission quantum yield of PG with
viscosity of the solvent medium.
Table 3.3 The emission quantum yield of PG in ACN-EG solvent mixtures.
Volume % of EG
φf x 104
viscosity(η)/cP*
0
0.34
2.13
17
0.65
3.08
19
1.03
3.99
37
1.45
4.11
44
1.90
4.88
50
2.35
5.95
60
3.45
6.84
71
5.36
10.33
83
8.48
14.06
93
12.66
23.57
96
14.22
27.94
100
16.10
33.70
*Viscosity of mixtures has been calculated according to ln(η mix ) = ∑ wi lnηi ηmix
is the viscosity of mixture, ηi is the viscosity of ith component and wi is the weighting
factor of the ith component287
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The quantitative assessment of viscosity probe has been performed using
following Forster-Hoffmann.288

log(φ f ) = log( A) + α log(η )

(3.11)

where φf is the emission quantum yield and η is the viscosity of the medium. ‘A’ is
constant which depends on the radiative rate of dye and properties of solvent and α is
a constant which relies on the chromophore properties like intra molecular dynamics
such as rotation and isomerization.288 Figure 3.14 shows the variation of log (φ) with
log (η) and fitted with the equation 3.8. The ‘α’ parameter has been estimated from
the fitting and found to be 0.7. The value of α determined by us is very close to the
value reported in the literature for PG.274 Such a high value of α signifies the ability of
PG as viscosity sensor.

Figure 3.14 Variation of log(φ) with log((η). The solid line is the fitting of the
experimental data by Forster-Hoffmann equation.
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3.3.8.2. Time-resolved fluorescence studies
Molecular rotors are family of molecules which are characterized by the
ultrafast torsional motion around a single chemical bond in their excited state.170, 173
Such torsional motion is generally non-radiative and mainly responsible for extremely
low emission yield of molecular rotors in low viscous solvents.128, 170, 173 The excited
state lifetimes of this class of molecules are very sensitive to the rigidity offered by the
surrounding medium.130 To get a better insight into the excited state processes with
viscosity, time-resolved fluorescence measurements were carried out for PG in ACN,
EG and their solvent mixtures. Emission transient decays recorded for PG in these
solvents are shown in figure 3.15. In low viscous ACN, the fluorescence decay is very
fast. Drawing analogy to the molecular rotors,130 the observed ultrafast excited state
decay of PG in ACN is assigned due to the excited state non-radiative bond twisting
process. The emission transient decay becomes slower with the increase in the EG
content, i.e. with the increase in the viscosity of the medium. All transient decays thus
recorded have been fitted with multi exponential decay function according to equation
3.1 and the fitted parameters are shown in table 3.4. It is evident from the table and
figure 3.15 that irrespective of the solvent viscosity, the fastest decay component in all
solvents is very similar. This result clearly indicates that PG is characterized by a fast
decay component with time constant ~180 fs which is independent of the solvent
viscosity. Following such viscosity independent decay components, decays traces of
PG in all solvent are characterized by two viscosity dependent relatively longer decay
components. Thus, the absence of effect of viscosity on the fastest decay components
indicates that no diffusional motion of the molecules is responsible for such fast decay
processes. The faster decay components is assigned to the formation of intramolecular
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charge transfer (ICT) state prior to the twisting process in PG. Formation of such ICT
prior to bond twisting has already been reported for other molecular rotors.289-291
Formation of such ICT in the ultrafast timescale has also been supported from the
polarity dependent studies (vide infra). However, viscosity dependence of two longer
decay components indicating large amplitude diffusional motion in PG is involved in
its excited state. Drawing analogy with the other molecular rotors,130 the two long
decay components has been assigned to the torsional motion in the excited state of
PG. Thus, the average lifetime (calculated according to equation3.1) of PG has
increase from 1.36 ps in ACN to 19.71 ps in EG indicating extensive retardation in the
non-radiative torsional motion in relatively viscous EG.

Figure 3.15 Fluorescence transients decay traces for PG in ACN-EG solvent
mixtures: (1) 0, (2) 50, (3) 70, (4) 80 and (5) 100 % EG. The dashed line represents
instrument response function (IRF).
Table 3.4 Fitted parameters for transient emission decay of PG in ACN-EG solvent
mixtures.
% 0f EG

a1

τ1/ps

τ2/ps

a2
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τ3/ps

τavg/ps
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0
50
70
80
100

3.5
5.8
3.3
1.9
1.1

0.18
0.17
0.19
0.17
0.16

58.2
43.8
22.9
18.4
6.8

0.84
1.57
1.80
1.94
2.68

38.3
50.4
73.8
79.8
92.1

2.27
7.55
11.22
14.48
21.19

1.36
4.51
8.70
11.90
19.71

It is also possible that the fast decay observed in ACN-EG solvent mixtures
may arise due to the formation of PG aggregates. Such molecular aggregates are
known to show ultrafast decay component which is unaffected by the solvent
viscosity.292,

293

However, as the extent of aggregation is largely depends on the

molecular concentration, such fast decay due to aggregates is expected to be affected
by the solute concentration. To check the possibility of the formation of aggregates,
emission transient decays have been recorded in ACN at different concentration of PG
and the results are shown in figure 3.16. It is clearly evident from figure 3.16 that the
excited decay kinetics for PG in ACN does not depend on its concentration. This
result discounts the possibility of aggregation of PG in ACN-EG solvent mixtures.

Figure 3.16 Fluorescence transient decays in ACN for different concentrations of PG:
4 μM (black), 7.8 μM (red) and 13.3 μM (green).
In order to get better understanding on the excited state dynamics of PG,
wavelength dependent time-resolved fluorescence measurements have been carried
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out using fluorescence upconversion spectroscopy. Emission transient decays of PG in
ACN recorded at different emission wavelengths are shown in figure 3.17. It is
apparent from the figure that the excited state dynamics of PG largely depends on the
monitoring emission wavelength. Thus, the emission decay becomes faster on the blue
edge of the emission spectra while the decay becomes slower at the red edge of the
emission spectrum. It is also evident from the figure that emission transient decays
recorded at the blue edge of the emission spectrum is characterized by an ultrafast
decay component followed by a relatively slow decay. The faster decay observed at
the blue edge of the emission spectrum might arise from the vibrational decay of PG
in the excited state.292 To confirm the presence of such vibrational relaxation in the
measured emission transient decay, we have recorded the emission transient decays at
the blue edge of the emission spectrum for different excitation wavelengths. However,
we have not seen any effect of the excitation wavelength on the measured emission
transient decays. This result eliminates the possibility of the contribution of
intramolecular vibrational relaxation in the measured emission decay traces.

Figure 3.17 Fluorescence decay traces of PG in ACN at different emission
wavelengths: (1) 500 nm, (2) 540 nm and (3) 620 nm. The dashed line represents the
IRF.
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To unravel the underlying mechanism for the observed wavelength dependent
emission decay traces, time-resolved emission spectra (TRES) have been constructed
following the procedure proposed by Maroncelli and Fleming.138 Figure 3.18A
represents the constructed TRES at different time for PG in ACN. It is evident from
figure 3.18A that the emission intensity of PG decreases drastically with time. Further,
a substantial temporal shift in the emission spectra (~1220 cm-1) has also been
observed which can be seen from peak normalized TRES (cf. figure 3.18B). Such
observed time-dependent fluorescence Stokes’ shift (TDFSS) is generally assigned to
the solvent relaxation process.294 However, in the present case the observed TDFSS is
not due to the solvent relaxation can be explained from the following facts. Solvent
relaxation is the process where the stabilization of the excited state takes place due to
the solvent reorientation. During such solvent relaxation, the excited state population
is more or less maintained and thus there will not be much changes in the emission
intensity with time. However, in the present case, we have seen that TDFSS is
accompanied with almost ~95% reduction in the emission intensity (cf. inset of figure
3.17). Such large reduction in the excited state population cannot be explained by the
solvent relaxation process. Absence of any effect of solvent relaxation process on the
observed TDFSS is also supported by the fact that PG does not show any significant
solvatochromism. For example, PG shows similar emission peak position in nonpolar
ethyl acetate (EA) and polar ACN. However, such TDFSS has been reported for the
UMR class of molecules.178, 279, 295 For example, despite the lack of solvatochromism,
ThT shows large extent of TDFSS in several molecular solvents and assigned due to
the torsional motion in its excited state.128,
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excited state of PG is responsible for the observed changes in the peak position and
spectral width. Further, the present results also support that the observed changes in
the peak position with time is not due to the solvent relaxation process. If the solvent
relaxation process takes place, spectral width, normally, does not change.294 However,
in the present case, we observed large increase in spectral width with time indicating
that there is some intramolecular process occurs which is responsible for the changes
in TDFSS and FWHM. The significant increase in the spectral width along with large
TDFSS clearly indicates the formation of a new emissive species following the
photoexcitation of PG in ACN. This can be either ICT state or TICT state and will be
confirmed through the effect of solvent viscosity on the excited state dynamics of PG
(vide infra).

Figure 3.19 The change in the emission peak position ({) and FWHM (V) with time
for PG in ACN. Solid lines represent their bi-exponential fits.
To resolve the changes in the spectral shape, along with variation in TDFSS,
the areas under the spectra at different times were normalized and plotted in figure
3.20. Figure 3.20 reveals that there is significant red shift in the emission spectra
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which is evident from the constructed time-resolved area normalized emission spectra
(TRANES). It is to be mentioned that two isoemissive points have been observed in
TRANES in the time windows of 0.1-1.3 ps and 2-4 ps. Appearance of iso-emissive
points in TRANES indicates that there are three emissive species exist in
equilibrium.297-299 For the class of UMR, for example ThT, such isoemissive point is
observed earlier and assigned to the conversion of LE to TICT state.128 However, in
the present case, first isoemissive point appears in the time window (0.1-1.3 ps) where
the excited state decay is independent on the solvent viscosity. Thus, unlike ThT, the
first isoemissive point does not arise due to torsional motion in PG. As proposed
earlier, the first isoemissive point appears probably due to the LE-ICT conversion
(vide infra) process. As the other isoemissive point has been observed in the time scale
where viscosity dependent excited state dynamics has been observed, second
isoemissive points has been assigned due to the excited state ICT to TICT process.

Figure 3.20 Time-resolved area normalized emission spectra (TRANES) for PG in
ACN: (A) 0.1-1.3 ps (B) 2-4 ps.
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3.3.8.3. Effect of viscosity on the ultrafast dynamics of PG
In order to get deep understanding on the nature of states involved in the
excited state decay of PG, the ultrafast dynamics of PG in solvents with different
viscosity have been investigated in detail. As mentioned earlier, due to the possibility
of the charge transfer in the excited state of PG, polarity can also affect the excited
state dynamics. As mentioned earlier, ACN-EG solvent mixtures are suitable to see
the effect of viscosity on the excited state dynamics keeping the solvent polarity same.
Hence, we have investigated the excited state dynamics of PG in EG and 1:1 ACN-EG
mixtures and the results are compared with ACN. Like ACN, PG in both EG and EGACN mixture, shows strong emission wavelength dependent excited state decay
dynamics. Faster decay in blue edge and ultrafast growth in red edge are characteristic
of the dynamics of PG in both of these solvents. The decays at all emission
wavelengths become slow with the increase in the solvent viscosity. For both solvents,
wavelength dependent decays were fitted with multi exponential function and all the
fitted parameters are utilized in constructing TRES. To get better comparison, from
this point onwards, we will compare the spectral changes for all three solvents
investigated. The variation in the integrated area with time is presented in figure 3.21.
It is apparent from the figure that there is large reduction in the emission intensity with
time. Thus, the integrated emission intensity is decreases to ~ 95% in ACN, ~85% in
1:1 ACN-EG mixture, and ~55% in EG within 4 ps following photoexcitation. Such
large reduction in integrated intensity in short time supports that there is minimal
influence of solvent relaxation process on observed TDFSS. In all the three solvents,
the observed TDFSS can be assigned for the excited state intramolecular process of
PG. It is also observed from figure 3.21 that the decrease in the emission intensity up
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to 1 ps is unaffected by the solvent viscosity. However, at longer time the rate of
decrease in the emission intensity largely influenced by the solvent viscosity. Thus,
rate of decay in the emission intensity decreases with the increase in the solvent
viscosity. Thus, the intensity decay dynamics can be divided into two time regions.
One is viscosity independent region, where there is no intermolecular motion is
involved. Other is viscosity dependent region, which involves the ultrafast torsional
motion in the excited state, probably TICT formation.
The changes in the mean frequency of fluorescence spectra along with FWHM

Figure 3.21 The variation of integrated area under the emission curve with time for
PG in ACN (Ο), 1:1 ACN: EG mixture (∇), and EG ( )
for all three solvents are presented in figure 3.22. The variations in the mean
frequency and FWHM with time were fitted with the multi-exponential decay function
and fitted parameters are presented in table 3.5. From fitted parameters it is quite
evident that like ACN, same excited state process is responsible for the observed
temporal changes in the mean frequency and FWHM in EG and in 1:1 EG-ACN
mixture. It is also evident from figure 3.22 and fitted parameter shown in table 3.5,
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that like ACN, the changes in mean frequency and FWHM with time in EG and 1:1
EG-ACN mixture is independent of solvent viscosity in early time scale (up to ~1 ps).
These results also invariably suggest that the friction independent process occurs in
the excited state which corresponds to the decrease of ~400 cm-1 in mean frequency
and 400 cm-1 increase in the FWHM. As mentioned earlier, such dynamics in early
time scale is assigned to the transition of LE state to ICT state. As no diffusional
motion is involved in LE to ICT transition, such process is viscosity independent. In
recent studies of well known TICT molecule DMABN, through detailed time-resolved
fluorescence studies, it has been shown that there is ultrafast ICT formation which
precedes the TICT formation.300 Myeongkee et al showed that, by comparing
DMABN

with

its

rigid

derivative

NTC6

(1-tert-Butyl-6-cyano-1,2,3,4-

tetrahydroquinoline), ICT process is clearly involved with partial twisting before
completely twisted TICT formation.289 By comparing with all these studies, we can
propose the observed ultrafast dynamic in the first time region (<1 ps) corresponds to
the formation of ICT state from LE state.

Figure 3.22 The variation of (A) mean frequency and (B) FWHM with time for PG in
different solvents: ACN (Ο), 1:1 EG: ACN (∇), and EG ( ).

102

Chapter 3: PicoGreen as amyloid sensor

Table.3.5 Fitting parameters of mean frequency decay and FWM growth of PG in
ACN-EG solvent mixtures and EA
Solvents
Mean frequency
ACN
ACN:EG(1:1)
EG
EA
FWHM
ACN
ACN:EG(1:1)
EG
EA

a1

τ1 / ps

a2

τ2 / ps

a3

τ3 / ps

1.0
1.0
0.8
1.0

0.12
0.19
0.18
0.32

99.0
99.0
3.2
99.0

3.74
6.69
4.49
5.88

------96.0
----

------38.00
----

-0.3
-0.6
-0.5
-0.2

0.11
0.16
0.12
0.33

-99.7
-98.4
-7.7
-99.8

4.35
6.96
3.22
6.52

-------91.8
----

------39.12
----

Large influence of the solvent viscosity on the rate of change in mean
frequency and FWHM in the later time scale clearly indicates that some diffusional
motion in photoexcited PG are responsible for such dynamics. Comparing with other
molecular rotors,128, 178, 279 we have assigned such viscosity dependent process to the
formation of TICT through ultrafast non-radiative twisting in the excited state. From
table 3.5 it is clear that the time constant corresponding to the TICT formation
increases with the frictional force offered by the solvent medium. The viscosity
dependent dynamics in this region clearly supports such proposition.
TRANES is well established method that can used to identify the number of
emissive species exist in equilibrium in the excited state.297-299 Like PG in ACN, we
have observed two isoemissive points in other two compositions also. The case of PG
in ACN:EG(1:1) mixture has been presented in figure 3.23. It is evident from the
figure that first isoemissive point is observed in the similar frequency range during
similar time scales (0.1-1.5 ps). This suggests that the conversion of locally excited
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state to ICT formation happens during these time scales. Like PG in ACN, another
isoemissive point also observed for PG in other two solvents. However, the time scale
for the observation of such second isoemissive point depends on the solvent viscosity.
Thus, in ACN-EG mixture, isoemissive point appears at 8 ps and remains up to 24 ps
while in EG it starts at 12 ps and remains up to 60 ps. Thus, the large dependence of
the time scale for the appearance of the isoemissive point on the solvent viscosity
indicates the formation of emissive TICT state in the excite PG molecules. Thus,
following photo-excitation, PG undergoes stepwise process of conversion from LE to
ICT and then to TICT.

Figure 3.23 TRANES of PG in 1:1 ACN: EG mixture at (A) 0.2-1.5 ps and (B) 8-24
ps.
3.3.8.4. Effect of polarity on the ultrafast dynamics of PG
The formation of ICT involves the distribution of charge in the molecule
leading the change in electronic distribution and thus the molecular dipole moment.
Hence, ICT process should depend on the polarity of the surrounding medium.125 High
polarity of the solvent facilitates the formation of ICT compared to low polar solvent.

104

Chapter 3: PicoGreen as amyloid sensor

To confirm the hypothesis of ICT formation, we have studied the ultrafast dynamics
of PG in relatively low polar solvent, ethyl acetate (EA, ε=6.02), and the results are
compared with the dynamics in acetonitrile. The emission transient for PG in EA at
540 nm is measured and shown in figure 3.24 along with the decay measured in ACN
for comparison. It is evident from the figure that the excited state population decay got
slowed down in ethyl acetate as compared to ACN. As the viscosity of EA (η=0.45cp)
which is similar to the viscosity of ACN (η=0.34 cp), the observed changes in the
decay were not due to the change in viscosity. Thus, it is in line with proposition of
ICT formation in the earlier time scales. Less polar EA unable to facilitate the ICT
formation leads to slow emission intensity decay compared to PG in high polar ACN.

Figure 3.24 The fluorescence transient decays of PG in ACN and EA. The dotted
curve is the IRF.
Table.3.6 Fitting parameters of intensity decay of PG in ACN and EA.
Solvents
ACN
EA

a1
0.07
0.02

τ1 / ps
0.14
0.27

a2
0.93
0.40
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1.42

a3
-0.58

τ2 / ps
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Wavelength dependent decays for PG in EA were measured using
upconversion method. PG in EA also shows similar kind of dynamics as in ACN and
other solvent mixtures. These decays were fitted with tri-exponential function and the
fitted parameters are used to construct TRES and TRANES. The variation in the
integrated area with time for PG in ACN and EA were shown in figure 3.25A. In EA
also there is large reduction in the fluorescence intensity (~85%) within 4 ps suggests
that there is minimal contribution from solvent relaxation in observed dynamics. It is
evident from figure 3.25A that the rate of decay of area of PG in EA is slower
compared to ACN which is in agreement with the lifetime measurements. The
temporal variation of mean frequency has been presented in figure 3.25B. It is clear
from the figure that the mean frequency decay of PG in EA is slower than PG in ACN.
Thus the observed dynamics of PG are very much dependent on polarity especially at
the earlier time scales. The mean frequency decay has been fitted with bi-exponential
function and the decay parameters have been tabulated in table 3.5. PG in EA shows a
short component of 0.32 ps which is higher than the observed fast time constant for
PG in ACN-EG mixtures (~0.18 ps). This result suggests that the ultrafast dynamics in
sub ps time scales, assigned for LE-ICT conversion, are dependent on the polarity
rather than viscosity of the surrounding medium.
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Figure 3.25 Variation in (A) integrated area and (B) mean frequency of PG in EA (Ο)
and ACN (∇).
TRANES has been constructed for PG in EA and presented in figure 3.26.
Careful examination of TRANES of PG in EA reveals that the isoemissive point
appears at 3 ps after photo excitation at 17700 cm-1. This indicates the conversion of
LE-ICT conversion got slowed down due to decrease in polarity of the surroundings.
These results indicate that ICT formation precedes TICT formation in PG. Proposed
mechanism is shown in scheme 3.1.

Figure 3.26 TRANES of PG in EA at different times. Inset: magnified figure of
TRANES of PG in EA.
Scheme 3.2 Proposed mechanism of excited state relaxation processes involved in PG
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The variations in mean frequency and FWHM with time for PG in amyloid
fibrils are shown in figure 3.28A. The mean frequency decay was fitted with biexponential function and yielded the time constants of 0.23 ns and 2.85 ns. The
FWHM growth also shows similar variation as the mean frequency with time
constants of 0.19 ns and 2.29 ns indicates that they are accompanied by one another.
Drawing an analogy from the observed dynamics in PG in molecular solvents, we can
assign the observed dynamics to be the formation of TICT formation of PG in excited
state. In the observed time scales, the formation of ICT is negligible as evident from
the previous results of PG in ACN and EA. TRANES (cf. figure 3.28B) shows a single
isoemissive point at 18200 cm-1 suggests that the formation of TICT is restricted due
to the binding of PG in fibril. In fibril, the non-radiative torsional motion is restricted
in the excited state leading to large enhancement in the dye’s fluorescence.

Figure 3.28 (A) Variation of mean frequency ({) and spectral width (Δ) with time.
(B) TRANES of PG in fibril at different times.
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Table 3.7 Fitting parameters for the temporal changes in mean frequency and FWHM
of PG in fibril

Mean frequency
FWHM

a1
0.52
0.57

τ1 / ns
0.23
0.19

a2
0.48
0.43

τ2 / ns
2.85
2.29

3.5. Conclusions:
In this chapter, we have explored the suitability of PG as amyloid fibril sensor.
PG shows remarkable fluorescence enhancement of ~1000 fold in the presence of
insulin fibrils. The fluorescence intensity as well as lifetime indicates that dye
experiences larger micro viscosity at the binding location in insulin fibril. PG fibril
binding is independent of ionic strength indicates that hydrophobic interactions are
playing a major role in the binding mechanism. PG shows similar fibrillation kinetics
and better fluorescence enhancement factor compared to the standard amyloid stain,
ThT. From the detailed energy transfer studies from ThT to PG gives an estimation of
binding location of these two dyes in amyloid fibrils. The spatial separation between
these two dyes has been estimated from Forster theory as 52 Å. Such experimental
results are also supported by molecular docking studies. Thus, PG can be better
alternative to ThT for the detection of amyloid fibrils in vitro.
In order to understand the fate of excited state processes of PG in fibril, we
have also studied the ultrafast excited state dynamics of PG, in ACN, EA, EG and 1:1
mixture of ACN and EG. From the detail time-resolved emission measurements we
have seen that there is large reduction in fluorescence intensity in all solvents with in 4
ps following photoexcitation along with large shift in mean frequency suggesting no
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contribution from the solvent relaxation towards the observed dynamics. TDFSS
decay and FWHM growth follows similar trend with time indicating that a single
process is responsible for the changes in mean frequency and spectral width. We have
observed two processes occur in the excited state of PG in these solvents. First is the
ICT formation which happens within 4 ps and depends on the polarity of the
surrounding medium. Secondly, TICT formation which happens after ICT formation
and depends on the frictional force offered by the solvent medium. Finally, in insulin
fibril, the torsional motion has been restricted and the dynamics were extends up to
nanosecond region. The restriction in the torsional motion of PG is responsible for the
observed large fluorescence enhancement in the fibril
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Chapter-4
Synthesis, Photophysics and interaction with
amyloid fibrils of neutral benzothiazole
derivative
4.1. Introduction:
As discussed in chapter 3, PicoGreen is an efficient sensor than Thioflavin T
but both dyes are positively charged. Due to their ionic character and low lipophilicity,
they doesn’t able to penetrate through Blood brain barrier (BBB). In this chapter we
have synthesized a neutral analogue of ThT, a benzothiazole based molecule in order
to develop a fluorescent probe for the in-vivo detection of fibrils. The remarkable
fluorescence enhancement of ThT in the presence of amyloid fibrils makes it a
promising diagnostic agent for amyloid deposits in vitro.198 The characteristic
fluorescence enhancement of ThT has been attributed to the restriction in the
nonradiative torsional motion around its central C-C bond between dimethyl aniline
and benzothiazole groups upon binding to fibrils.212 The free rotation about central CC bond leads to the conversion of emissive locally excited (LE) state to non-emissive
twisted intramolecular charge transfer (TICT) state resulting extremely low emission
yield in low viscous solvents.128, 181, 301 Upon binding to fibrils, the hindrance in the
bond rotation leads to decrease in the population of non-emissive TICT state and
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results in a large increase in its emission yield.128, 181, 301 Although, ThT doesn’t have
protein specificity and binds to fibrils from all classes of proteins, it has been used for
several decades for its strong affinity towards amyloid fibrils and large sensitivity due
to its remarkable fluorescence enhancement on binding with amyloid fibrils.129,

184

Despite such extensive usage of ThT, the actual mechanism of interaction with
amyloid fibrils is not clearly understood. It has been proposed that molecular structure
of ThT matches with structure of inner grooves of its fibrillar channel. Such shape
matching between ThT and fibrillar structure along with hydrophobic stabilization is
believed to be mainly responsible for the strong association of ThT with amyloid
fibrils.302
For in-vivo imaging of amyloid plaques, the probe should cross the blood
brain barrier (BBB). For an efficient crossing of BBB, the probe with smaller size and
higher lipophilicity is preferred.112 Being a positively charged molecule, ThT is unable
to cross the BBB and hence cannot be used for the in-vivo detection of amyloid
plaques.215 Further, emission spectral position of ThT is largely remains unchanged
due to association with amyloid fibrils.198,

303

Hence, spectral distinction between

amyloid bound ThT and free ThT in water cannot be done. This results in large
background signal for imaging studies leading to low S/N values. Further, it has been
shown recently that ThT also promotes Aβ fibrillation by preferential stabilization βsheet conformation over the native form of the protein.213 Such limitations of ThT
encourage us to develop a neutral fluorescent probe for amyloid fibrils which can have
different spectral properties in water and in amyloid fibrils. Due to structural
complementarity between ThT and fibrils, the neutral probes with similar molecular
shape as ThT are anticipated to have stronger association with the amyloid fibrils.215,
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216, 304, 305

Thus, researchers have synthesized lipophilic analogues of ThT by removing

its positive charge on quaternary heterocyclic nitrogen and attaching different
substituents at various positions in ThT and analysed their affinity for fibrils. Among
several such probes investigated, Klunk et. al. showed that more lipophilic 2-[4′(methylamino)phenyl]-6-methylbenzothiazole (6-Me-BTA-1) bind to Amyloid β
fibrils and has higher affinity than their parent molecule ThT under physiological
conditions.215 Further, 6-Me-BTA-1 has shown great efficiency in crossing BBB and
used for the first time for in-vivo PET imaging of amyloid plaques after radio
labelling.215 Based on the success of 6-Me-BTA-1, researchers have explored different
neutral derivatives of ThT and evaluated them for the detection of amyloid fibrils.106,
140, 216

To date

11

C-Pittsburgh compound (11C-[PIB]) is one of the most studied radio

labeled ThT derivative for the detection of amyloid plaques.106, 217, 218 306
Most of the studies on neutral derivatives of ThT focussed on radiochemical
imaging like PET and single photon emission computed tomography (SPECT) by
tagging a radioactive nuclide. As the radiochemical imaging possess inherent
difficulties like handling, disposal of radioactive chemicals and the preparation of
reagent should be just prior to the diagnosis, we need a technique with ease to do the
imaging like fluorescence imaging.101,

112, 122, 139

Klunk et al showed that BTA

derivatives doesn’t show any change in their emission spectrum on association with
amyloid fibrils.215 Instead, emission intensity of one of the BTA derivatives, which
has been extensively utilized for PET imaging, was reduced in presence of amyloid
fibrils.304 Hence, a neutral ThT derivative, which can show a significant increase in
the emission intensity as well as a change in the spectral position on association with
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amyloid fibrils, need to be developed for efficient detection of these neurotoxic
protein aggregates.
Herein, we have synthesized a new neutral fluorescent analogue of ThT, 2[2Me,4′-(dimethyl amino)phenyl]benzothiazole (2Me-DABT, see scheme 1 for
chemical structure). In order to understand how this molecule behaves in the presence
of amyloid fibrils, we first explored the photophysical properties of this molecule in
molecular solvents and their mixtures with different environments such as polarity,
viscosity etc. Finally, the changes in the spectral properties of 2MeDABT due to the
interaction with insulin fibrils at physiological pH have been discussed.
Scheme 4.1 Molecular structure of 2-[2Me, 4′-(dimethylamino) phenyl] benzothiazole
(2Me-DABT)

N
N
S

4.2. Materials and methods
All the organic solvents used in the experiments were of spectroscopic grade
and obtained from either Spectrochem (India) or S.D. Fine Chemicals (Mumbai,
India) and used as received. Double distilled water was used for the experiments.
Solvent polarities were estimated using the dielectric constants (ε) and refractive
indices (n) obtained from the literature. The dielectric constants and refractive indices
of mixed solvents were estimated using the following relations.307-309

ε ms = f Aε A + f Bε B

(4.1)
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nms = f A n A2 + f B nB2

(4.2)

where ms represents mixed solvent, subscripts A and B represents the co-solvents of
the mixture and fA and fB represents the respective volume fractions. The solvent
polarity function, Δf, is defined as,135, 310-312

Δf =

ε − 1 n2 − 1
−
2ε + 1 2n 2 + 1

(4.3)

Absorption spectra were recorded using JASCO UV-Visible spectrometer
(Model V630, Japan). Steady-state fluorescence measurements were carried out using
Hitachi spectrofluorimeter (Model F-4500, Japan). Fluorescence quantum yield (φf)
measurements were estimated by comparative method using 4′,6-diamidino-2phenylindole (DAPI) in dimethyl sulphoxide as reference (Φf~0.58).313 The
fluorescence and absorption measurements were carried out at ambient temperature
(25 ± 1 oC). For the studies in insulin fibril the samples were excited at 340 nm to
avoid any interference from the protein itself. Time-resolved fluorescence
measurements were carried out using IBH (Scotland, UK) spectrometer based on
time-correlated single-photon-counting (TCSPC) technique. Emission transients were
collected at their respective peak positions by exciting the probe in molecular solvents
with 292 nm, LED. The instrument response function (IRF) of such measurements
was ~700 ps. However, the probes in amyloid fibril were excited with 340 nm LED
with IRF of ~1.3 ns. Fluorescence from the sample was detected at right angle to the
excitation direction using a photomultiplier tube based detection module (model
TBX4; IBH). All these measurements were carried out with an emission polarizer set
at magic angle orientation with respect to the vertically polarized excitation pulse to
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eliminate the effect of rotational reorientation of the dye on the observed fluorescence
decays.125 All decays were analysed using non-linear least square method to obtain
time constants.125
Insulin fibrils were prepared by heating 2mg/ml insulin protein solution in
20% acetic acid (pH 1.6) at 70 oC for 24 hours.128, 314 The formation of fibrils was
confirmed by the enhanced fluorescence of ThT. The fibrils were diluted 12 times by
Tris-HCl buffer (pH 7.4) and the pH was adjusted with NaOH to 7.4.
The molecular structures of 2Me-DABT and ThT were optimized by quantum
chemical calculations using a Gaussian 03 package.269 DFT method was adopted
along with the use of B3LYP functional267, 268 and 6-311++g(d,p) basis function to
optimize the chemical structures. These optimized structures were used for the blind
molecular docking. For docking studies the fibril was considered as a rigid host
molecules and the ligand (2Me-DABT) as flexible ligand allowing all torsional
motion in the ligand. Molecular docking was performed with five different initial
location of the ligand with respect to the fibril. A cubical box with dimension of
100x100x100 Å3 with 0.6 Å grid spacing was created at the centre of the fibril. The
size of the grid box was made such a way that the ligand can access all possible
binding sites in the fibril. Each docking involved 200 independent runs with
maximum number of 5x106 energy evaluation and 27000 generations. The
Lamarckian Genetic Algorithm (LGA) method has been applied to find the docked
conformations of the ligand with lowest energy.270 Results of all 1000 runs was
clustered with root mean square deviation (RMSD) <2Å and ranked according to their
binding energy. For docking with ThT, the fibril with a docked 2Me-DABT was used
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as the host molecules and followed similar procedure as used for docking of 2MeDABT with fibril.

4.3. Synthesis and Characterization of 2Me-DABT
Scheme 4.2 Reaction scheme for the synthesis of 2Me-DABT.

N

DMF, POCl3, rt, 4 h

OHC

NH2
OHC

N

N

DMSO, 180 oC
15 min

SH

(Yield~ 42%)

N
N
S

2Me-DABT
(Yield~ 74%)

4.3.1. Synthesis of 4-(dimethyl amino)-2 methyl benzaldehyde:
To the mixture of 1.1 ml of N,N-3-trimethylaniline (7.395 mmol) and 0.7 mL
of N,N-dimethyl formamide ( 8.875 mmol) in 40 mL dichloromethane maintained at 10 oC; 0.78 mL (8.135 mmol) phosphorous oxychloride was added drop wise under
argon gas atmosphere. The reaction mixture was allowed to stir for four hours at room
temperature. The reaction mixture was then treated with aqueous solution of 2M
sodium hydroxide and stirred for four hours. It was extracted with ethyl acetate. The
organic layer was concentrated under vacuum by removing excess solvent and dried
over magnesium sulfate. The resulting residue was purified by chromatography to
obtain desired aldehyde. (0.5 g, 41.6%) 1H NMR (200 MHz, CDCl3): d = 2.36 (s, 3H),
2.9 (s, 6H), 6.80-6.84 (d, 2H, J = 8 Hz), 7.63-7.67 (d, 1H, J = 8 Hz), 10.14 (s, 1H)
ppm.
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4.3.2 Synthesis of 2Me-DABT
To the stirring solution of 4-(dimethyl amino)-2 methyl benzaldehyde (3.063
mmol) in 25 mL of dimethyl sulfoxide, 0.49 g of 2-aminothiophenol (3.982 mmol)
was added and the reaction mixture was allowed to heat at 180 oC for 15 minute. The
solution was then cooled to room temperature and poured into water. The organic
layer was extracted with ethyl acetate. Removal of the solvent under reduced pressure
gave the yellow crude solid that was purified by column chromatography. (0.61 g,
74%) 1H NMR (200 MHz, CDCl3): d = 2.39 (s, 3H), 2.73 (s, 6H), 7.02-7.10 (m, 2H, J
= 16 Hz), 7.29-7.33 (m, 1H, J = 8 Hz), 7.36-7.48 (m, 1H, J = 24 Hz), 7.85-7.89 (d, 1H,
J = 8 Hz), 8.01-8.05 (d, 1H, J = 8 Hz), 8.22-8.26 (d, 1H, J = 8 Hz) ppm.

4.4. Results and discussion
4.4.1. Photophysical studies of 2Me-DABT
4.4.1.1. Ground state absorption studies
The absorption and emission spectra of 2Me-DABT have been measured in
different solvents and solvent mixtures of different polarity. Table 4.1 lists all
photophysical parameters of 2Me-DABT in different solvents along with their solvent
polarity function, Δf. Figure 4.1 shows the absorption spectra of 2Me-DABT in 3methylpentane (3MP) and water (2%Methanol). The absorption maximum of 2MeDABT is 293 nm in 3MP and 302 nm in water(2%Methanol). The present result
indicates that the absorption spectra of 2Me-DABT is sensitive to the solvent polarity
and shows bathochromic shift with the increase in the solvent polarity. This implies
that ground state of 2Me-DABT has been stabilized with increase in surrounding
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Table 4.1 Photophysical parameters of 2Me-DABT dye as estimated in different
solvents and solvent mixtures. Subscripts indicate their corresponding percentage
volume fractions.
solvent

Df

λabs /nm

λem /nm

Δν /cm-1 φ

8 -1
9 -1
τf /ns kr/10 s knr/10 s

Aprotic solvents
MP
0.000 292.5
424.0
10603 0.10 1.59 0.63
0.57
MP98 EA2 0.011 293.5
427.0
10652 0.11 1.72 0.65
0.52
MP95 EA5 0.025 296.0
428.0
10419 0.12 2.02 0.61
0.44
MP90 EA10 0.046 297.0
431.0
10468 0.13 2.39 0.54
0.36
MP80 EA20 0.081 298.0
436.0
10621 0.16 2.86 0.57
0.29
MP60 EA40 0.128 298.0
438.0
10741 0.19 3.34 0.58
0.24
MP50 EA50 0.146 298.0
440.0
10834 0.23 3.58 0.64
0.22
MP40 EA60 0.160 298.5
443.5
10953 0.24 3.88 0.58
0.20
MP20 EA80 0.183 299.5
445.0
10917 0.26 4.18 0.62
0.18
EA
0.200 299.5
447.0
11012 0.28 4.26 0.65
0.17
EA98ACN2 0.210 299.5
448.0
11052 0.32 4.29 0.75
0.16
EA95ACN5 0.223 299.5
449.0
11127 0.29 4.32 0.66
0.17
EA90ACN10 0.238 299.5
451.0
11250 0.28 4.35 0.64
0.17
EA80ACN20 0.258 299.5
452.0
11260 0.28 4.38 0.62
0.17
EA60ACN40 0.280 299.5
462.0
11744 0.27 4.45 0.60
0.17
EA40ACN60 0.291 299.5
464.0
11837 0.26 4.51 0.57
0.17
EA20ACN80 0.299 299.5
465.0
11911 0.24 4.51 0.52
0.17
ACN
0.305 299.5
469.0
12048 0.25 4.52 0.50
0.17
Protic solvents
Decanol
0.205 300.0
461.2
11650 0.32 4.96 0.64
0.14
D95M5
0.218 300.0
462.2
11697 0.31 4.80 0.65
0.14
D90M10
0.228 300.0
464.1
11786 0.32 4.82 0.66
0.14
D80M20
0.244 300.0
466.2
11883 0.29 4.70 0.63
0.15
D50M50
0.275 300.0
473.0
12191 0.23 4.56 0.58
0.17
D30M70
0.290 300.0
476.0
12324 0.21 4.29 0.55
0.18
Methanol 0.309 300.0
485.0
12714 0.18 4.17 0.44
0.20
M90W10
0.311 300.0
487.0
12799 0.18 4.23 0.42
0.20
M80W20
0.313 300.0
488.0
12841 0.17 4.26 0.40
0.20
M70W30
0.315 300.0
488.2
12849 0.16 4.12 0.39
0.20
M60W40
0.316 300.4
489.0
12839 0.15 4.05 0.37
0.21
M50W50
0.317 300.6
490.0
12858 0.14 4.03 0.34
0.21
M40W60
0.318 301.0
491.0
12856 0.13 3.85 0.38
0.22
M30W70
0.319 301.2
496.0
13039 0.11 3.71 0.35
0.24
M20W80
0.319 301.4
498.0
13098 0.09 3.54 0.31
0.254
M10W90
0.320 301.6
500.0
13156 0.07 3.39 0.26
0.27
Abbreviation- MP - 3-methylpentane; EA - ethylacetate; ACN - acetonitrile; D Decanol; M - methanol; W – water
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solvent polarity. This suggests that the ground state of 2Me-DABT is polar in nature.
The polarity of such neutral derivatives has been reported earlier in the literature
which has been attributed to partial intramolecular charge transfer character in its
ground state.136-138,

200, 241

The ground state structure has been optimized by using

quantum chemical calculations and the dipole moment has been estimated to be 5.45
D which supports the bathochromic shift in the absorption spectra with polarity.

Figure 4.1 Ground state absorption spectra of 2Me-DABT in 3MP (solid) and water
(dashed).
4.4.1.2. Steady state fluorescence measurements
Emission spectra of 2Me-DABT have been recorded in different solvents and
solvents mixtures and different emission characteristics are presented in table 4.1. The
intensity normalized emission spectra of 2Me-DABT with varying polarity are plotted
in figure 4.2. It is evident from figure 4.2 that unlike ThT, 2Me-DABT shows a strong
solvatochromism. The emission maxima of 2Me-DABT thus changes from 424 nm in
MP to 500 nm in water. This result suggests that there is a large change in the dipole
moment of 2Me-DABT upon photoexcitation. 2Me-DABT shows very large Stokes’
shift of ~3585 cm-1 in the emission spectra in changing the solvent from non-polar MP
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to polar water. The solvatochromism observed for 2Me-DABT is quite large as
compared to most commonly used solvatochromic dyes, coumarins.308, 315 Thus, it can
be inferred that 2Me-DABT can be a potential candidate to probe the micropolarity of
different complex chemical and biological environments. Further, large Stokes’ shift
shown by 2Me-DABT in all solvents studied indicates very low or no overlap of
excitation and emission spectrum. Such property of a fluorescent probe has
advantages in fluorescence imaging studies. Common molecular probe used for
fluorescence imaging of biomolecules such as Alexafluor 488, fluorescein
isothiocyanate (FITC), etc. has very low value of Stokes’ shift and suffers from large
excitation background during imaging studies. But the imaging agents with large
Stokes' shift reduces the excitation background to a significant extent and increases
their detection limits significantly. Thus, large Stokes' shift of 2Me-DABT can be
useful for sensitive fluorescence imaging of biological samples.

Figure 4.2 Normalized emission spectra of 2Me-DABT in solvents with different
polarity.
For molecules where absorption and fluorescence spectra are due to transitions
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between same ground and excited electronic states, Stokes’ shift is expected to vary
linearly with Δf following the Lippert–Mataga equation.135

Δν = Δν 0 +

2 Δμ 2
Δf
hcr 3

(4.4)

where Δμ is the difference between the ground state and the excited state dipole
moments of the molecule, h is the Planck’s constant, c is the light velocity and r is the
Onsager radius of interaction. The slope of linear plot of Stokes’ shift with Δf gives
the Δμ values for the molecules.135 The variation of Stokes’ shift with solvent polarity
function Δf is plotted in figure 4.3. From the figure, it has been observed that Stokes’
shift varies linearly with Δf in aprotic solvents. This behavior indicates that the nature
of ground and excited states remain same in the case of aprotic solvents. From
Lippert-Mataga relation,135 the difference in the dipole moments of ground and
excited state of 2Me-DABT in aprotic solvents is estimated to be 5.39 D. From the
quantum chemical calculations, the ground state dipole moment of 2Me-DABT is
estimated to be 5.45 D. Thus, the excited state dipole moment of 2Me-DABT in
aprotic solvents is 10.84 D. Thus, the large dipole moment in the excited state is
indicative of the charge separation in the excited state of 2Me-DABT. From the
molecular structure of 2Me-DABT, it is clear that an electron accepting benzothiazole
group is connected to an electron donating dimethylanilino group. As both electron
donating and electron accepting groups are present in the same molecule, there is a
high probability of partial charge transfer and may result in the formation of
intramolecular charge transfer (ICT) state which leads to the increase in the dipole
moment in the excited state of 2Me-DABT.
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Figure 4.3 Variation of Stokes’ shift of 2Me-DABT with Δf in aprotic ({) and protic
(V) solvents. Solid lines represent the fitting of the experimental data with LippertMataga equation (cf. equation 4.4).
However, the Stokes’ shift of 2Me-DABT in protic solvents varies linearly
with Δf parameter, there are two distinct regions. In the low polar region (< 0.31),
Stokes’ shift varies relatively slowly with Δf as compared to the highly polar (Δf >
0.31) protic solvents. A noteworthy observation is that the slope of Lippert-Mataga
plot for protic solvents, irrespective of the solvent polarity, is always higher than the
aprotic solvents. This indicates that the nature of electronic states involved is different
in these two classes of solvents. The fitting of the experimental data with equation 4.4
results in Δμ values of 6.64 D and 13.65 D for protic solvents with Δf ≤ 0.31 and Δf >
0.31, respectively. Thus, the estimated dipole moments for the excited state of 2MeDABT are 12.09 D and 19.1 D in low polar (Δf ≤ 0.31) and high polar (Δf > 0.31)
protic solvents, respectively. Such significant difference in the dipole moments in
protic and aprotic solvents suggests that there is involvement of hydrogen bonding
between 2Me-DABT and solvents which leads to the increase in the dipole moment in
protic solvents. Such unusual behaviour in protic solvents with high hydrogen bond
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donating abilities (α) have been reported for several fluorophores, like coumarin,
etc.316-319 Due to high α value (1.17), electronic states of solute substantially stabilized
in water than other protic solvents, like alcohols (α=0.78 - 0.98).318, 319 Further, among
alcohols, methanol has highest H-bond donating ability (α=0.98).318,

319

Is it to be

noted that the steeper slope in the variation in Stokes’ shift with Δf arises in MeOHwater mixture. To confirm the role H-bonding with solvent, we have plotted the
Stokes’s shift with Kamleet- Taft ‘α’ parameter of the protic solvents and the results
are shown in figure 4.4. The α values for the mixed solvents are calculated using
following equation.

α ms = ∑ f iαi

(4.5)

where αms is α for the mixed solvent, αi is the α value for ith component and fi is the
volume fraction of ith component.
It is quite evident from figure 4.4 that the Stokes’ shift of 2Me-DABT varies
linearly with α value in protic solvents. This result further confirms that the unusual
trend in Stokes’ shift with Δf values shown in figure 4.3 is due to the solute-solvent
hydrogen bonding. The presence of solute-solvent H-bonding will be further
supported by the isotopic effect (vide infra). Thus, the increase in the excited state
dipole moment of 2Me-DABT in protic solvents is due to the formation of solutesolvent H-bonding. Further, increase in the dipole moment in protic solvents also
indicates that H-bonding occurs at electron acceptor center i.e., benzothiazolic
nitrogen. Due to H-bonding, there might be more charge transfer takes place which
leads to large increase in the dipole moment of the excited state.
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Figure 4.4 Variation in Stokes’ shift of 2Me-DABT with α value in protic solvents.
In order to get detailed information on the excited state processes, fluorescence
quantum yield (φ) of 2Me-DABT have been measured in different solvents and listed
in table 4.1. Figure 4.5 shows the variation of emission quantum yield with Δf of
solvents. From the figure it is clear that in case of aprotic solvents, the φ increases
with increase in the polarity up to Δf ~0.2. Further increase in the polarity doesn’t
cause any change in its emission yield.

Figure 4.5 Variation in the emission yield of 2Me-DABT with Δf in aprotic ({) and
protic (V) solvents.
However, in protic solvents, the quantum yield shows contrasting behavior as
compared to aprotic solvents. The emission quantum yield decreases slowly in low
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polar solvents (Δf ≤0.31) and decreases sharply in high polar solvents (Δf >0.31). To
be mentioned, similar behavior is observed for Stokes’ shift (cf. figure 4.4). These
results suggest that solute-solvent hydrogen bonding is involved in excited state
process which leads to decrease in the emission yield in highly polar protic solvents.
As the charged analogue of 2Me-DABT, ThT is well known viscosity probe.
The fluorescence properties of ThT are largely dependent on the surrounding
viscosity, we have studied the emission properties of 2Me-DABT as a function of
viscosity. Surprisingly, the fluorescence properties are insensitive to the frictional
force offered by the solvent. This indicates there is no internal dynamics such as
twisting are taking place in the excited state of 2Me-DABT.
4.4.1.3. Time-resolved studies
To substantiate the variation in quantum yield of 2Me-DABT in different
solvents, we have carried out time-resolved fluorescence measurements using TCSPC
technique. The results have been shown in figure 4.6. All fluorescence decays follow
the mono-exponential decay kinetics. The lifetimes thus measured are tabulated in
table 4.1. The variations in the lifetime with Δf for both protic and aprotic solvents are
shown in figure 4.7. From the figure it is evident that the lifetime in aprotic solvents
increases with increase in polarity and remain constant in high polar aprotic solvents.
In contrast to aprotic solvents, the lifetime in protic solvents decreases slowly with
solvent polarity for solvents with Δf≤ 0.31. However, the lifetime changes much faster
with polarity for highly polar (Δf > 0.31) protic solvents. This result also clearly tells
that H-bonding between solute and solvent leads to the decrease in the fluorescence
lifetime of 2Me-DABT. This is in agreement with the steady state results.
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Figure 4.6 Transient fluorescence decays of 2Me-DABT in (A) aprotic and (B) protic
solvents.

Figure 4.7 The variation of the fluorescence lifetime of 2Me-DABT with Δf for
aprotic ({) and protic (V) solvents.
Since the φf and τf values arise due to the combined effect of the radiative (kr)
and non-radiative (knr) decay processes in the S1 state, for a better understanding on
the excited state processes, it is very important to understand the effect of solvent
polarity on kr and knr. The kr and knr values for the dye in different solvents have been
calculated using following equations and presented in table 4.1.308, 309
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kr =

φf
τf

knr =

(4.6)

1−φf

(4.7)

τf

Figure 4.8 shows the plot of radiative (kr) and non-radiative (knr) decay rate
constants with Δf for all solvents used. It is seen from the figure that in case of aprotic
solvents, radiative decay rate remains almost invariable with solvent polarity while the
non-radiative decay rate decreases with polarity. Such decrease in the non-radiative
rate results in the increase in the emission quantum yield with polarity in aprotic
solvents. As radiative process is directly related to the transition probability between
the two electronic states involved in the emission process, the kf value is not expected
to be affected that significantly by the solvent polarity if the nature of the two
electronic states of the dye remains unchanged in different solvents.

Figure 4.8 Variation of (A) kr and (B) knr with Δf in aprotic ({) and protic (V)
solvents.
However, in protic solvents, there is slight decrease in the radiative rate with
concomitant increase in the non-radiative decay rate. It is also evident from figure 4.8
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that variation in kr and knr with Δf is more steeper in case of highly polar (Δf >0.31)
protic solvents suggesting that intermolecular hydrogen bond assisted additional nonradiative process is involved in protic solvents. It is well established that due to solutesolvent H-bonding, a large number of solvent states are available for the solute to
transfer its excited state energy to the solvent molecules. Thus, a faster non-radiative
process is observed for the excited state molecules in strong H- bond donating
solvents.316, 317, 320 Thus, the observed changes in the photophysical properties of 2MeDABT in protic solvents can be attributed to the intermolecular hydrogen bonding
with solvent molecules.
4.4.1.4 Isotope effect
To confirm the involvement of intermolecular hydrogen bonding, isotope
effect on the photophysical properties has been investigated. The emission spectra of
2Me-DABT in D2O and H2O have been measured and shown in figure 4.9. Thus, the
emission spectrum of 2Me-DABT in D2O is relatively blue shifted as compared to
H2O. The emission maxima of 2Me-DABT are 498 nm and 500 nm in D2O and H2O,
respectively. Such difference in emission spectra in D2O and H2O clearly indicates the
role of solute-solvent hydrogen bonding on the photophysics of 2Me-DABT.
To see the deuterium effect on the lifetime of 2Me-DABT, we performed the
time resolved fluorescence measurements in MeOH-D2O mixed solvents and the
results are compared with MeOH-H2O solvent mixtures. Figure 4.10A represents the
fluorescence intensity decays of 2Me-DABT in D2O and H2O. It is clear from the
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Figure 4.9 Normalized emission spectra of 2Me-DABT in H2O (solid) and D2O
(dashed).
figure that the transient decay is relatively slower in D2O compared to H2O. The
variation in the fluorescence lifetimes with Δf for MeOH-D2O and MeOH-H2O mixed
solvents are presented in figure 4.10B. Thus, the emission lifetime of 2Me-DABT is
always relatively longer in MeOH-D2O than in MeOH-H2O solvent mixtures. Thus,
the intermolecular hydrogen bonding assisted non radiative decay process has been
relatively restricted in D2O.321-323 This result confirms the role of solute-solvent H-.

Figure 4.10 (A) Transient fluorescence decays of 2Me-DABT in H2O (black) and
D2O (red). The dotted curve represents IRF. (B) The variation in fluorescence lifetime
of 2Me-DABT in MeOH-D2O (Ο) and MeOH-H2O (∇) solvent mixtures.
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bonding on the photophysical properties of 2Me-DABT.
Thus, the presence of electron accepting benzothiazole and electron donating
dimethyl aniline in the 2Me-DABT facilitates partial charge transfer between them
and leads to the formation of polar intramolecular charge transfer state. The increase
in the quantum yield with polarity in aprotic solvents indicates that ICT state is
emissive. Due to the formation of ICT, the nitrogen in the benzothiazole becomes
electron rich (cf. scheme 4.3). This makes it favorable for the hydrogen bonding with
protic solvents. Due to the H-bonding there will be a decrease in the electron density
on the benzothiazole moiety which favors the charge transfer process. This is in
consistency with increased dipole moment of 2Me-DABT in protic solvents. Such
effect of solute-solvent H-bonding on the non-radiative process is well reported for
different classes of molecules.309, 310, 316, 317, 320, 324
Scheme 4.3 The plausible intramolecular charge transfer (ICT) state of 2Me-DABT
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4.4.2. Interaction with Insulin fibrils
4.4.2.1. Steady state fluorescence measurements
As mentioned earlier, due to structural similarity with gold standard amyloid
stain, ThT, 2Me-DABT is expected to have strong affinity towards the amyloid fibrils.
Hence, we have investigated photophysical properties of 2Me-DABT in insulin
amyloid fibrils. It is seen that insulin fibrils does not have any observable effect on the
absorption spectra of 2Me-DABT. However, the emission spectral properties of 2Me-
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DABT in aqueous solution changes significantly due to the addition of amyloid fibrils.
The emission spectra of 2MeDABT have been recorded in aqueous solution in
presence of different concentrations of insulin fibrils and the results are shown in
figure 4.11A. Aqueous solution of 2Me-DABT shows broad emission spectra with a
maximum of ~500 nm. It is clear from the figure 4.11 that the addition of insulin
fibrils led to a significant enhancement of ~65 fold in the emission intensity (at 445
nm) along with large hypsochromic shift in the emission spectrum. Figure 4.11B
depicts the peak normalized emission spectra of 2Me-DABT in fibril solution. It is
evident from the figure that the fluorescence maxima changes from 500 nm in water to
445 nm in amyloid fibrils. Such a large enhancement in the emission intensity along
with a large blue shift indicates that 2Me-DABT interacts strongly with amyloid
fibrils. Thus, large increase in the fluorescence intensity upon binding with insulin
fibrils indicates that 2Me-DABT can be used as a potential amyloid probe.
Considering the emission maxima of 2Me-DABT in fibrils (445 nm), it can be
inferred that the micropolarity at the site of binding in amyloid fibrils is significantly
low as compared to the bulk water. As shown earlier the emission quantum yields in
protic solvents increase with the decrease in the polarity and with the decrease in the
extent of H-bond formation with solvents. Thus, the observed increase in the emission
intensity of 2Me-DABT in fibril is due to both, decrease in the micropolarity as well
as due to the decrease in the extent of H-bond formation with solvent owing to lack of
availability of water at the site of binding. Thus, from present studies, we can infer
that 2Me-DABT is located in hydrophobic pocket in the fibrillar structure. Moreover,
such a large shift in the emission spectra due to the presence of amyloid fibrils can
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make 2Me-DABT a better ratiometric probe for amyloid fibrils. A noteworthy
observation is that the emission spectrum of ThT is largely unchanged in the presence

Figure 4.11 (A) The emission spectra (λex=340 nm) of 2Me-DABT in the presence of
different concentrations of insulin fibrils (0-30μM). (B) Peak intensity normalized
emission spectra of 2Me-DABT in amyloid fibrils.
of amyloid fibrils.128, 325 Therefore, ThT can act only as single intensity based sensor.
Such single intensity based sensors are prone to give false positive signals due to
different fluctuations such as probe concentration, intensity of excitation source etc,
during the measurement.132 Nonetheless, fluorescence intensity ratio at two different
wavelengths of emission spectrum of the probe is less prone to such errors during the
measurement. The ratiometric measurements are especially helpful in the fluorescence
imaging studies of live cells, for which the concentration of the probe, environment of
probes as well as optical path length changes during the time of the measurement. It is
worth mentioning that, UV excitation (340 nm), used for the excitation of 2MeDABT, can cause auto fluorescence from the cells and can interfere with the
fluorescence measurements.282 But it should be noted that the emission yield of 2MeDABT in the presence of amyloid fibrils is very high, ~68%. Therefore, the emission
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intensity generated by the 2Me-DABT will be significantly higher than the cellular
auto fluorescence. Hence, the interference from cell auto fluorescence will be
negligible during the course of imaging fibrils with 2Me-DABT.
The quantification of binding is necessary to assess the efficacy of 2Me-DABT
as amyloid probes. The binding constant for the association of fibrils with 2Me-DABT
is estimated using Benesi-Hildebrand equation assuming 1:1 complexation.278, 326
1
1
1
1
=
+
ΔI f K b ( I c − I o ) [ Insulin ] ( I c − I o )

(4.8)

where DIf is the change in fluorescence intensity on addition of fibrils. Kb is the
binding constant. Io and Ic are the fluorescence intensity of the dye when it is
completely free and completely bound with amyloid fibrils, respectively. The double
reciprocal plot for the variation in the fluorescence intensity with the insulin fibril
concentration has been plotted and presented in figure 4.12. From the figure, it can be
seen that there is nonlinearity in double reciprocal plot which indicates that there are
two modes of binding for 2Me-DABT with amyloid fibrils. The experimental data
were fitted in two regions of fibril concentration as shown in figure 4.12. The binding
constants thus estimated are 1.0 x 106 M-1 and 4.1 x 104 M-1. Previously, it has been
reported that there are two modes of binding for ThT in insulin fibrils.186, 214, 327 Strong
binding corresponds to the binding in the inner grooves of the fibril and the weaker
binding is due to its association on fibrillar surface.186,

214, 327

Due to structural

similarity between ThT and 2Me-DABT, we propose similar type of binding do exists
for 2Me-DABT also. Stronger binding mode corresponds to the inner core of amyloid
fibrils and weaker mode is due to binding on the fibrillar surface. As 2Me-DABT is
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small, neutral and have a higher affinity towards the fibrils, it could be a potential drug
for in-vivo detection of amyloid fibrils.

Figure 4.12 Double reciprocal Benesi-Hildebrand plot for the variation in emission
intensity of 2Me-DABT with the concentration of insulin amyloid fibrils. Straight
lines are fitted data following equation 4.8.
4.4.2.2. Time-resolved measurements
To get a better insight on the effect of fibril on the excited state processes, we
have recorded emission transients of 2Me-DABT in presence of different
concentrations of insulin fibrils and presented in figure 4.13A. It is evident from the
figure that the transient decays become slower due to the addition of fibrils. All
transient decay traces have been fitted with bi-exponential decay function and the
fitted parameters are shown in table 4.2. The variation in the average lifetime of 2MeDABT with fibril concentrations are displayed in figure 4.13B. The average lifetime
(τavg) changes from 2.9 ns in water to 4.2 ns in the presence of 25 μM insulin fibril.
Such changes in the lifetime also suggest that there is very strong interaction between
2Me-DABT with amyloid fibrils. The observed changes in the excited state lifetime
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can be attributed to the changes in the environment around the probe at the binding
location. Correlation with the lifetime data of 2Me-DABT in protic solvents suggests
that the decrease in polarity along with decrease in the probability of formation of Hbonding at the binding site might results in the increase in excited state lifetime of the
probe. Time-resolved data is in agreement with the results obtained from the steady
state measurements. Thus, 2Me-DABT is located in hydrophobic environment where
the probability of H-bond formation with solvent water molecules is less.

Figure 4.13 (A) The fluorescence transient decays for 2Me-DABT in the presence of
different concentrations of insulin fibrils (1) 0, (2) 0.30, (3) 1.17, (4) 4.44 and (5)
15.56 µM. The black curve represents the IRF of the TCSPC instrument. (B) Variation
in the average lifetime of 2Me-DABT with insulin fibril concentration.
Table 4.2 Fitting parameters for the emission decay traces of 2Me-DABT in presence
of different concentrations of fibril.
[fibril] / μM
0.00
0.25
0.51
0.95
1.18
2.31
5.45

a1
0.20
0.19
0.18
0.22
0.23
0.19
0.19

τ1 / ns
0.98
1.06
1.22
1.26
1.18
1.20
1.23

a2
0.80
0.80
0.81
0.77
0.77
0.81
0.80
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τ2 / ns
3.48
3.67
3.82
4.28
4.47
4.52
4.58

τavg / ns
2.96
3.16
3.33
3.61
3.72
3.88
3.92
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10.00
13.84
20.00
24.71

0.18
0.17
0.19
0.19

1.21
1.20
1.23
1.41

0.82
0.82
0.81
0.81

4.63
4.71
4.83
4.96

4.01
4.09
4.12
4.29

4.4.2.3 Fluorescence microscopic studies
A fluorescence microscope has also been used for in-vitro imaging of amyloid
fibrils stained with 2Me-DABT and compared with native protein. The fluorescence
images are presented in figure 4.14. It is evident from the figure that 2Me-DABT
stained fibrils shows bright blue images and could be detected under fluorescence
microscope while there is no such fluorescence has been observed for native protein.

Figure 4.14 Fluorescence microscopic images of 2Me-DABT with (A) native insulin
and (B) fibrils.
4.4.2.4 Energy transfer studies
As the molecular structure of 2Me-DABT and ThT are similar, it would be
interesting to know whether both dyes are having same or independent binding sites in
the fibril. For this purpose, we have studied the emission properties of 2Me-DABT in
the presence of fibrils with addition of different concentrations of ThT and the results
are shown in figure 4.15A. There is a significant decrease in the emission intensity of
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amyloid bound 2Me-DABT at 445 nm along with concomitant increase emission at
490 nm due to addition of ThT. The emission spectrum of only ThT in fibrillar
solution is also presented for comparison. It is clear from figure 4.15A that the
emission intensity of ThT bound to amyloid fibrils in the absence of 2Me-DABT is
quite low when excited with 340 nm light. However, the fluorescence intensity at 490
nm is significantly enhanced (~9 fold) in presence of 2Me-DABT in the fibrillar
solution. The variation in the fluorescence intensities at the 445 nm and 490 nm with
the concentration of ThT has also been shown in figure 4.15B. It is apparent from the
figure that there is large increase in fluorescence intensity of ThT at the expense of the
fluorescence of 2Me-DABT. This clearly indicates that there is energy transfer takes
place from 2Me-DABT to ThT in the presence of amyloid fibrils.

Figure 4.15 (A) The emission spectra (λex=340 nm) of 2Me-DABT in fibrillar
solution in the presence of different concentrations of ThT (0-3μM). The dashed curve
shows the emission spectrum (λex=340 nm) of 3μM ThT in the fibrillar solution. (B)
Variation in the emission intensity at (Ο) 445 nm and (∇) 490 nm with the ThT
concentration in the fibrillar solution.

140

Chapter 4: 2Me-DABT as amyloid probe

Energy transfer between photoexcited 2Me-DABT and ThT is also supported
from the absorption and emission spectra of both dyes in fibrillar solution (cf. figure
4.16). From the figure it is clear that there is substantial overlap in the emission
spectra of 2Me-DABT and the absorption spectrum of ThT in fibrillar medium. Such a
large overlap facilitates the observed energy transfer between 2Me-DABT and ThT in
amyloid fibrils.

Figure 4.16 Normalized absorption (dashed curves) and emission spectra (solid
curves) of 2Me-DABT (blue) and ThT (green) in insulin fibrils.
The observed energy transfer also indicated that there is no replacement of
2Me-DABT by ThT in amyloid fibrils. Rather, ThT occupies some other binding site
available in fibrils. It is worth mentioning that fibrils formed from bigger proteins
such as insulin can offer different binding locations depending on the property of the
molecule. Besides that, our studies showed that both dyes are close enough for
efficient Forster resonance energy transfer (FRET) to take place. This is also
supported by molecular docking studies which will be described in the next sections
of this chapter.
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The energy transfer from 2Me-DABT to ThT in fibrillar solution is also
studied through time-resolved fluorescence measurements. Emission transients for
2Me-DABT in amyloid fibrils in the presence and absence of ThT are shown in figure
4.17. It is evident from the figure that the emission decays of 2Me-DABT become
faster due to the addition of ThT. Further, it is important to mention that no emission
is observed at 445 nm for ThT in the presence of fibrils due to its excitation with 340
nm light. Thus, the emission decays observed at 445 nm is contributed only from
photo excited 2Me-DABT. The presence of ThT creates an additional decay channel
for the excited state of 2Me-DABT through energy transfer. The average lifetime of
2Me-DABT decreases from 4.3 ns to 1.7 ns due to presence of 3 μM ThT. The
efficiency for the FRET (E) has been calculated from the following equation and it is
found to be 60.5 %.125

E =1−

< τ DA >
<τD >

(4.9)

<τDA> and <τD> represents the average fluorescence lifetimes of 2Me-DABT in the
presence and absence of ThT, respectively. From the Forster theory of resonance
energy transfer, the Forster distance has been calculated as 45.5Å (cf eqn. 3.9) using
κ2 as 0.67 for random orientation of donor and acceptor and QD as 0.68. From the
efficiency, the mean separation distance between 2Me-DABT and ThT has been
estimated to be 41.2 Å. This result also supports that both dyes doesn’t share same
binding location in fibrils.
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Molecular docking experiments have been performed for 2Me-DABT with
fibrils in order to understand the nature of binding between them. Such understanding
will help us in developing amyloid probes with better sensitivity. As there is no proper
detailed structural information on insulin fibrils, we have used fibrillar structure
reported for amyloid β1-42 (PDB ID: 2MXU) for the molecular docking experiments.271
The use of Aβ1-42 fibril is preferred over the most abundant 40 residue amyloid-β
protein (Aβ1-40) for the docking studies due to the fact that recently it has been shown
that protofibril of Aβ1-42 is much more toxic and shows more propensity towards the
aggregation as compared to its 40 residue analogue.328, 329 Docking of 2Me-DABT in
Aβ1-42 fibril is performed with several initial position of the ligand with respect to the
host fibril. The initial docking consists of 1000 runs and all the results were clustered
with RMSD value of 2Å. After clustering two primary binding sites for 2Me-DABT in
Aβ1-42 fibril have been identified. The two most energetically stable configurations
have been shown in figure 4.19A. The lowest energy configuration (Mode 1) involves
the localization of 2Me-DABT in the inner channel for the fibril. The binding energy
for the mode-1 (with population 750 out of 1000) and mode-2 (with population 180
out of 1000) was estimated to be 6.87 and 6.39 kcal mol-1 respectively. Different
interactions operating between 2Me-DABT and amino acids of amyloid fibril for most
populated mode of binding (mode-1) is also shown in figure 4.18B. It is found that the
binding of 2Me-DABT in the amyloid fibril is mainly supported by the π-π stacking
interaction between the aromatic rings of 2Me-DABT and the nearby histidine moiety
(His14*). Further, the π-π interaction between the aromatic rings of 2Me-DABT with
the amide bonds of the amyloid fibril also operative in the binding process. Beside
such π-π interaction, hydrophobic interaction with the CH2 groups of the peptide chain
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also favour the incorporation of 2Me-DABT in the inner core region of the fibril.
However, besides the binding in the inner core of the fibril, binding at the external
grooves of the fibrils has also been observed in the present system. The population of
such groove binding is found to be extremely low (6 out of 1000) with considerably
low binding energy (5.45 kcal mol-1). It is important to mention that unlike ThT,
binding of 2Me-DABT at the two end of the fibril could not be observed in our
docking studies.330 This result is in agreement with the results reported by Wu et al,
who have shown that unlike charged ThT, neutral ThT analogues does not bind to the
end of the beta sheet structure.239

Figure 4.19 (A) Two most probable binding sites for 2Me-DABT in amyloid fibril.
The mode 1 is the most energetically stable binding mode. (B) Close look of the
binding pocket for the mode 1. The dashed lines indicate the different types of
interaction between 2Me-DABT and fibril.
To further identify the relative location of 2Me-DABT and ThT in amyloid
fibrils, we have performed the molecular docking using the fibril with docked 2MeDABT (mode-1) as initial host structure. The most populated and the strongest mode
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of binding shows that the added ThT also localized in the inner core of the fibril. The
relative position of ThT with respect to 2Me-DABT in the amyloid fibril is shown in
figure 4.20. Our docking studies show that the mean relative distance between ThT
and 2Me-DABT is ~40.2 Å. The distance between 2Me-DABT and ThT obtained
from the molecular docking studies is very close to the values obtained from the
FRET studies. Our docking studies further support the fact that the site of localization
of 2Me-DABT and ThT are quite distinct.

Figure 4.20 Binding pose of the ThT in the amyloid fibril with incorporated 2MeDABT. The solid lines indicate the distance between 2Me-DABT and docked ThT.

4.4. Conclusions
Photophysical properties of newly synthesized neutral benzothiazole
derivative, 2Me-DABT, has been investigated in solvents with different polarity. 2MeDABT shows very strong solvatochromic behavior that is in contrast to its charged
analogue, ThT. The variation in Stokes’ shift and the quantum yield in aprotic
solvents are due to the reduction in non-radiative channel in the excited state. In the
case of protic solvents, due to solute-solvent H-bonding at thiazolic nitrogen, increase
in the excited state dipole moment as well as strong quenching of the excited state has
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been observed. Deuterium isotope effect confirms the involvement of H-bonding in
the excited state of 2Me-DABT.
2Me-DABT binds strongly with the amyloid fibril resulting large increase in
its emission intensity along with a large spectral shift. Thus, unlike ThT, large shift in
the emission wavelength of 2Me-DABT on binding with amyloid fibril makes it
potential ratiometric sensor and hence can provide high sensitivity in detection of
amyloid fibril by fluorescence imaging techniques. Correlation with the photophysical
properties suggest that large change in the emission properties of 2Me-DABT in
amyloid fibril is due to low polarity of the hydrophobic pocket in the amyloid fibril
where 2Me-DABT resides. FRET and molecular docking studies confirm that the
binding location for ThT and 2Me-DABT is distinct and separated from each other by
average distance of ~40 Å. Thus, our studies show that 2Me-DABT will be an
efficient fluorescent sensor than ThT for the detection of the amyloid fibrils. Further,
due to lack of any charge, 2Me-DABT will be more efficient for the in-vivo imaging
of amyloid fibrils. The knowledge on the binding site and mode of interaction between
probe and fibril obtained from the present study will assist in more rational design of
benzothiazole based small molecule for the detection of amyloid fibril.
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Chapter-5
Zwitterionic SYPRO Orange as sensitive
amyloid probe
5.1. Introduction
In the earlier chapters, we have explored cationic probe, PG and a neutral
probe, 2Me-DABT for the efficient detection of amyloid fibrils. Both probes showed
great sensitivity towards amyloid fibrils. However, the advantage of 2Me-DABT over
PG is its lipophilicity, which is prerequisite for efficient transport through BBB. This
is the factor which decides the applicability of probe for the efficient in-vivo detection
of brain related diseases.331-336 Researchers have developed large number of probes
with different structural characteristics for the in-vitro detection of amyloid fibrils but
failed in in-vivo imaging due to lack of their BBB penetration.112 Generally, for an
efficient BBB crossing, the molecules should have proper lipophilicity.331-336 It has
been shown that for an efficient BBB crossing, molecules should have logP value
(octanol-water partition coefficient) of 2-3.5.335, 336 Further, smaller size (<500 Da) of
the molecules also favors the crossing of the tight junction in the endothelial cells of
BBB.337 For cationic/anionic drugs, low lipophilicity is the primary reason for their
lack of BBB penetrability.335-337 Mostly, small uncharged molecules have been
successfully transported through BBB.338 Apart from the neutral molecules, there are
few

zwitterionic

compounds

such

as

149

phosphotidyl

choline

derivatives,339

Chapter 5: Zwitterionic SYPRO Orange as fibril sensor

methotexrate340 also have been shown to cross BBB. Recently, Mazak et. al. showed
that the zwitterions have better membrane penetration power compared to
cationic/anionic and neutral molecules at wide range of pH.341 It is also shown that
zwitterionic polymer coated nanoparticles can penetrate through BBB and also have
long retention times.342 Hence, zwitterionic fluorescent molecules have been explored
as amyloid sensors with the aim of development of in-vivo amyloid imaging agent.
For example, Konradsson and his coworkers demonstrated that a polythiophene based
zwitterionic molecule could detect amyloid fibrils at acidic pH.228 However, such
probes shows only limited sensitivity. Considering the higher permeability of
zwitterions, it is necessary to search for efficient zwitterionic fluorescent molecules
which can have potential application in amyloid imaging.
SYPRO Orange is a zwitterionic dye developed by Invitrogen Corp, USA. The
molecular structure of SO, which is proposed by Yarmoluk and his workers343 and
further confirmed by Kroeger et al.344 through liquid chromatography-mass
spectrometry (LCMS) and NMR spectroscopy, is shown in scheme 5.1. It is a
zwitterionic merocyanine based dye which has two hexyl groups attached to the
anilino N-atom at one end and propyl sulphonate group is attached to pyridinium
nitrogen at other end. The negative charge on the sulphonate group is electronically
isolated from the stilbazolium moiety. However, the positive charge in SYPRO
Orange is delocalized over entire stilbazolium moiety.
SYPRO Orange is a fluorescent dye, which is extensively used to study the
unfolding of protein molecules using differential scanning fluorimetry (DSF). SYPRO
Orange has extremely low emission yield in aqueous solution (< 1x10-3). Further,
SYPRO Orange does not show any affinity towards the native proteins. However,
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Scheme 5.1: Molecular structure of SYPRO Orange.344
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SYPRO Orange shows strong non-specific binding to the unfolded protein resulting
large increase in its emission yield.345-348 Thus, with the increase in the temperature of
protein solution, the emission yield increases substantially neat the melting point of
the protein. However, on further increase in the temperature, SYPRO Orange
dissociates from the protein and results in decrease in its emission intensity.345-348 Due
to such contrasting fluorescence behavior before and after melting temperatures, it has
been extensively used to measure the melting temperatures of proteins with much
higher sensitivity and reliability.345-348 Such fluorescence behaviour of SYPRO
Orange has also been utilized for the understanding of the inter protein interactions.345,
348

Although it has been extensively used to study the protein melting, the fundamental

mechanism which is responsible for such fluorescence behavior of SYPRO Orange is
not yet understood. It has been proposed that due to the unfolding the hydrophobic
part of the protein becomes accessible and SYPRO Orange binds specifically to these
hydrophobic parts of protein resulting large increase in the emission yield.344, 345, 348
However, experimental proof of such proposition is still lacking.
As the protein unfolding is the initial step in the fibrillation process, it is
possible that the fibrillation process may be monitored through the fluorescence of
SYPRO Orange. Indeed, SYPRO Orange has been used for the detection of fibrils
from amylin.349 SYPRO Orange shows only limited increase in its emission yield (~6
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fold) due to its binding with amylin fibril. Further, it has been shown that like gold
standard amyloid probe, ThT, SYPRO Orange can also follow the fibrillation
kinetics.349 However, detail studies on the binding of SYPRO Orange with fibril and
the mechanism for the increase in its emission upon binding with fibril is not fully
investigated.
In this chapter, we explored the binding characteristics of SYPRO Orange to insulin
fibrils and compared with standard amyloid probe, ThT. The mechanism of interaction
has been explained on the basis of detailed photophysics of SYPRO Orange in
different solvents of varying properties such as polarity, viscosity etc.

5.2. Materials and Methods
SYPRO Orange dye is purchased from Sigma-Aldrich as 5000X concentrated
solution in DMSO. In all experiments, 1X SYPRO Orange has been used. The source
of bovine insulin, Thioflavin T and all the solvents have been mentioned in chapters 3
and 4. The preparation of insulin fibrils is described in chapter 3. The fluorescence
quantum yield of SYPRO Orange in molecular solvents were determined by
comparative method using Nile red in dioxane (φ=0.7) as the reference.286 The
calculation of the solvent polarity function (Δf) has been described in chapter 4 (cf.
equation 4.3).
The ground state absorption and steady state emission spectra were obtained
from Jasco spectrophotometer (model# V-650) and Hitachi fluorimeter (model #
F4500) whose details have been discussed in chapter 2. Nanosecond time-resolved
emission measurements have been carried out using a time-correlated single photon
counting (TCSPC) method based instrument from IBH, UK. All the samples were
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excited with 445 nm laser diode with instrument response of 160 ps. For all
measurements the emission polarizer was kept at magic angle with respect to vertical
excitation pulse. All the measurements were carried out at 25±1oC. Molecular docking
studies have been carried out using Autodock 4.0 as described in chapter 2. The fibril
structure has been taken from Protein databank (PDB id 2MXU). The structure of
SYPRO Orange has been optimized by quantum chemical calculations using Gaussian
03 package. B3LYP functional and 6-31++g (d, p) basis function were used to
optimize the chemical structures by DFT. The optimized structure of SYPRO Orange
was used for the docking with fibril.

5.3. Results and discussion
5.3.1. Ground state absorption studies
To understand the effect of fibril on the photophysical properties of SYPRO
Orange, ground state absorption measurements have been performed and the results
are presented in figure 5.1. SYPRO Orange in water shows broad absorption band
with a peak at 487 nm. It is evident from figure 5.1A that the absorption spectra show
large blue shift due to the addition of insulin fibrils up to 1 μM. Thus, the absorption
maxima of SYPRO Orange change from 487 nm in water to 474 nm in 1 μM fibril
solution. Such a large blue shift with very low concentration of fibril (1 μM) indicates
the presence of strong interaction between SYPRO Orange and fibrils. However,
further addition of fibril leads to a red shift in the absorption spectrum of SYPRO
Orange which is evident from figure 5.1B. Thus, in presence of 30 μM of insulin
fibril, the absorption spectrum shows its peak at ~500 nm which is about ~26 nm red
shifted compared to its spectrum in 1 μM fibril solution. Therefore, there is an overall
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red shift of ~13 nm in fibril compared to aqueous solution of SYPRO Orange. Such
contrasting shift in the absorption spectra at low and high concentrations of fibrils
indicates that there are different kinds of interactions taking place in these two
concentration regions. Thus, we can infer that there might be two different binding
modes exists for SYPRO Orange in fibril. Such two types of binding modes for the
amyloid probes have been reported earlier in the literature for several fibril binding
dyes.184, 186, 214, 239, 327, 330, 350 Two modes of binding in fibril for cationic probes, such
as ThT, are surface binding governed by the electrostatic forces and inner channel
binding governed by hydrophobic interactions.214 However, for the neutral probes, it
has been reported that both the binding modes are mainly governed by hydrophobic
interaction and also have some contribution from π-π stacking interactions for probes
with aromatic moieties.239, 330 As amyloid fibrils are highly heterogeneous and also
can offer variety of interactions,21, 351 further studies are required to understand the
nature of the interaction between SYPRO Orange and fibrils.

Figure 5.1 Ground state absorption spectra of SYPRO Orange in insulin fibril: (A) at
0-1 μM and (B) 1-30 μM insulin fibrils.
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5.3.2. Steady state fluorescence measurements
In order to get better insight into the effect of fibril on photophysical properties
of SYPRO Orange, the steady state fluorescence spectra of SYPRO Orange in water
and in fibril solutions have been measured and the results are presented in figure 5.2A.
Aqueous solution of SYPRO Orange shows very weak and broad fluorescence band
with maximum at ~620 nm. Addition of the fibril causes large blue shift in the
emission spectrum. Thus, the emission maxima of SYPRO Orange in 30 μM insulin
fibril solution is 580 nm, which is ~40 nm blue shifted as compared to water. Most
importantly, along with the change in the emission peak position, the addition of
amyloid fibrils results in a significant increase in the emission intensity. Thus, the
emission intensity of SYPRO Orange in presence of 30 μM insulin fibril increases by
~1200 fold as compared to water. Such large fluorescence enhancement indicates that
the non-radiative excited state depopulation pathways might be restricted due to the
association with amyloid fibrils. Large blue shift of ~40 nm along with high
fluorescence enhancement signifies that there is very strong interaction of SYPRO
Orange with the fibril. The shift in the emission maxima along with a large increase in
the emission intensity upon binding with amyloid fibrils is very advantageous for the
optical imaging of amyloid plaques.263 Large shift in the emission maximum ensures
the reduced background emission and high fluorescence enhancement with the fibril
helps to get brighter images with better contrast.263 A noteworthy observation is that
unlike the absorption spectra, the fluorescence spectra of SYPRO Orange always
show hypsochromic shift with the increase in the concentration of fibrils. Figure 5.2B
shows the intensity normalized emission spectra of SYPRO Orange in amyloid fibrils.
It is evident from the figure that the shift in the emission spectral position is more
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prominent in the low concentration region of amyloid fibrils. This result indicates that
strong interaction between SYPRO Orange and insulin fibrils takes place in the low
concentration region of amyloid fibrils.

Figure 5.2 (A) Fluorescence spectra of SYPRO Orange in water in the presence of
different concentrations (0-30 μM) of addition of fibril. Inset: Photograph of SYPRO
Orange in water (left) and 30 μM insulin fibril (right) under UV irradiation. (B)
Intensity normalized emission spectra of SYPRO Orange in water in presence of
fibrils (0-30 μM).
Large enhancement in the fluorescence provokes us to check whether naked
eye detection of fibrils, even at little higher concentration, is possible under UV
irradiation. The inset of figure 5.2A shows the photographic image of aqueous
solution of SYPRO Orange in the absence and presence of 30 μM insulin fibrils.
SYPRO Orange in fibril solution shows bright orange fluorescence emitted from
fibrillar aggregates while no such emission has been observed from the aqueous
solutions. Thus, SYPRO Orange can be used for the naked eye detection of fibrils
under UV irradiation.
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The quantitative assessment of the binding strength is required to know the
efficacy of SYPRO Orange as diagnosing agent. For that purpose, the binding strength
has been estimated using modified Benesi-Hildebrand equation.278, 326

1
1
1
1
=
+
ΔI f K ( I c − I o ) [ Insulin] ( I c − I o )

(5.1)

where ΔIf is the change in fluorescent intensity with the addition of the fibril and Ic
and I0 are the fluorescence intensity of SYPRO Orange when completely bound with
fibril and free in water, respectively. K is the binding constant. 1/ΔIf vs. 1/ [fibril] plot
is shown in figure 5.3. It has been observed from the figure that there is nonlinearity in
the double reciprocal plot. Due to the non-linearity, the experimental data have been
fitted with Benesi-Hildebrand equation (equation 5.1) separately in the low and high
fibril concentration regions and the fitted data are shown as straight lines in figure 5.3.
Such fitting results in two binding constants of 6.8 x 106 M-1 and 1.47 x 105 M-1 in the
low and high fibril concentration region, respectively. Thus, like ground state
absorption studies, the steady state emission measurements further confirms the
presence of two mode of binding for SYPRO Orange in fibril. Such high value of
binding constant along with large fluorescence enhancement of SYPRO Orange upon
binding with fibrils notifies that SYPRO Orange can be a promising probe for the
detection of amyloid fibrils.

5.3.3. Time-resolved fluorescence measurements
Large enhancement in the fluorescence intensity indicates that there is definite
modulation in the excited state relaxation pathways.125 To get better insight into the
fate of excited state processes due to the association with fibrils, time-resolved
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Figure 5.3 Modified Benesi-Hildebrand plot for the fluorescence changes due to
SYPRO Orange-fibril complexation. Open circles represent experimental data points
while solid lines represent fit to the experimental data according to equation 5.1.
fluorescence measurements were carried out using TCSPC technique and the results
are shown in figure 5.4. It is evident from figure 5.4A that SYPRO Orange in water
shows very fast fluorescence intensity decay whose lifetime could not be estimated
due to limited time resolution of TCSPC instrument. This result indicates that there
are some ultrafast non-radiative excited state depopulation channels exist for SYPRO
Orange in aqueous solution. Presence of such ultrafast non-radiative decay channel
might be responsible for the observed low emission yield of SYPRO Orange in water.
It is also evident from figure 5.4A that the emission transient decay becomes slower
with the addition of fibrils. All emission transient decays of SYPRO Orange are nonexponential in nature and fitted with tri-exponential decay function. Fitting parameters
for transient emission have been presented in table 5.1. Thus, the average lifetime of
SYPRO Orange increases from IRF limited lifetime in water to 2 ns in 25 μM insulin
fibril. Such large increase in the excited state lifetime of SYPRO Orange indicates that
the non-radiative excited state depopulation processes, which are responsible for low
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emission yield in aqueous solution, has been restricted due to its binding with fibrils.
The variation in the average lifetime of SYPRO Orange has been plotted as a function
of the fibril concentration and is shown in figure 5.4B. It is quite apparent from the
figure that the changes in the average lifetime are much more at the initial
concentrations of fibrils as compared to higher fibril concentration. Such distinct rate
of change in the lifetime in two fibril concentration regions, further support the
existence of two modes of binding for SYPRO Orange in fibrils.

Figure 5.4 (A) Fluorescence transients of SYPRO Orange in water with addition of
fibril. Blue dashed curve represents IRF (B) Variation in the average lifetime of
SYPRO Orange with fibril concentration.

5.3.4. Comparison of SYPRO Orange with Thioflavin T
5.3.4.1 Steady-state fluorescence spectra
Strong binding affinity, large fluorescence enhancement (~1200 fold) along
with large blue shift (~40nm) in the emission spectra makes SYPRO Orange a better
fluorescence marker for amyloid fibrils. Nevertheless, the question arises is whether
SYPRO Orange can be better than gold standard amyloid stain, ThT. In order to
answer this question, the fluorescence spectrum of ThT and SYPRO Orange have
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Table 5.1 Fitting parameters of fluorescence decay traces of SYPRO Orange in
presence of at different concentrations of fibrils.
[fibril]/ μM
0.04
0.08
0.12
0.24
0.40
1.18
3.04
7.06
8.57
10.00
12.63
15.00
20.87
24.00
26.66

a1
78.4
54.7
41.0
31.8
26.9
16.1
11.7
5.8
7.5
6.9
8.2
5.4
6.3
4.3
5.5

τ1 / ns
0.03
0.03
0.04
0.05
0.07
0.09
0.14
0.12
0.17
0.18
0.23
0.17
0.24
0.17
0.21

a2
10.1
23.1
31.2
34.9
35.1
40.1
38.9
33.9
34.7
32.9
34.1
32.6
28.5
31.4
32.1

τ2 / ns
0.31
0.32
0.36
0.37
0.41
0.51
0.66
0.71
0.84
0.85
0.97
0.89
0.94
0.91
0.94

a3
11.5
22.2
27.8
33.3
38.0
43.9
49.4
60.2
57.8
60.2
57.7
62.0
65.3
64.2
62.4

τ3 / ns
1.90
1.83
1.86
1.91
2.00
2.15
2.31
2.38
2.47
2.50
2.63
2.58
2.58
2.63
2.60

τavg / ns
0.27
0.50
0.65
0.78
0.93
1.16
1.41
1.68
1.73
1.80
1.87
1.90
1.96
1.98
1.93

been measured under similar condition and compared. The emission spectra of ThT
and SYPRO Orange in the presence of 30 μM insulin fibril are shown in figure 5.5.
The absorbance values at the excitation wavelength (440 nm for ThT and 490 nm for
SYPRO Orange) for both dyes are kept same. It is quite obvious from the figure that
the fluorescence enhancement due to the interaction with amyloid fibrils is ~ 3 times
more for SYPRO Orange than ThT. Such large difference in the enhancement factor
makes SYPRO Orange a better amyloid staining agent than gold standard amyloid
probe, ThT. It should be mentioned that ThT doesn’t show any change in emission
wavelength upon interaction with fibrils leading to large background signal during
fluorescence imaging of amyloid fibrils.128, 198 However, SYPRO Orange gives large
blue shift of ~40 nm in the presence of fibrils. This will reduce the background signal
to a significant extent and can improve the detection limits remarkably. Another
important advantage of SYPRO Orange over ThT is its emission wavelength, 580 nm,
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in fibrillar solution. In the view point of fluorescence imaging of fibrils in the
biological matrix such as brain cell lines, orange emission helps not only in reducing
the interference from the auto fluorescence from cells but also in increasing in the
tissue penetration power.263, 352 Further, as mentioned earlier, the zwitterionic SYPRO
Orange may also have much better penetrability through BBB over the positively
charged ThT. All these factors make SYPRO Orange as a potential candidate for the
efficient detection of fibrils in both in-vitro and in-vivo. It has already been showed
that SYPRO Orange can bind specifically to amyloid aggregates but not the
oligomers, prefibrillar aggregates.349 SYPRO Orange can also monitor the progress of
fibrillation process. Hence, the aggregation of proteins and inhibition assays can also
be studied using SYPRO Orange to evaluate the therapeutic efficiency of drugs.349

Figure 5.5 Fluorescence spectra of ThT (λex is 440 nm) and SYPRO Orange (λex is
500 nm) in water (dashed) and in presence of 30 μM insulin fibril (solid).
5.3.4.2. Fluorescence microscopic studies
Fluorescence microscopy is versatile tool which has been extensively utilized
to visualize the protein fibrils using amyloid specific fluorescent markers.263 ThT has
been widely used to see the fibril under optical microscope since years.198 In order to
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SYPRO Orange and 0.38 nM-1 for ThT. Larger slope of the calibration curve for
SYPRO Orange compared to ThT clearly indicates that former probe has better
sensitivity than latter probe. Quantification of the sensitivity for these two probes has
been done by the calculation of limit of detection (LOD) using following equation.353,
354

LOD =

3.3* σ
S

(5.2)

where σ is standard deviation of the measurement and S is the slope of calibration
curve. LOD has been estimated to be 0.42 nM for SYPRO Orange while 13.5 nM for
ThT. Thus, the detection limit for SYPRO Orange is ~34 times lower than that of
ThT. The LOD values clearly suggested that SYPRO Orange is very sensitive probe
compared to ThT. Thus, SYPRO Orange can be employed to detect very small
concentration of fibrils where ThT is unable to detect them.

Figure 5.7 The variation in the fluorescence intensity of SYPRO Orange ({) and ThT
(∇) with the concentration of insulin fibril. Solid line represents their linear fits.
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5.3.5. Mechanistic investigation of binding modes of SYPRO Orange
with fibril
5.3.5.1. Effect of ionic strength
Now, it is understood that SYPRO Orange is very sensitive probe towards
fibrils. However, the question remains is that what makes it more sensitive. To answer
this query, we have investigated the detailed photophysics of this molecule under
different environmental conditions. From the proposed molecular structure, SYPRO
Orange is in zwitterionic form in which the negative charge on the sulphonate group is
electronically isolated from the remaining fluorophore unit by a propyl chain while the
positive charge can be delocalized over the entire stilbazolium moiety. As the amino
acids can be both negatively and positively charged in fibril at the experimental pH
value, electrostatic force may play an important role in the binding of SYPRO Orange
with amyloid fibrils. Role of such electrostatic force has been demonstrated for the
binding of cationic ThT with the amyloid fibrils.214, 327 The electrostatic interaction
facilitates the surface binding which leads to the binding of the probe in the inner
grooves of the fibril. To check the existence of the electrostatic force in the binding
process, effect of strong electrolyte on the emission characteristics of SYPRO Orange
in fibril solution has been investigated. The emission spectrum and the emission
transient of SYPRO Orange in fibril solution has been recorded in the presence of
0.5M NaCl and the results are shown in figure 5.8. Surprisingly, despite having charge
centre, the emission characteristics of SYPRO Orange in fibril solution remains
unaffected in the presence of large amount of strong electrolyte. This result suggests
that electrostatic force does not have any role in the binding of SYPRO Orange with
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amyloid fibrils. Hence, it can be proposed that the interaction between SYPRO
Orange and amyloid fibrils primarily hydrophobic in nature.

Figure 5.8 (A) Emission spectra and (B) emission transient decays of SYPRO Orange
in fibril solution in the absence (——) and presence of 500 mM NaCl (- - - -). The
dotted curve in panel B represents IRF.
In order to understand the kind of interactions that takes place between
SYPRO Orange and amino acids of the fibril at the respective binding location, the
effect of different environmental conditions such as polarity, viscosity, hydrogen
bonding etc, on the photophysics of SYPRO Orange has been investigated through
ground state absorption, steady state and time-resolved emission measurements.
5.3.5.2. Effect of solvent polarity
To assess the effect of polarity on photophysical properties of SYPRO Orange,
absorption and emission spectra in homogeneous molecular solvents and their
mixtures with varying polarity have been measured. The normalized absorption
spectra of SYPRO Orange in different solvents are displayed in figure 5.9A. It is
evident from the figure that the absorption spectra is continuously red shifted with
increase in the solvent polarity. This indicates that the ground state getting stabilized
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with increase in polarity of the surrounding medium, which is quite expected due to
zwitterionic nature of SYPRO Orange. In figure 5.9B, normalized fluorescence
spectra with varying Δf have been presented. From the figure it is clear that the
emission spectra also shows continuous bathochromic shift with increase in the
solvent polarity. Such behavior suggests that the dipole moment of the excited state is
larger than the ground state which is characteristic of a solvatochromic dye.125, 138

Figure 5.9 Normalized absorption (A) and emission (B) spectra of SYPRO Orange in
solvents with different Δf values.
The variation of Stokes’ shift with solvent polarity function Δf is plotted in
figure 5.10. From the figure it has been observed that Stokes’ shift varies linearly with
Δf in aprotic solvents. This behavior indicates that the nature of ground and excited
states remain same in the case of aprotic solvents. From Lippert-Mataga relation (see
equation 4.4), the difference in the dipole moments of ground and excited state of
SYPRO Orange in aprotic solvents is estimated to be 5.19 D. From the quantum
chemical calculations, the ground state dipole moment of SYPRO Orange is estimated
to be ~20.2 D. Thus, the excited state dipole moment of SO is ~25.4 D. Such a large
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Table 5.2 Photophysical parameters of SYPRO Orange dye as estimated in different
solvents and solvent mixtures.. Subscripts indicate their corresponding percentage
volume fractions.
Solvent
composition
CH45EA55
CH68EA32
CH75EA25
CH83EA17
CH88EA12
CH94EA06
CH97EA03
EA
EA97ACN03
EA94ACN06
EA88ACN12
EA83ACN17
EA79ACN21
EA71ACN29
EA65ACN35
EA58ACN42
EA50ACN50
EA44ACN56
EA38ACN62
EA29ACN71
EA21ACN79
EA11ACN89
ACN

Δf

max
λabs
/ nm

max
λems
/ nm

φ

τavg /ns

0.158
0.166
0.174
0.183
0.188
0.194
0.197
0.200
0.211
0.227
0.243
0.253
0.260
0.269
0.275
0.281
0.286
0.289
0.293
0.296
0.299
0.302
0.305

476.5
477.0
477.5
478.0
478.0
478.5
479.0
479.5
481.0
482.0
483.0
484.0
484.5
485.0
485.5
485.5
486.0
486.0
486.0
486.0
486.0
486.0
486.0

587.0
588.0
589.0
590.0
591.0
592.0
593.0
595.0
597.0
600.0
602.5
604.5
606.5
608.0
610.0
612.0
614.0
615.0
615.0
615.0
615.0
615.0
615.0

0.45
0.40
0.34
0.30
0.29
0.25
0.24
0.22
0.19
0.15
0.11
0.09
0.08
0.06
0.05
0.05
0.04
0.04
0.03
0.03
0.03
0.02
0.02

0.82
0.78
0.72
0.65
0.6
0.55
0.52
0.5
0.42
0.32
0.25
0.2
0.18
0.15
0.13
0.11
0.11
0.1
0.09
0.09
0.07
0.07
0.06

change in dipole moment indicates that there is increased charge distribution takes
place in the photoexcited state of SYPRO Orange. It is quite possible that upon
photoexcitation, there is significant charge transfer from the aniline group to
pyridinium moiety which results in large separation between negatively charged
sulphonate group and the positive charge results in large dipole moment in the excited
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state. Such charge transfer over a long distance might be responsible for the observed
strong solvatochromism behaviour of SYPRO Orange. Such strong solvatochromism
has already been reported for stilbazolium based molecules.355-358

Figure 5.10 Variation of Stokes’ shift of 2Me-DABT with Δf. { represents the
experimental data. Solid lines represent the fitting of the experimental data with
Lippert-Mataga equation (equation 4.4).
Besides the spectral position, the emission quantum yield is an important
parameter which will be governed by the surrounding environmental conditions. The
fluorescence quantum yield of SYPRO Orange has been estimated in different
solvents and solvent mixtures and the data is presented in table 5.2. The variation in
the emission quantum yield of SYPRO Orange with the solvent polarity function, Δf,
is shown in figure 5.11. It can be seen from the figure that the emission yield of
SYPRO Orange decreases with the increase in the solvent polarity. This result
indicates that there might be an increase in the efficiency of non-radiative decay
pathways of photoexcited SYPRO Orange with increase in the solvent polarity. Thus,
it can be inferred that the fluorescence intensity of SYPRO Orange enhances along
with the blue shift in both absorption and emission when it is bound in hydrophobic
environments. This is in line with the observed hypsochromic shift in the absorption
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as well as emission of SYPRO Orange in the low concentration region of fibril. Thus,
mode I could be due to binding of SYPRO Orange in hydrophobic location in the
fibril. From the studies with other amyloid probes mentioned in previous chapters, we
may assume that SYPRO Orange might be situated in the inner core of the amyloid
fibrils just like PG and 2Me-DABT.

Figure 5.11 Variation in the fluorescence quantum yield of SYPRO Orange with Δf
values of solvents.
The emission transients have also been recorded for SYPRO Orange to
understand the fate of excited state relaxation pathways with change in the
surrounding polarity and the results are presented in figure 5.12A. It is apparent from
the figure that the fluorescence intensity decays becomes faster with increase in the
solvent polarity. This suggests that there is an increase in the rate of excited state
decay with increase in the solvent polarity. All emission transients follow non
exponential decay kinetics and are best fitted with bi-exponential decay function. The
variation in the average lifetime of SYPRO Orange with solvent polarity function, Δf,
is shown in figure 5.12B. It is evident from the figure that the average fluorescence
lifetime also follows the same trend as the emission quantum yield. This indicates that
the rate of non-radiative pathways increase with the increase in the solvent polarity.
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Thus, it can be inferred that the fluorescence intensity as well as the lifetime increases
when SYPRO Orange is situated in low polar site in fibrils. However, even at the
lowest polarity (ε =3.3) used in these experiments lifetime only reaches to about 0.8 ns
while in the fibril, the lifetime is about 2 ns. As the fibrils comprises of charged amino
acids, it is not possible to have a dielectric constant below 3 at the binding location.
Thus, difference in the lifetime in molecular solvents and fibril suggests that the
polarity alone cannot be made responsible for the observed fluorescence enhancement
in the fibril.

Figure 5.12 (A) Transient fluorescence decays of SYPRO Orange in solvent mixtures
with different polarity. (B) Variation in the average lifetime of SYPRO Orange with
solvent polarity.
5.3.5.3 Effect of solvent viscosity
Another important factor that can alter the photophysical parameters of a
fluorophore is the viscosity of the surrounding medium.130, 274, 288, 359, 360 To unravel
the effect of viscosity, all photophysical parameters have been measured with SYPRO
Orange in glycerol by varying its temperature from 15-70 oC. It is well known that the
viscosity rather than the polarity of glycerol is very sensitive to the change in
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temperature. Thus, the viscosity of glycerol changes from 1970 cP at 15 oC to 47 cP at
70

o

C.361 The absorption spectra of SYPRO Orange in glycerol at different

temperatures have been recorded and displayed in figure 5.13. It is evident from the
figure that there is no shift in the absorption maxima with the change in the viscosity
of the solvent. However there is definite change in the absorbance with temperature.
This might be due to the change in refractive index of glycerol with temperature.
Thus, the observed spectral shift in the absorption spectra of SYPRO Orange in the
presence of fibril is not due to the change in rigidity of the surrounding medium.

Figure 5.13 The absorption spectra of SYPRO Orange in glycerol at different
temperatures (15- 70 0C)
Figure 5.14A depicts the variation in fluorescence spectra with the change in
the viscosity of the medium. The fluorescence intensity of SYPRO Orange in glycerol
gradually decreases with increase in temperature. This suggests that there are some
internal dynamics which are being more efficient and leads to decrease in its
fluorescence yield with decrease in the viscosity of the medium. From the molecular
structure, it can be seen that there are two possibilities for such intramolecular
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dynamics in SYPRO Orange. One is cis-trans isomerization of stilbene group362 and
the other is the rotation of dihexyl amino group.355, 363 It has been reported that both of
these processes are viscosity dependent.355, 362, 363 But, which process is responsible for
the observed fluorescence enhancement with the viscosity is still not understood. The
normalized emission spectra of SYPRO Orange in glycerol at different temperatures
have been shown in figure 5.14B, which reveals that the emission maxima shows red
shift with decrease in the viscosity.

Figure 5.14 (A) Fluorescence spectra and (B) intensity normalized fluorescence
spectra of SYPRO Orange in glycerol at different temperatures.
The quantum yield has been estimated for SYPRO Orange in glycerol at
different temperatures and presented in table 5.3. It is evident from the table 5.3 that
the emission yield of SYPRO Orange decreases with increase in temperature of
glycerol solution. The viscosity dependence of quantum yield of fluorescence probe

172

Chapter 5: Zwitterionic SYPRO Orange as fibril sensor

Table 5.3 Photophysical parameters of SYPRO Orange dye in glycerol solution at
different temperatures.
Temperature / oC
15.0
17.8
21.8
25.1
29.9
35.1
40.0
44.7
50.3
55.0
60.1
65.0
70.0

φ
0.68
0.63
0.56
0.53
0.48
0.40
0.34
0.29
0.21
0.17
0.14
0.13
0.11

Viscosity / cP
1970.1
1574.0
1150.7
894.2
625.8
430.5
306.1
222.8
154.5
114.8
83.9
62.6
46.9

τavg / ns
2.05
1.87
1.67
1.47
1.26
1.09
0.92
0.87
0.76
0.64
0.54
0.43
0.38

has been related to the viscosity of surrounding medium by following ForsterHoffmann equation.172, 288

log(φ ) = log( A) + α log(η / T )

(5.3)

The ‘α’ parameter in the above equation is reported to be the measure of strength of
viscosity probe.172, 274 The variation in log(φ) with log(η/T) has been presented in
figure 5.15. The data has been fitted with equation 5.3 resulting α of 0.54. Such large
value of ‘α’ indicates SYPRO Orange can be a very good viscosity probe. Thus, the
fluorescence intensity of SYPRO Orange is also very sensitive to frictional force
offered by the surrounding medium.
In order to get deep insight on the rate of excited state depopulation due to the
variation in the viscosity of the surrounding medium, the fluorescence intensity decays
of SYPRO Orange in glycerol at different temperatures have been recorded and
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Figure 5.15 Forster-Hoffmann plot for SYPRO Orange in glycerol. Circles represent
the data points and solid line represents their linear fit by equation 5.3.
presented in figure 5.16A. The transient fluorescence decays of SYPRO Orange gets
faster with increase in temperature of the glycerol solution, i.e., decreasing the
viscosity of the surrounding medium. All decays follow bi-exponential decay kinetics.
The average fluorescence lifetime of SYPRO Orange in glycerol decreases from 2.3
ns at 15 oC to 0.2 ns at 70 0C. The ‘α’ parameter also have been obtained from log τavg
vs. log(η/T) plot (figure 5.16B) which is about 0.49. The ‘α’ value thus estimated
from time-resolved measurements is very similar to that estimated by steady state
emission experiments. Therefore, with increase in the viscosity of the surrounding
medium, there is an enhancement in the emission intensity as well as the emission
lifetime accompanied by blue shifted emission spectrum. Hence, we can infer that
increased micro viscosity at the binding location also contributes towards the
enhanced fluorescence obtained for SYPRO Orange in the presence of fibrils.
However, emission maximum observed for SYPRO Orange in glycerol at
highest viscosity in this experiment is still 605 nm along with no shift in the
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Figure 5.16 (A) The fluorescence decay traces of SYPRO Orange in glycerol at
different temperatures. (B) Plot for the changes in the average lifetime of SYPRO
Orange with solvent viscosity.
absorption peak. The ‘α’ value obtained for SYPRO Orange (0.54) is smaller
compared to the ‘α’ value for ThT (0.98).172 This suggests viscosity is not the only
reason for the observed spectral changes of SYPRO Orange in insulin fibril. Rather,
both decrease in polarity and increase in rigidity around the binding site of SYPRO
Orange in fibril is responsible for the observed spectral behaviour.
5.3.5.4 Effect of hydrogen bonding
Even after the detail photophysical studies in solvents with different polarity
and viscosity, the reason for the observed bathochromic shift in the absorption spectra
of SYPRO Orange in presence of high concentration of fibril remains unanswered.
Considering the molecular structure of SYPRO Orange, there might be some sort of
special interactions, such as hydrogen bonding, might be operating between SYPRO
Orange and amino acids of the fibrils. Amino acids, such as glutamic acid, histidine
etc., with side chains containing proton can form H-bond with the SYPRO Orange in
amyloid fibrils. To understand the role of H-bonding in the photophysical properties,
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the absorption and emission spectra of SYPRO Orange have been recorded in
acetonitrile (ACN)-methanol (MeOH) solvent mixtures and shown in figure 5.17. Due
to the similar dielectric constant of ACN (ε=37.5) and MeOH (ε=34) and similar
viscosity (ηMeOH = 0.45 cP and ηACN =0.34 cP285), the polarity and viscosity will
remains same for ACN-MeOH mixtures for all compositions. However, increase in
the MeOH fraction in the solvent mixture will increase the intermolecular H-bond
forming ability of the solvent mixtures. It is evident from figure 5.16A that increase in
the MeOH fraction in the solvent mixtures results in a bathochromic shift in the
absorption spectra of SYPRO Orange. Thus, the absorption maxima for SYPRO
Orange are 486 nm in ACN and 496 nm in MeOH. However, it is evident from figure
5.17B that there is no change in either emission peak position or emission intensity of
SYPRO Orange due to change in the composition of solvents. This result indicates
that H-bonding doesn’t affect the excited state while it is only stabilizing the ground
state of SYPRO Orange. From the molecular structure of SYPRO Orange it can
intrigued that isolated sulphonate group may form H-bond with side chains of amino

Figure 5.17 (A) Absorption spectra and (B) Emission spectra of SYPRO Orange in
ACN-MeOH solvent mixtures.
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acid while the main fluorophoric unit, amino stilabazolium group, is not interacting.
These results revealed that the observed red shifted absorption is high concentration
region of fibril bound SYPRO Orange is due to H-bonding effect at the binding
location.
5.3.5.5 Effect of aggregation
As water is more polar and having strong H-bonding ability than MeOH,285, 318
we would expect aqueous solution of SYPRO Orange should show absorption
maximum at much longer wavelength as compared to other solvent studied.
Unexpectedly, the absorption peak of SYPRO Orange in water is 487 nm which is ~9
nm blue shifted compared to that in MeOH. To investigate such unusual behaviour,
we have studied the photophysical properties of SYPRO Orange in MeOH-water
mixtures. Absorption and emission spectra of SYPRO Orange recorded in MeOHwater mixtures at different compositions are presented in figure 5.18 and 5.19. Based
on the spectral behaviour SYPRO Orange in MeOH-water mixtures, results are
divided into three regions: (a) 0-50% H2O (b) 50-80 % H2O (c) 80- 100% H2O. In the
first region the absorption as well as emission properties doesn’t change due to the
addition of water to the methanolic solution of SYPRO Orange. This result indicates
that even in the presence of 50% water in the solvent mixture, there is no specific
interaction between solvent and SYPRO Orange. However, in the second region, i.e.
50-80% H2O, there is continuous blue shift of absorption maxima due to the increase
in the water content. Thus, the absorption maxima changes from 495 nm in presence
of 50% water to 481 nm in presence of 80% water in the MeOH-water solvent
mixtures. Along with the spectral shift, there is also a significant increase in the
spectral width of the absorption spectra due to increase in the water content. It is also
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Figure 5.18 Normalized absorption spectra of SYPRO Orange in MeOH-H2O
mixtures with different compositions. (A) 0-50% H2O. (B) 50-80% H2O. (C) 80-100%
H2O.

Figure 5.19 Fluorescence spectra of SYPRO Orange in MeOH-H2O mixtures with
different compositions. (A) 0-50% H2O. (B) 50-75% H2O. (C) 75-100% H2O.
evident from figure 5.18B that due to the addition of water a new emission band at
~590 nm which is ~30 nm blue shifted from emission spectra of SYPRO Orange in
MeOH, has been observed. Such changes in emission spectra have been reported to be
due to aggregate formation for several classes of molecules.191,

364, 365

Drawing

analogy, we propose that there is some sort of aggregate formation occurs in this
solvent mixture. The nature of these aggregates is not yet understood.
In the third region, i.e., 80-100 % H2O the absorption spectra shows
bathochromic shift of ~7 nm which makes the absorption spectral peak at ~487 nm in
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water. In this region, the emission spectra shifted back to 620 nm along with large
reduction in the emission intensity. This might be possible that SYPRO Orange is
aggregating to larger aggregates, which lead to drastic quenching in the emission
yield.
The ratio of absorbance at 450 nm (close to aggregate absorption) and 500 nm
(close to monomer absorption) has been calculated and plotted as a function of
percentage of water and presented in figure 5.20A. It is obvious from the figure that
up to 50% water, there is no change in ratio indicating absence of any aggregation till
50% of water. Further addition of water, i.e., up to 80% water, causes rise in
absorbance ratio indicates the formation of aggregates of SYPRO Orange. However,
above 80% water, the absorbance ratio started decreasing. This effect is clearly visible
from the ratio of fluorescence intensity at 575 nm (predominantly aggregate emission)
and 610 nm (predominantly monomer emission) which is shown in figure5.20B. Such
changes might be possible due to the formation of higher degree of aggregates when
water content exceeds 80% in water-MeOH mixtures. However, if the former case is
true, then the fluorescence intensity of SYPRO Orange should be recovered to level of
intensity in MeOH. Contrastingly, the fluorescence has been significantly quenched in
third region of MeOH-water mixtures. The formation of higher aggregates might be
the possible case for SYPRO Orange in this region in which exciton quenching can
takes place leads to low fluorescence in water.
Increase in the fluorescence lifetime along with the rise of new emission band
is shown to be one of the evidence for aggregate formation.191, 364, 365 In order to check
such possibility, emission transients were recorded for SYPRO Orange in MeOHwater mixtures using TCSPC technique and the results are displayed in figure 5.21.
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The emission decays are also follows the same trend as fluorescence intensity. Upto
50% of water there is no change in the rate of emission decay which yields a lifetime

Figure 5.20 The variation in the ratio of (A) absorbance ratio of 450 nm to 500 nm
and (B) fluorescence intensity ratio of 575 nm to 610 nm for SYPRO Orange as a
function of percentage of water in MeOH.
of ~100 ps (data not shown). However, in the second region, it is observed that the
decay of excited state becomes slower with increase in the percentage of water.
However, on further addition of water results in the significant increase in the rate of
emission decay of SYPRO Orange.

Figure 5.21 Fluorescence transient decays for SYPRO Orange in MeOH-H2O
mixtures with different compositions. (A) 50-80 % water (B) 80-100 % water
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All decays were fitted with tri-exponential decay function. The variation in the
average lifetime of SYPRO Orange with water content in MeOH-water mixtures is
presented in figure 5.22. It is clear that there is no change in the average lifetime up to
50% water but the rise in lifetime on further addition of water up to 80% water clearly
indicates the aggregate formation. However, for more than 80% water, there is drastic
reduction in the excited state lifetime of SYPRO Orange.

Figure 5.22 The variation in the average lifetime of SYPRO Orange with the water
content in MeOH-H2O mixtures. Solid line is guide to eye.
5.3.5.6 Mechanism of Binding of SYPRO Orange to insulin fibril.
The absorption and emission measurements suggested that there are two
binding modes exist between SYPRO Orange and fibril. One mode of binding at the
low concentration region (<1 μM) of fibril and other is at high concentration region
(1-30 μM) region of the fibril. In the first mode of binding we have observed there is
blue shift in the absorption accompanied by blue shift in the emission. From the detail
spectroscopic studies in molecular solvents, we may infer that in aqueous solution
SYPRO Orange exist as large aggregates. Thus, on initial addition of fibril to aqueous
solution of SYPRO Orange causes disaggregation of dye followed by its binding in
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To further acquire the knowledge of nature of binding between SYPRO
Orange and fibril, blind molecular docking studies has been performed. As there is no
detail structural information on insulin fibrils, in docking studies we have used the
fibrillar structure (PDB ID: 2MXU) of Aβ1-42 as host.271 The molecular structure of
SYPRO Orange has been optimized using quantum chemical calculations and has
been used in docking studies. Docking has been executed with various initial positions
of SYPRO Orange with respect to the host fibril. Most energetically stable
configuration of SYPRO Orange-fibril has been shown in figure 5.24A as mode I. The
figure shows that the dye molecule located in the inner grove of fibrils which is in
close agreement with the first mode of proposed binding. Close look on this mode has
been shown in figure 5.24B. From this figure, we can see that there is no special
interactions have been observed which indicates that hydrophobic stabilization is the
main reason for the observed binding of SYPRO Orange to fibril. The binding energy
calculated is about 4.74 kcal / mole. To understand the other mode of binding, docking
of another SYPRO Orange molecule was carried out using most stable docked
SYPRO Orange-fibril complex as host which has been shown in figure 5.24A as mode
II. Figure 5.23 C shows a close look at the second mode of binding. The estimated
binding energy is about 3.93 kcal/ mole. Thus, docking results supports the
experimental results.
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modes of binding of SYPRO Orange to fibril exists. Detailed photophysical studies of
SYPRO Orange in molecular solvents helps in elucidating the mechanism of
interaction of SYPRO Orange to fibrils. One mode of binding is involved in
disaggregation process of aqueous dye solution accompanied by the binding in inner
core of the fibrils stabilized by hydrophobic forces. Second mode of binding involves
the hydrogen bonding interaction of sulphonate group with side chains of amino acids
in fibril and increased micro viscosity around the probe which leads to large
fluorescence enhancement. Such a large fluorescence enhancement, ionic strength
independence, orange fluorescence makes SYPRO Orange as better probe for amyloid
fibrils.
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Chapter-6
Solvent relaxation dynamics in amyloid
fibrils
6.1 Introduction
The mechanistic understanding of protein’s self assembly and its relation to
amyloidosis is still a matter of debate as there is very limited experimental means by
which the detailed dynamics of protein aggregation can be monitored in real time.21, 34,
61, 366, 367

Moreover, the recent evidences suggest that the diffusible intermediate

species appear during the aggregation pathway and are involved in pathology of
amyloid related diseases.21,

34, 61, 366, 367

Besides that, the fibrillar structure can be

disintegrated and dissolved by a number of small molecules indicates that the amyloid
structure is dynamical in nature.368-370 In fact, there are cases where the disaggregation
of fibrils leads to reduction in the symptoms of the corresponding diseases.371, 372 This
highlights the importance of elucidation of high resolution dynamics along
aggregation pathways for a comprehensive understanding of the molecular basis of
amyloid diseases.
Studies on amyloid fibrils is mostly focused on the effect of protein
conformation49, amino acid sequence,20, 36, 48 and environmental conditions like pH,194,
373

ionic strength374 etc., to understand protein-protein interactions. But water is
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treated as spectator even it is an important constituent in biological system.375 As a
matter of fact, the solubility of proteins and the inter protein interactions are highly
rely on the neighboring water molecules which hydrate them.375 Recently Chong et. al
studied the role of surrounding water in determining the proneness of proteins to
undergo aggregation.150 They have correlated hydrophobicity of different amyloid
forming proteins with their prone towards the aggregation.376 A good correlation even
with the proteins with large variation in their native structures and amino acid
sequences has been shown. These results indicate that it is the surrounding water
which controls the propensity of protein’s aggregation in aqueous solutions rather the
protein itself. They have further shown that the electrostatic interaction between water
and protein molecules plays an important role in the protein aggregation process.150
The long range order of water structure is accountable for two protein molecules to
come closer to aggregate. Once protein molecules come in contact, the inter-protein
interactions control the aggregation process. Thus, water molecules around the protein
plays vital role in the formation of amyloid fibrils.150, 376
De Simone and co-workers investigated the role of hydration on the amyloid
fibril formation of Ribonuclease A using molecular dynamics simulations.50, 377 They
found that there are two types of water exist in fibrillar structure, buried and surface
water. Buried water guides the structural dynamics of proteins, while the surface water
plays an important role in protein aggregation.377 They have shown that surface water
is always in dynamical exchange with the bulk water. Such exchange process is highly
entropically favorable and reduces the activation energy for the protein unfolding. It is
further shown that the residence time of surface water is very short.377 Thus, all these
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studies indicate that the dynamics of water in and around the protein molecules play a
crucial role in the formation of amyloid fibril.
Recently, fibrillation of human serum albumin (HSA) has been studied by
several research groups.17, 18, 378, 379 HSA plays a key role in transporting fatty acids,
and other physiologically essential molecules.380 It regulates osmotic pressure of
blood. HSA is a single poly peptide chain containing 585 amino acid molecules with
a-helix as major structural motif. More importantly, it contains a tryptophan (W214),
a valuable environment sensitive fluorescence probe which can be used to probe the
local dynamics around it. Its emission maximum, intensity, fluorescence lifetime and
depolarization time are the most useful information that have been used to reveal the
structural information of proteins.381-384 Native HSA protein has very less b-sheet
content (~5%), and hence the possibility for preformed fibrils is negligible. The
formation of unfolded / misfolded protein is requisite for the fibril formation and
hence heating at elevated temperatures leads to formation of HSA fibril.385
To understand the solvent interaction in the fibrillation process of HSA,
recently Juarez et. al. studied the effect of alcohol on the fibrillation of HSA at
different pH.386 They found that the electrostatic interaction of solvent with the protein
changes the fibrillation kinetics, its morphology and the extent of fibril formation.
Hydrogen bonding by solvent with the b-sheets changes the fibrillar structure from
curly fibers to straight long fibrils. It is very interesting that pre and post addition of
alcohols to the fibrils has contradictory behavior. Pre addition enhances the fibrillation
and post addition dissolves the fibrils.387 Thus, it is clear that solvent interaction with
proteins has a very crucial role in HSA fibrillation.385, 387 Though the interaction of
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water with protein depicts its biological activity but the water interaction with amyloid
fibrils are not well known.
Herein we have tried to elucidate and understand the local structural flexibility
of protein and the nature of water in the fibrillar state by monitoring time dependent
spectral changes of the sole tryptophan (W214) in HSA. By investigating the
tryptophan fluorescence dynamics we can elucidate the local structural flexibility and
nature of water in the fibrillar state.

6.2. Materials and Methods:
HSA, Tris(hydroxymethyl) aminomethane) (Tris) were purchased from Sigma
Aldrich and used without further purification. Nanopure water (conductivity less than
0.1 mScm-1), from a Millipore Milli Q system, was used for all sample preparations.
All the samples are freshly prepared before the prior experiments. Fibrils were
prepared by dissolving HSA (2mg/ml) in Tris-HCl buffer (pH~7.4) and heated at 650
C for 4 hours.385
Steady-state fluorescence spectra were measured with Hitachi F-4500
spectrofluorimeter whose details were discussed in chapter 2. The emission spectra
were corrected for the wavelength-dependent instrument responses using the spectrum
of standard aqueous tryptophan solution. The measured wavelength domain spectra, I
(λ), were converted into the frequency domain spectra, I(n), by using the following
equation.

I (ν ) = λ 2 I ( λ )

(6.1)
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The fluorescence transients were collected at wavelengths with 10 nm interval
over the entire emission spectrum using time-correlated single-photon counting
(TCSPC) instrument from IBH, UK. The samples were excited with 295 nm, 1MHz
LED. The instrument response function for these time-resolved measurements was ~
780 ps. All the fluorescence decays were fitted with tri-exponential decay function
using an iterative convolution method. Time-resolved emission spectra (TRES) were
constructed according to the method explained in chapter 3.
Time dependent fluorescence anisotropy was calculated by using the following
equation.125

r (t ) =

I || ( t ) − GI ⊥ ( t )

(6.2)

I || ( t ) + 2GI ⊥ ( t )

r ( t ) = r0 exp( − t / τ r )

(6.3)

where, I|| and I ⊥ are the two polarized fluorescence decays with emission
polarizations parallel and perpendicular to the vertically polarized excitation light,
respectively. To correct the polarization dependent instrumental sensitivity, G factor
was measured separately.

6.3. Results and Discussion:
6.3.1. HSA fibril formation
The fibril formation of HSA has been monitored through standard Thioflavin
T fluorescence assay.238 The comparison of the ThT fluorescence intensity before and
after fibrillation is presented in figure 6.1A. The increase in the ThT fluorescence by
~15 fold indicates the formation of HSA fibril. The changes in the ThT emission
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intensity during fibrillation is presented in inset of figure 6.1 A. It is evident from the
figure that there is no lag phase in HSA fibrillation process suggesting that the
formation of HSA fibril is thermodynamically feasible process.388 No further change
in the emission intensity of ThT at longer fibrillation time indicates the completion of
the fibrillation process. Thus, in present work fibrils formed after heating the protein
sample for 4 hours are used for further experiments.

Figure 6.1 (A) Fluorescence spectra of ThT in HSA protein (dashed) and fibril (solid).
Inset: Variation in the ThT fluorescence intensity during HSA fibrillation. (B) Far-UV
circular dichroism spectra of (a) HSA protein and b) HSA fibril.

Figure 6.1B shows far UV circular dichroism (CD) spectra of HSA protein and
fibril. Native HSA protein shows negative peaks at 208 nm and 220 nm which are
characteristic of a helical structure.18, 388-390 The intensity of CD signal at both these
peak positions reduces substantially in the amyloid fibrils. Such large changes in the
CD spectra clearly indicates that in the fibril the a helical content is drastically
reduced and consequently the β-sheet or coiled structures is increased. The strong
reduction in the intensity of 220 nm peak clearly indicates the increase of β-sheet
structure at the expense of helical content.18, 388, 390
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6.3.2. Steady state fluorescence measurements
Steady state fluorescence spectra of W214 in HSA protein and fibril have been
recorded by exciting at 295nm and results are presented in figure 6.2. The excitation
wavelength is chosen in such a way that only tryptophan residue will be excited
preferentially.125 HSA in its native form shows emission maximum at 345nm.391
However, HSA fibril shows a fluorescence peak at 337 nm showing a blue shift of
~8nm compared to its native form. Such a blue shift in the fluorescence spectra of
W214 in HSA due to fibrillation has been reported in the literature.387 Such blue shift
in the emission spectra indicates that the micro environment around W214 changes
substantially due to the fibrillation process.125 Further, preferential quenching of red
side of tryptophan emission spectrum by charged amino acid residues can also cause
blue shift in HSA fibril. Sometimes even exposure to water can also cause blue shift
of the tryptophan emission spectra.392 Such blue shift explicitly depends on the
orientation of water molecules with respect to indole ring of tryptophan.393

Figure 6.2 Steady state emission spectra (λex=295 nm) of HSA native protein (solid)
and fibril (dashed).
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It can also been seen from figure 6.2 that there is reduction in the fluorescence
intensity of tryptophan during the fibrillation process. This indicates in the fibrillar
phase W214 may situated closer proximity to charged amino acid residues like
arginine etc.384 From the crystal structure of HSA, it is shown that polar amino acid
residues like R218, K199 and E450 are in the nearby region of W214.394 Bhagavan
and his co workers showed that R218 is mainly responsible for the electronic
quenching of W214 by site directed mutagenesis.384 X-Ray structure of HSA shows
that R218 is apart from W214 by 3.14 Å. Fluorescence quenching might also be due
to the exposure of tryptophan to water molecules.395 Water can stabilize the charge
transfer state and increases the rate of electron transfer reaction thus decreases the
fluorescence yield. There are several reports showing the quenching of indole
derivatives due to the involvement of hydrogen bonding in protic solvents.125

6.3.3 Time resolved measurements
In order to understand the changes in the environment of W214 due to the
fibrillation, detail time resolved fluorescence studies have been carried out.
Fluorescence transients recorded for W214 in native protein and fibrils are shown in
figure 6.3. It is evident from the figure that fluorescence intensity of W214 decays
faster in fibril compared to native protein. Both transient decays have been fitted with
tri-exponential decay function and the average lifetime estimated to be 5.85 ns for
native protein and 4.06 ns for amyloid fibrils. Such decrease in the excited state
lifetime also supports that the tryptophan fluorescence has been quenched due to more
close proximity of polar amino acids in fibril as compared to native protein.392

194

Chapter 6: Solvation dynamics in HSA fibril

Figure 6.3 Fluorescence transients of tryptophan in HSA protein and fibril at their
corresponding emission peak wavelength.
Table 6.1 Fitting parameters of fluorescence decay traces of HSA protein and fibril
HSA

a1

τ1 / ns

a2

τ2 / ns

a3

τ3 / ns

τavg / ns

Protein

0.014

0.49

0.316

3.71

0.670

6.98

5.85

Fibril

0.060

0.41

0.425

2.44

0.515

5.85

4.06

To explore the excited state dynamics of W214 in the fibrillar state, we have
carried out detail wavelength dependent fluorescence measurements of HSA fibril and
the results are shown in figure 6.4. It is clear from the figure that the emission
transient decays are strongly dependent on the emission wavelength. The fluorescence
transient in the blue edge of the spectrum decays relatively faster than the decay at the
red edge of the spectrum. Similar wavelength dependent emission transient decays
have also been observed for native HSA. However, transient decays at all emission
wavelengths are relatively faster for amyloid fibril than native protein.
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cence spectra decreases with time. In addition to the decrease in intensity, a significant
time dependent fluorescence Stokes’ shift has also been observed (cf. figure 6.5B).
Thus, emission maximum shifts from 29,474 cm-1 at 0.3 ns to 28,576 cm-1 at 10 ns.
Figure 6.6 represents the variation in the area under the emission spectra with
time for native and fibrillar protein. Note that the emission intensity decay is relatively
faster in fibrillar medium than the native protein. The decay of area under the emission
curve has been fitted with multi exponential function and the average decay times
were estimated to be 5.91 ns and 4.1 ns for protein in native and fibrillar form,
respectively. This result is in agreement with the fluorescence lifetime obtained from
the decay at their respective emission maxima.

Figure 6.6 The variation in the area under the emission spectrum of fibril (∇) and
native protein (Ο). The solid line represents their multi exponential fits.
To get more detailed information on the excited state dynamics, we examined
the variation of peak of the transient emission spectra with time. The temporal peak
profile for fibril and protein are shown in figure 6.7. It is evident from the figure that
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extent of change in the peak frequency is more and faster for the fibril compared to
that in the native HSA. The variations of the emission peak position with time were
fitted with a bi-exponential function and the time constants obtained are 180 ps (79%)
and 5.35 ns (21%) for fibril and 470 ps (46%) and 12.8 ns (54%) for the native protein
Thus, the average time constant for the rate of change in emission peak position is
estimated to be 1.26 ns & 7.12 ns for the fibrillar & native protein, respectively. The
change in emission peak of W214 in native protein is reported to be due to the solvent
relaxation process.396 Drawing analogy with protein, the observed dynamic Stokes’
shift in fibrillar solution is also assigned to the solvent relaxation process.

Figure 6.7 Variation in the emission maxima with time for protein (Ο) and fibril ( ).
The solid lines represent the bi-exponential fits
Thus, from the present result, it is quite evident that the solvent relaxation
process becomes much faster in fibrillar phase as compared to that in native protein
despite having more ordered structure in the fibril. Crystallographic data of HSA
suggests that there is some bound water molecules are available near tryptophan
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residues which can solvate W214 in nanosecond time scales.394 Hence, faster solvent
relaxation in fibril eventually suggests that in fibrillation W214 gets more exposed to
more mobile water. As the protein unfolding is the initial step in the fibril formation,16
it is quite possible that during the unfolding process the region where tryptophan
resides getting more exposure to the bulk water or some water channels which are
more labile than the native protein. These results suggest that even though the amyloid
fibril structure is highly ordered, there are solvent accessible regions and have a faster
hydration dynamics than the protein.
Recently Schiro and his coworkers have studied nanosecond dynamics of
Concanavalin A (Con A) amyloid fibrils using neutron scattering experiments at
different temperatures.397,

398

They observed that the fibrils have more mobile H-

atoms compared to the native protein and amorphous aggregates. But FTIR and
circular dichroism spectroscopic studies suggest the formation of ordered amyloid
structures. In the fibril structure, the side chains are extended towards the fibril surface
and reducing the steric hindrance from the other amino acids and allowing the water
interactions easier.397, 398 MD simulation studies of amyloid β protein also suggest that
there are hydrated cavities in the fibrillar structure.399 Hochstrasser and co-workers
also showed that the mobile water molecules are present in the amyloid structures of
Ab(1-40) using two-dimensional infrared (2DIR) spectroscopy.149 Based on spectral
diffusion studies they inferred that there are channels that contain energetic water
molecules between two beta sheets. Therefore, in HSA fibril, W214 may be situated
and exposed to water in such hydrated cavities which leads to the faster solvation
dynamics.

199

Chapter 6: Solvation dynamics in HSA fibril

It is evident from figure 6.5B that apart from change in the peak frequency and
area under the emission spectrum, there are substantial changes in the spectral width,
especially towards the blue edge of the emission spectrum. To understand such
changes in the shape of the emission spectrum, the temporal variation in the FWHM
of the emission spectrum has been plotted in figure 6.8 for native protein and fibril.

Figure 6.8 Time dependent variation of FWHM for HSA protein (U) and fibril ({).
The evolution of spectral width is a very useful in understanding the
heterogeneity of the medium around the fluorophore.400 It is evident from figure 6.8
that in both native and fibrillar HSA, there is ~10% decrease in the FWHM with time.
Such decrease in spectral width, due to solvent relaxation, is well established for the
homogeneous and micro heterogeneous systems and assigned to the change in solvent
environment of the probe due to photoexcitation.138, 401-403 It is evident from figure 6.8
that unlike native protein, the time course of FWHM for the fibril shows a distinct
maximum. Such kind of behavior is observed in highly heterogeneous media like
supercooled liquids,404 lipid bilayers,403 etc. In such heterogeneous systems, the
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fluorophore resides in spatially different micro environments which respond to the
excitation light separately. Some of the molecules relax faster and some relax slower
which causes broadening in the transient emission spectra. This leads to maximum in
TRES width at intermediate times. The amount of broadening is measure of
heterogeneity of the system. Qui et. al reported that HSA protein shows FWHM
broadening in the picosecond regime,143 while in fibril we have observed the peak in
the nanosecond regime which indicates the increase in the heterogeneity of the system.
This indicates fibrils are more heterogeneous than the native protein. It is reported that
even at the same growth conditions amyloid fibrils can form different
morphologies.405, 406 Sometimes even the external appearance is same, but the internal
cross beta structure differs.266, 407 There are reports showing that same protein under
similar conditions forms fibrils with difference in the number of protofibrils
comprising them.42 Actually, structural heterogeneity is itself exists in the partially
folded conformers which are initial precursors for the fibril formation.408 But protein
has a distinct secondary structure. Structural heterogeneity is not expected in protein
in its native form unless there is any external perturbation. 2DIR spectra of Ab 1-40
fibrils also support the presence of the microscopic heterogeneity in the individual
fibrils which leads to appearance of multiple diagonal peaks and corresponding cross
peaks.149 2DIR spectra is expected to give a single diagonal peak for amide II band,
but in the experiments shows there are multiple diagonal peaks appeared along with
the corresponding cross peaks. This indicates the peaks appearing from a single fibril
and they are coupled.149 This indicates microscopic heterogeneity exists in the
individual fibrils. All these observations suggest that fibrils are intrinsically
heterogeneous.
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6.3.4. Time resolved anisotropy studies:
For the better understanding on the local flexibility of HSA in the fibrillar
form, time-resolved fluorescence depolarization experiments have been carried out
and the results are shown in figure 6.9. The anisotropy decays were fitted with biexponential decay function and the fitting parameters are tabulated in table 6.1. HSA
protein is known to show two rotational reorientation times, one is in the sub
nanosecond regime which is assigned to be tryptophan segmental motion and another
time constant is in the order of few tens of nanoseconds which is assigned to be the
whole rotation of the protein.409 From table 6.1 it is evident that in fibril segmental
rotational reorientation time of W214 is slightly faster compared to native protein
indicates the tryptophan resides in the softer core of the ordered amyloid fibrils. It is
evident that the fibril shows large residual anisotropy (~0.15) compared to that of
native protein (~0.05). The large size of the amyloid fibril results in long correlation
times leads to large residual anisotropy.

Figure 6.9 Time-resolved anisotropy of HSA protein (Ο) and fibril (). The solid
lines represent the bi-exponential fits to the experimental data.
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Table 6.2 Fitting parameters for the time-resolved anisotropy decay of HSA protein
and fibrils.
HSA

a1

τ1 / ns

a2

τ2 / ns

Protein
Fibril

0.42
1.00

0.386
0.338

0.58

26.46

Residual anisotropy
at 30 ns
0.05
0.15

6.4. Conclusions:
Excited state dynamics of HSA fibril has been investigated by using its
intrinsic tryptophan (W214) as a fluorescence probe by employing time-resolved
fluorescence technique. The dynamics of water molecules around the tryptophan
molecules have been studied through TDFSS studies. This study shows that in spite of
having more ordered structure, tryptophan in fibril experiencing an environment with
more labile water as compared to the native protein. The faster hydration dynamics in
fibril suggests that the fibrillation of HSA causes the exposure of the tryptophan
moiety to either bulk water or some water channels where water is more mobile than
in the interior of the native protein.
To get more detailed information on the structural and dynamical aspects in
fibrils, one should study the dynamics using spectroscopic technique with much
shorter time resolution. These studies will provide results about short range
fluctuations in the dynamics of the solvents as well as nearby amino acid residues
around tryptophan during the fibrillation. Besides that the probing the dynamics of
proteins at different stages of fibrillation, like nucleation, elongation and saturation,
will give a brief description about the step by step changes in protein conformation
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and role of hydration during the fibrillation. Further, incorporation fluorescent amino
acid at different location of protein will help us to understand the site specific
structure and dynamics of water molecules. Such information will help us to
understand the specific contribution of each sites of protein towards fibrillogenesis. In
future, we are planning to do such experiments in our lab to unravel the mechanism of
fibrils as well as the changes in the hydration dynamics during fibrillation using timeresolved spectroscopy with sub-picosecond time resolution.
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Chapter-7
Summary and Outlook
In the present thesis, we have explored the applicability of three classes of
dyes cationic PicoGreen (PG), neutral derivative of Thioflavin T, 2Me-DABT and
zwitterionic SYPRO Orange (SO) for the amyloid fibril detection. All the three dyes
show very distinct changes in their photophysical properties in the presence of
amyloid fibrils.
Cationic PicoGreen shows large enhancement in the fluorescence intensity as
well as lifetime due to binding with insulin fibrils. It has been shown that PG is better
amyloid probe than standard amyloid stain Thioflavin T (ThT). By employing
ultrafast fluorescence spectroscopy, it has been identified that the large retardation in
the internal torsional motion of PG upon binding with fibrils is primarily responsible
for the observed large fluorescence enhancement in the presence of amyloid fibrils.
Neutral benzothiazole derivative, 2Me-DABT, has been synthesized in order to
overcome the problem of low blood brain barrier penetrating power of its parent ThT.
Unlike ThT, 2Me-DABT shows strong solvatochromic behavior due to its existence of
emissive intramolecular charge transfer state. Very low quantum yield of 2Me-DABT
in water is proven to be due to solute-solvent hydrogen bonding with solvents. The
binding with insulin fibrils cause large enhancement in the fluorescence intensity
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along with the large blue shift which makes this dye as efficient ratiometric sensor for
the amyloid fibrils.
Zwitterionic SYPRO Orange is another probe which shows promising changes
in its spectral properties due to the interaction with amyloid fibrils. SYPRO Orange
shows large fluorescence enhancement, strong blue shift in the presence of insulin
fibrils. SYPRO Orange gives brighter images of amyloid fibrils compared to ThT. It
has also been shown to be ~35 times more sensitive than ThT. From the detailed
photophysical studies in different molecular solvents, it has been understood that the
breaking of preformed aggregates in aqueous SYPRO Orange solution along with
special effects of hydrophobic binding, restriction in its internal dynamics and
hydrogen bonding of SYPRO Orange with insulin fibrils as a whole give such a huge
enhancement in its emission intensity upon binding with amyloid fibrils.
Apart from the detection of fibrils, it has also been tried to elucidate the
dynamics of fibrils of well known blood plasma protein, Human Serum
albumin(HSA), using its internal fluorescence probe Tryptophan(W214) and
compared with the native protein. From detailed time-resolved fluorescence
measurements, it has been shown that the dynamics are faster in the fibril compared to
protein due to the presence of some labile water pocket in amyloid fibrils.
There is always a scope to develop new and better probes for the detection of
amyloid fibrils. In recent days, NIR probes are found to be better alternative compared
to standard PET probes in terms of ease of use, fast processing and non radioactive.122,
232, 237, 410, 411

In our lab, we are currently focus on the developing and understanding

new NIR probes for the sensitive detection of amyloid fibrils both in-vitro and in-vivo.
We have also initiated ultrafast spectroscopic studies on dynamics in amyloid fibrils
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using both extrinsic fluorescence probes as well as intrinsic probes such as tryptophan.
Such studies will elucidate the dynamics in the fibril in greater detail.
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