
Evaluation of Amyloid Fibrils as Templates for Photon
Upconversion by Sensitized Triplet-Triplet Annihilation

Utvärdering av Amyloidfibriller som Stödmaterial för Photon Upconversion via
Sensitized Triplet-Triplet Annihilation

SHARON BERKOWICZ
HELENA OLSSON
HENRIK BROBERG

Bachelor Thesis

Supervisor: Christofer Lendel, PhD
KTH Royal Institute of Technology

Department of Chemistry
Division of Applied Physical Chemistry

Stockholm, Sweden
May 24, 2017



Abstract

In the face of global warming and shrinking resources of fossil fuels
the interest in solar energy has increased in recent years. However,
the low energy and cost efficiency of current solar cells has up to
this date hindered solar energy from playing a major role on the
energy market. Photon upconversion is the process in which light
of low energy is converted to high energy photons. Lately, this
phenomenon has attracted renewed interest and ongoing research
in this field mainly focuses on solar energy applications, solar cells
in particular. The aim of this study was to investigate and eval-
uate amyloid fibrils as nanotemplates for an upconversion system
based on the dyes platinum octaetylporphyrin (PtOEP) and 9,10-
diphenylanthracene (DPA). This well-known pair of organic dyes
upconverts light in the visible spectrum through a mechanism
known as sensitized triplet-triplet annihilation. Amyloid fibrils
are β-sheet rich protein fibril structures, formed by self-assembly
of peptides.
Amyloid fibrils were prepared from whey protein isolate using heat
and acidic solutions. Dyes were incorporated according to a well-
established technique, in which dyes are grinded together with the
protein in solid state prior to fibrillization. Photophysical proper-
ties of pure fibrils and dye-incorporated fibrils were studied using
UV-VIS spectroscopy and fluorescence spectroscopy. Atomic force
microscopy was further employed to confirm the presence of amy-
loid fibrils as well as to study fibril structure. Results indicate
that amyloid fibrils may not be the optimal host material for the
upconversion system PtOEP/DPA. It was found that the absorp-
tion and emission spectra of this system overlap to a great deal
with that of the fibrils. Though no upconverted emission clearly
generated by the dye system was recorded, anti-Stokes emission
was indeed observed. Interestingly, this emission appears to be
strongly enhanced by the presence of dyes. It is suggested that
this emission may be attributed to the protein residues rather than
the amyloid structure. Future studies are encouraged to further
investigate these remarkable findings.



Sammanfattning

Intresset för solceller har ökat under de senaste åren, till stor del
tillföljd av den globala uppvärmningen och de sinande oljeresurs-
erna. Dagens solceller har dock problem med låg energi- och kost-
nadseffektivitet, vilket gör att solenergin än så länge har svårt
att hävda sig på energimarknaden. Photon upconversion är ett
fotofysikaliskt fenomen där fotoner med låg energi omvandlas till
fotoner med hög energi. Den senaste tiden har denna process
fått förnyat intresse och forskningen inom området har ökat, inte
minst med sikte på att integrera processen i solceller och därmed
öka dess effektivitet. Målet med denna studie var att undersöka
huruvida amyloidfibriller kan användas som stomme för ett pho-
ton upconversion-system baserat på platinum-oktaetylporfyrin
(PtOEP) och 9,10-difenylantracen (DPA). Dessa två organiska
färgämnen är ett välkänt par som konverterar synligt ljus med
låg frekvens till mer hög frekvent ljus i det synliga spektrumet,
via en mekanism som kallas sensitized triplet-triplet annihilation.
Amyloidfibriller är proteinbaserade fiberstrukturer med hög andel
β-flak, vilka bildas genom självassociation av peptider.
I denna studie skapades amyloidfibriller av vassleprotein genom
upphettning i sur lösning. Färgämnena inkorporerades enligt
en välbeprövad metod där proteinet mortlas tillsammans med
färgämnena i fast tillstånd, innan fibrilleringsprocessen påbör-
jas. De fotofysikaliska egenskaperna hos fibriller med och
utan färgämnen analyserade med UV-VIS samt fluorescensspek-
troskopi. Atomkraftsmikroskopi användes för att bekräfta att
fibriller fanns i proven, samt för att studera dess struktur. De
erhållna resultaten antyder att amyloidfibriller inte är ett op-
timalt material för systemet PtOEP/DPA, delvis på grund av
att absorptions- och emissionsspektrumet för systemet överlappar
med fibrillernas egna spektrum. Anti-Stokes emission detekter-
ades, men denna är med stor sannolikhet inte orsakad av färgäm-
nena. Dock noterades, intressant nog, att denna emission ökar
betydligt i närvaro av färgämnena. En möjlighet är att denna
emission är kopplad till monomerer i proteinet snarare än till fib-
rillstrukturen, eftersom emission observerades hos både nativt och
fibrillerat protein. Framtida studier uppmuntras att vidare under-
söka dessa effekter.
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Chapter 1

Introduction

Photon upconversion refers to a process in which molecules, atoms or ions absorbs
and emits electromagnetic radiation, where the wavelength of the emitted radiation
is shorter than the absorbed. For instance, if the color of the absorbed light is green
the emitted “upconverted” photon may have a wavelength shifted towards blue part
of the spectrum [1]. This is in fact an example of so-called anti-Stokes emission, as
opposed to Stokes emission normally observed in fluorescence and phosphorescence
processes [1][2]. There are several types of luminescent materials that can exhibit
photon upconversion. Among the most well-known upconverting materials are the
ones based on lanthanide ions, however, upconverting materials using transition
metals or organic compounds as active species have also been reported.[3]

Back in 1962, Parker and Hatchard reported on delayed fluorescence in bimolec-
ular organic systems, with fluorescence emission anti-Stokes to the excitation light
[4][5][6]. Interestingly, excitation energy from one of the organic species had been
transferred to the other species, producing the emission, leading to an overall pho-
ton upconversion process. Moreover, the experiments showed that the intensity of
the upconverted emission had quadratic dependency on the intensity of the incident
light [6]. Later studies confirmed these initial observations and the phenomenon
was termed sensitized triplet-triplet annihilation (sensitized TTA), with the light-
absorbing species named sensitizer and the light-emitting species called annihilator
[1][4][7][8]. Sensitized TTA is more fundamentally explained in the next section.

The global need to replace fossil fuels and explore optional energy sources has
led to increased research in the field of solar energy, particularly in the develop-
ment of solar cells, in recent years. Partly due to this, photon upconversion based
on sensitized TTA has lately gained renewed interest, with much of the research
focusing on potential use in solar energy applications, such as solar cells and driv-
ing of photochemical reactions [8]. In the former example, sensitized TTA may
be utilized to harvest sunlight in the NIR region, so-called sub-bandgap photons,
leading to increased efficiency of the solar cells. This is especially of interest for the
third generation photovoltaics (PVs), also referred to as dye-sensitized solar cells
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CHAPTER 1. INTRODUCTION 2

(DSSCs), whose efficiency is typically limited by high bandgaps [8][9]. Furthermore,
upconversion of light based on sensitized TTA could be a great asset in medicine,
not the least in biological imaging, for instance to mark cancer cells as indicated
by a previous study [10]. It is advantageous as it allows the use of incident light of
longer wavelength that is minimally damaging to healthy tissue, at the same time
as it provides a clearly distinguishable emission signal [10]. Additionally, sensitized
TTA might also be used in delivery and activation of drugs [11].

Previous studies have investigated sensitized TTA of different sensitizer/anni-
hilator systems in homogeneous solutions [1] as well as in polymer matrices [1],
polymerosomes [10], liposomes [11], liquid crystalline matrices [4] and polymer
nanoparticles [12]. Attempts have also been made to evaluate the process on thin
films of metal oxide nanoparticles, as to mimic materials used in solar cells [7].

In this study sensitized TTA of organic dyes is investigated on nanoscale fib-
rillary protein aggregates, known as amyloid nanofibrils, from whey protein isolate
(WPI). The whey protein β-lactoglobulin (β-lg), which makes up approximately
60 % of WPI, has previously been shown to form amyloid fibrillar structures when
heated in acidic aqueous solution [13]. Amyloid fibrils are discussed in more detail
in the following section. To the best of our knowledge this is the first reported
investigation of sensitized TTA in a protein-based material. Herein, the organic
dyes platinum octaethylporphyrin (PtOEP) and 9,10-diphenylanthracene (DPA),
are employed as sensitizer and annihilator, respectively (see chemical structures
in figure 1.1). This is a well-known pair previously reported for sensitized TTA
[7][12][14]. In fact, in 1,2-trichloroethane solution, the PtOEP/DPA system pro-
vides an upconverted emission centered at around 436 nm (blue fluorescence), in
agreement with the emission spectrum of DPA, when excited at 532 nm (green
light), consistent with the absorption spectrum of PtOEP [14].

More specifically, this study aims to incorporate PtOEP and DPA in the amyloid
nanofibrils, using an approach developed by Bäcklund et al., in which the precursor
protein is simply ground together with the dyes in solid state prior to fibril forma-
tion in acidic aqueous media [15]. Because of the surrounding polar environment,
the organic dyes are believed to bind to hydrophobic sites on the fibrils or become

Figure 1.1: The chemical structure of a) PtOEP b) DPA.
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solvated by the protein structures during the fibrillation process, according to pre-
vious studies using similar hydrophobic compounds and amyloid fibrils from bovine
insulin [15][16]. A basic scheme is given in figure 1.2. The aim of this project is thus
firstly to study the incorporation of the dyes and their interaction with the fibrils.
Secondly, it aims to evaluate the potential use of amyloid nanofibrils as template
material for a photon upconversion system based on sensitized TTA.

Figure 1.2: A schematic figure showing how the dyes PtOEP and DPA are suppos-
edly incorporated in the amyloid fibrils as well as the basic mechanism for sensitized
TTA on upconverting fibrils. For clarity, the dye molecules are drawn attached to
the fibril on its outer surface. In reality the dyes are more likely to bind to hy-
drophobic pockets inside the fibril.

Investigating sensitized TTA on amyloid fibrils is interesting in many aspects.
First of all, material made of amyloid fibrils has previously been investigated for a
multitude of functions and has demonstrated remarkable structural material prop-
erties [17]. For instance, functional amyloid material may be used for the delivery
of drugs [18], as adhesives [17][19] or as biosensors [17]. Moreover, amyloid fibrils
have been examined as templates for conducting and/or light-active species in op-
toelectronic applications, such as in organic light-emitting diodes (OLEDs) [20] and
light-harvesting devices [17]. Studying the functionalization of amyloid fibrils with
a photon upconversion system based on sensitized TTA may be a step towards an
upconverting amyloid material, whose upconverting properties might be utilized to
more efficiently harvest solar energy in future generations of photovoltaics. Alterna-
tively, this material may prove applicable in biological applications, as in controlled
drug release or bioimaging.



Chapter 2

Background

2.1 Amyloid Fibrils

Proteinaceous structures are very common in nature and are the base for a multi-
tude of functional materials [17]. One example of such structures are amyloid fibrils.
Amyloid fibrils are ordered protein aggregates with fibrillar structure, composed of
normally soluble proteins [21] and from these types of structures, amyloid materi-
als can be created. The main characteristics of amyloid materials are a nanoscale
fibrillar morphology and quaternary protein structure on the molecular scale [17].
The quaternary structure consists of β-sheets which are aligned perpendicularly
to the fibril axis, with dense hydrogen bonding keeping them together [17]. They
were initially associated with different types of diseases, for instance Parkinson’s
or Alzheimer’s, as the fibrils can kill cells or disrupt cell activities [21][22]. Today,
however, it is known that they can also have beneficial physiological roles and that
many proteins are inclined to form amyloid structures [17]. Protein fibrillary struc-
tures are in general common and even occur in food, where a common example is
gelatin, although the gelatin fibrils are not amyloid [13]. Furthermore, proteins in
different sorts of foods can be assembled into amyloid-like fibrils, for example egg
proteins, soy proteins and milk proteins [13].

The protein used in this study, β-lg, has been observed in its amyloid fibril state
in previous studies [13][23][24]. The β-lg protein in an aqueous solution forms fibrils
if the solution is heated to 80◦C for several hours at pH 2 [13].The pH during the
fibril formation process of β-lg is important and has an effect on the end product.
Solutions containing around 5-8 wt% WPI that were heated at pH 2 formed fine
stranded, transparent gels while solutions heated at around pH 4-6 formed opaque
gels. This behaviour could be explained by the charge of proteins [13]. At the
iso-electric point, approximately neutral pH, proteins have a positively charged
ammonium group at the N-terminus and a negatively charged carboxylate group
at the C-terminus, thus being neutrally charged except in cases of charged side
chains (R groups). At sufficiently low pH the proteins become positively charged,

4



CHAPTER 2. BACKGROUND 5

by protonation of the carboxylate groups [25]. The positive charge of the proteins
not only makes the proteins more soluble but prevents the formation of random
aggregates. According to the article by Kroes-Nijboer et al., this results in the
formation of more ordered linear amyloid fibrils, which scatter light less effectively
[13].

The entire fibril formation process is not fully understood, but could generally
be described by a nucleation growth mechanism that has an activation step, a
nucleation phase, a growth phase and a termination step [13]. In the activation
step it has been shown that small peptides are formed by hydrolytic cleavage of
peptide bonds adjacent to aspartic acid residues in the β-lg proteins [13]. Peptides
that are hydrophobic and inclined to form β-sheets subsequently act as building
blocks and self-assemble into fibrils during the nucleation and growth phase, as
illustrated in figure 2.1 [13]. It has been suggested that prolonged heating at pH 2
will innactivate the monomers and thereby terminate the process [13]. In addition
to that, the tips of the fibrils are also thought to be innactivated due to hydrolysis
[13].

Figure 2.1: The process of fibril formation.

2.1.1 Detection of Amyloid Nanofibrils
A vareity of techniques can be used to detect amyloid fibrils. Occurrence of amyloid
fibrils can be tested with Thioflavin T analysis (ThT analysis) [21][26]. The analysis
will be further explained in in the following section.

Another method of detecting amyloid fibrils is by Fourier Transform Infrared
Spectroscopy (FTIR) [21], in which the β-sheets in the fibrils give rise to peaks at
two specific wavenumber, one major (global maxium) at 1631 cm−1 and one minor
(local maximum) at 1662 cm−1 [26]. X-ray fibril diffraction can also be used to
identify the β-sheets [21]. To acquire an image of fibrils in a sample (solid or in
solution), Atomic Force Microscopy (AFM) is an effective technique [27].

Thioflavin T Analysis

ThT is a dye that is frequently used as an indicator for amyloid fibrils [21][26]. The
ThT molecule is organic, conjugated and aromatic, its structure is given in figure
2.2, but even though it has aromatic elements it is soluble in water [26]. ThT is used
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to detect amyloid fibrils due to its high affinity for β-sheets. Although no specific
binding site has been identified [26], studies have shown that interaction between
ThT and neutrally charged protein is favoured [28]. Upon binding to fibrils the
spectral parameters of ThT changes. The main alteration is that the fluorescence
intensity is drastically increased [28].

There is a risk of a false positive results in the ThT-test if the sample contains
bacteria. This is due to ThT’s ability to bind to bacterial cells [21]. However, in
this study acidic conditions will be used to promote self-assembly of amyloid fibrils.
Thus, the risk of bacterial growth in the samples will be minimal. Furthermore,
a false negative result of the ThT-test can be obtained if the fibrils are packed
together in a way such that binding surfaces for ThT are not available [21].

Figure 2.2: The structure of ThT.

Atomic Force Microscopy

AFM is a microscopic technique that can be applied to solid surfaces (both con-
ducting and non-conducting) and to liquid samples. AFM is based on forces, such
as van der Waals forces and dipole-dipole interactions, exerted by the surface of
the sample. A sharp tip (probe) is attached to a cantilever and moved across the
sample surface. As the tip moves, the forces on the surface affects the distance
to the tip and deflects the cantilever. This deflection is detected by laser beams,
eventually giving rise to a topographical image of the surface of the sample [2].
AFM will be used in this study to observe the the amyloid fibrils. A schematic
illustration of how AFM works is given in figure 2.3.
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Figure 2.3: A schematic image of a sample being analysed by AFM.

2.2 Sensitized Triplet-Triplet Annihilation

As previously briefly mentioned, sensitized TTA is a photon upconversion process
based on organic compounds. Sensitized TTA involves two molecules, a sensitizer,
which absorbs low-energy photons, and an annihilator, which emits upconverted
photons of higher energy [4][7].

As shown in figure 2.4 a low-energy photon is initially absorbed by a sensitizer
molecule, originally in a singlet ground state. After excitation to an excited singlet
state the sensitizer decays to a slightly lower metastable triplet excited state via non-
radiative intersystem crossing (ISC). Here follows a triplet energy transfer (TET),
in which the excitation energy of the sensitizer is transferred to an annihilator
molecule, also without emission of a photon. The annihilator ends up in an excited
long-lived triplet state whereas the sensitizer is relaxed back to its singlet ground
state.[4][7]

Excited annihilators can transfer their excitation energy to other ground-state
annihilators via TET [7]. However, whenever two excited annihilator molecules in-
teract another energy transfer may occur, namely triplet-triplet annihilation (TTA).
In principle, one annihilator is relaxed to its ground state and the other is further
excited to a high-energy singlet state. Upon relaxation of the latter to its singlet
ground state it emits an upconverted high-energy photon.[4][7]

2.2.1 Dexter Interaction and Resonance Energy Transfer
As described above, sensitized TTA involves interaction between molecules such
that excitation energy are transferred from one molecule to another. But how
exactly do these energy transfers take place? To answer this question let us begin
by defining a quenching mechanism.
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Figure 2.4: A jablonski diagram showing the energy transfers involved in sensitized
TTA. Low-energy light is absorbed by sensitizers (S). The excitation energy is
transferred via TET to the annihilators (A). Two annihilators in excited triplet
states undergo TTA, resulting in the emission of a high-energy photon.

Quenching is defined as any process in which interaction with another species
deactivates an excited state [2]. Quenching also reduces the intensity of any radia-
tive emission from the originally excited species [29]. The interacting species that
causes the deactivation is called a quencher [2]. There are primarily two mechan-
ims of quenching of special interest here – Dexter interaction and resonance energy
transfer (RET) [7][14].

Dexter interaction (figure 2.5), or electron exchange quenching, is a short-range
energy transfer mechanism. One high-energy electron is transferred from the ex-
cited molecule, the donor, to the other molecule, the acceptor, which is excited.
At the same time, one electron from the HOMO of the acceptor molecule is trans-
ferred to the LUMO of the donor. The donor thus ends up in its ground state.
The electron-exchange requires overlap between electron clouds of the donor and
acceptor molecules. Since electron density of the molecules decreases rapidly with
distance, the process will only take place if the donor and acceptor are basically in

Figure 2.5: Schematic figure of the electron exchange in Dexter interaction.
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(a) (b)

Figure 2.6: (a) An illustrative representation of the mechanism for RET. (b) A
schematic figure showing spectral overlap for RET.

contact with one another. Consequently, Dexter interaction requires high local con-
centrations. The distance dependency on the rate of the electron-exchange (kDI)
is described by equation (2.1), showing that the rate decreases exponentially with
increasing donor-acceptor distance.[29]

kDI(r) = αe−β(r−rc) (2.1)

where r and rc is the actual distance between the centers of the molecules and
the distance when the molecules are in closest contact, respectively. α and β are
constants.

RET on the other hand does not require direct orbital overlap between donor
and acceptor. In contrast to Dexter interaction, RET is driven by dipolar interac-
tions and therefore works well even over longer ranges [29]. When electromagnetic
radiation interacts with a donor molecule it induces in it an electric dipole moment,
oscillating at the frequency of the incident radiation. According to the Bohr fre-
quency condition, the donor absorbs a photon if and ony if the frequency, ν, satifies
ν = ∆E/h, where h is Plancks constant and ∆E is the energy difference between
the ground state and excited state of the donor [2]. Similarly, an excited donor,
having an oscillating dipole moment, can induce an oscillating dipole moment in
a nearby acceptor molecule. This will indeed transfer the excitation energy from
donor to acceptor (see figure 2.6a). That is, if the oscillation frequency of the donor
is such that Bohr’s frequency condition is satisfied for the energy difference between
the ground state and excited state of the acceptor [2]. Förster theory predicts that
RET is most efficient if there is high spectral overlap between donor emission and
acceptor absorption, as presented schematically in figure 2.6b [2]. Additionally,
RET proceed at highest rates at short donor-acceptor distances, as described by
equation (2.2) [29].
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kRET (r) = 1
τD

(
R0

r

)6
(2.2)

where kRET is the rate constant for RET, τD is the lifetime of the excited state of
the donor and r is the distance between the center of the donor and acceptor. R0
is the Förster distance, the distance when RET has 50 % efficiency.

2.2.2 Decay of Excited States and Upconversion Quantum Yield
There are a number of events that can take place following the excitation of a
molecule to an excited state. The decay of an excited state may not always follow
the desired route; there are often several paths, both radiative and non-radiative.
The total rate of decay of an excited state (equation (2.4)) is the sum of rates of
all possible decay routes.[2]

−d[X∗]
dt

=
∑
i

vi (2.3)

where X∗ is the excited state of molecule X and vi is the rate of a decay route.

A general intramolecular decay path has the characteristics of a first order re-
action, only dependent on the concentration of excited molecules. In contrast, the
rate of a quenching process generally also depends on the concentration of the par-
ticular quencher (q) [2]. Rewriting the equation of the decay of an excited state in
terms of intramolecular transitions and quenching reactions yields

−d[X∗]
dt

=
∑
i

ki[X∗] +
∑
j

kj [X∗][qj ] (2.4)

where ki is the rate constant of an intramolecular decay process and kj is the rate
constant of a quenching process by quencher qj .

Suppose molecules X are excited by a single short pulse of light. Integration of
above differential equation yields the following expression for the exponential decay
of the excited state X∗, having an initial concentration [X∗]0 after excitation [2].

[X∗] = [X∗]0e
−(
∑

i
ki+
∑

j
kj [qj ])t (2.5)

The rate of an individual decay route depends on the nature of the decay mech-
anism. Decay routes that involve forbidden transitions have low probability and
are in general slow. Examples of such decay routes are intersystem crossing from a
singlet excited state to a triplet excited state, and phosphorenscence, the transition
from a triplet excited state to a singlet ground state. The rate constants (k) for
such transitions are consequently relatively small [2][29]. Furthermore, the average
time spent in an excited state, before decay to the ground state, is known as the
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lifetime (τ) [29]. In absence of quenchers, it is mathematically defined as the inverse
of the sum of the rate constants of all intramolecular decay routes [29]. However,
in presence of quenchers the lifetime is given by equation (2.6).

τ = 1
(
∑
i ki +

∑
j kj [qj ])

(2.6)

Substitution with the expression for τ in equation (2.6) finally yields

[X∗] = [X∗]0e−t/τ (2.7)

In case a decay of the excited state is radiative, as in fluorescence, it is convenient
to measure the intensity decay of the emission. Since intensity is proportional to the
number of excited molecules equation (2.7) can be rewritten in terms of intensity,
as presented in equation (2.8) [29]. Hence, by measuring the decreasing intensity
emitted by molecules instantaneously excited by a short pulse of light it is possible
to determine the lifetime of the excited state. This can be achieved by time-resolved
emission spectroscopy, in which a pulsed laser is used to excite the sample and the
decaying emission intensity (fluorescence or phosphorescence) is measured [29].

I = I0e
−t/τ (2.8)

where I is the intensity at time t and I0 is the initial intensity.

The quantum yield (φ) is an estimation of the efficiency of a photophysical or
photochemical process. It relates the rate of a decay process, that originates from
a specific precursor excited state (X∗), to the rate of formation of the precursor
state, as presented in equation (2.9) [2][8][29].

φj = vj
vf

(2.9)

where φj and vj is the quantum yield and rate of decay, respectively, of process j,
and vf is the rate of formation of the precursor state.

Now assume that the rate of formation and the rate of decay are equal, i.e. a
steady state assumption (d[X∗]/dt = 0). Then, from equation (2.4), vf =

∑
i vi.

Substitution into equation (2.9) results in equation (2.10) [2][8].

φj = vj∑
i vi

(2.10)

In other words, the quantum yield also relates to the probability of the event
of a certain decay route. To formulate an expression for the quantum yield for
sensitized TTA one must first consider the processes involved. First consider the
TET process from sensitizer to annihilator. Let us assume that formation of the
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Table 2.1: Decay mechanisms from the sensitizer triplet excited state.

3S∗ −→ 1S (R,S)
3S∗ + 1A −→ 1S + 3A∗ (TET)
3S∗ + 3S∗ −→ 1S + 1S∗ (TTA,S)

sensitizer triplet excited state is due to intersystem crossing from its singlet excited
state. Now, there are three probable routes of decay as described in table 2.1;
radiative or non-radiative relaxation to the singlet ground state (R), TET to a
ground state annihilator and TTA by interaction with another sensitizer in its
excited triplet state (i.e. quenching or self-annihilation). For the TET process
vj = kTET [3S∗][1A]. Inserting this into equation (2.10) and simplifying results in
an expression for the quantum yield of TET (φTET ), as presented in equation (2.11)
[8].

φTET = kTET [1A]
kRS + kTET [1A] + 2kTTA,S [3S∗] (2.11)

Table 2.2: Decay mechanisms from the annihilator triplet excited state.

3A∗ −→ 1A (R,A)
3A∗ +3 A∗ −→ 1A + 1A∗ (TTA)

Now, consider an annihilator in its excited triplet state. It may either interact
with another excited annihilator and go through TTA, or it may also relax to its
singlet ground state (R), radiatively or non-radiatively (see table 2.2). The resulting
expression for the quantum yield of TTA (φTTA), using equation (2.10), is given
below [8].

φTTA = kTTA[3A∗]
kRA + 2kTTA[3A∗] (2.12)

The overall quantum yield for the whole upconversion process of sensitized TTA
(φUC) is defined as the products of the quantum yields of the intermediate processes
involved [8].

φUC = φISC,S · φTET · φTTA · φF,A (2.13)

φISC,S is the quantum yield of the primary event of intersystem crossing from
the excited singlet state of the sensitizer to its triplet excited state. φF,A the
quantum yield of fluorescence from the excited singlet state of the annihilator, the
final process of sensitized TTA. Using the same logic as above and assuming no
quenching mechanisms, these two are respectively defined as [2]
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φISC,S = kISC,S
kISC,S + kIC,S + kF,S

, φF,A = kF,A
kISC,A + kIC,A + kF,A

(2.14)

where IC stands for internal conversion and F for fluorescence.

Notice that the quantum yields of the first and last process in sensitized TTA
are independent on the concentration of sensitizers or annihilators, as opposed
to the TET and TTA processes. Additionally, at low excitation light intensities
the intramolecular processes of relaxation in TET and TTA (i.e. kRS and kRA)
dominate. The TET and TTA deactivation paths begin to dominate first at higher
light intensities [8]. At sufficiently high intensities the quantum yield reaches a
constant value, realised by inspection of equation (2.13). Notice also that the
maximum value of φUC is 0.5 due to the factor 2 in the rate of TTA. In fact,
experimental observations confirm these statements. As expected, studies show that
the integrated upconversion emission intensity is generally quadratically dependent
on the excitation light intensity, whilst displaying more of a linear dependency at
higher light intensities [1][8]. This kind of experimental correlation for sensitized
TTA can be measured using steady-state fluorescence spectroscopy, in which the
fluorescence emission intensity is recorded for several excitation light intensities [7].
For each incident light intensity the light is held constant, in contrast to time-
resolved measurements, such that one can assume steady-state conditions [29].

A problem concerning the upconversion quantum yield arises from the diffi-
culty of measuring the individual rate constants. Instead a relative quantum yield
is defined as in equation (2.15) [8]. It is important to note that experimentally
calculated values of φUC are very sensitive to experimental conditions [8].

φUC = 2φR
EARη

2

ERAη2
R

(2.15)

where φ is the quantum yield, E is the integrated emission intensity, A is the
absorbance at the excitation wavelength, η is the refractive index of the solvent and
the subscript R denotes a reference substance. The factor 2 is added to ensure that
the maximum value of φUC is 1.

2.2.3 Sensitizer and Annihilator Systems
There are several requirements on the sensitizer and annihilator molecules for suc-
cessful sensitized TTA to occur. To begin with, and perhaps most important, is
that the energy levels of the two molecules have to match certain criterias. Firstly,
the singlet excited state of the sensitizer must obviously be lower in energy than
the singlet excited state of the annihilator [1]. Secondly, in order for the ISC from
the excited singlet state of the sensitizer to its triplet excited state to be thermody-
namically favourable, the triplet state should be slightly lower in energy. Also, the
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energy of the triplet excited state of the annihilator should preferably be slightly
lower than the sensitizer triplet state, such that TET can occur favourably [1].

For an efficient TET process from sensitizer to annihilator a long lifetime of the
sensitizer triplet state is crucial. A sufficiently long lifetime enables the molecules
to interact before the excited sensitizer has time to relax to its ground state [1].
Furthermore, for the sensitizer to efficiently end up in a long-lived triplet state a
sufficiently high rate of the preceding ISC is required. For this reason, metal organic
complexes are frequently employed as sensitizers [1][14]. Heavy metals increases
so-called spin-orbit coupling, which significantly increases the speed of otherwise
very slow forbidden transitions, such as the ISC singlet-to-triplet transition [2][1].
PtOEP is a good example of such a complex, having a platinum atom at its center.
As a statement of proof, without presence of an annihilator PtOEP gives up a red
phosphorescent emission at around 646 nm [14].

Next, the energy of the singlet excited states of the annihilators should approx-
imately match, but cannot exceed the combined energy of two annihilator triplet
states. This is the criteria for TTA [1]. In order to produce a fluorescent emission,
the annihilator have to be a flourophore, preferably with high fluorescence quantum
yield [1]. To conclude, the energy levels of the sensitizer singlet and triplet excited
state should exist precisely in between the energy levels of the singlet and triplet
excited states of the annihilator [1], as presented in figure 2.4.

Notably, the above discussed energy levels are not the only factors affecting the
performance of the sensitizer/annihilator system. As can be concluded from equa-
tion (2.11) in the previous section, in order for the system to perform at maximum
upconversion quantum yield the concentration of the sensitizer should be low, as to
minimize self-quenching of excited triplet states by TTA. On the other hand, the
concentration of annihilator needs to be high to encourage both TET and TTA.
Thus, the concentration of the annihilator should be several factors higher than
the concentration of the sensitizer [7][12]. This is probably even more important in
the case of the PtOEP/DPA system because of potential formation PtOEP dimers
[7]. Moreover, diffusional abilities of the dyes in the hosting media further affects
the way the molecules are able to interact, by Dexter interaction or RET, and thus
also affects the upconversion efficiency. However, as indicated by previous studies,
lower diffusional abilities of the dyes on a solid media may be compensated for by
the possibility to create higher local concentrations, thereby decreasing the average
distances between interacting molecules [7].

A known fact is that sensitized TTA struggles from sensitivity to oxygen. Oxy-
gen is in fact a well-known quencher of triplet states [7][30]. Presence of oxygen
significantly decreases the efficiency of the upconversion process [7][12] as it es-
sentially relies on long-lived excited triplet states. Hence, to work efficiently, one
must ensure that the oxygen levels in the system are reduced to as low as possible.
This problem has indeed been tackled with some success, for instance by enclos-
ing the active species in polymer nanoparticles and thus protecting them from the
surrounding oxygenated environment [12].
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Methods

The laboratory part of this study was conducted in three phases, which are de-
scribed below. The products of these phases were analysed by a few methods also
described below. Specification of the materials used for sample preparation and
analysis are presented in the appendix (see table 6.1).

3.1 Sample Preparation

3.1.1 Phase 1: Amyloid Fibrils from WPI
The first phase was a trial of a protocol of creating amyloid fibrils from WPI. A
solution of 100 g WPI/L in 0.1M HCl was created using 2 gWPI. The solution was
stirred for approximately 15 min. Some additional drops of 3 M HCl were added
during the stirring in order to decrease the pH of the solution, thereby increasing
the solubility of the proteins in WPI, and resulting in a more transparent solution.
The solution was then placed in dialysis, i.e. the sample solution was transferred
to a tube-shaped dialysis membrane (pore size of 6-8 kDa) and placed in 2 L of 10
mM HCl solution. Prior to loading the dialysis membrane with sample solution the
membrane was soaked in distilled water for at least 15 min. After the membrane
was filled with sample it was sealed with clamps at both ends before entering the
dialysis liquid. The sample was kept in dialysis for almost 24 h, during which the
liquid was changed twice.

After dialysis, the sample solution was diluted to 30 g WPI/L with filtered
dialysis solution, utilizing a syringe filter (0.2 µm). The diluted sample solution
was placed in tubes (with lids) and incubated in an oven at 90 ◦C for almost 2 days.
During the incubation samples were taken at different time points, these together
with reference samples taken prior to incubation were stored in a refrigerator. Af-
ter incubation the tubes were moved into the same refrigerator until the analysis
was conducted. The following analyses were made on the product: ThT-analysis,
fluorescence spectroscopy, absorbance spectroscopy and AFM, see protocol below.

15



CHAPTER 3. METHODS 16

3.1.2 Phase 2: Amyloid Fibrils Containing One Dye
In phase 2, the approach described by Bäcklund et al. [15] for incorporation of dyes
into amyloid fibrils was employed to incorporate DPA and PtOEP, respectively, into
the amyloid fibrils; Each dye was ground separately together with WPI (2 g) in
solid state for 10 min using a mortar and a pestle. The mixtures were subsequently
dissolved in 0.1 M HCl to give solutions of 100 g WPI/L. As in phase 1, the
solutions were stirred for approximately 15 min and some additional drops of 3 M
HCl were added to ease the solvation process and increase the transparency of the
solutions. The DPA-containing solutions (milky-light green) required considerably
more HCl drops and did not get as transparent as the solutions containing PtOEP
(pink), most likely due to higher dye concentrations. The resulting solutions were
placed in dialysis for almost 24 h. The dialysis was conducted using the same
protocol as in Phase 1.

For each dye, sample solutions of two different dye concentrations (mass of dye
relative to the mass of WPI) were prepared; (1) 1 wt% DPA, (2) 2 wt% DPA and
(3) 0.03 wt% PtOEP and (4) 0.07 wt% PtOEP, respectively.

After dialysis the solutions were diluted to 30 g WPI/L with dialysis solution.
The diluted solution was placed in tubes (with lids) in an oven at 90 ◦C for approx-
imately 2 days. During the incubation samples were taken at different time points,
these together with some reference samples were stored in a refrigerator. After the
incubation the tubes were transferred into the same refrigerator until the analysis
was conducted. The following analysis was conducted on the samples: Fluorescence
spectroscopy, absorbance spectroscopy and AFM, see protocol below.

3.1.3 Phase 3: Amyloid fibrils for Photon Upconversion
Phase 3 followed the same procedure as phase 2, except that both dyes, DPA and
PtOEP, were incorporated simultaneously into the fibrils. Thus, using Bäcklund
et al. approach [15], both dyes were ground together with WPI (2 g) for 10 min.
Samples of two molar ratios of the dyes (DPA:PtOEP), both of which contained 2
wt% DPA relative to the mass of WPI, were prepared; (1) 1:70 (0.06 wt% PtOEP)
and (2) 1:32 (0.14 wt% PtOEP), respectively. The solid mixtures were dissolved in
0.1M HCl and dialysed according to the same protocol as in previous section. Dial-
ysis was, however, carried out for almost 3 days and dialysis liquid changed twice.
Dialysed sample solutions were then diluted again using filtered dialysis solution to
obtain WPI concentrations of 30 g/L. Resulting solutions were not transparent and
both had a pink colour, although the sample solution with higher PtOEP concen-
tration had a stronger colour. The sample solutions were subsequently transferred
to tubes with lids on and incubated in an oven at 90◦C for approximately 2 days.
Samples were taken before, during and after incubation and stored in a refrigera-
tor. The samples were later analysed using fluorescence spectroscopy, absorbance
spectroscopy and AFM, see protocol below.
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3.2 Methods of Analysis

3.2.1 Fluorescence Spectroscopy
Firstly, a solution of 10 mM HCl was purged of air using vacuum in order to reduce
oxygen concentration. This solution was used to dilute each sample before analy-
sis. Every sample was diluted 1:5. Analysis was performed using a Varian Cary
Eclipse Fluorescence Spectrophotometer. Three different kinds of measurements
were conducted; (1) scan of emission at a specific excitation wavelength (steady-
state spectroscopy), (2) scan of excitation at a given emission wavelength, and (3)
time-resolved spectroscopy, in which emission intensity decrease at a specific wave-
length was recorded versus time, in order to measure lifetime of different excited
states following instanteneous excitation at a specific wavelength.

DPA fluorescence was studied between 400-500 nm, at the excitation wavelength
375 nm, while PtOEP phosphorescence and potential dimer emission was measured
between 550-850 nm, at the excitation wavelengths 532 nm and 544 nm (i.e. the
observed PtOEP absorption maximum). Moreover, for samples without dyes from
phase 1 amyloid fibril emission was studied for the excitation wavelengths 350 nm,
375 nm, 544 nm and 560 nm. The emission was in this case recorded for both
longer and shorter wavelengths relative to the excitation wavelength; between 400-
550 nm and between 580-800 nm, respectively. For photon upconversion studies
on the PtOEP/DPA system (samples from phase 3) samples were excited at 544
nm (PtOEP excitation) and emission recorded between 400-500 nm (DPA emis-
sion). Note that the excitation and emission slit were 5 nm, respectively, in all
measurements except for measurement of DPA fluorescence (λexc = 375 nm) where
emission slit was set to 1.5 due to very high recorded emission intensities. All of
the obtained spectral data were subsequently processed and plotted using Matlab.

The scan of excitation at a certain wavelength was primarily utilized in order
to adjust the settings used in the emission studies of photon upconversion as well
as lifetime studies, therefore did the settings vary wildly.

The lifetime measurements of each sample required individual settings. The
parameters for a given measurement are given in section 4. From the obtained
data, lifetime was calculated by fitting a exponential curve to the spectral data,
followed by identification of the fitted parameter τ , according to equation (3.1). In
cases of clearly overlapping emission spectra, such as for PtOEP phosphorescence
and DPA fluorescence, the intensity decay was fitted to the biexponential function
(3.2). This along with plots of the recorded spectra were conducted using Matlab.

y = a1e
−t/τ1 + b (3.1)

y = a1e
−t/τ1 + a2e

−t/τ2 + b (3.2)

where a is the initial intensity, τ is the lifetime and b is a paremeter which should
ideally be close to zero.
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3.2.2 ThT-Analysis
Initially, a solution of 0.75 mM ThT in MilliQ was created. This solution diluted
with more MilliQ to make a 0.05 mM ThT-solution prior to analysis. The samples,
from phase 1, were then individually mixed with the diluted ThT-solution (ratio
1:12).

Fluorescence emission over 460-600 nm at an excitation wavelength of 440 nm
was recorded using the same instrument as in section 3.2.1. The spectra were then
plotted by Matlab.

3.2.3 Absorbance Spectroscopy
The analysis was conducted with a Varian Cary Bio 300 UV-Visible Spectropho-
tometer. Prior to analysis the samples were diluted as in the florescence analysis,
section 3.2.1. All of the samples were analysed in a plastic cuvette in the range
300-700 nm. A double beam path was used with cuvette containing 10 mM HCl
as reference. Lastly, the obtained spectral data was processed using Matlab.

3.2.4 AFM
Samples solutions from phase 1 and 2 were diluted 1:1000 with 0.01 M HCl. In
cases of high concentration of fibrils in pure WPI samples (from phase 1) sample
solutions were further diluted 1:5 in order to get a better visual of individual fibrils.
Sample solutions from phase 3 were diluted 1:500. AFM samples were then prepared
by depositing 20 µL of diluted sample solution onto mica surfaces, specific for
AFM analysis, and allowed to air-dry for approximately 1 h until all liquid had
evaporated. Topographical images of prepared sample surfaces were subsequently
obtained using an AFM instrument (Bruker FastScan Dimension).
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Results

4.1 Analysis of WPI Amyloid Fibrils

(a) (b)

Figure 4.1: (a) Maxiumum ThT fluorescence intensity versus incubation time for dupli-
cate WPI samples (phase 1) and (b) corresponding ThT fluorescence spectra for sample
1 showing peak maxima at 480 nm.

First of all, WPI fibril formation was studied using ThT analysis (see section
3.2.2) and measuring the ThT fluorescence intensity of WPI incubated for 0 h, 2
h, 18 h, 22 h, 27 h and 44 h. ThT analysis, as presented in figure 4.1b, show that
ThT fluorescence intensity, with peak maxima at approximately 480 nm, generally
increases with incubation time. However, maximum ThT fluorescence intensity
approaches a steady state level after approximately 20-25 h, as shown in figure
4.1a. AFM images of WPI fibrils after the final 44 h incubation are displayed in
figure 4.2a and 4.2b.

Absorption spectra of WPI fibrils in the range 300-700 nm is presented in figure

19
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(a) (b)

Figure 4.2: AFM images of WPI fibrils formed after 44 h incubation.

4.3a. As the figure shows, absorption clearly increases with incubation time. Note
that this is partly due to light scattering by the increasing amount of fibrils present,
leading to an increased apparent absorption. The spectra also show that the most
significant increase of absorption is at around 350 nm, although there is a general
intensity increase with incubation time in the whole recorded wavelength range.

The emission spectra for WPI fibrils without incorporated dyes were studied for
the maximum excitation wavelengths of the dyes, DPA (λexc = 375 nm) and PtOEP
(λexc = 544 nm), respectively. Comparison of pure fibril emission spectra and dye-
incorporated fibril emission spectra enables one to distinguish emission related to
the dyes from intrinsic emission originating from pure fibrils. Figure 4.3b shows the
emission spectra of WPI fibrils excited at 375 nm after various incubation times.
As can be noted, the emission intensity increases significantly with incubation time,
with negligable emission for non-fibrillated WPI (0 h incubation) in comparison to
incubated WPI. Peak maxima for incubated WPI is centered at approximately 460

(a) (b)

Figure 4.3: (a) Absorption spectra of WPI fibrils and (b) emission spectra of WPI fibrils
excited at 375 nm.
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(a) (b)

Figure 4.4: (a) Stokes and (b) anti-Stokes emission spectra of WPI fibrils excited at 544
nm.

nm, with an additional small peak at around 430 nm.
Emission spectra for WPI fibrils excited at 544 nm are presented in figure 4.4a

and 4.4b, showing both Stokes and anti-Stokes emission, respectively. Graphs show
Stokes emission peaks at approximately 590 nm for incubated WPI, with intensity
increasing with incubation time, whereas non-incubated WPI show none or negliga-
ble emission. Furthermore, anti-Stokes emission is indeed present at this excitation
wavelength, although at very low intensities and showing no clear correlation to
incubation time. The spectra, however, show two clearly distinguishable peaks at
around 428 nm and 487 nm, and one or several overlapping peaks in the range
440-470 nm.

4.2 Analysis of Dye-incorporated Fibrils

Firstly, the absorption spectra of single dye-incorporated fibril samples were anal-
ysed (300− 700 nm) in order to study the absorption of the dyes. The absorption
spectra of PtOEP-incorporated fibrils are presented in figure 4.5a and shows two
absorption peaks (besides the fibril background absorption); one at approximately
544 nm and one at 381 nm. Samples with higher concentration of PtOEP give rise
to stronger absorption peaks at these wavelengths. Moreover, the intensity of the
absorption baseline (i.e. fibril absorption and light scattering, see figure 4.3a) ap-
pears to be increasing with incubation time, however, the aborption peaks relative
to the baseline are seemingly unaffected by incubation time.

Secondly, emission spectra of the dye-incorporated fibrils were studied. The
emission spectra (λexc = 532 nm) for PtOEP-incorporated fibrils are displayed in
figure 4.5b. PtOEP phosphorescence give rise to an emission peak at approximately
644 nm. No or negligable PtOEP dimer emission is observed (which should appear
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(a) (b)

(c) (d)

Figure 4.5: (a) Absorption spectra and (b) emission spectra (λexc = 532 nm) of WPI
fibrils with PtOEP. Dashed and fully drawn lines refer to fibrils with 0.03 wt% PtOEP
and 0.07 wt% PtOEP, respectively. (c) Absorption spectra and (d) emission spectra
(λexc = 375 nm) of WPI fibrils with DPA. Dashed and fully drawn lines refer to fibrils
with 1 wt% DPA and 2 wt% DPA, respectively.

around 780 nm [7]). In concordance with the absorption spectra, higher concentra-
tion of PtOEP clearly also produce higher phosphorescence intensity. Furthermore,
the fibril background emission, very similar to the fibril emission spectra in figure
4.3a, increases with incubation time. In contrast, the PtOEP phosphorescence seem
to decrease as incubation time increases.

Absorption spectra and emission spectra of the DPA-incorporated fibrils are
presented in figure 4.5c and 4.5d, respectively. Similarly to the fibrils with PtOEP,
the baseline of absorption spectra show the characteristics of WPI fibrils and, ac-
cordingly, the baseline absorption generally increases with incubation time. It is
observed, however, that the non-incubated sample with the higher concentration of
DPA has an absorbance baseline that slightly deviates from the other two incubated
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samples. Note also that the absorption baselines show relatively clear evidence of
substantial light scattering. This is expected recalling that DPA-incorporated sam-
ple solutions showed high presence of undissolved dye particles, probably as a result
of high dye concentration, and were consequently very cloudy. The DPA absorbance
is represented by three distinct peaks close together, between 355 − 420 nm. No-
tably, the DPA absorbance decreases slightly relative to the baseline as incubation
time is increased.

As the emission spectra (λexc = 375 nm) in figure 4.5d show, DPA fluorescence
gives rise to a characteristic spectra of a broad high intensity emission peak with
center and peak maxima at approximately 441 nm. The peaks have vibrational
resolution with two distinct high intensity peaks at around 420 nm and 441 nm,
and one additional peak of lower intensity at around 467 nm. Furthermore, emission
intensity appears to increase with DPA concentration as well as with incubation
time. Additionally, the relative intensity of the peaks at 420 nm and 441 nm is
slightly different for incubated and non-incubated samples. For incubated samples
the peak at 441 nm has the highest intensity. In non-incubated samples the two
peaks show similar intensity. There is also a small red shift of the peak at 420 nm
for non-incubated samples compared to incubated samples.

It should be noted that, unlike other recorded emissions, the DPA fluorescence
produced very large intensities with a conventional 5 nm emission slit, however,
figure 4.5d shows the corrected emission using a 1.5 nm emission slit. One should
also keep in mind that the emission spectra of DPA-incorporated fibrils in figure
4.5d overlap with the corresponding intrinsic fibril emission spectra presented in
figure 4.3b, such that the emission in figure 4.5d may be a result of both DPA
fluorescence and fibril emission.

Lifetime of dye-incorporated fibrils (after 46 h incubation) were determined us-
ing time-resolved spectroscopy. The recorded intensity decay of PtOEP phospho-
rescence (λexc = 532 nm, λem = 644 nm) from PtOEP-incorporated fibrils, as well
as of DPA fluorescence (λexc = 375 nm, λem = 441 nm) from DPA-incorporated
fibrils, are displayed in figure 4.6a and 4.6b, respectively. All of the fitted parameter
values are presented in table 4.1. The best biexponential fits (according to equation
(3.2)), due to clearly overlapping fibril and dye emission, indicate a lifetime of 7.6
µs (τ2) for PtOEP phosphorescence and 0.6 µs (τ2) for DPA fluorescence. These
lifetime values are thought most likely for the dyes since the initial intensity values,

Table 4.1: Intensity and lifetime parameter values obtained by curve fitting to
biexponential function (3.2) or to monoexponential function* (3.1).

Sample a1 τ1 a2 τ2 R2

[a.u.] [µs] [a.u.] [µs] –
2 wt% DPA 17.2 4.704 ± 1.132 252.3 0.6393 ± 0.0225 0.9999
2 wt% DPA* 268.0 0.7397 ± 0.0567 - - 0.9976
0.07 wt% PtOEP 5.2 0.7841 ± 0.1311 0.4 7.641 ± 4.450 0.9990
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(a) (b)

Figure 4.6: Intensity decay of WPI fibrils with (a) 0.07 wt% PtOEP (λexc = 532
nm, λem = 644 nm) and (b) 2 wt% DPA (λexc = 375 nm, λem = 441 nm), after
46 h incubation. The time-resolved spectra include recorded data points and the
best fit of a biexponential function, according to equation (3.2).

corresponding to these lifetime values (see table 4.1), are the ones that are most
consistent with the emission intensity of the dyes (in fibril environment) relative
to intrinsic fibril emisson, after 46 h incubation. Firstly, this can be realised by
inspection of figure 4.5b for PtOEP, showing that the fraction of PtOEP phospho-
rescence is small relative to intrinsic fibril emission. Secondly, inspection of figure
4.3b, 4.5d (note that a 1.5 nm emission slit was used here, unlike in all other pre-
sented measurements where a 5 nm emission slit was employed) and 4.6b for DPA,
indicates that the majority of the emission can be assigned to DPA fluorescence.

AFM images of PtOEP- and DPA-incorporated fibrils, respectively, after 46 h
incubation are presented in figure 4.7a-4.7h. Images confirm that all dye samples
formed fibrils, and that presence of dyes did not prevent fibril formation. An
interesting discovery was that dye-containing fibril samples exhibit fibril structures
that resemble twisted structures; either helical structures formed by a single fibril
or several fibrils twisted around each other along their fibrillar axis. The zoomed-
in AFM images display this interesting feature more closely. It appears that the
twisted structures are mainly exhibited by dye-incorporated fibrils. Presence of
such were less clear in samples without dyes. To further confirm the twisted nature,
the thickness of some arbitrary twist-exhibiting fibrils were analysed more closely
by measuring the AFM sensor height along the fibril axis. The resulting graphs,
showing the periodic thickness (with periodicity varying between 50-70 nm) of such
fibrils, are presented in figure 4.8a and 4.8b.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4.7: AFM images of dye-containing WPI fibrils from phase 2 after 46 h incubation;
(a) and (e) with 0.07 wt% PtOEP, (b) and (f) with 0.03 wt% PtOEP, (c) and (g) with 2
wt% DPA, and (d) and (h) with 1 wt% DPA.

(a) (b)

Figure 4.8: The periodic thickness of twisted dye-WPI fibrils from phase 2 after 46 h
incubation. The two graphs show fibrils with high and low concentration of (a) PtOEP
and (b) DPA, respectively.
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4.3 Detection of Photon Upconversion

Next, WPI fibrils were incorporated with both PtOEP and DPA. AFM images
showing fibrils formed after 23 h and 48 h are presented in figure 4.9a-4.9d. Figure
4.10a and 4.10b show the absorption and anti-Stokes emission spectra for fibrils
containing two different molar ratios of PtOEP and DPA (PtOEP:DPA); 1:70 (0.06
wt% PtOEP and 2 wt% DPA) and 1:32 (0.14 wt% PtOEP and 2 wt% DPA). The
absorption spectra show the expected absorption peaks for both PtOEP and DPA,
similar to those exhibited in previous spectra for fibrils containing only one dye.
The incubation time dependence on absorbance is more evident in samples of molar
ratio 1:70, although there is an obvious increase in absorbance of the baseline for
incubated samples compared to non-incubated samples.

The anti-Stokes emission spectra (λexc = 544 nm) in figure 4.10b provide some
evidence that the presence of dyes strongly enhances anti-Stokes emission. As
reported above, corresponding anti-Stokes emission for WPI without presence of
dyes had very low intensity (see figure 4.4b). The resulting spectral pattern of dye-
incorporated WPI is, however, very similar to WPI without dyes. The spectra with
dyes show an enhanced version of the corresponding spectra of pure WPI, with four
distinct peaks at approximately 428 nm, 447 nm, 460 nm and 487 nm. Similarly
to the absorption spectra, the incubation time dependence is less clear for samples
of dye molar ratio 1:32. Samples of molar ratio 1:70 display, however, a very clear
dependence with anti-Stokes emission intensity increasing with incubation time.

Anti-Stokes emission spectra from WPI fibrils containing only one dye, 0.03
wt% and 0.07 wt% PtOEP after 46 h incubation, and 2 wt% DPA before incuba-
tion and after 46 h incubation, are included in figure 4.10c. This allows comparison
between one-dye incorporated WPI and two-dye incorporated WPI. The emission
show that DPA-containing WPI give rise to the highest anti-Stokes emission in-
tensity, independent on incubation, compared to the two-dye incorporated WPI
as well as PtOEP-incorporated WPI (keep in mind here that the dye concentra-
tion was much lower in PtOEP samples). WPI containing only PtOEP produce

(a) (b) (c) (d)

Figure 4.9: AFM images of WPI fibrils with PtOEP and DPA of molar ratio 1:70 (a)
after 23 h and (b) after 48 h incubation, and of molar ratio 1:32 (c) after 23 h and (d)
after 48 h incubation.



CHAPTER 4. RESULTS 27

(a) (b)

(c)

Figure 4.10: (a) Absorption spectra of WPI fibrils with PtOEP and DPA of molar ratio
1:70 and 1:32. (b) The corresponding anti-Stokes emission spectra for excitation at 544
nm for molar ratio 1:70 and 1:32. For comparison, anti-Stokes emission spectra from
WPI fibrils without dyes, as well as WPI containing only one dye (0.03 wt% and 0.07
wt% PtOEP after 46 h incubation and 2 wt% DPA before incubation and after 46 h
incubation), are included in (c).

lower anti-Stokes emission intensity, almost comparable to WPI without any dyes,
though increased concentration of PtOEP seem to result in slightly higher emission
intensity. The anti-Stokes emission spectra from WPI fibrils without dyes are also
included in figure 4.10c for comparison.

To investigate the origin of the four peaks observed in the anti-Stokes emission
spectra, excitation spectra were recorded for these peaks. Figure 4.11 shows the
excitation spectra for the emission wavelengths 428 nm, 441 nm, 460 nm and
487 nm for WPI fibrils with PtOEP and DPA of molar ratio 1:70. The emission
wavelength 441 nm was measured instead of 447 nm because DPA emission peak
is centered at 441 nm. Detecting excitation wavelength for emission at 441 nm
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Figure 4.11: Excitation spectra of WPI fibrils with PtOEP and DPA of molar
ratio 1:70 after 48 h incubation. Excitation spectra are presented for detected
upconverted emission at 428 nm, 441 nm, 460 nm and 487 nm.

may therefore reveal if this emission originated from PtOEP absorption, i.e. if
sensitized TTA did take place. The spectra indicate that emission for all four
wavelengths occur for all excitation wavelengths in the range 500-570 nm. There
is an abrupt decrease in emission for all emission wavelengths after λexc = 570 nm.
Furthermore, for emission at 428 nm there is a emission peak at λexc = 493 nm
whereas emission at 441 nm produce a stronger peak at λexc = 560 nm. For all
emission wavelengths there is a small peak at 538 nm, corresponding to the range
where PtOEP excitation is expected. This excitation peak is slightly higher for
emission at 428 nm.
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Discussion

5.1 The Structure of WPI Fibrils

The AFM images of all analysed samples show that fibrillation occurs in all WPI
samples, with and without dye-incorporation. However, in the selected areas that
were depicted the concentration of fibrils appears to be higher in the samples with-
out any dyes. It should be noted though that a statistical study of many more
AFM images of fibrils would be required to verify this further. Moreover, the fibrils
in images with high fibril concentration, i.e. without dyes, seem to be of the same
width, but not same length, as fibrils without dyes. These fibrils appear to be
shorter than the fibrils with dyes incorporated.

As mentioned earlier, another feature that is exhibited by single dye-incorporated
fibrils (DPA or PtOEP) is that many of them are twisted. This phenomenon has
in fact been previously reported for β-lg fibrils at specific pH and ion strength,
where the presence of copper ions seemingly increased the formation of twisted fib-
rils (at equimolar concentrations of β-lg and Cu2+) [31]. The conditions suggested
by Zappone et al. for increased production of twisted fibrils was pH 2 and low ion
strength (no addition of salt, other than the acid) [31]. These conditions have been
supported by other studies as well [32] and they match the ones used in this study
perfectly. The process that creates the twisted fibrils is suggested to follow a few
steps; firstly the denatured protein fibrils aggregate and then intermolecular inter-
actions between the different amyloid protofibrils induces the creation of twisted
fibrils [32].

In some pictures it is actually possible to identify that one specific twisted
fibril is made out of 2-3 fibrils, in agreement with the twisted fibril configurations
reported by Adamcik et al. [32]. The reason why twisted fibrils mainly are formed
in samples with one dye (the two dyes-system was not examined for the twisted
fibrils during AFM analysis) is worth discussing. A possible explanation could be
that the addition of dyes induces the formation of twists, as a result of hydrophobic
interactions. Alternatively, the twisting may be a result of structural effects on

29
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fibril structure as the dyes bind to the fibrils. However, there is a possibility that
twisted fibrils are present in pure WPI samples, only that they were not found in
the small volume analysed with AFM.

5.2 Photophysical Properties of WPI and the Effect of Dyes

The results from the fluorescence spectroscopy of fibrils, both with and without
dyes, indicate that the presence of fibrils give rise to an emission spectra that
significantly differs from the non-fibrillar emission spectra. In addition to that,
the incubation time, and therefore possibly the amount of fibrils present, have a
noticeable effect on the intensity of the emissions. This result corresponds well to
previous studies that have demonstrated an intrinsic fluorescence within the visible
range, related to the amyloid state of the proteins [35][36][37]. The molecular cause
for this fluorescence is not yet fully established, but there are theories stating that
it could be due to the β-sheet structure making low-energy electronic transitions
possible [35], or that protons are able to move along the peptide backbone, thus
giving rise to delocalized electrons [37].

As can be seen from the presented results, the intrinsic fluorescence interfered
with the emission spectra of the dyes used in this study. This made it more difficult
to distinguish the effect caused by fibrillation and by incorporating the dyes. The
absorption spectra of the fibrils also interfered with the absorption spectra of the
dyes and in most cases it appears that the peaks caused by the dyes became less
distinguishable. This could be correlated to how the dyes bind to the fibrils, since
it likely becomes harder for the dyes to absorb due to the increased absorption
caused by the amyloid structure, while at the same time, the base absorption line
is increased, possibly due to light scattering by the fibrils.

The emission spectra from PtOEP and DPA samples in phase 2 showed that
the PtOEP phosphorescence in WPI samples with only PtOEP decreased after
fibrillation, while the DPA fluorescence of the DPA-containing samples increased.
A possible explanation for the decrease of PtOEP phosphorescence is quenching by
RET to the fibrils. It is already a known fact that proteins can have a quenching
effect, including protein residues such as histidine and lysine as well as amide groups
in the peptide backbone [29]. In addition to that, Chan et al. showed that lifetime
of flourophore labels attached to the protein may change upon formation of amyloid
fibrils [35]. Moreover, it was proposed that the fluorophores act as donors and may
transfer excitation energy to the amyloid backbone through RET [35]. Since the
PtOEP triplet state naturally has a long lifetime, it is probable that RET occurs
before photons are emitted. DPA, on the other hand, has a generally short-lived
excited singlet state (8 ns in solution) [38] and has a high quantum yield (φ =
0.93 in solution) [39]. This might explain why PtOEP phosphorescence seemingly
decreased in fibril environment while DPA fluorescence did not. Moreover, previous
studies of fluorescent species in amyloid fibrils indicate that fluorescence from the
dyes often is enhanced upon fibrillation, in agreement here with the observed DPA
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emission spectra [15]. It is important to note here that since the lifetime of the
DPA excited state most likely is shorter than the resolution in the intensity decay
measurements, the DPA lifetime obtained from the intensity decay in figure 4.6b is
most likely inaccurate1.

5.3 Abscence of Photon Upconversion by Sensitized TTA

Judging by the emission spectra of WPI with and without dyes there is no evidence
that sensitized TTA takes place in samples containing the upconversion system.
The anti-Stokes emission spectra of WPI with the upconversion system (λexc = 544
nm) differ significantly from the spectral pattern of DPA fluorescence, observed in
samples with only DPA upon direct excitation of DPA (λexc = 375 nm). On the
other hand, the anti-Stokes spectra of WPI with and without presence of dyes
exhibit many similarities in spectral pattern. This unexpected observation and its
origin is further discussed in the following section.

It is possible that upconverted emission by sensitized TTA did occur, but with
very low intensity compared to the other anti-Stokes emission that was detected.
Anyhow, it seems sensitized TTA was not very efficient for the upconversion sys-
tem in the conditions applied here. As discussed earlier, it is likely that PtOEP
phosporescence is partly quenched in fibril environment. Recall that the measured
lifetime, most likely of PtOEP phosphorescence in fibril environment, was only 7.6
µs. This can be compared to 65 µs in oxygen-free THF solution [12]. A long-lived
PtOEP triplet state is crucial for an efficient sensitized TTA process, as previously
discussed in section 2. That is, significantly reduced lifetime of the PtOEP triplet
state could be one reason for an inefficient upconversion process by sensitized TTA.
Furthermore, since the absorption spectrum of the fibrils overlaps with the absorp-
tion peak of PtOEP it is also likely that the fibrils absorb most of the incident light,
resulting in a relatively low fraction absorbed by PtOEP. Consequently, any anti-
Stokes emission originating from sensitized TTA, via PtOEP absorption, would be
low.

Other reasons for non-observable sensitized TTA emission may be related to
how the dyes bind to the fibril. As explained in section 2, energy transfers involved
in sensitized TTA, i.e. TET and TTA, are sensitive to the distances between
the interacting donor and acceptor molecules. Efficiency of both kinds of energy
transfers, through dexter mechanism or RET, decreases with larger distance. It
may well be the case that the dyes are simply too far separated on the fibril such
that energy transfers between them are unlikely. Also, in the sense of distance, the
distance between dye molecule and fibril is probably much smaller than distances
between dyes bound to the fibril, possibly making energy transfer from dye to fibril
much more efficient.

1The DPA excited singlet state lifetime should be within the nanosecond range while the
shortest distance between data points in the intensity decay measurements was 1 µs.
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5.4 Enhanced Anti-Stokes Emission in Presence of Dyes

As discussed above, the anti-Stokes emission (λexc = 544 nm) observed here is
likely not related to dye-mediated photon upconversion by sensitized TTA, as was
expected, but instead originates from the protein itself. The results do however
indicate that the anti-stokes emission is significantly enhanced in the presence of
dyes. Here follows a discussion of causes behind this observed phenomenon.

Comparison of the anti-Stokes emission spectra from incubated and non-incubated
pure WPI, in the absence of dyes, suggests that this emission can be attributed to
the protein residues in WPI rather than to the fibrillary structure of amyloid WPI,
which is assumed not to be present in non-incubated WPI. If this emission origi-
nated from the amyloid fibril structure of WPI one would have expected to see a
difference in emission intensity, more specifically an increase in emission intensity
for incubated, fibrillized WPI. Furthermore, when comparing the anti-Stokes emis-
sion spectra of pure WPI with the corresponding spectra of WPI with incorporated
dyes one can observe a strong enhancement of the anti-stokes emission intensity as
well as spectral pattern exhibited by pure WPI. This fact further points towards
that this emission may originate from the protein residues, in particular, fluorescent
aromatic residues.

There exist three aromatic amino acid residues in proteins in general; phenylala-
nine (F), tyrosine (Y) and tryptophan (W), all of which are present in bovine β-lg
[33]. All of these absorb light in the UV-region, having absorption maxima gener-
ally in the range 250-300 nm, with absorption and emission often highly dependent
on their local environment [29]. A previous study by Hanczyk et al. investigated
the occurrence of multiphoton absorption in different amyloid fibrils, with varying
contents of aromatic residues, showing that two-photon absorption (2PA) occur,
predominantly in the range 525-560 nm [34]. Note that these wavelengths coincide
with the double wavelengths of the absorption maxima of the aromatic amino acids.
Note also that this wavelength range agrees well with the excitation wavelength (544
nm) used here in this study. Additonally, the excitation spectra in figure 4.11 shows
a drastic drop in anti-Stokes emission above 570 nm, potentially referring to the
minimum photon energy for the 2PA process to an excited state. Hanczyk et al.
suggested that the 2PA originates from the aromatic residues, with results indicat-
ing that high tyrosine content enhances 2PA most effectively. However, in contrast
to results obtained here, it is also proposed that 2PA may be specifically attributed
to the amyloid state, since negligible 2PA was observed for the protein in their
native states. This was proposedly explained through a cooperative enhancement
mechanism of exciton nature. In non-fibrillized state the aromatic residues would be
far separated from each other, diminishing intermolecular interactions. Formation
of fibrils would increase communication between the aromatic residues, referring to
decreased distances and alignment of peptide chains, and therefore enhance 2PA.

If the above hypothesis is true, then similar logic can be applied to explain the
results observed in this study. Although anti-Stokes emission was indeed detected
for native protein as well as for amyloid fibrils of pure WPI (with no distinguishable
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difference) it is suggested here that 2PA, and 2PA enhancement through intermolec-
ular communication between fluorescent aromatic groups, may be the reason for the
observed emission spectra. As the above mentioned study did not investigate WPI
there is no proof that the amyloid state of WPI alone leads to a conformation that
promotes interaction between aromatic residues that favours 2PA. The presence of
dyes, however, might have an effect. Since the dyes are hydrophobic they will most
likely seek to bind to hydrophobic parts of the protein, in its native or fibrillized
amyloid state. Regardless of the protein state, it is thus probable that the dyes
will interact with the aromatic, and indeed hydrophobic residues. Furthermore, it
is likely that the dyes induce formation of aggregates of the native protein due to
hydrophobic effects caused by the polar aqueous environment. Also, implications
of structural effects on the fibrils as result of dye presence, such as twisted fibril
structures, have already been observed here as previously discussed. The possible
dye-catalyzed structural rearrangement of peptide chains in native as well as fibril-
lized WPI, leading to a favourable orientation of aromatic residues for occurence of
2PA, may therefore partly explain the detected dye-enhanced anti-Stokes emission.
The observed spectral pattern of this emission and the position of the peaks still
remain a puzzle since the aromatic residues generally fluoresce at slightly shorter
wavelengths than the ones detected here. However, as mentioned, the emission of
these residues are highly dependent on their local environment and solvent polarity.
This is expecially the case for tryptophan [29]. This sensitivity, and the fact that
RET commonly occur from phenylalanine and tyrosine to tryptophan, generally
dominating the emission in proteins, may be a clue to understanding the possibly
complex mechanism that give rise to the anti-Stokes emission observed here [29].

A closer study of the anti-Stokes emission spectra in figure 4.10b reveals that
higher concentration of dyes appears to result in higher anti-Stokes emission. This
observation is well in line with the above theories of dye-enhanced anti-Stokes emis-
sion. One exception is however that WPI samples with 2 wt% DPA resulted in
similar emission intensity, independent on incubation, i.e. if WPI was in fibrillary
state or not, as samples containing 2 wt% DPA and 0.14 wt% PtOEP (i.e. mo-
lar ratio 1:32). This may seem contradictory, although, it should be pointed out
here that substantial precipitation of dyes during sample preparation, as well as
during incubation and storage, was observed and exact dye concentration in the
samples is unknown. Comparison of the absorption spectra in figure 4.10a and
4.5c suggests that DPA concentration is lower in samples containing PtOEP and
DPA of molar ratio 1:32 than in samples containing only DPA, even though both
types of samples originally were prepared with the same amount of DPA, that is,
2 wt%. The DPA concentration is seemingly even lower for samples containing
PtOEP and DPA of molar ratio 1:70. For this reason, the former conclusion may
still hold. Furthermore, inspection of the emission spectra in figure 4.10b reveals
that the anti-Stokes emission may increase slightly with incubation, though only in
the presence of dyes. It is possible that the ordered fibril conformation in presence
of dyes enhances anti-Stokes emission more than native protein in presence of dyes.
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5.5 Future Studies

The next step in the study of the possibility to achieve photon upconversion by
sensitized TTA, using amyloid fibrils as nanotemplates, would be to acquire better
knowledge of the properties of the fibrils themselves. For instance, find proof of
the 2PA phenomenon, if it occurs, and investigate the true cause behind it. This
would also shed some light on the results obtained in this study; it could possibly
explain the spectral pattern of the observed anti-Stokes emission. Further stud-
ies could also investigate the impact of the fibrillation conditions on the amount,
shape and photophysical properties of the amyloid fibrils. Another possibility would
be to examine if fibrils generate the same effects as observed here in presence of
other compounds than DPA and PtOEP, for example other dyes or (in)organic
substances, both hydrophobic and hydrophilic.

A possibility to acquire sensitized TTA, which also would not need as much
initial study on the fibrils as suggested above, is to try another photon upconversion
couple, having a different excitation and upconverted emission spectra. The spectra
should preferably, unlike DPA/PtOEP, differ from the spectrum of the fibrils. An
example of such a couple could be a pair which is excited at longer wavelengths than
570 nm, keeping in mind the excitation drop in figure 4.11, for example PtTPBP
(λexc = 635 nm) and perylene (λem = 451 nm) [1].

5.6 Conclusions

This study aimed to evaluate WPI amyloid fibrils as templates for the photon
upconversion pair PtOEP and DPA. Firstly, no obvious upconverted emission, re-
sembling the fluorescence emission from the annihilator DPA, was detected upon
excitation of the sensitizer PtOEP. Secondly, it was observed that amyloid fibrils,
WPI in particular, have peculiar properties; exhibiting both intrinsic fluorescence
in different parts of the visible spectrum and intrinsic photon upconverting proper-
ties. Observed anti-Stokes emission is most likely attributed to the protein residues,
although, the upconverted emission is strongly enhanced by the presence of the hy-
drophobic dyes, PtOEP and/or DPA. The origin of these phenomena is not clear
and would be a good subject for further studies.

The proposedly protein-related absorption and corresponding anti-Stokes spec-
trum overlaps with the absorption and upconverted emission spectrum expected
for the employed dye upconversion pair. It is likely a reason why no photon up-
conversion by sensitized TTA could be detected. However, as discussed, there may
be other causes that prevented successful sensitized TTA. These might be related
to either quenching of PtOEP triplet excited state by protein residues or by the
amyloid structure, or that the amyloid fibrils do not provide favourable binding
sites for the dyes that enable efficient energy transfers (i.e. TET and TTA). With
that in mind, sensitized TTA may not be applicable in materials based on amy-
loid fibrils. However, if neither of these reasons prove in fact to be the true, or if
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conditions are found that do not give rise to these negative effects, then amyloid
fibrils as nanotemplates for sensitized TTA may still be a good option. Also, as
suggested, other upconversion pairs might be more suitable for incorporation into
amyloid fibrils in terms of absorption and emission spectra.

Lastly, when the properties of amyloid fibrils and fibril-dye systems have been
thoroughly investigated, and if the results are promising, a possibility would be to
create a functionalized amyloid material. This material could for instance be used
in the next generation solar cells or in similar applications, paving the way for a
sustainable future.
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Chapter 6

Appendix

6.1 Materials

In the table below is a list of all chemicals used.

Table 6.1: Used chemicals and their manufacturer.

Chemical Manufacturer Product Code
WPI Arla, Sweden Laprodan DI-9224

DPA, 97% Sigma-Aldrich, Germany 101811486
PtOEP, 98% Sigma-Aldrich, USA 1002362570

ThT Sigma-Aldrich, India 1001874612

41


