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“It is possible that some other science may be 
more useful, but no other science has so much 
sweetness and beauty of utility. Therefore it is 
the flower of the whole of philosophy and 
through it, and not without it, can the other 
sciences be known.” 
 
 

Roger Bacon 
On the science of optics, from Opus Majus [Written between years: 
1266-1268] 
Part V, distinction I, chapter I. 

Translated by: R. B. Burke, The Opus Majus of Roger Bacon (1928), 
Vol. 2, 420 
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Abstract 
This Thesis is a characterization study on substances having potency as 
drugs as well as on a lipid based drug-delivery matrix. The optical properties 
of newly synthesized molecules with proven pilicide properties have been 
characterized with several spectroscopic methods. These methods include 
optical absorption and fluorescence as well as time-resolved fluorescence. 
Upon covalently linking compounds with high quantum yields of 
fluorescence to specific parts of the pilicide, the biological impact was found 
to increase for some of the derivatives. Furthermore, by expanding the 
aromatic part of the pilicide molecule, a significant increase in the inherent 
fluorescence was obtained. The S0-S1 absorption band for these molecules 
was found to originate from an impure electronic transition, vibronically 
promoted by intensity borrowing from higher electronic states.  

Included in this Thesis is the measurement of how deeply some in this class 
of newly synthesized molecules become situated when placed inside 
ganglioside GM1 micelles, and how the molecules’ reorientation is affected. 
By means of radiation-less energy transfer, it was shown that the molecules 
place themselves close to the hydrophobic-hydrophilic interface inside the 
GM1 micelles. As a consequence they are exposed to a densely packed 
environment, which inhibits the free tumbling of the molecule. This 
restricted tumbling could be measured by means of time-resolved 
depolarization experiments. 

The release of drug-like fluorescent molecules is investigated from a lipid 
mixture, which upon equilibrium with water forms a mixture of inverted 
hexagonal and cubic phases. The lipid matrix displayed an extended release 
over the course of weeks, in vitro, for molecules having a large variation in 
hydrophobicity.  
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Introduction 

This thesis is centered on the characterization of molecules with potential 
pharmaceutical properties. Characterization is indeed one of the main 
themes throughout the thesis, as it starts by examining the optical 
spectroscopic properties of "drug-like" molecules and continues with 
investigating how these properties are affected by their immediate molecular 
surroundings. Reaching into higher levels of complexity, the thesis also deals 
with placing "drug-like" substances in biochemically relevant environments 
as well as investigates the release kinetics of molecular probes added to a 
lipid based drug delivery system.  

Starting in the chapter “Prerequisites”, the thesis first describes the main 
theoretical themes and methods that have been used in the included 
projects. In the ensuing chapter, the results are presented in the form of a 
discussion with references to the Papers included in this thesis. This way of 
reporting the findings was chosen as several of the Papers presented in this 
thesis follow the same line of reasoning, and even study the same or similar 
substances, albeit with different techniques and in different environments. 
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Prerequisites 

A Short Description of Lipid Phases  

The class of molecules known as lipids has the ability to self-assemble in 
water and form a range of liquid crystalline phases1. This is due to the fact 
that these molecules are amphiphilic, i.e. they have both hydrophilic and 
hydrophobic properties. These molecules are found in all known cells and 
are one of the main constituents in the cell walls2. 

 
 
 

 

Figure 1. Some examples of lipid molecular structures found in human 
cells. Their structures are similar in that there exists a hydrophobic part, the 
hydrocarbon “tails”, and a hydrophilic part. Depending on the size ratio 
between these parts, different structures will form when placed in an 
aqueous medium. 
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Inside cell walls, lipids organize themselves in large planes, termed the 
"lamellar" phase. Other phases that lipids can form are the "cubic", where 
the lipids form optically isotropic structures, e.g. spheres with their 
hydrophilic ends directed away from the center, that are stacked in a cubic 
fashion. Another phase is the "hexagonal", which can be thought of as 
elongated spheres to the point where they form long rods, which tend to 
stack themselves in a hexagonal pattern. Extending these rods at an angle 
perpendicular to the length of the rod results in the lamellar phase. These are 
general examples, and in reality there exists a number of variations to their 
structure3. 

The three generalized phases described above can exist in equilibrium with 
excess water, but they also have inverted counterparts. For example, the 
"inverted cubic phase" has the hydrophobic ends facing away from the center 
of the spheres, with the hydrophilic ends in the center. The "inverted 
hexagonal phase" and the "inverted lamellar phase" are similarly organized. 

A rough estimate of the relative size of the hydrophilic "head" and the 
hydrophobic "tail" can give a clue into which phase the lipids are likely to 
organize themselves4. Matters are very much complicated when for example 
mixtures of several kinds of lipids are considered, as well as when different 
solvents are used. A phase diagram is used to visualize the phases present at 
equilibrium, for a specific group of substances such as these. 
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Figure 2. A schematic representation of a ternary phase diagram, 
representing the lipid phases at equilibrium found for different molar ratios 
of heavy water, glycerol dioleate (GDO) and soy phosphatidylcholine (SPC)5. 
The domains in the phase diagram, which only consist of one phase, are 
given by the inverted lamellar (L2), inverted cubic (III), inverted hexagonal 

(HII) and rightly faced lamellar (Lα), respectively. The areas denoted by 2ϕ 

consist of two-phase mixtures of the two adjacent single phases, or a single 
phase in equilibrium with heavy water. The areas denoted by 3ϕ represent 
two-phase mixtures in equilibrium with a third phase, i.e. heavy water 
(2H2O). 
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Optical Absorption Spectroscopy 

Many substances have the ability to interact with electromagnetic radiation. 
When a beam of light propagates through a sample containing such a 
substance, part of the radiation that enters the sample will be missing when 
it emerges on the other side. 

 
 
 

Figure 3. An illustration of light passing through a cuvette of path length l 
containing a sample with concentration C. Absorption is evident by the 
diminished intensity of the transmitted radiation I, as compared to the 
incident radiation I0. 
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Hence, a fraction of the light has been absorbed. The transmitted intensity of 
light (I) divided by the incident intensity (I0), defines the transmittance (T) 6. 
The value of the transmittance is usually given as a function of the 
electromagnetic wavelength (λ), since substances can interact more strongly 
with some wavelengths than with others: 

 

! 

T(") =
I "( )
I0 "( )

 Eq. 1 

A more convenient way of expressing the absorbance of light is the 
absorbance (A). Empirically: 

 

! 

A "( ) = # "( )lC  Eq. 2 

where C is the sample concentration, l is the path length of the light through 
the substance, and ε(λ) is the molar absorptivity of the measured substance. 
The relationship between the absorbance and the transmittance is given by6: 

 

! 

T "( ) =10#A "( ) =
I "( )
I0 "( )

 Eq. 3 

In the discussions pertaining to the thesis, A(λ) is more convenient than T(λ) 
because a linear relationship exists between the absorbance and the 
concentration, as long as C is low. 
 

Optical Emission Spectroscopy 

As has been previously stated, some molecules are able to absorb ultraviolet 
and visible light. In order for this to occur, it is necessary for the molecule to 
have appropriate energy levels. The energy levels that are relevant to optical 
spectroscopy are vibrational and electronic, or so-called “vibronic”. Since 
this thesis only deals with samples in the liquid phase, rotational energies 
can be ignored. A molecule and the electrons associated to it, have a specific 
energy in the molecular ground (non-excited) state. At room temperature, 
the molecules will most likely reside in the vibrational ground state of the 
lowest electric energy levels. 



 

 11 

After an event takes place that results in the absorption of a photon, an 
electron will gain the energy it requires to exist in a higher electronic energy 
state in the molecule. This event is called absorption of light and the 
molecule is thereby electronically excited. Following some brief period of 
time (typically in the range of nanoseconds) yet another event may occur 
resulting in the emission of electromagnetic energy from the molecule. Now 
the excited electron has returned to its original energy level, and the 
molecule has relaxed into its electronic ground state via the emission of a 
photon of light. 

This relatively simplified chain of events can be used to investigate some 
fairly detailed and important molecular properties and processes. 

Luminescence 

A broad definition of the emission of a photon of light from an electronically 
excited molecule is termed luminescence. Luminescence encompasses two 
separate processes: fluorescence and phosphorescence7. 

 
 
 

 

Figure 4. A Jablonski diagram showing possible pathways of a vibronically 
excited molecule. Each singlet (S) and triplet (T) state contains a progression 
of vibrational states. The processes indicated with arrows are fluorescence 
(F), internal conversion (IC), intersystem crossing (ISC) and 
phosphorescence (P). 
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Fluorescence describes the process of the emission of a photon of light, 
following an electronic excitation and a subsequent vibronic relaxation to the 
lowest vibrational level of the excited electronic state. Before the excited 
molecule emits a photon via fluorescence, a certain probability exists that 
the excited electron undergoes a changing of its spin, which significantly 
decreases the probability of photonic emission. As a consequence, the 
molecule will stay in the excited state for a much longer time (approximately 
1000 times longer). This process is called phosphorescence and can take 
place through a coupling between the inherent magnetic field of the electron, 
caused by the electron’s spin, and the electrical field produced by the 
movement of the electron itself. This phenomenon is termed spin-orbit 
coupling8. Another possible way that the excited electron’s spin can change is 
by a similar interaction with electrons associated with other molecules when 
they come close enough for the fields to interact9.  

Fluorescence Lifetime and Quantum Yield Measurements 

As has been implied from the previous chapters, there exists a time interval 
between excitation and emission, when a molecule is electronically excited. 
This duration is usually termed the "lifetime", and in the absence of other, 
non-radiative energy withdrawing processes, this is referred to as the 
"natural" or "intrinsic" lifetime [τ0]. The intrinsic lifetime [τ0] can be 
calculated by using the Strickler-Berg equation10: 

 

! 

1
" 0

= 2.88 #10$9n2 ˜ % f
$3 $1 & ˜ % ( )

˜ % Band' d ˜ %  Eq. 4 

where 

! 

˜ "  is the wavenumber in reciprocal centimeters, n is the refractive 
index of the medium and ε(

! 

˜ " ) is the wavenumber dependent molar 
absorptivity of the substance. 

However, a measurement of the lifetime of the excited state in the laboratory 
will most likely yield a somewhat shorter “observed” lifetime [τ]. This can 
e.g. be due to native intramolecular processes, which result in the conversion 
of the electronic energy into a vibrationally excited state of the lowest 
electronic level, which in turn dissipates into the surrounding as heat. This 
process is called internal conversion. Other disturbing influences, which can 
originate from the solvent or from other molecules in solution, have the 
ability to interact with the electronically excited molecule and reduce the 
apparent lifetime. All these perturbations, which originate from outside of 
the excited molecule and have the effect of lowering the observed lifetime, 
are commonly referred to as quenching.  
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To describe how resistant a substance is to quenching or internal conversion, 
the fluorescence quantum yield (Φf) gives a ratio of how large a portion of the 
absorbed electro-magnetic energy that is subsequently sent off as radiation.  

It is possible to use the ratio of the measured lifetime [τ], to the intrinsic 
lifetime [τ0] calculated by the Strickler-Berg equation, in order to determine 
a value for the quantum yield9:  

 

! 

" = #
# 0

 Eq. 5 

However, a second method exists for calculating the quantum yield9: 

 

! 

"S ="R
FS #( )
FR #( )

1$10AR #( )

1$10AS #( )
nS
2

nR
2  Eq. 6 

where a reference sample (R) with a known quantum yield (ΦR) is used. ΦS 
and ns is the quantum yield and refractive index of the sample of interest, nR 
is the refractive index of the reference sample. Furthermore, FS, FR, AS and 
AR are the total fluorescence intensities and absorption values, respectively.  

This facilitates the possibility of inserting the value of the quantum yield 
obtained by Eq. 6 together with the measured lifetime [τ] into Eq. 5. The 
intrinsic lifetime [τ0] produced by this method, can be seen as more accurate, 
since it is a result of measurements and thus only limited by instrumental 
accuracy.  

By performing the substitution of the quantum yield from Eq. 6 together 
with the measured lifetime into Eq. 5, it also becomes possible to compare 
the calculated value of the intrinsic lifetime [τ0] with the one obtained by the 
Strickler-Berg equation. The Strickler-Berg equation makes use of some 
fundamental approximations, which may be more or less valid to the 
molecule10. One of the approximations concerns the molecular symmetry in 
conjunction with electronic excitation. As a result, if significant deviations 
exist between the intrinsic lifetimes obtained by the two methods, the 
molecule can belong to a different point-group symmetry in the electronic 
excited state as compared to in the ground state. 
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Steady-State and Time-Resolved Fluorescence Anisotropy 

When chromophoric molecules absorb or emit light, the process can be 
described as an interaction between light’s electric field component and the 
electronic transition dipole moment associated with the molecule. This 
transition dipole only physically exists at the moment of absorption or 
emission, and has a well-defined orientation with respect to the internal 
molecular geometry. When a sample is exposed to UV/VIS light with 
appropriate wavelength, the probability of a molecule absorbing light will be 
dependent on the relative orientation of the transition dipole moment and 
the electric field vector at the instant of absorbance. As a consequence, 
excitation with linearly polarized light will produce an ensemble of excited 
molecules, which at the moment of excitation are collectively orientated with 
their electronic transition dipole moments polarized parallel to the 
polarization electric field vector of light. 

As previously stated, the samples considered in this Thesis all reside in the 
liquid state, and thus undergo tumbling motions. As a consequence, the 
emission dipole becomes shifted from time zero (the instance of absorption) 
to time t, when emission occurs. The extent of molecular displacement, 
between absorption and emission, can therefore be investigated by 
measuring to what degree the polarization of the emitted light differs from 
the polarization of the light used for excitation. The result is termed 
depolarization or fluorescence steady-state anisotropy, which is given by the 
mathematical expression: 

 

! 

rS "( ) =
IVV "( ) # IVH "( )
IVV "( ) + IVH "( )

 Eq. 7 

In Eq. 7, IVH and IVH represent the measured fluorescent intensities with the 
excitation and emission polarizers set to vertical-vertical and vertical-
horizontal positions, respectively9. 
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Figure 5. An example depicting an absorption and emission spectrum, with 
embedded wavelength dependent excitation and emission steady-state 
anisotropy values, of a hypothetical molecule. The right side of the figure 
shows the fluorescence spectrum and steady-state emission anisotropy 
(noisy curve and horizontal line respectively). On the left side of the figure, 
the absorption spectrum is shown and the noisy horizontal line is the 
excitation anisotropy. The emission spectra are measured upon excitation at 
550 nm, and the excitation spectra are measured with the emission 
wavelength fixed at 750 nm. 
 
An added level of complexity exists however, in that the electronic excitation 
transition dipole moment might not necessarily be parallel to the electronic 
emission transition dipole moment, in the molecule. When determining the 
excitation and emission anisotropies for a sample with slow molecular 
reorientation, it becomes possible to discern how much the excitation 
transition dipole deviates with respect to the emission transition dipole. This 
anisotropy value is termed the fundamental fluorescence steady-state 
anisotropy r0 9. The lowest electronic transitions tend to be parallel, which is 
evident if the anisotropy value is close to 0.4, as is the case in the illustration 
presented in Figure 5. The values of the steady-state anisotropies can 
theoretically lie between 0.4 and -0.2, corresponding to transition dipole 
angles between 00 and 900, respectively. 
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Similarly to the steady-state anisotropy rS, the time-resolved anisotropy 
decay r(t) can be determined by measuring the vertically and horizontally 
polarized components of the emission from a sample that has been exposed 
to vertically polarized light. The difference lies in that in order to determine 
the decay of the anisotropy r(t), it is the decay of the vertically and 
horizontally polarized components of the emission that needs to be 
measured, when exposed to pulsed vertically polarized light. The analytical 
expression for r(t) is given by: 

 

! 

r t( ) = rie
" t
# i

i
$  Eq. 8 

where, ri represents individual fractional amplitudes which sum to r(0) and 
φi denotes rotation correlation times9.  

The maximum value of r(0) = 0.4, which occurs when the absorption and 
emission transition dipoles are strictly parallel. Thus, the steady-state 
anisotropy rS, can be seen as actually measuring the average of all the 
anisotropy decay processes at any given time. Totally spherical, hypothetical 
molecules, rotating as spheres, would exhibit anisotropy decay with a single 
rotational correlation time (φ). Non-spherical molecules are expected to 
show multi-exponential anisotropy decays with correlation times 
corresponding to rotations about the various molecular axes9.  
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Figure 6. An example of simulated time-resolved anisotropy decay obeying 
the function: r(t) = 0.3 exp(-t/φ1) + 0.1 exp(-t/φ2). The figure illustrates a 
scenario of a molecule having both a short and a long rotational correlation 
time. This can, for example, be the case for a chromophore undergoing 
restricted motion inside a large macromolecule. For this case, the short 
correlation time φ1 represents the restricted local motions of the 
chromophore and the long correlation time φ2 represents a slow tumbling of 
the macromolecule. 

Resonance Electronic Energy Transfer 

Resonance electronic energy transfer describes the phenomenon of 
radiation-less transfer of electronic between chromophoric molecules11. 
Resonance energy transfer occurs after a molecule absorbs a photon and 
becomes electronically excited, whereby this energy is transferred to another 
molecule located within a certain distance from the one that is initially 
excited. The molecule that absorbs the photon is termed the donor, and the 
molecule to which the energy is transferred is called the acceptor. The 
“radiation-less” nomenclature for the transfer of energy aims at signifying 
that electronic energy is transmitted without the exchange of a photon. 
Instead, it can be described as a dipole-dipole interaction across space11 for a 
system defined by the absorption and emission transition dipoles of the 
acceptor and the donor, respectively.  
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The rate of energy transfer is given by: 

 

! 

kT =
1
"D

R0
R

# 

$ 
% 

& 

' 
( 
6

 Eq. 9 

where τD is the donor fluorescence lifetime, in absence of an acceptor, R is 
the distance between the donor and acceptor and R0 denotes the Förster 
radius9. The Förster radius can be calculated from the absorption spectrum 
of the acceptor and the emission spectrum of the donor, as well as the 
fluorescence quantum yield of the donor. 9,11 

As is evident from Eq. 9, the energy transfer rate is highly dependent on the 
distance R between the donor and the acceptor. The Förster radius R0 is 
given by:   

 

! 

R0 =
9000 ln10( )" 2#D

128$ 5Nn4
FD0

%

& '( )( '( )'4d'6  Eq. 10 

where ΦD is the fluorescence quantum yield of the donor in the absence of 
acceptors, n is the refractive index of the medium (which is typically 
approximated to 1.4 for biomolecules in water solutions), N is the Avogadro 
constant, FD is the corrected and normalized fluorescence intensity of the 
donor in the wavelength range: λ + Δλ, ε(λ) is the molar extinction 
coefficient of the acceptor at λ, κ2 is a factor describing the relative 
orientations of the transition dipoles of the donor-acceptor pair and is 
usually approximated to be: 2/3 for a dynamic random averaging, and the 
Förster radius R0 is a unique distance for each donor-acceptor duo, and 
needs to be calculated for each pair.     
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Results and Discussions 

In this section I attempt to explain the results that were found in the various 
studies, some of which resulted in manuscripts presented in the end of this 
thesis. The first three Papers are all based upon investigations of the 
spectroscopic properties of a newly synthesized group of molecules, created 
with a 2-pyridone-based multi-ring-fused scaffold. Paper I describes the 
synthesis and original characterization, Paper II is an in-depth optical 
characterization study, while Paper III investigates the mobility and depth of 
these molecules when immersed in GM1 micelles.  

As is stated, Paper I is a characterization study on six derivatives of a 2-
pyridone-based multi-ring-fused scaffold12.  

N
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R2

R
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Picture 7. An illustration of the pyridone multi-ring-fused scaffold, from 
which the molecular derivatives are investigated in Paper IV.   

These molecules were synthesized with the aim of creating derivatives of 
molecules with pilicide properties13 and, in addition also exhibiting 
inherently useful spectroscopic properties. Pili are small proteinaceous 
appendages, on the surface of certain bacteria, which aid in attaching the 
organism to other cells or surfaces2. From the organic chemist's perspective, 
the idea was to synthesize a group of biologically interesting molecules on a 
chromophoric backbone, thus eliminating the need and process of tagging an 
already proven substance, in order to localize it in a cell via, for instance, 
confocal microscopy. This modification process obviously changes the 
molecular properties of the substance and could potentially lead to lowering, 
or even entirely eliminating the biological activity of the compound. During 
the course of our investigation, it turned out that the backbone had some 
very unusual and interesting spectroscopic properties, which are further 
investigated and described in Paper II. 
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Apart from the synthesis and presentation of the compounds, Paper I is an 
examination of their optical absorption and fluorescence properties. 
Fluorescence quantum yields and lifetimes were measured for the 
compounds, dissolved in glycerol and in dichloromethane. Five out of the six 
substances showed fairly high fluorescence quantum yields, ranging between 
approximately 40 and 70 % in glycerol and between 20 and 50 % in 
dichloromethane. The substance that did not exhibit such high quantum 
yields in any solvent was the one with an extended aromatic structure12.  This 
substance also deviated from the rest in that its lifetime is short, 
approximately 2 ns regardless of solvent, while the others exhibited fairly 
long lifetimes, ranging between 11 - 17 ns in glycerol and 5 - 14 ns in 
dichloromethane. As is evident, the lifetimes were found to be solvent 
dependent. What is perhaps more striking is that the steady-state 
fluorescence depolarization, indicates that the S0 – S1 absorption band is not 
a pure electronic transition, but can be described as symmetrically 
forbidden, vibrationally promoted by intensity borrowing from higher 
electronic states.  

This was the reason for investigating the spectroscopic properties of these 
molecules in more depth. The Born-Oppenheimer approximation14 allows for 
the possibility to separate the quantum mechanical wave function of the 
electrons from that of the atomic nuclei in the molecule. This simplification 
of the molecular wavefunction provides for an easier way of solving the 
Schrödinger equation for obtaining the electronic energy states. The 
approximation can be extended to the assumption that during an electronic 
transition, the continuous displacements of the atomic nuclei due to 
vibrations also takes place on a much longer timescale than the movement of 
the electrons. This is the essence of the Frank-Condon principle, which states 
that when the molecule moves to a new vibrational level during electronic 
excitation, the nuclei will have very similar positions, as compared to the 
instant before excitation8. Usually, electronic transitions can be modeled 
according to the Frank-Condon principle. However, as is exemplified in 
Paper II, there are instances when the underlying approximations, which are 
the fundament for the principle, can be questioned. The fluorescence 
depolarization of the substances examined in Papers I and II reveals a 
wavelength dependency over the S0 – S1 transition. This can be explained by 
the absorption of light, for this transition, taking place via an energy 
dependent mixture of electronic transitions. The absorption spectrum of the 
substances shows that this transition is fairly weak and structure-less, which 
promotes the idea that this electronic transition is improbable. 
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As is stated in Paper II and earlier in this thesis, the value of the radiative 
lifetime can be calculated through the relationship between the measured 
fluorescence lifetime and the measured quantum yield, cf. Eq. 5. This is the 
natural lifetime of a substance in absence of any quencher. Paper II also 
presents an alternative way of calculating the radiative lifetime, i.e. via the 
Strickler-Berg equation, by using the measured absorbance and emission 
bands for the electronic transitions. The Strickler-Berg equation is mainly 
valid for lifetimes corresponding to transitions where the absorption band is 
highly probable, and also when there is little or no conformation change of 
the molecule in the electronic excited state10.  

For two of the six chromophoric derivatives in Paper II, the radiative 
lifetimes, when calculated by the Strickler-Berg equation, are significantly 
longer than those deduced from measuring the fluorescence lifetime and 
quantum yield. When making use of the Strickler-Berg equation, the 
previously mentioned Frank-Condon principle is assumed to be relevant. 
However, a significant discrepancy in the calculated Strickler-Berg value 
from what is measured indicates a deviation from the Frank-Condon 
principle and thus the presence of impure electronic transitions. Usually, the 
presence of mirror symmetry of the first absorption and emission band 
validates the assumptions made in the Frank-Condon approximation, and 
this symmetry is indeed observed for these substances. Exceptions exist 
however, as is the case of anthracene15, where the Strickler-Berg predicted 
value of the radiative lifetime also differs from the measured, despite the 
existence of a mirror symmetry. It is evident that this class of molecules is 
quite unusual in that it does not seem to abide by the Franck-Condon 
assumptions nor does the Strickler-Berg predicted lifetime give an 
underestimation of the measured lifetime (as in the case of anthracene) but 
instead the measured values are lower than the predicted ones.  

The pyridone derivatives in Paper II are added to ganglioside GM1 micelles 
(Paper III) in order to elucidate the depth in which these chromophores 
reside. This is achieved by making use of non-radiative energy transfer 
between the pyridone molecule and two specifically BODIPY labeled 
gangliosides, where the BODIPY group is attached at two different positions. 
Ganglioside micelles were chosen because they naturally become mono-
dispersed in a water buffer16,17. Also, they have large polar head groups, as 
compared to most biological lipids, which leads to the hydrophilic and 
hydrophobic radii being close to the same length, when forming micelles17. 
This large head group creates a relatively long hydrophilic radial gradient in 
the polar region of the micelle, which in turn facilitates the ability for small 
polar molecules to position themselves over a large radial distance. 
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It was found that the pyridone molecules reside at the interface between the 
polar and non-polar region of the micelles. The substitution of one of the 
hydrogen atoms with a fluorine atom or a methyl group has seemingly no 
effect on the location, despite the differences in electronegativity. Also, the 
position of the pyridones was found to be within a narrow radial 
distribution, indicating that their radial location is fairly fixed. As is 
mentioned in the article, other fluorescent probes: BODIPY and NBD, also 
tend to reside within this interface when incorporated into lipid bilayers18, 19. 

The reorientation, or tumbling of the chromophores was measured by means 
of time-resolved fluorescence depolarization experiments. It became evident 
that the best way to describe the obtained data for the reorientation of the 
molecules inside the GM1 micelles was to assume two reorientation times, one 
longer and another that is much shorter. The shorter correlation time can be 
ascribed to rotation about an axis outside of the molecular plane 
perpendicular to the molecular long-axis, whereas the longer corresponds to 
tumbling about any rotational axes within the molecule. 

Paper IV, which at the time of writing this thesis is still in manuscript form, 
describes the synthesis, photo-physical examination and biological 
evaluation of a number of fluorescently labeled versions of the pyridone 
scaffold.  
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Picture 8 An illustration of the dihydrothiazolo ring-fused 2-pyridone 
scaffold, which is the basic structure that the molecules in Paper IV are based 
upon.  
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The pyridone scaffold used in this Paper is the most studied class of molecule 
that exhibits pilicide properties20,21.  In contrast to Paper I, where aims were 
to synthesize pilicide molecules with inherent fluorescence, the aim of Paper 
IV was to investigate the effect of replacing hydrophobic parts of a proven 
pilicide with two different fluorescent markers: coumarin and BODIPY. 
These parts of the pilicide molecule have already proven to be of great 
importance to the bioactivity of the compound22, thereby limiting the 
probability of lowering the compound’s bioactivity. These fluorescent 
molecules are chosen for their physico-chemical similarity to the replaced 
substituents, which are crucial to the potency of the pilicide. By introducing 
fluorescent tags to the biologically active molecule, the ability to track their 
location inside or on the surface of the bacteria is facilitated. 

In Paper IV the optical absorbance and emission spectra as well as the 
fluorescence quantum yields of the labeled pilicides are measured, when 
dissolved in a biologically relevant solvent, i.e. a PBS water buffer at pH 7. 
The quantum yields of the coumarine derivatives were found to be relatively 
low, typically ranging between < 1 % and 15 %, and the peak maxima in the 
absorbance and emission spectra spanned a fairly broad range: 327 nm – 
396 nm and 394 nm – 484 nm, respectively. This was not the case for the 
BODIPY derivatives, which both possessed fairly low quantum yields: 10 % 
and some that are relatively high: 67 %. For these substances, the absorbance 
and emission peak maxima were relatively close, centered around 502 nm 
and 520 nm, respectively. 

The biological evaluation in Paper IV showed that replacing some of the 
Pyridone substitutents with physico-chemically similar fluorescent markers 
led to an increase in pilicide and curliside potency, as well as making the 
molecules fluorescent. 
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In an attempt to ascertain the reason why some of the BODIPY derivatives 
displayed such uncharacteristically low quantum yields, the sample with one 
of the highest quantum yields, termed compound number 31 in Paper IV, 
was investigated further. When lifetime measurements were performed, the 
idea of comparing the photophysical properties of the sample with respect to 
choice of solvent was introduced. As a consequence, it was found that the 
fluorescence decay of the compound varied quite a lot when dissolved in 
methanol, as compared to first preparing a concentrated (approximately 2 
mM) sample in DMSO and then diluting it in a water buffer approximately 
200 times. 
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Figure 9. The chemical structure of compounds 31 (left) and 38 (right) 
synthesized and characterized in Paper IV. 

Further investigations showed evidence of the formation of DMSO-
compound domains in water when this and a control compound (number 38 
in Paper IV) are present. Compound number 38 is however less prone to 
aggregation than compound number 31. These compounds, numbers 31 and 
38, belong to the same family of pilicides and are structurally similar in that 
they both contain the BODIPY fluorophore, albeit at different positions. 
Compound number 31, prepared in DMSO and then diluted in water was 
studied with a fluorescence microscope; the data shows the presence of 
fluorescent domains, approximately 2 µm in size.  
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Picture 10. Fluorescence microscope image of compound number 31 
(Paper IV), when first dissolved in a DMSO stock solution, which is then 
diluted in a PBS buffer. The bright areas correspond to fluorescence when 
excited with an ultraviolet light source. That the fluorescence is emanating 
from small discrete areas is interpreted as the formation of domains of 
aggregated substance within the water solution. 

As a consequence, it now becomes possible to explain the experimental 
quantum yield and lifetime data obtained for these substances when first 
dissolved in DMSO followed by dilution in water buffer. It is feasible to 
assume that when these compounds reside in DMSO-compound domains, 
the local concentration will be at least that of the DMSO stock solution. It is 
possible that the local concentration is even higher, since the solubility of 
DMSO in water is much higher than that of the compounds. Such high local 
concentration can lead to static quenching of an electronically excited 
molecule by a neighboring un-excited one. The results of this would be a 
decrease in the measured quantum yield and also decrease the measured 
lifetime, both of which were observed. A high local concentration might also 
lead to the formation of compound aggregation. This would broaden the 
absorption spectra, which was indeed observed e.g. for compounds 31 and 
38, as compared to the spectra in pure DMSO or in chloroform.  



 
26 

The aggregates are not present in the case where the same amount of DMSO 
stock solution is added to ethanol. Ethanol is equivalent to methanol in not 
producing an aggregation effect for these substances, due to the 
hydrophilicity of these solvents. 

Filters with pore size = 0.22 µm (hydrophilic, made of polyvinyldene 
fluoride) were implemented in an attempt to remove the aggregates from the 
water solutions. It was found that filtering the compound-DMSO-water 
solutions had effects on the DMSO domains, as measured by absorption, 
fluorescence microscopy and spectroscopic lifetime measurements. These 
experiments confirmed the presence of large aggregates. We also tested the 
interactions between these fluorescently labeled pyridones and proteins (e.g. 
Azurin 23 and BSA 24), to assess the possibility of non-specific binding.  

 

 
Picture 11. A plot illustrating the effect of filtration on compound number 
31, dissolved in a DMSO stock, which is in turn diluted in a water buffer 
(squares). The presence of 2 µM Azurine or 2 µM Bovine Serum Albumin, is 
indicated by the triangles and circles, respectively.  
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DMSO stocks of compounds were diluted in buffer solutions in the absence 
and presence of two proteins. In Picture 11 it can be seen that in the absence 
of protein, filtration will decrease the concentration of compound 31 by at 
least 90%. However, the presence of protein facilitates the passage of a larger 
fraction of the compound through the filter. Interestingly, the choice of 
protein has an affect on the amount of compound able to pass through the 
filter. BSA, which is the bovine analogue of HSA (a transporter protein found 
in the bloodstream), seems to be more effective in aiding the passage 
through the filter than azurin, perhaps since BSA is larger than azurin and 
thus has a larger surface area. These findings suggest that the compound has 
an affinity for the proteins, and will partition itself between the DMSO-
compound domains and the surface of the proteins. It appears that the 
compound binds to azurin non-specifically (since no plateau value was found 
in Picture 11), and that several molecules can adhere to the protein 
simultaneously. However, when the same filtering experiments are 
performed on compound 38, which is less prone to aggregation, the 
presence of either protein has negligible influence on the amount able to 
pass through the filter  (data not shown).  
 
When viewed through the fluorescence microscope, it is evident that the 
DMSO-compound domains of compound 31 are influenced by the presence 
and choice of protein. At the same time while allowing for the greatest total 
amount of compound to pass through the filter, BSA seemingly decreases the 
total amount of visible DMSO-compound domains; both before and after 
filtration. Azurin on the other hand has approximately the same amount of 
DMSO-domains before filtration as for compound without protein, but after 
filtration the effect is a dramatic increase of smaller DMSO-compound 
domains.  

 
Further investigations with fluorescence lifetime measurements on several 
compounds revealed the general trend of longer lifetimes for the compounds 
after filtration. This can be explained by an increased fraction of monomers 
adhering to the proteins. 

The phenomenon of DMSO domain formation in a water sample is relevant 
to the process of drug discovery. If the method of screening the biological 
activity of a newly synthesized molecule is performed via dissolving it in 
DMSO and subsequently diluting it in a water buffer, together with the 
studied biological system, it is of significant importance to know if the 
compound is homogeneously dispersed or not. In fact, there is a significant 
possibility of overlooking potential drugs if the screening process fails to 
disperse the compound properly25.  
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Paper V is a characterization study on the potential drug delivery properties 
of a previously characterized26 lipid mixture, which in equilibrium with water 
assembles itself into a mixture of inverted hexagonal and cubic phases. From 
a pharmaceutical perspective, the practical benefits lie in being able to inject 
a liquid solution subcutaneously27, which turns into a solid in situ.  

Five chromophores, with a broad range of lipophilicity, were used as model 
drugs with the aim of investigating their release kinetics from the lipid 
mixture. The lipophilicity was evaluated by measuring the substances’ 
concentration in water and then comparing that value following 
equilibration with octanol28. 

A substantial amount of time was spent on finding an adequate way of 
measuring the release of model compounds from this lipid based drug 
delivery system. If one were to just inject the lipid mixture into water, it stays 
uniform and gradually becomes completely solid. The lipid mixtures were all 
of lower density than water, so placing the mixture in an inverted cup in 
contact with water was considered to be a reasonable way of measuring the 
release. All forms of continuous mixing resulted in an apparent erosive 
abrasion to the surface of the lipid mixture. This led to mixing only being 
performed immediately before a measurement or sample withdrawal, and 
then only by a couple of gentle vertical rotations of the test-tubes. 

Eventually, two methods were found to be suitable for measuring the release 
of the substances from the lipid phases: one in which the whole system was 
permanently sealed (method 1), and a second, where sink condition was 
maintained by continuously removing part of the release medium (method 
2). The amount of substance released from the lipid matrix was calculated by 
measuring the absorption of the release medium and implementing 
Lambert-Beer's law. For method 2, the amount of substance that had been 
released at any given time was calculated by measuring the absorbance of the 
removed release medium, and then calculating the total amount by adding 
up the substance that had previously been released. With one exception, the 
release of all chromophores that were successfully loaded into the lipid 
mixtures was monitored over time in both setups.  

Experimentally, the total amount of released substance was easier to 
measure in the second method. Here the release experiment was performed 
inside sealed cuvettes, so the absorption could be directly measured. On the 
other hand, it became evident (see Paper V, figure 4) that for identical lipid 
compositions, method 2 appeared to release a greater amount of 
chromophore as well as having a different release profile.  
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The higher concentrations are discussed in the article as being due to 
imperfect mixing of the acceptor phase in method 2. It is more difficult to 
account for the differences in the release profiles.  

A matter that is not considered in the article is the location and flow of the 
ethanol, which is added to the lipid mixture alongside the chromophore. Not 
only does the ethanol function as dissolving the chromophore, but it also 
enables the lipid mixture to stay as a liquid in room temperature. During the 
polarized microscopy experiments a phenomenon was observed that was left 
uncommented in the article (see p. 30). 

 

 
Picture 12. Two pictures of a 45/55, SPC/GDO lipid mixture, as seen 
through a cross polarized microscope, containing 5-10 wt% ethanol, having 
been in contact with air for approximately 30 seconds. 

Picture 12 shows what the lipid sample, in the absence of water, looks like 
under the microscope, following exposure to air for approximately 30 
seconds. The article comments on the part of the image that shows a thin 
white halo on the inside of the droplet. This is explained as a “growth of 
liquid crystalline phases, induced by the presence of water”, which is 
reasonable since the lipid mixture is hygroscopic enough to absorb water 
from the air.  
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When the image is examined further it becomes possible to discern a faint 
area, on the inside of the thin white halo of the lipid mixture droplet, which 
does not have the same optical anisotropy as the rest of the sample. It is not 
completely black, which would confirm a totally optical isotropic 
composition, nor does the area shine brightly as at the sample-air interface, 
which would indicate a strong optical anisotropy. An explanation to this can 
be that the ethanol residing in the lipid phase is escaping through 
evaporation, causing the sample to slightly deviate from its optical isotropy.  

 
Picture 13. A picture of a 45/55, SPC/GDO lipid mixture, containing 5-10 
wt% ethanol, having been in contact with liquid water for approximately ten 
minutes, as seen through a cross polarized microscope. 

In the presence of water, the effect on the optical polarization through the 
lipid sample is also evident. Here the ethanol leaves the lipid phase in favor 
of residing in water, or at the water/lipid interface29. As a consequence, in 
method 2 (the one where the water is never exchanged) the ethanol will 
accumulate in the water, which could be one reason for the observed 
difference in release kinetics between methods. 
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