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Abstract

Pluronics are triblock copolymers of poly(ethylene oxide) (PEO) and poly(propylene
oxide) (PPO) available in different molecular weights and PPO/PEOQ ratios. Pluronic
hydrogels are able to dissolve hydrophobic compounds and they have application in
different areas including drug delivery systems and oil recovery. The structure of Pluronic
polymers can be designed for specific application by changing the size and ratio of the PPO
and PEO blocks. In aqueous environments, the PPO blocks of different unimers form
aggregates as they are more hydrophobic compared to the PEO blocks, and in the
aggregates the PPOs have less exposure to water. The PEO blocks that are still hydrophilic
remain soluble in water and form a shell around the PPO aggregated core. Moreover, some
of the Pluronic copolymer aqueous solutions can form hydrogels at elevated temperatures.
The aim of this thesis is to study the microheterogeneity of two different Pluronic hydrogels
using singlet excited state probes and also study the mobility of small molecules in Pluronic

hydrogels using triplet excited state probes.

In the first project, the properties of different microenvironments in Pluronic F127
(PEO99PPOssPEOgg) were characterized. The quenching of singlet excited state probes was
used to determine the number and characteristics of solubilization sites in F127 hydrogels.
This method was used to gain information on the accessibility of different quenchers to
singlet excited molecules bound to the micellar structures. Singlet excited states are short
lived, and these excited states do not move within the gel before their decay to the ground
state. The techniques used for these studies were steady-state fluorescence and time-
resolved fluorescence spectroscopies. My results showed that there are different
solubilization sites in F127 micelles and the accessibility of quenchers to the singlet excited
molecules bound to the micellar structure depends on the nature of the quencher and the

size of the excited molecules.

In the second project, the different microenvironments in Pluronic P104
(PEO27PPO61PEO27) were characterized, and these results were compared with those
obtained for the Pluronic F127. Pluronic P104 has similar units of PPO blocks as F127 but

different units of PEO blocks which results in different properties between these two



1\
Pluronic copolymers. My results showed that the solubilization sites inside Pluronic

micelles changes with the change in PEO/PPO ratio.

In the third project, | studied the mobility of different small molecules between
aqueous and micellar environments in the F127 hydrogel by quenching triplet excited state
probes. Excited triplet states are suitable for such studies because their lifetimes are longer
than the lifetimes for singlet excited states. The laser flash photolysis technique was used
for this aim. The results showed that the exit from the micellar environment is slow and

depend on the size and hydrophobicity of the probe molecules.
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1 Chapter 1: Introduction

1.1 Hydrogels

Hydrogels are composite materials made of polymer and water with a three-
dimensional network which can absorb large amounts of water or physiological fluids
without losing dimensional stability.! In 1960, Wichterle and Lim proposed the first
hydrogel for soft contact lenses; a copolymer of 2-hydroxyethyl methacrylate with ethylene
dimethacrylate.? Since then hydrogels have attracted significant attention due to their

unique properties.

Smart hydrogels are environmentally responsive materials which can undergo sol-gel
phase transition upon changing their environmental conditions such as temperature,* pH,°
light,® magnetic fields,” electrical fields® and chemicals.® Hence, in response to external
stimuli, stimuli-responsive hydrogels change their structural and phase properties resulting

in an enormous potential for various advanced technological applications.0-1!

1.1.1 Different classes of hydrogels

Hydrogels are classified using several methods and one of them is based on the type
of crosslinking. Hydrogel networks are formed through many different processes which

are divided into two major classes: physical and chemical categories.

Physical or reversible hydrogels are formed through polymer chains entanglements
and/or secondary forces such as hydrogen-bonding, ionic bonding, hydrophobic
association, and stereo complexation.'® 2 The sol-gel transition in physical hydrogels is
controlled by environmental conditions, such as pH, temperature and the ionic strength of
the solution. Physically crosslinked gels have advantages over chemically crosslinked
hydrogels such as the lack of toxic crosslinking agents. Also, the components of physical
hydrogels self-assemble to form a gel spontaneously in response to changes in their
environmental conditions. Thus, these physical gels have a great potential for application

in pharmaceutical and biomedical areas.
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Chemically crosslinked or permanent hydrogels have relatively higher mechanical

strength, mechanical stability and longer degradation times compared to reversible
hydrogels owing to the covalent bonding that exists in the permanent gels.! Chemically
crosslinked gels can be obtained by polymerization, radiation, small-molecule
crosslinking, and polymer—polymer crosslinking. In order to optimize and tune the
properties of this type of hydrogels, it is possible to control the degree of crosslinking
making these gels suitable for different applications. However, the presence of residual
monomers and difficulties in purification of this type of hydrogels have resulted in their
limited use for biomedical applications.™

There is another class of hydrogels made through self-assembly of small molecules
known as low molecular weight (LMW) gels or supramolecular gels. The small molecules
self-assemble to form a three-dimensional network of fibers that pack through noncovalent
interactions.***® The LMW gels have different mechanical properties compared to other
types of hydrogels or biopolymeric gels. In general, for most of LMW gels, the mechanical
characteristics are weaker compared to high molecular weight hydrogels or polymeric
gels.’® Some advantages of LMW hydrogels is thermo-reversibility, low minimum
concentrations for gel formation, high tolerance to the presence of additives like salts.’
The twisted fibers which can form a gel network, themselves are made of aggregates. These
aggregates are formed through hydrogen bonding, m-m stacking, and hydrophobic

interactions.81°

1.1.2 Hydrogel applications

The application of hydrogels involves a wide spectrum of many different fields
including engineering, biology and pharmaceutical sciences.® Below | described the two

examples of polymeric hydrogel applications in solubilizing water-insoluble compounds.

Oily wastewater produced from petroleum industry is environmentally concerning;
in this respect polymeric membranes play an important role to separate oil/water
emulsion.?’ For instance, poly(ethylene oxide—propylene oxide) block copolymers have
been utilized to separate petroleum industry emulsions.?! On the other hand, oil might be

produced along with gas and water. The gas component can form foam with oil and result
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in losing precious crude oil. So, the role of defoamers is important to increase the oil
recovery and non-ionic surfactants are one of the candidates of defoamers.?? Polymeric
hydrogels can be utilized as plugging agents to plug the large permeable layers of the wells
so that water fluid is able to penetrate to the low-permeable layers and sweep the remaining
oil to increase the profitability of production.

Hydrogels due to their biocompatibility and the similarity of their physical
properties to natural tissue, have a wide variety of applications in the biomedical field such
as cell therapeutics, wound healing, cartilage/bone regeneration and for the sustained
release of drugs.'? Injectable and stimuli responsive hydrogels have been used as drug
carriers in the body to achieve sustained drug release. These drug carriers have protective
effects and are able to release the drug in specific target sites, such as tumor tissue, in
response to different stimuli, such as acidic pH or higher temperature which are specific

for the tumor tissues.?

1.2 Poly-ethylene oxide (PEO)/poly-propylene oxide (PPO) triblock

copolymers

Amphiphilic triblock copolymers of PEOn-PPOm-PEO, (the structure is shown in
chart 1.1), are commercially known as Pluronics or Poloxamers and have been used in
many applications that require solubilization of water-insoluble compounds in aqueous
medium because of having both hydrophobic and hydrophilic moieties in Pluronic
copolymers and also these copolymers have low toxicity?*2® they have application in
cosmetic products and creams.?” Some of the Pluronic copolymers have been approved as
injectable drug delivery systems for humans by the US Food and Drug Administration.
This approval has led to intensive studies on the use of Pluronic as excipients for

pharmaceuticals.?*

OH CH, CH;

PRSP /\+
n

CHj o} CH

m
CH3

Chart 1.1. The general structure for PEO-PPO-PEOQ triblock copolymers.



Pluronic copolymers are available in a variety of different compositions and
molecular weights through the synthesis of triblock copolymers with various PEO and PPO
contents. It should be mention that PPO blocks are more hydrophobic compared to PEO
blocks, therefore by changing the length of these two blocks it is possible to achieve
copolymers with different characteristics. In this respect, it is possible to design triblock
copolymers with optimum properties based on the requirements for a specific

application,?> 2829

This class of surfactants have amphiphilic characteristic and they are capable of
self-assembling into micelles in aqueous solutions above critical conditions.*® The other
appealing properties of Pluronic copolymers is thermo-reversibility, which has made these
polymers suitable for many different applications including drug delivery.332 Some of the
Pluronic copolymers are able to form gels depending on various experimental conditions.
In the following sections, micellization and gel formation of Pluronic polymers are
described further and the studies conducted by other groups to investigate these unique

copolymers are mentioned.

1.2.1 Micelle formation in PEO-PPO-PEO triblock copolymers

Temperature and the polymer concentration are two factors which control the
formation of thermodynamically stable Pluronic micelles.?® 33-3* At low temperatures or
concentrations, unimers are dispersed in water and surrounded by water molecules forming
hydrogen bonds between the unimers and solvent molecules.3*% Upon increasing the
temperature or polymer concentration, self-assembly occurs (Fig 1.1) where the micelles
consist of a PPO dominated core and hydrated-PEO dominated corona.®® In Pluronic
copolymers spherical micelles form in solvents which dissolve one block type better than
the other block.3” For instance, Pluronic L64 spherical micelles were observed using small

angle X-ray scattering (SAXS) and small angle neutron scattering (SANS).%



Figure 1.1. Schematic of different phases for Pluronic polymers: a) free unimer b)
micelle c) spherical micelles crystallized into a cubic.

The thermodynamically stable spherical micelles form upon increasing temperature
of Pluronic aqueous solution, because the more hydrophilic PEO blocks remain soluble in
water while the more hydrophobic PPO blocks become less soluble upon heating due to a
reduction of the number of hydrogen bonds between water molecules and PPO blocks. %40
In this regard, PPO blocks aggregate to have less exposure to water molecules and form
the core of the micelles while PEO blocks make the corona shell of the micelles. From the
thermodynamic point of view, the reason for micelle formation at elevated temperature is
the major role of entropy in the micellization process. Aggregation of unimers in water
increases the entropy of the whole system. On the other hand, Pluronic micellar formation
is highly endothermic, but enthalpy has a minor role in this process.®* 3% 4! The other
important feature of Pluronic micelles is the thermo-reversibility of micellar formation. In
this regard, with decreasing temperature micelles shifts toward the freely dispersed unimers

in aqueous solution.*

There are critical concentrations and temperature defined for the micellization of
Pluronic polymers. Micelles are formed when the polymer concentration is increased above
the critical micellization concentration (CMC). The CMC for Pluronic polymers changes

with temperature such that increasing temperature decreases the CMC values or, in other
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words, heating helps micellar formation at lower concentrations. On the other hand, the

critical micelle temperature (CMT) decreases with increasing polymer concentration.

Pluronic polymers show chemical heterogeneity and compositional polydispersity;
consequently, the CMC and CMT values for Pluronic block copolymers are not sharp but
occur over a range of polymer concentrations and temperatures. Hence, for Pluronic
polymers there is a transition temperature range to form micelles during which the
equilibrium between micelles and unimers shifts towards micelles.®*** Changing the
Pluronic copolymer composition (PEO/PPO ratio) alters the CMC and CMT such that both
the CMC and the CMT decrease with increasing the PPO block length because the PPO
block plays a major role in micellization.***** In this regard, for Pluronics with the same
PEO block content but different hydrophobic PPO content, the polymer that has the larger
hydrophobic block forms micelles at lower concentrations and lower temperatures. In
contrast to the role of PPO blocks on the micellization process, the effect of the length of

the hydrophilic PEO block on the micellization process is low.

The Pluronic composition has a direct influence on the molecular weight of the
polymer. For polymers with the same PPO/PEO ratio, the polymers with higher molecular
weight form micelles at lower concentrations and temperatures.®® The polarity of the
micelles is also affect by the polymer composition of Pluronics . The polarity of different
Pluronic micelles has been investigated and it was found that for Pluronic polymers with
the same PPO block size, but higher PEO block segments, the micelles are more polar
compared to the ones with lower PEO content.*® A list of different Pluronic polymers with

their various physical properties is shown in Table 1.1.%



Table 1.1. Physical properties of different Pluronic copolymers.®

Polymer Molecular PPO block PO units EO units
weight / Da weight / Da
L64 2900 1740 30 2x13
P85 4600 2300 40 2%26
F88 11400 2280 39 2x103
P104 5900 3540 61 2x27
F108 14600 2920 50 2x132
P123 5750 4025 69 2x19
F127 12600 3780 65 2x100

The structure and phase behavior of Pluronic micelles have been investigated by
many researchers.?® 4344 4648 The mijcellar size increases with increasing Pluronic
concentration above the CMC.* Increasing temperatures increase the micellar core size,
but the micelle radius remains almost constant.** % To elaborate more, upon heating, PPO
blocks stretch and also PEO blocks at the interface between the core and corona can join
the core of the micelle making the core larger, while the corona shell loses water molecules
and PEO blocks contract. These two opposing effects lead to little change for the radius of

the micelle 2 51-53

For some polymeric aqueous solutions, there is a polymer chain exchange between
micelles and the bulk solution.> Pluronic micelles also have dynamic characteristic that
allows the polymer chains to move between the micelles.®® For Pluronic polymers, the
lifetime of a micelle defined as a time during which the micelle stays intact as an entity
with a given aggregation number.> The average lifetime of a unimer within a Pluronic
(PEO2s-PPQ4s-PEO3s) micelle was estimated to be around 1 ps at 20 °C.%

The aggregation dynamics of Pluronic copolymers is complex consisting of three
relaxation processes as was observed in Pluronic L64 (PEO13PPO30PEQ;13).%® The complex
dynamics of Pluronic micelles is due to the two well-defined regions of core and corona

where each region has its own dynamics.

With increasing temperature, during the first relaxation process, unimers aggregate
to form micelles resulting in the increase of aggregation number and micellar size.

However, these micelles are not thermodynamically stable. The association of unimers to
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form micelles is much slower than the diffusion rate constant and increasing the polymer’s
molecular weight and PEO content can further slow down the first process.>®" During the
second relaxation process, with increasing temperature the micellar core becomes
dehydrated, and a redistribution of micellar sizes occurs. Increasing the molecular weight
makes this relaxation process more complex because of the enhanced entanglements of the
PEO chains which makes it difficult for PPO blocks to form the core. In the final relaxation
process, micelles form clusters and larger aggregates and also more unimers are
incorporated into micelles. During the last process the amount of unimers in solution is
very low.* Finally, for Pluronic copolymers, the unimers and micelles are always in
equilibrium in the solution and increasing temperature leads to decrease in free unimers

concentration in the aqueous phase.

1.2.2 Gel formation in PEO-PPO-PEO triblock copolymers

The ordered structure of Pluronic gels is based on the close packing of micelles into
a crystalline lattice.%®-° Differential scanning calorimetry (DSC) measurements were used
to study the gelation of PEO-PPO-PEO copolymers. The formation of the stiff gel was
explained as a result from the arrangement of the micelles into an ordered network. Indeed,
for gel formation a minimum entanglement between PEO chains is required and the
gelation temperature increases with increasing PEO content.®® Moreover, an increase in the
polymer concentration leads to a decrease in the gelation temperature.*® The minimum

concentration to form gel decreases with increasing PPO content of the Pluronic.®°

Not all Pluronic copolymers are able to form gels even at elevated temperatures and
polymer concentrations. For these Pluronic polymers, upon increasing temperature or
polymer concentration, the micellar solution forms lyotropic liquid crystalline phases such
as hexagonal and lamellar. This process leads to the tendency for phase separation and this

segregation increases with increasing polymer molecular weight. 2% °

Pluronic copolymers with high molecular weight and PEO content are able to form
spherical micelles and subsequently form a cubic phase (Fig 1.1) upon increasing the
polymer concentration or temperature.®® The arranged cubic phase leads to formation of a

gel network and the tendency of micelles to closely pack into regular cubic structures
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increases when the repulsion between the micelles becomes stronger. For example, F127
is one of the Pluronic copolymers with high molecular weight and high PEO content which
forms a gel. The gel structure of F127 was shown to correspond to a face-centered cubic
structure from SAXS and SANS studies.>® However, when the repulsion force between
micelles is weaker the size of micelles increases as the concentration of polymer is raised

and the micelles become elongated without forming cubic lattices.*

Formation of micellar cubic structures for Pluronics was further studied using
cryogenic temperature transmission electron microscopy, which led to the determination
of images for F127 (PEOgsPPOssPEQgg) samples.?® The ratio of PEO/PPO blocks and
polymer molecular weight strongly affect the phase behavior and closed-packing of

micellar nanostructures.?® °

1.3 Viscoelastic properties of Pluronic hydrogels

As described above at low polymer concentrations and temperatures, micelles are
physically separated and do not interact, however upon increasing these two parameters,
close packing of micelles enables them to organize into a lattice and form a soft material
that is called a gel. In thermo-reversible Pluronic hydrogels, the gelation temperature is
defined as the temperature at which the polymer solution forms a stiff and clear gel.*% 61-63
The micellar solution of Pluronic polymers at temperatures lower than gelation temperature
behave as Newtonian fluid which is a fluid follows Newton’s law of viscosity and there is
a linear relation between shear stress and shear rate®, while increasing polymer
concentration, enhances viscosity.®® The sol-gel transition temperature of Pluronic
hydrogels can be measured with a number of different techniques such as Fourier transform
infrared spectroscopy®?, DSC** 62 and rheology.** %6 %2 6 Rheology can be used to study
both the viscoelastic behavior of materials and to determine the gelation temperature of
hydrogels.®” In the following, some properties that are specific to viscoelastic materials are

described.

Gels are viscoelastic materials which show both viscous and elastic behavior. The
viscoelastic property of a gel is studied by rheological tests.®* In contrast to elastic solids,

the shear modulus for viscoelastic materials has a complex form. This shear modulus is
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obtained by performing oscillatory measurements on the viscoelastic material. During
an oscillatory test, a low frequency stress or strain is applied to the sample and the response
stress or strain is recorded. For a perfectly elastic solid, the applied stress and measured
strain are in phase. However, for an ideal viscous fluid there is a 90° phase lag between
stress and strain. In the case of a viscoelastic material, the phase lag between the stress and
strain is in between 0°and 90°.54 % In this regard, the shear modulus has a complex form
in viscoelastic materials with real and imaginary terms. The storage modulus (G,
representing the solid-like behavior, measures the stored energy during deformation
process and forms the real term of shear modulus. The loss modulus (G"), representing
liquid-like behavior, measures the energy dissipated as heat or structural changes in

material and forms the imaginary term of shear modulus.®* °

Rheological experiments are used to find the gelation temperature of viscoelastic
materials. As an example, the gelation temperature is defined as the temperature for which
a measurable yield stress can be determined from the flow curves,*® or the temperature for
which a sharp increase in the shear viscosity appears.’® A further rheological measurement
to define the sol-gel transition temperature is the temperature sweep experiment. During
this experiment, G' and G" are measured as a function of temperature. At low temperatures
when the material is in the sol state, the liquid-like behavior is dominant and G" is higher
than G', while at higher temperature when the material is in the gel state, the solid-like
behavior of the material is dominant and G' is higher than G". The sol-gel transition occurs
where the material shows equal solid-like and liquid-like behavior, which is when G"
equals G'. At this temperature, the ratio of loss modulus to storage modulus which is

defined as the loss factor (tand = G"/ G') is equal to one.5* "

There is a relationship between the rheological behavior, the microstructure, and
intermicellar interactions of micellar solutions.® In this regard, studying the rheological
behavior of thermo-reversible Pluronic hydrogels gives important information about the

phase behavior and micellar structure.
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1.4 Effect of additives on the properties of Pluronic hydrogels

As mentioned in section 1.2 the micellization process of Pluronics is enthalpically
unfavorable but entropically favorable. Adding most additives including inorganic salts,
into Pluronic solutions results in shifting all the transition temperatures of the copolymer
hydrogel such as the CMT and sol-gel transition temperature.® For instance, P85
(PEO25PPO4PEO25) forms gel at lower temperature and polymer concentration in the
presence of potassium chloride and potassium fluoride. Also, the addition of salts increases
the aggregation number of Pluronic micelles and can affects the shape and size of these

micelles.”? Moreover, in some cases addition of salts inhibits gel formation.”

The different effects observed with the addition of salts to Pluronic hydrogels are
due to the different effect that salts have on the water molecules surrounding micelles and
located inside the micellar regions defined by the PEO and PPO blocks.”* Some anions and
metal cations have a salting-out effect which leads to the lowering of the transition
temperatures in Pluronic micelles.** ™ These effects occur because salts can have different
effects on the molecular structure of water. Some salts act as water structure makers and
enhance the number of hydrogen bonds between water molecules, which leads to the
stabilization of the hydrophobic interactions between the hydrophobic molecules in
water.”®"" In the presence of this type of salts, at any given temperature the Pluronic
copolymer micelles are more closely packed compared to the micelles in the absence of
salt.”® The addition of salts results in decreasing the solubility of the polymeric chains
because the water molecules have more affinity to the ions of salt and the amount of free
water molecules in the system decreases fewer hydrogen bonds can be formed with the
polymeric chains. Therefore, gelation of Pluronic solutions in the presence of salts occurs
at lower polymer concentrations due to the effect of salt on water molecules and the

competition that exists between polymeric chains and ions for hydration.

While some salts show salting-out effects in Pluronic micellar solutions, which
cause the lowering of the gelation temperature, there are some salts that showing salting-
in effects, which can cause an increase of the gelation temperature. For instance, sodium
thiocyanate which typically shows salting-in effects, increases the gelation temperature in

Pluronic hydrogels.”
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In general for most of the inorganic salts, the effect of salt addition is similar to

the changes observed with increasing temperatures.’ ’® Addition of salts can dehydrate the
PEO corona near the core and increase the size of the core of Pluronic micelles.®® In the
case of L64 micelles, potassium fluoride increased the number of micelles and the size of
the micellar core.”® Some salts are able to enhance the dehydration of the hydrophobic
region of Pluronic micelles and the solubility of PPO blocks in the presence of these salts
is reduced leading to lower transition temperatures values.’* The polarity inside of the
Pluronic micelles does not change significantly in the presence of added salts. Moreover,
the solubility of hydrophobic compounds increases in the presence of salts which is
attributed to the increase in the number of Pluronic micelles or the increase of the size of

the core.”

Addition of salts not only affect the structure of the micelles, but also can affect the
behavior of the bulk material like its viscoelastic behavior. The presence of additives in
PEO solutions alters the viscoelastic properties of the solution due to a competition
between polymer and additives to interact with water molecules. Addition of some salts
with salting-out effects, such as sodium chloride, can strengthen the hydrogel and increase
the storage modulus.®? 882 The effect of cell-culture media on the viscoelastic properties
of F127 hydrogels was studied and it was found that the gelation temperature decreased in
the presence of the cell-culture medium.® As the gelation temperature is a very important
parameter for thermosensitive gels, the changes in gelation temperature after addition of
compounds to a hydrogel is usually studied in order to understand the effect of additives

on the phase transitions and structure of a gel.

The addition of salt to Pluronic micellar solutions can also impact the solubility of
a drug, which is relevant when using these hydrogels as drug delivery systems. For
example, the amount of solubilized carbamezapine, which is a poorly water-soluble drug,
was either the same or decreased in the presence of sodium chloride.®* The other possible
effect of salt on the drug delivery property of Pluronic copolymers micelles is to change
the drug’s diffusion behavior out of the Pluronic gels.” The application of Pluronic gels
for in vivo drug delivery is restricted because of the loss of the thermogelation ability due
to dilution of the polymer in the body.8® The presence of some salts can change the gelation
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ability of Pluronic hydrogels in the body and this addition reduces the release and
diffusion rate of the drug molecules inside the Pluronic gel. This latter effect is due to an
increase in the viscosity of the gel because of the water structure is changed leading to an

increase in the entanglements between micelles.”™

1.5 Steady-state and time-resolved fluorescence studies for probes in

Pluronic hydrogels

Micellar hydrogels can be used as drug carriers and deliver the drug inside the body
and help achieve a sustained release of the drug inside the body. The interaction of drug
molecules with polymeric nanoparticles and the location of guest molecules inside the
hydrogel has direct impact on the release of the molecule from the hydrogel. For example,
the drug molecule located deep inside the micelles needs more time to be released from the
hydrogel system compared to the drug attached on the surface of the micelle.®® Therefore,
to better understand the release behavior of drug molecules from hydrogels, the dynamics
and location of different small molecules inside the micellar hydrogel is required to be
studied.

There have been various physical methods to study the structure and dynamics of
self-assembled micellar systems. In this respect, photophysical methods have attracted
numerous attentions because of the high sensitivity even at very low concentrations of
probe and the broad time scale which allows to study the dynamical processes from

picoseconds to microseconds timescale.®’

The location of fluorescent probes in a heterogeneous micellar system depends on
the structural properties of the probe. Studying the fluorescence properties of fluorescent
probe molecules gives information on the features of the fluorophore’s microenvironment.
This is the reason that fluorescence spectroscopy is known as a technique to study various
environments in micro-heterogeneous systems such as organized molecular assemblies of
micelles.®#8 In order to understand the micellar structure from a molecular level, it is
required to study the photophysical characteristics of the fluorescent probes, such as the
fluorescence excitation and emission spectra, relative emission intensities, quantum yields

and excited state lifetimes.®” 8992 |n addition, different information about micelles such as
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CMC, microviscosity, polarity of microenvironments, aggregation number, oxygen
penetration, the effect of different additives on the permeability of the micelle and micellar

dynamics can be obtained from fluorescence measurements.

Probe molecules show different fluorescence spectral changes in different
environments of a micellar system.% For instance, pyrene is a well-known probe molecule
used to study the micropolarity and microviscosity of micellar systems. The fluorescence
spectrum of pyrene changes based on the polarity of its microenvironment and can be used
as an index to determine the polarity of the pyrene binding site in a micellar system.%
Excited state pyrene molecules in restricted environments form an excimer, which is a
complex consisting of a pyrene in its ground state with a second pyrene in its excited state.
Moreover, the formation of pyrene excimers depends on the microviscosity of its
environment and the ratio of excimer to monomer fluorescence intensities is a good
parameter to determine the microviscosity of the pyrene solubilization site in a micellar
system.*® While steady-state fluorescence measurements are simple from the experimental
point of view, time-resolved fluorescence techniques are one of the most powerful

techniques to study the microheterogeneity of micellar systems.

Lifetimes of the fluorophores are obtained from time-resolved fluorescence
experiments and species of fluorophores in a heterogeneous system can have different
lifetimes because of the sensitivity of the fluorophore to its environment. This difference
can be used to understand the distribution and location of fluorophore molecules in a
micellar system. The fluorescence lifetime of an excited state fluorophore is related to the
time that it takes for the singlet excited state molecule to return to the ground state and the
lifetime depends on radiative and non-radiative decay processes. The microenvironment of
an excited state probe has an effect on the non-radiative decay processes which can lead to
changes in the lifetime of the probe.®® % Probe molecules inside of micelles usually have
longer lifetimes (still in micro to nanosecond time domain) compared to the excited probe
in bulk water because in the micelles the probes are in a more hydrophobic environment
and the micelles provide protection for excited state molecules from other molecules

located in the aqueous phase that can shorten the lifetime of these excited states.®®
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The fluorescence lifetime of singlet excited state probes is on the nanosecond
time scale. If the excited probe molecule locates inside the micelles of a hydrogel, this
lifetime is short enough for the singlet excited probe not to be able to exit from the micelle
to the agueous phase of the hydrogel.?® Therefore, the probe molecule can be viewed as
immobile during its singlet excited state lifetime.

Excited states can be deactivated in a process called quenching, which leads to a
decrease the fluorescence intensity. There are different mechanisms of quenching singlet
excited state molecules and one of them is called dynamic quenching. During this process,
the quencher diffuses towards the excited molecule and quenching occurs in the encounter
complex resulting in the return of the singlet excited state molecule to its ground state.
During this process both the lifetime and fluorescence intensity of the excited state probe
decrease. When a probe molecule is quenched in a micellar system through a diffusion-
controlled process then the quenching rate constant carries information about the size of

probe and quencher, diffusion coefficient, size and structure of micelles.®’

Micelles are dynamic aggregates which are in equilibrium with dispersed unimers
in aqueous solution. The residence time of unimers in micellar aggregates is of the order
of microseconds or longer. However, the time scale for quenching of singlet excited state
molecules is in the nanosecond time range and micelles can be assumed to be stable for

fluorescence quenching experiments.

Fluorescence quenching has been used to characterize the micellar size, dynamics
of the micelles and of small guest molecules inside the micelles.®” From time-resolved
fluorescence quenching experiments one can obtain the information about the number of
different fluorophore species present in the system which are quenched with different

efficiencies and the relative population of each species.®

Different fluorophores have been used to characterize the interior of PEO-PPO-
PEO hydrogels. These gels have regions with different polarities. The core has the lowest
polarity, corona shell with less polarity, and bulk water with highest polarity. The diffusion
and solubilization of guest molecules inside the hydrogel depend on the microviscosity and

micropolarity of the different environments.*
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Some examples of using fluorescent probes to investigate Pluronic solutions and

gels are described here. The partitioning of two hydrophobic fluorescent molecules (pyrene
and diphenylhexatriene) between different phases of Pluronic P85 and F108 polymers was
studied using photophysical measurements which gave information on the heterogeneity
of these Pluronic micellar systems.!® There have been several studies on the
microviscosity sensed by probes in different regions of Pluronic hydrogels and it has been
reported that even when the viscous solution of Pluronic becomes a gel, the microviscosity
sensed by probes, such as rhodamine 123'%* and coumarin 3437/ Na*, 1% is similar to the
viscosity in water. The effect of electrolytes on the microviscosity and hydration of F127
micelles was investigated using coumarin 153 and coumarin 151 probes.'% In addition, the
location and interaction of telmisartan, which is a hydrophobic drug molecule, within
Pluronic F127 and P123 was determined and different microenvironments in the Pluronic
micelles were studied using the fluorescence quenching technique.’® Three different
coumarin molecules with different polarities were utilized to probe the heterogeneity of
Pluronic hydrogels. The probes based on their polarities located in different regions of
micellar system and allowed the determination of the micropolarity and microviscosity of
different regions of the Pluronic hydrogel.%

In addition, fluorescence spectroscopy has been used to study the dye exchange
dynamics in micellar solutions. Different mechanisms have been suggested for solute
exchange between micelles.!® In one mechanism, the exchange process of the probe
involves the formation a super-micelle, which is unstable and breaks apart into two
separated micelles. In this process, the probe does not become free in the bulk water phase
and remains in the micellar phase. The other possible mechanism for the probe exchange
between micelles involves the exit of the probe from a micelle into the bulk water before
entering the other micelle, where the exit from the first micelle is the rate determining step

which usually occurs on the microsecond timescale.
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1.6 Study of the mobility of triplet excited state guests in Pluronic

F127 hydrogel

Similar to Pluronic micellar monomers, the micelle solubilized additives are not
rigidly fixed inside the micelles but these additives can constantly move between the
different phases.® In order to study the dynamics of small molecules in Pluronic hydrogels
several techniques have been used. Fluorescence correlation spectroscopy and single
molecule tracking, give information about diffusion rates of single molecules in different
environments of the gel and these are precise techniques to track single molecules inside
the hydrogel.1% It is reported that dyes located inside the core of micelles show a more
restricted mobility compared to dyes located in the corona due to the presence of compact
and highly entangled polymers in the dehydrated core of micelles.®” On the other hand,
NMR diffusion measurements'®11° and pulsed field gradient methods*!* are used to study
the mobility of polymeric macromolecules and to determine the rate of self-diffusion.
However, these methods are not suitable to track the motions of single molecules in a

microheterogeneous system.

Another photophysical technique to study the mobility of small molecules inside a
microheterogenous system is diffuse reflectance flash photolysis, which is based on the
measurement of the absorption of transients.''? This technique has been employed to study
the kinetics of transient species, such as triplet excited states, radicals and radical ions on
a variety of metal oxide and zeolite supports.****'7 In our group, laser flash photolysis
(LFP) has been used to study the kinetics of association and dissociation between host and

guest in supramolecular systems or in complex systems. % 118-119

The time it takes for a probe molecule to exit a micelle is of the order of
microseconds to milliseconds.'%® Therefore, typical fluorescence quenching studies are too
fast to study the kinetics of the probe dynamics between the different phases of a micellar
hydrogel. Triplet excited state probes, in contrast to singlet excited state ones, have longer
lifetimes that allow the triplet excited stares to move between different phases inside a
micro-heterogenous system, such as micellar hydrogels. In general, the solubility of
hydrophobic probe molecules in water increases in the presence of micelles through the

incorporation of these probes inside the micelles or by localizing the probes at the surface
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of micelles. The localization of the probes depends on the polarity of the probe
molecule.*?°122 The residence time of the probe in each phase of the hydrogel depends on
the probe’s hydrophobicity. For this reason, by studying the kinetics of association and
dissociation for triplet excited state molecules within micelles, it is possible to obtain the
probe’s mobility rate and compare the residence time of small molecules inside different

phases of the hydrogel.

For most of the guest molecules in a complex host system, the rate constants for the
association and dissociation processes cannot be measured from direct kinetic studies, but
quenching experiments make it possible to obtain the guest’s exit and entry rate
constants.*? During the quenching process, the excited state probe in the aqueous phase
has more exposure to the quencher compared to the excited probe inside the host leading
to a differential quenching efficiency for the excited probe in the different environments.??

A kinetic model has been proposed to describe the partitioning of a probe between
the aqueous and micellar phases and the quenching processes of the excited probes in the
different phases.!?? Several assumptions were made for this model. First, the probe
molecules should be more soluble in the micellar phase rather than the aqueous phase.
Second, the concentration of probe molecules should be low enough to ensure that no self-
quenching happens in the system, because two probe molecules are located in one micelle.
Third, the quencher has access to the excited state probe molecules in micellar and aqueous
phases, but the quenching rate constants are different for each phase. Initially the model
assumed that no quenching occurred for the excited probe in the micelle,*?? but in
subsequent studies on the dynamics of small molecules in bile salt aggregates the
quenching in the aggregates with a lower quenching efficiency than in water was
incorporated into the model.®® | used this model to describe the association and dissociation

processes that occur in Pluronic micellar system with small probe molecules.

The reactions that happen in a host-guest system are shown below (Eg. 1.1-1.5) and
are also shown in a schematic form in scheme 1.1, which was previously used to illustrate
the reactions in different environments of supramolecular host-guest systems.% In
reactions 1.1 to 1.5, the terms P, P", M, Q, and MP” refer to the probe, excited probe,
micelle, quencher, and the micelle containing an excited state probe, respectively. The rate
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constant K ¢is and kas refer to dissociation and association rate constants with the micelle
for the triplet excited probe (Eq. 1.1). In equations 1.2-1.5, ko and k! are the decay rate
constants for the probe in water and in the micelles in the absence of a quencher, kq and kg
are the quenching rate constants for the probe in water and in the micelles in the presence

of a quencher, respectively.

Kgis
MP* _ M+ P 1.1
h
kas
P* > P+ hv 1.2
Ko
MP* — MP + hv 1.3
. kq )
P* + Q — quenching 1.4
. kg’ ,
MP* + Q — quenching 1.5
k(IS
—
+ <
kdis

Scheme 1.1. Schematic representation of the reactions for the quenching of triplet excited
state probes in different phases of the Pluronic hydrogel. The open and filled circles
correspond to the ground- and excited-state probes respectively, and the square
corresponds to the micelle.
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Quenching of triplet excited state probes was used to understand the factors which
control the entry and exit rate of small molecules solubilized in a micellar phase such as
structure or polarity of the guest molecules and the results have direct impact on the release
behavior of the guest molecules from the hydrogel. Quenching experiments performed on
sodium lauryl sulfate micelles yielded the values for exit and entry rates of guest molecules
and the results showed that the micelles are more permeable to small size molecules.?* To
show the preferential solubilization in different regions of sodium dodecyl sulfate micelles,
phenanthrene triplets were quenched with two quenchers with different hydrophobicity.
The higher rate constant for more hydrophobic quencher indicates that phenanthrene prefer
to stay in the less polar core of the micelles.’® In this regard, it is expected that more
hydrophobic molecules, tend to stay in the micellar phase more than the aqueous phase of

Pluronic micelles.

1.7 Objectives

My project focused on the understanding of the kinetics of guest molecules within
gels formed from polymeric PEO-PPO-PEOQ tri-block copolymers. These Pluronic triblock
copolymer hydrogels were chosen because they are materials that solubilize small
molecules used in different applications, including drug delivery systems and for oil
recovery. To understand the capability of these copolymer gels to solubilize and release
small molecules, it is required to understand the properties of the various solubilization
sites available to different molecules with different hydrophilicities and the mobility of

small molecules in Pluronic hydrogels.

As there are different compositions available for Pluronic polymers, | studied F127
and P104 because they both can form gels at elevated temperatures, they have different
PEO contents, but the PPO content is almost the same, which resulted in very different
molecular weights for these two polymers. Different composition properties of P104 and
F127 Pluronic polymers might change the characteristics of solubilization sites available

for different guest molecules in these hydrogels. Hence, | compared the solubilization sites
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and the kinetics of quenching for the same probes in F127 and P104 hydrogels through

fluorescence spectroscopy measurements.

The mobility of different guest molecules located in different environments of the
F127 hydrogel was studied through quenching of the triplet excited states of different probe

molecules. The reactions were examined using laser flash photolysis technique.
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2 Chapter 2: Experimental

2.1 Materials

Deionized water (Barnstead NANO pure deionizing systems, >17.8 MQ cm) was
used to prepare all aqueous solutions. Pluronic F127 (powder, MW 12600, 70 wt% PEOQ,
CMC: 950-1000 ppm ~ 25°C, Sigma-Aldrich), Pluronic P104 (paste, gift from BASF
Corp.), polyethylene glycol (40 % w/w in H20, average MW 8000, Sigma-Aldrich),
polypropylene glycol (average MW 2000, Sigma-Aldrich), polypropylene glycol (average
MW 4000, Sigma-Aldrich), methanol (spectral grade, > 99.9%, Fisher), methanol (HPLC
grade, Fisher), hexane (HPLC grade, 95%, Fisher), ethanol (Sigma-Aldrich, > 95%),
nitromethane (NM, Sigma-Aldrich, > 98.5%), and sodium iodide (Nal, Sigma-Aldrich, >

99.999%) were used without further purification.

Pyrene (Sigma-Aldrich, > 99.0%) was recrystallized twice from ethanol (for purity
check see below). Naphthalene (Np, Sigma-Aldrich, > 99%) was purified by vacuum

sublimation for fluorescence spectroscopy experiments as described below.

Phenanthrene (Pht, Sigma-Aldrich, > 99.5%), 2-naphthoic acid (2-NpC, Sigma-
Aldrich, > 98%), naphthalene (Np, Sigma-Aldrich, > 99%), R-(-)-1-(2-naphthyl)ethanol
(NpOH, Fluka, > 99.0%), and glycerol (spectrophotometric grade, >99.5%, Sigma-
Aldrich) were used without further purification for laser flash photolysis experiments.
Sodium nitrite (NaNO2, ACP Chemicals Inc., > 97%) was recrystallized from water once

by Dr. Suma S. Thomas.

2.2 Purification Methods

2.2.1 Pyrene recrystallization

In order to purify pyrene to use in photophysical experiments, 1 g of pyrene was
dissolved in 150 mL ethanol through sonication at 50 °C. The ethanol solution was left
undisturbed until the crystals were formed, which correspond to impurities. These impurity
crystals were removed by filtration and discarded. Then, 5 mL of water was added

dropwise to the filtrate until the filtrate turned into a milky mixture, after which it was left
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on the bench for around 5 min. In the next step, the mixture was filtered by vacuum
filtration using a water aspirator and the obtained solid was dried for 1 h. This process was
repeated twice to obtain pure pyrene for photophysical experiments. The solid pyrene was

kept in a sample vial covered with aluminum foil.

Time-resolved fluorescence spectroscopy was used to test for the purity of pyrene
for a sample of 0.5 uM of pyrene in water (Fig. 2.1). The mono-exponential fluorescence
decay of pyrene (Eq. 2.1, see below) confirms that pyrene is pure enough for photophysical

experiments.
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Figure 2.1. Fluorescence decay for 0.5 pM pyrene in water at 30 °C (black) fit to a mono-
exponential decay (red). Residuals between calculated and experimental data are shown
in the lower panel.

Residuals

2.2.2 Naphthalene purification

Np used for fluorescence experiments was purified by vacuum sublimation once
and kept in a sample vial covered with aluminum foil. To check for the purity of the
obtained Np, a 5 uM solution of Np in methanol was used for time-resolved fluorescence
spectroscopy. The decay for the emission of singlet excited naphthalene in methanol was

mono exponential which confirms the purity of Np (Fig. 2.2).
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Figure 2.2. Fluorescence decay for 5 uM Np in methanol at 20 °C (black) fit to a mono-
exponential decay (red). The instrument response function is shown in blue. Residuals
between calculated and experimental data are shown in the lower panel.

2.2.3 F127 purification

Soxhlet extraction was used to eliminate fluorescent impurities in F127 by using
hexane as the extraction solvent. The extraction was performed for two time periods of 8
h each and the purity of F127 was checked using steady-state and time-resolved
fluorescence spectroscopy. Due to the remaining impurities even after two cycles of
Soxhlet purification, a broad peak was observed in the fluorescence emission spectrum of
F127 (Fig. 2.3). In figure 2.3, the Raman emission from the solvent was removed from the
fluorescence emission spectrum of F127. The lifetimes for these impurities were shorter
than 10 ns (Table 2.1). Hence, instead of purifying F127, we developed a method to account

for these impurity emissions as described below.

Table 2.1. Fluorescence emission lifetimes and corresponding A values for the impurities
in 20% F127 at 30 °C.

11/ nsd 12 / ns? 13/ nsé Aq? Az As? 2

0.3+0.1 23+0.1 8.0+0.2 0.58+0.04 0.37+0.02 0.05+0.01 1.139

2 The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.



25

Fluorescence Intensity

| | ]
350 400 450 500 550
Wavelength / nm

Figure 2.3. Fluorescence emission spectrum for the impurities in 20% F127 at 30 °C.

2.3 Sample Preparation

2.3.1 Preparation of stock solutions

Stock solutions of 500 uM pyrene, 1 mM Np, 3 M NM in spectral grade methanol
were prepared by dissolving the solid in methanol. A stock solution of 1 M Nal in water
was prepared by dissolving the solid in water. The stock solutions of NM in methanol and
Nal in water were kept in the dark and were used right after preparation. The stock solutions
of pyrene and Np in methanol were kept in sample vials covered with aluminum foil in the

fridge and were used for up to one month.

For laser flash photolysis, the stock solutions of 4 mM Pht, 10 mM 2-NpC, 10 mM
Np, 10 mM NpOH in methanol were prepared by dissolving the solids in the alcohol. These
stock solutions were covered with aluminum foil and kept in the fridge and were used for
up to one month. A stock solution of 1 M NaNO. in water was prepared and used right after

preparation.

2.3.2 Preparation of aqueous solutions of Pluronic F127 and P104

Aqueous solutions of 20% and 30% wi/v F127 were prepared by adding 20 mL
water to 4 g and 6 g F127 solid, respectively. These solutions were stirred in an ice bath
until all the solid was dissolved. The solutions were kept in the fridge overnight to remove
bubbles. The aqueous solutions of F127 were used for up to five days after sample
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preparation for photophysical experiments. For rheological measurements and dynamic
light scattering experiments, the aqueous solutions of F127 were used one day after sample
preparation. To prepare other samples containing 20% and 30% w/v F127, | refer to 20%
and 30% F127 solutions which correspond to the samples prepared by the above-mentioned

procedure.

To prepare aqueous solutions of 34% w/v P104, 6.7 g P104 solid was added to 20
mL water. The next steps of the preparation procedure are as same as the steps described
above for the F127 aqueous solution preparation.

2.3.3 Addition of quenchers to Pluronic F127 and P104 solutions to

guench impurities

A sample for each quencher concentration was prepared. Appropriate volumes of
the Nal stock solution were added to aqueous solution of 20% F127 using a micropipette
to achieve final concentrations of Nal between 5 and 70 mM. After addition of Nal, each
sample was stirred in an ice bath for 30 min before performing the fluorescence
measurements. The same procedure was used for 34% P104 solutions, but the final
concentrations of Nal were between 5 and 22 mM. The concentration of Nal was calculated
from the dilution of the stock solution. In selected cases, the volumes dispensed by the
micropipette were weighted three times and the concentrations were calculated using the
density of 1.11 g/mL.*?® The same value within experimental errors was obtained from the
calculation based on dilution and by weighing the volume added. The errors for the
concentration values are smaller than 0.6 %. The same procedure for concentration

determination was used for solution preparations described for the use of Nal below.

A sample for each quencher concentration was prepared. In order to add NM to
20% F127 and 34% P104, appropriate volumes of neat NM liquid (1.127 g/mL) were added
to aqueous solutions of 20% F127 and 34% P104 using a micropipette to achieve final
concentrations between 15 and 62 mM NM in 20% F127 and 34% P104 aqueous solutions.
In the next step, each sample was stirred in an ice bath for 30 min before doing any
experiments. The concentrations were always calculated from the weight of the volumes

added (average of three volumes weighted), and the error for the concentrations is below
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12.7%. The same procedure for concentration determination was used for solution

preparations described for the use of NM below.

2.3.4 Addition of pyrene to bulk liquid PPO and PEO blocks

Appropriate volume (200 pL) of the pyrene stock solution was added to 20 mL
liquid PEO, PPO 2000, and PPO 4000 using a micropipette to obtain the final concentration
of 5 uM pyrene. These solutions were stirred at room temperature for around 3 h. The

samples were used one day after preparation.

2.3.5 Quenching of pyrene in water with NM and Nal

An appropriate volume (20 pL) from the pyrene stock solution was added to 20 mL
water using a micropipette to reach the final concentration of 0.5 uM pyrene, and this
solution was stirred at room temperature for around 2 h. For the following steps,
appropriate volumes from the Nal stock solution were added sequentially to the same
pyrene aqueous solution using a micropipette at room temperature to reach final
concentrations between 4 and 62 mM of Nal. The samples were used right after

preparation.

In order to quench the emission of pyrene with NM, appropriate volumes from the
NM liquid were sequentially added to the same pyrene aqueous solution using a
microsyringe and a micropipette at room temperature to reach final concentrations between

6 and 25 mM of NM. The samples were used right after preparation.

2.3.6 Quenching of pyrene in F127 and P104 with NM

An appropriate volume from the pyrene stock solution (200 pL) was added to 20
mL of 20% and 30% F127 solutions using a micropipette to reach the final concentration
of 5 uM pyrene and the solutions were stirred in an ice bath for around 2 h. Appropriate
volumes from the NM stock solution were added to the pyrene solution in 20% F127 using
a microsyringe to reach final concentrations between 2 and 7 mM NM. Appropriate

volumes from the NM liquid were added to pyrene solutions in 20% and 30% F127 using
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a microsyringe to reach final concentrations between 15 and 62 mM NM. Each sample

was stirred in an ice bath for 30 min before doing the experiments.

The same procedure was followed to study the quenching of 5 uM pyrene in 34%
P104 and samples with similar final concentrations between 2 and 62 mM NM were

prepared as described above.

2.3.7 Quenching of the singlet excited state pyrene in F127 and P104 with
Nal

Appropriate volumes from the Nal stock solution were added to the 20% F127
solution containing 5 uM pyrene using a micropipette to reach final concentrations
between16 and 68 mM Nal. Each sample was stirred in an ice bath for 30 min before doing

the experiments.

The same procedure was followed to study the quenching of 5 uM pyrene in 34%
P104 and samples with final concentrations between 5 and 22 mM Nal were prepared as

described above.

2.3.8 Quenching of the singlet excited state of Np in water with Nal

An appropriate volume from the Np stock solution (20 pL) was added to 20 mL
water using a micropipette to reach the final concentration of 1 uM Np. This solution was
stirred at room temperature for around 2 h. Appropriate volumes from the Nal stock
solution were added to the Np aqueous solution using a micropipette at room temperature
to reach final concentrations between 5 and 22 mM of Nal. The samples were used right

after preparation.

2.3.9 Quenching of the singlet excited state of Np in F127 and P104 with
Nal

An appropriate volume from the Np stock solution (100 pL) was added to 20 mL
of 20% F127 and 34% P104 solutions using a micropipette to reach the final concentration
of 5 uM Np in each solution. Then, the solutions were stirred in an ice bath for around 2 h.

Appropriate volumes from the Nal stock solution were added to 20% F127 and 34% P104
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solutions containing 5 uM Np using a micropipette to reach final concentrations between
5 and 22 mM Nal. Each sample was stirred in an ice bath for 30 min before doing the

experiments.

2.3.10 Preparation of samples for dynamic light scattering measurements

Before sample preparation the cuvette cell was cleaned 6 times with ethanol filtered
through two series of Teflon syringe filters with a pore size of 0.2 um, (National Scientific
Company). Then, the cuvette was rinsed 6 times with water filtered through two nylon
syringe filters in series with nominal pore sizes of 0.2 um (National Scientific Company).
The samples of 20% F127, 20% F127 + 5 uM pyrene, 20% F127 + 5 uM pyrene + 62 mM
NM, and 20% F127 + 5 uM pyrene + 68 mM Nal were diluted using the procedure
described below such that the final concentration of F127 in all samples reached to 4%

wiV.

To dilute the original samples, water was filtered through two nylon syringe filters
after which an appropriate volume of intended sample was added to water using a
micropipette. In order to prevent dust entering into the samples, the cuvettes were not
shaken after dilution. The diluted samples were kept undisturbed for 5 min before doing

the DLS measurement. The samples were prepared and used on the same day.

2.3.11 Quenching of triplet excited state probes in water-glycerol with
NaNO:

An appropriate volume of glycerol (24 mL) was added to 9 mL water at the constant
temperature of 20 °C (the temperatures of water and glycerol were checked with a
thermometer) to reach the same viscosity of 20% F127 at 20 °C. The viscosity of water-
glycerol mixture at 20 °C obtained from literature while the viscosity of 20% F127 at 20
°C obtained from viscosity-temperature curve and the values were similar. The calculation
of the viscosity of the water-glycerol mixture at 20 °C was done using literature values.*?’
Moreover, the viscosity versus temperature curves for 20% F127 solution (Fig 2.4) and

prepared water-glycerol mixture confirmed their similar viscosities at 20 °C. The water-



30
glycerol mixture was stirred for at least 3 h at room temperature. The mixture was used

for up to three days after preparation.

Appropriate volumes from the Pht, 2-NpC, Np, or NpOH stock solutions (225, 240,
240, 240 pL, respectively) were added to 30 mL water-glycerol mixtures using a
micropipette in order to reach final concentrations of 30 uM, 80 uM, 80 uM, 80 uM for the
probes, respectively. Each sample was stirred at room temperature for at least 2 h, stored
in the fridge and used for up to three days after preparation. In the case of the sample
containing 2-NpC, the pH of the water was measured before preparing the sample and it
was 6.2 £ 0.2.

Appropriate volumes from the NaNO: stock solution were added to each sample
using a micropipette to reach final concentrations between 8 and 33 mM NaNO.. Each
sample was stirred at room temperature for 30 min before doing the quenching

experiments.
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Figure 2.4. Dependence of the viscosity on the temperature for 20% F127. Experiment
performed once.

2.3.12 Quenching of triplet excited state probes in F127 with NaNO>

Appropriate volumes from the Pht, 2-NpC, Np, and NpOH stock solutions (750,
480, 480, 480, respectively) were added to 60 mL 20% F127 using a micropipette in order
to reach final concentrations of 50 uM, 80 uM, 80 puM, 80 uM in 20% F127, respectively.
Each sample was stirred in an ice bath for 2 h, kept in the fridge and used for up to three
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days after preparation. In the case of the sample containing 2-NpC, the pH of the F127

solution was measured before preparing the sample and it was 6.5 + 0.1.

Appropriate volumes from the NaNO: stock solution were added to each sample
using a micropipette to reach final concentrations between 3 and 45 mM NaNO.. Each

sample was stirred in an ice bath for 30 min before doing the experiment.

2.4 Equipment

UV-visible spectroscopy: The absorption spectra were recorded from 200—800 nm
using a Varian Cary 1 or a Cary 100-Bio UV-Vis spectrometer. The baseline was measured
against air. To set the temperature, the sample cuvette was kept in the cuvette holder for at
least 10 min before collecting the spectra. The temperature was set using a water bath. The
temperature for all hydrogel samples was set to 30 °C and for solutions the temperature

was set to 20 °C.

Steady-state fluorescence spectroscopy: Steady-state fluorescence spectra were
recorded using a PTI QM-40 spectrofluorimeter. Samples containing pyrene, samples for
quenching impurities in F127 with NM and Nal, and samples for quenching impurities in
P104 with NM, were excited at 335 nm and the emission spectra were recorded between
350 nm and 550 nm. Samples containing Np, samples for quenching impurities in F127
and P104 with Nal were excited at 266 nm and the emission spectra were recorded between
280 nm and 500 nm. The excitation and emission monochromator bandwidths were set to
0.5 nm for F127 samples containing pyrene while for all other samples the mentioned
bandwidths were set to 2 nm. The temperature was set on water bath and samples were
kept in the sample holder for around 15 min before performing experiments to ensure the
temperature of the samples was constant. The wavelength step-size was 0.5 nm and the
integration time was set to 0.25 s. Standard 10 x 10 mm quartz cells were employed. The

analysis of the spectra was performed using the Felix32 (version 1.2) software from PTI.

Time-resolved fluorescence spectroscopy: The time-resolved emission decays were
recorded using an Edinburgh Instruments OB920 single photon counter (SPC). A 280 nm
light emitting diode (LED) was used to excite the samples containing Np, samples of
guenching impurities in F127 and P104 with Nal and a 335 nm LED was used to excite
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samples containing pyrene, samples for quenching impurities in F127 with NM and Nal,
and samples for quenching impurities in P104 with NM. A neutral density filter was used
to attenuate the intensity of the light from the LEDs. The emission from the samples
containing Np, samples of quenching impurities in F127 and P104 with Nal, was collected
at 330 nm. This wavelength was selected by using a monochromator. The emission from
the samples containing pyrene, samples for quenching impurities in F127 with NM and
Nal, and samples for quenching impurities in P104 with NM was collected at 390 nm. The

bandwidth for the emission monochromator was 16 nm.

Standard 10 x 10 mm quartz cells were employed. The number of counts at the
channel with maximum intensity was set to 10,000 or 2,000. The number of channels was
set to 1,024. The frequency of stop pulses was kept under 2% of the frequency for the start
pulses. The temperature was set on a water bath and samples were kept in the sample holder
for around 15 min before performing experiments. To measure the instrument response
function (IRF), Ludox solutions were used, and the scattering intensity was collected at the
same wavelength as the excitation wavelength. To analyze the fluorescence decays with a
function corresponding to a sum of exponentials (see below), the FO00 software was used

and Kaleidagraph software v 4.1.1 was used to generate quenching plots.

Dynamic light scattering (DLS): DLS measurements were carried out using a
Brookhaven Instruments Zeta-Pals Analyzer equipped with a solid-state laser (660 nm)
with a maximum power output of 35 mW. All DLS measurements were performed at the
constant temperature of 20 °C and at the scattering angle of 90°. The hydrodynamic
diameter was obtained by the method of cumulant analysis (BIC DLS software). The mean
effective hydrodynamic diameters were determined from four measurements of one
individually prepared sample, such that the reported errors reflect the error in data

collection.

Rheometer: Rheology measurements were performed using an Anton Paar MCR
302 Rheometer. A cone plate geometry with 50 mm diameter, length of 200 mm, and 2°
angle was used. A Peltier temperature control system was used, which controls the
temperature from the sample base. Sample solutions were loaded onto the geometry base
plate using a pipette while the temperature of the base plate was set to 0 °C. Then, the
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temperature of the sample base was raised to 30 °C. When the loaded sample gelled, the
cone-plate geometry was lowered, and the sample was trimmed at the edges. Paraffin oil
along with the solvent trap was used to prevent solvent evaporation from the sample during

the experiments. A measuring gap (equivalent to sample thickness) of 211 um was used.

Strain amplitude sweeps were carried out between 0.01 and 100% at constant
temperatures of 20 and 30 °C with a constant frequency of 1 rad/s to determine the linear
viscoelastic range for the gel. Dynamic frequency sweep experiments were performed from
0.1 to 100 rad/s at constant shear strain of 0.5% and constant temperature of 23 °C. The
viscosity was measured for temperatures in the range of 0—40 °C with a heating rate of 1
°C / min and a constant shear rate of 50 s. The shear stress was measured at different shear
strain rates (0.1-100 s) to generate the flow curves at 20 °C. Temperature ramp tests were
performed at constant shear strain and angular frequency of 0.5% and 1 rad/s, respectively.
With these parameters the gel remains in the linear viscoelastic region. The temperature
was increased from 10 to 35 °C with a rate of 0.5 °C/min to study the sol-to-gel transition
and determine the sol-to-gel transition temperature. The reproducibility of the data was
checked by performing experiments for at least two independently prepared samples.

Laser flash photolysis (LFP): The LFP system was previously described.*'® 128 The
samples were excited at 266 nm using a Quanta Ray Lab 130-4 pulsed Nd:YAG laser from
Spectra Physics with a 4 Hz pulse frequency. A Xe-arc lamp was used as monitoring beam
to measure the transient decays and spectra. At least 6 kinetic traces were averaged for each
measurement. The transient absorption changes were detected on two oscilloscopes. The
temperature for F127 samples was set to 20 °C or 30 °C using a Unisoko cryostat.!?® The
temperature of the water-glycerol samples was set at 20 °C. All experiments were initiated
15 min after placing the cells in the sample holder inside the cryostat to ensure that the
temperature of the sample was constant. Samples were contained in 7 mm x 7 mm quartz
cells and the transient absorption was monitored at 415 nm for NpOH, at 490 nm for Pht,
and at 420 nm for Np and 2-NpC. The experiments were performed for at least 2

independently prepared samples and the averaged values are reported.

pH measurement: pH measurements were done using an Eutech pH-meter. The pH-

meter was calibrated by using three standard buffer solutions of pH 4.01, 7.00 and 10.01.
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For each sample, the measurements were done three times and the average values are

reported.

2.5 Methods

2.5.1 Determination of the I/I11 ratio for pyrene

In the fluorescence emission spectrum of pyrene, the third peak is not sensitive to
the polarity of pyrene microenvironment, while the first one is sensitive.!3%13! In order to
determine the /111 ratio of pyrene, the fluorescence emission spectrum of pyrene was
normalized such that the third peak is equal to one and first peak indicates the 1/111 value.
For example, for the fluorescence emission spectrum of pyrene in water (Fig 2.5), the third
peak, which occurred at 379 nm, was normalized to one and the first peak, which occurred
at 369 nmwas 1.9, leading to a I/l ratio of 1.9. The wavelengths for the peaks varied
slightly for different days and can be slightly different from the published values because
of the calibration during set-up of the emission monochromator. In this regard, | measured
the maximum value of intensity for each peak and the peak wavelength could change by
up to 1 nm between experiments done on different days with different monochromator

calibrations.
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Figure 2.5. Normalized fluorescence emission spectrum of 0.5 uM pyrene in water. The

I/111 ratio for pyrene in water is 1.9.
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2.5.2 Fitting of time-resolved fluorescence decays

An exponential fit to the fluorescence decay curve I(t) gives the fluorescence
lifetime t (EqQ. 2.1), where lo is the intensity at time t = 0. However, if more than one
fluorophore is present in the solution or if there are different populations of the same
fluorophore, then a more complex fluorescence decay curve occurs, which is fit by a sum
of exponentials (Eq. 2.2); where A; is the pre-exponential factor related to the population
of fluorescent species and i is the lifetime for each species. The sum of the pre-exponential

factors equals one.%
1) =1 e '/ 2.1)

1) = By Ae (2.2)

The quality of the fits was judged based on the randomness of the residuals between
the data and the fit, and the %2 values that should be between 0.9 and 1.2. To analyze the
decay and obtain the lifetimes for the fluorophore, the software reconvolutes the IRF with
the calculated fit to account for the contribution of instrument response to the experimental
decay. The IRF is the response of the SPC instrument to a zero-lifetime sample. The IRF
curve is collected using a colloidal silica solution (Ludox) which scatters light and
represents the response time of the SPC instrument. The IRF limits the shortest lifetime
that can be measured with the SPC system. Reconvolution of the IRF is required when the
width of the IRF is significant compared to the time scale of the decay, and reconvolution
was used when the total collection time for the decay was 500 ns or less. When the
collection is longer the IRF is narrow and is not included in the fit, which is called a tail
fit. As an example, the decay profile of Np in methanol fits well to a mono-exponential
decay (Eq. 2.1) as shown by the random residuals between the experimental and calculated
data (Fig. 2.2).

2.5.3 Data analysis for singlet excited state quenching

In the case of collisional quenching, where both the intensity and lifetime of the
singlet excited state fluorophore decrease, the Stern-Volmer equation shows the

relationship between intensities, lifetimes and quencher concentration:
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2= 2= 14 Key[Q] = 1+ kgto[0Q)] (2.3)

In equation 2.3, | and t are intensities and lifetimes in the presence of quencher, lo
and to are the intensity and the lifetime in the absence of quencher, [Q] is the quencher
concentration, Ksy is the Stern-Volmer constant, and kq is the quenching rate constant.*
From time-resolved quenching experiments we can obtain lifetimes for each species of
fluorophore and subsequently we can calculate the quenching rate constant for each species
of fluorophore (Eq. 2.4).%6%7 The observed rate constant, kobs COrresponds to the inverse of

the observed lifetime, tobs.

1

kops = ko + kq [Q]a kops = (2-4)

Tobs

The total fluorescence emission intensity obtained from steady-state spectroscopy
is related to the integral below the decay curve of the singlet excited state decay. The
amplitude-averaged lifetime (Eq. 2.5, where Aj is the pre-exponential factor and 7; is the
lifetime that corresponds to each species) was used to check the mechanism of quenching.
An equality between the intensity and average lifetime ratios indicates that the quenching
occurs through the collision of the excited state and quencher. This mechanism is also
named dynamic quenching.%

n oA
<> = %ﬂ (25)
Zi:l Al

2.5.4 Method to account for the impurity emission of F127 and P104 in

time-resolved studies

| was unable to remove the emissive impurities from F127 and P104. The following
method was developed to account for the lifetimes data analysis and to account for the
impurity emission when analyzing F127 and P104 samples containing pyrene or Np. In
this respect, | studied the quenching of the impurity emission in both F127 and P104
samples with the same concentrations of quenchers used to quench the singlet excited state
of the probes. The assumption made is that the lifetimes for the emission of the impurities

do not change after addition of probes and that the impurities have no interaction with the
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probe molecules. Based on this assumption, the lifetimes for the impurities determined
from the decay in the absence of pyrene (Table 2.2) were fixed when analyzing the
emission decay for pyrene in the F127 (Table 2.3) or P104 samples.

Table 2.2. Fluorescence emission lifetimes and corresponding A values for the quenching
of the impurities in 20% F127 with NM at 30 °C.

[NM]/mM  t;/ns* 12/ns®  13/ns? Aq? Az? Azl %2
0 0.3+0.1 2.3120.1 8.0+0.2 0.58+0.04 0.37+0.02 0.05%+0.01 1.139
15.4 0.2+0.1 1.940.1 5.840.2 0.61+£0.08 0.33+£0.02 0.06%0.01 1.026
30.8 0.3+0.1 1.840.1 5.0£0.2 0.60+£0.05 0.35+0.02 0.06%0.01 0.837
46.2 0.3+0.1 1.6+0.1 4.4+0.2 0.59+0.04 0.35+0.02 0.06%0.01 0.921
61.5 0.2+0.1 1.3+0.1 3.5+£0.2 0.7+0.1 0.26+0.03 0.05+0.01 1.021

aThe errors correspond to standard deviations calculated with the F900 software. The data
correspond to one experiment.

Table 2.3. Fluorescence emission lifetimes and corresponding A values for the quenching
of the excited state of 5 uM pyrene with NM in 20% F127 at 30 °C.

[NM] T1 T2 T3 T4/ AqP AP AzP Agl 12
I mM  /ns® [ns® /ns? ns®

0 0.3 2.3 8.0 180+1 0.30+x0.03 0.08+0.03 0.03+0.01 0.59+0.02 1.182
15.4 0.2 1.9 5.8 45+1 0.44+0.06 0.15+0.08 0.08+0.04 0.3+0.2 1.051
30.8 0.3 1.8 5.0 271 0.2+0.3 0.13+0.04 0.12+0.03 0.33+0.08 1.101
46.2 0.3 1.6 4.4 20x1 0.51+0.02 0.07+0.01 0.12+0.01 0.30+0.01 1.082
61.5 0.2 1.3 3.5 16+x1 0.57+0.02 0.04+0.01 0.14+0.01 0.25+0.01 1.134

2 Lifetimes corresponding to the F127 impurities were fixed.
®The errors represent the standard deviations calculated with the F900 software. The data
correspond to one experiment.

2.5.5 Rheological measurement: determination of the complex modulus

The relationship (Eq. 2.6)%* between complex modulus (G"), loss modulus (G"), and

storage modulus (G') leads to the absolute value of the complex modulus (Eq. 2.7):

G*(w) = G'+iG"

1G*] = V67 +G"

2.5.6 Data analysis for triplet excited state quenching

(2.6)

(2.7)

In the LFP system, the sample is excited with one pulse of the laser beam. The

absorption changes as a function of time are measured by comparing the light intensity

before and after exciting the sample. The triplet excited state probe decay profile was fit to
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a mono-exponential function (Eq. 2.8), where ao and kops are the amplitude in absorbance
change and rate constant for the decay. This fit used a custom software!® 128 and led to the
determination of the lifetimes of the triplet excited state probe. The quality of the decay is
judged based on the randomness of the residuals between the data and fit. Figure 2.6 shows
an example of fitting the decay profile of triplet excited state of Np in water-glycerol

mixture.
AA = aqge Fobst (2.8)
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Figure 2.6. Triplet excited state decay for 80 uM Np in water-glycerol at 20 °C (black) fit
to equation 2.8 (red). Residuals between calculated and experimental data are shown in
the lower panel.

Based on the model described in the previous chapter (see section 1.6), the data for
the quenching in F127 samples were fit to equation 2.9,122 where ko, ko™?7, kq and kq™? are
known, while kas[F127]/N and kqis are unknown. This equation assumes that the decays are
monoexponential in the presence of all quencher concentrations. At very high
concentrations of quencher, the second term of equation 2.9 became insignificant and the
equation is reduced to equation 2.10.%8 The value of k2" was obtained from the slope of
the linear dependence at high quencher concentrations. The value for the quenching in the

absence of F127, kq, was obtained from the quenching studies in water-glycerol (Eq. 2.4).
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Kgis Kas [F127]
kobs = k§'27 + kais + k§27[Q] - T 2.9
obs 0 dis q [Q] Kas [Fivz7]+ ko+ieg[Q] ( )

kobs = ko' + kais + kg'?7[Q] (2.10)

In order to find the unknown parameters (kas[F127]/N and kais), the quenching plots,
which correspond to the dependence of kons On the quencher concentration, were fit to
equation 2.9 using the Kaleidagraph software v.4.1.1. The quality of the fits was
determined based on nonlinear regression value between 0.98 and 0.99. The quenching plot
for the quenching of triplet excited state of Np in 20% F127 hydrogel fit to equation 2.9 is

shown as an example (Fig. 2.7).
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Figure 2.7. Quenching plot for the quenching by nitrite anions of triplet excited Np in
20% F127 at 30 °C.
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3 Chapter 3: Studying the Microenvironments in F127

Hydrogel Using Fluorescence Probes

3.1 Introduction

3.1.1 Background

Pyrene (Chart 3.1) is a suitable fluorophore to study heterogenous systems, such as
polymeric hydrogels, because of pyrene’s sensitivity to the polarity around its
microenvironment.'3 The fluorescence emission spectrum of pyrene consists of five
vibronic bands. The third vibronic band is not sensitive to the polarity of environment, but
the first one is sensitive. In this regard, the ratio of the first to the third vibrionic bands
(1/111) is related to the polarity sensed by pyrene and is known as the pyrene scale. The I/111
ratio is high in polar solvents and low in non-polar solvents.*®! In addition, the pyrene
fluorescence emission spectrum can show a broad peak around 460 nm that corresponds to
the pyrene excimer emission. The excimer forms when an excited monomer encounters a
ground state monomer, which can occur at high concentrations of pyrene or when two
pyrene molecules are in a confined microenvironment.*32 Pyrene molecules are highly
hydrophobic and therefore in the presence of surfactants in water the pyrene molecules are
more likely to reside in the hydrophobic domains of the surfactant micelles. The location
of pyrene can be confirmed from the measurement of I/111 values. Besides the solubilization
site for pyrene, the value of the I/111 ratio in the presence of surfactants is also affected by

factors such as compactness of the micelles and the water penetration into the micelles.**?

Chart 3.1. Pyrene (left) and naphthalene (right) used as fluorescent probes.
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According to the literature, pyrene fluorescence has been used frequently to

probe micelles*33 including PEO-PPO-PEO triblock copolymer micelles and it was
assumed that pyrene locates in the core of the micelles due to the highly hydrophobic nature
of pyrene.*> %0 However, there is a lack of solid explanation to show that pyrene only
locates in the core region of Pluronic micelles. To study Pluronic micelles, pyrene
fluorescence has been used to determine the aggregation number for these micelles.**! This
emission also has been used to study the effect of temperature on the polarity of Pluronic
micellar solutions and to determine the polarity of the core region of Pluronic micelles.14
Finally, the hydration and microviscosity of Pluronic F127 sol and gel also was studied

using pyrene as a fluorescent probe.'#?

Naphthalene (Np, Chart 3.1) is another fluorophore which has been widely used to
study the properties of supramolecular and micellar systems. Np is a smaller molecule
compared to pyrene. Np has a crystalline unit cell**® of 362 A® while the volume of the
pyrene crystalline unit cell*** is 1035 A%. Np can form excimers at elevated concentrations
in aqueous solution or in restricted environments such as inside the micelles with a peak
appearing at 394 nm in the Np fluorescence emission spectrum.#>146 Np solubility in water
increases in the presence of PEO-PPO-PEOQ triblock copolymers even below CMC and Np

solubility have been used to determine the CMC of these micelles.!#’

Pluronic F127 ((PEOg9PPQOssPEOg9) is a well-known Pluronic with usage in drug
delivery systems. The thermo-reversibility of gel formation and high molecular weight
(~12,600 Da) make this polymer a good candidate to carry nonpolar drug molecules.*
This triblock copolymer forms thermo-reversible gels above a certain concentration.*®
F127 has a low CMC which leads to the formation of micelles at room temperature at very
low concentrations of polymer (CMC at 20 °C is 4% w/v).3 A 20% (w/v) solution of F127
forms a transparent gel state at 30 °C, while decreasing the temperature to 20 °C causes it
to reverse back to the solution state, also called sol. There have been several studies on the
heterogeneity of F127 micelles using fluorescent probes.10%-102. 104 149 gy dijes on the
micropolarity and microviscosity of F127 using Nile red as a fluorescence probe showed
that in F127 hydrogels there are three regions with different polarities: 1) bulk water, 2)

the less polar corona region that consists of hydrated PEO chains and 3) the non-polar core
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region made of hydrophobic PPO chains.*® Different small guest molecules are able to
locate in different regions in a Pluronic hydrogel based on the characteristics of the small

molecule.

Different additives show a variety of changes in F127 micelles and gels. There have
been several studies on the effect of electrolytes on micellization, structure and viscoelastic
properties of F127 hydrogels because of the usage of F127 as a drug delivery system and
the presence of different electrolytes inside the human body.**°1%2 For instance, different
ions might locate in different regions of the micellar system, where Na* ions were shown
to locate deeper inside the corona compared to Li* ions locate near the surface. Moreover,
different electrolytes can alter the micellar interactions differently, such as LiCl, which
cause formation of F127 micellar clusters while NaCl does not show the same effect.
Finally, some electrolytes cause dehydration of the corona shell of micelles such as LiCl
and NaCl.1%

F127 hydrogels can be used as an injectable drug delivery system due to its thermo-
reversible characteristics. In this respect, the viscosity and moduli are significant for the
injection process and cellular responses. Additives can change the sol-gel transition
temperature and mechanical properties of Pluronic hydrogels. Therefore, the effect of
electrolytes®™3, cell-culture media®, alcohols™® on the gelation temperature and the
rheological behavior of the F127 hydrogel are important properties to be characterized.

In order to better understand the effect of additives on structural change and the
bulk properties of hydrogels, the viscoelastic properties of the hydrogel were measured.
Heating the aqueous solution of F127 results in aggregation and further increasing the
temperature cause F127 gelation around 22-30 °C. Additional heating leads to degelation
of F127 and a reversal back to the sol state (around 50-60 °C), and finally at very high
temperatures the system reaches the cloud point and phase separation occurs. At elevated
temperatures, dehydration of PEO chains in the corona results in the lowering of the

volume fraction of the micelles inhibiting the entanglements that form the gel structure.>*

At low temperatures F127 solutions behave like a Newtonian fluid™ and its

viscosity depends on temperature and concentration of polymer, but with increasing
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temperature the viscosity abruptly increases when the gel structure is formed. F127 gels
show a significant yield stress and some protocols for finding the gelation temperature
define gelation temperature at which the yield stress appears.®® The protocol that is used in
this chapter to define the gelation temperature, is the temperature at which the storage
modulus and the loss modulus become equal in the temperature sweep rheology
experiments. In addition, frequency sweep experiments were performed to further confirm

the state of the viscoelastic material.

The accessibility of a molecule to the excited probe in the various environments of
the gel was studied by adding excited state quenchers to the solution. NM was used as a
quencher that is sufficiently polar to be located in water and still has access to the interior
of the micelles. Two mechanisms has been suggested for quenching singlet excited state
pyrene with NM but the most energetically feasible one consists of formation of pyrene-
NM ion pair.!>> NM was previously shown to quench the singlet excited state of pyrene in
water and also quench this excited state when pyrene was incorporated into micellar
systems. These studies were used to infer the solubilization sites for pyrene in the

micelles 139, 156-157

The other quencher | used to quench the singlet excited states of both pyrene and
Np was Nal. lodide ions are able to quench the excited states of pyrene monomer and
excimer emissions.t3": 1815 Quenching pyrene with iodide ions in an amphiphilic dendro-
calixarene indicated the existence of two species of guest in the micellar system; one bound
to the micelles and the other where pyrene stayed in the aqueous phase.**” The binding
sites for probes in sodium cholate aggregates were determined using fluorescence
quenching of different probes including pyrene and naphthalene with iodide ions. In these
studies, the protection efficiency and accessibility of the quenchers to different guest
molecules binding to supramolecular aggregates were compared, and information was
obtained as to the different environments in which the probes were located in these
aggregates.’®® There have been several studies on probing the different regions of PEO-

PPO-PEO triblock copolymer micelles using fluorescence probes. 0% 149
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3.1.2 Objectives

In this chapter, steady-state and time-resolved fluorescence spectroscopy were used
to study the different probe interaction sites in F127 sol and gel using singlet excited state
pyrene and Np as probes. Based on the different sizes of pyrene and Np, | expect that Np
will locate in a more protected environment than pyrene in the polymeric micelles for the
interaction with quencher molecules that primarily reside outside of the micelles. In this
regard, pyrene was quenched with quenchers which have different hydrophilicities to
determine the regions in the micelles and gels in which pyrene was located and to compare
the accessibility of the different quenchers to the excited state pyrene molecules in different
regions. Subsequently, the singlet excited state of Np was quenched with Nal to compare
the quenching of two different fluorophores, their location in micelles, and the protection
provided by F127 micelles for these two different probe molecules.

After addition of fluorescence probes and quenchers | had to determine if changes
to the structure of the F127 hydrogels occurred. To this effect the hydrogel viscoelastic
behavior and structure of the micelles were studied using rheology and DLS techniques in

the absence and presence of probes and quenchers.

3.2 Results

3.2.1 Steady-state and time-resolved fluorescence spectroscopy for

pyrene in F127 hydrogel

The fluorescence spectroscopy of pyrene was used to probe for the polarity of the
environments in F127 in which pyrene is located. The normalized fluorescence emission
spectrum of pyrene (Fig. 3.1) after addition of F127 polymer showed a 1 nm wavelength
shift. No emission was observed around 460 nm which confirms that no excimer was
formed, indicating that pyrene molecules were not located in close proximity in the gel.
The I/111 value decreased in 20% F127 hydrogel compared to water (Fig. 3.1, Table 3.1),
and the I/111 values remained constant (Fig. 3.2) for F127 concentrations above the CMC?6!
(0.008 wt% at 30 °C). At concentrations of 5 and 10% (w/v) and at 30 °C, F127 is in

solution state but at concentrations of 20 and 30% (w/v) at 30 °C, F127 is in gel state.
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Figure 3.1. Normalized fluorescence emission spectra at 381 nm of pyrene in water (0.5
uM, black) and pyrene in 20% F127 hydrogel (5 uM, blue) at 30 °C.
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Figure 3.2. I/111 ratios for the pyrene emission at different concentrations of F127 at 30
°C. The data correspond to averages for three independent experiments. The error bars
correspond to standard deviations, error bars smaller than the symbols are not shown.

Excited state lifetime measurements are used to identify fluorophores in different
environments of the gel, since the lifetimes for the same fluorophore are frequently
different in the different environments of a microheterogeneous or compartmentalized
systems.” In order to better understand the features of different regions of the F127
hydrogel, | performed steady-state and time-resolved fluorescence studies for pyrene in
bulk liquid PPO with different molecular weights and bulk liquid PEO at 30 °C, which

correspond to the individual constituents of F127. The temperature of 30 °C was chosen
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because at this temperature 20% F127 is in the gel state. Only one lifetime corresponding
to pyrene found in the liquid polymers at 30 °C as demonstrated in table 3.1. In the F127
hydrogel, the pyrene lifetime (Table 3.1) was lengthened compared to water and was
similar to the lifetimes in PPO, while the pyrene lifetime was longer in PEO. The I/I11 ratios
were the same for pyrene in PEO and water and lower, but the same, for pyrene in F127
and PPO (Table 3.1).

Table 3.1. I/111 ratios and lifetimes (t) for the singlet excited state of pyrene in different
solutions at 30 °C.?

Solutions /111 t/ns
Water 2.0+ 0.1 (3) 120 £ 1 (2)
20% F127 1.6 +£0.1 (4) 180 £ 3 (4)
PPO (MW:2000) 1.5+0.1(2) 150 £ 2 (2)
PPO (MW:4000) 1.4 +0.1(3) 180 £ 6 (3)
PEO (40% w/w in H,0) 2.1+0.1(2) 210 £ 6 (2)

2 The number of independent experiments is shown in parenthesis. For two experiments the errors
correspond to average deviations and for more than two experiments the errors correspond to standard
deviations.

The I/111 ratios were measured for pyrene in 20% F127 at different temperatures
spanning the CMT of around 10 °C’* 162 and the sol-to-gel-transition temperature of 23 °C
for 20% F127% (Table 3.2). The /11l ratios did not change at different temperatures. The
20% F127 is in gel state above 25 °C.

Table 3.2. The I/111 ratio for 5 uM pyrene in 20% F127 at different temperatures.?

T/°C /111
15 1.6+£0.1
20 1.7+0.1
25 1.6+0.1
30 1.6+0.1
35 1.5+£0.1
2The data correspond to two independent experiments and the errors correspond to average

deviations.

3.2.2 Quenching of pyrene in F127 with different concentrations of NM

The fluorescence intensity for pyrene decreases with increasing NM concentrations
(Fig. 3.3), showing that quenching of excited pyrene by NM occurred in the hydrogel (Fig.
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3.3a) and in the sol state (Fig. 3.3b). At all NM concentrations, the pyrene spectra
corresponded to the monomer emission and no excimer emission was observed. The I/111
ratios for the pyrene emission in the F127 hydrogel were constant with increasing NM
concentrations (Fig. 3.4a), while in the sol state the 1/111 ratios decreased with increasing
NM concentrations (Fig. 3.4b).
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Figure 3.3. Fluorescence emission spectra for 5 uM pyrene in 20% F127 quenched with
NM ([NM] = 0-6.5 mM) at a) 30 °C and b) 20 °C.
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Figure 3.4. I/111 ratios for 5 uM pyrene in 20% F127 at different concentrations of NM at

a) 30 °C and b) 20 °C. The data correspond to averages for two independent experiments.

The error bars correspond to average deviations, error bars smaller than the symbols are
not shown.

The decays for the singlet excited state pyrene emission in water in the presence of
NM were adequately fit to a monoexponential function (Table 3.3). In contrast, for pyrene
in 20% F127 hydrogel the decays were fit to a sum of exponentials (Eq. 2.2, Fig 3.5). In
the presence of F127 the emission decay contains components due to the impurity emission
from F127 (Fig 3.6). The lifetimes for the impurities in the presence of the various NM



48
concentrations were determined independently (see 2.5.4, Tables 2.2-2.3) and were fixed
for the analysis of the decays in the presence of pyrene (Tables 7.1-7.4 in the Appendix).
Only the lifetimes for the pyrene emission will be presented and analyzed here.

Table 3.3. Fluorescence emission lifetimes and corresponding A values for 0.5 uM
pyrene quenching with NM in water at 30 °C.

[NM] / mMmP 1/ ns? 2
0 120.7 + 0.4 0.984
6.01 +0.01 14.4+0.2 0.838
12.01 £ 0.01 8.6+0.1 0.899
19.5+0.2 57+0.1 1.007
25.3+0.2 43+0.1 1.092

@The errors correspond to standard deviations obtained from the fit using the FO900 software. The data
correspond to one experiment.
®See 2.3.3 and 2.3.5 for method in the determination of the NM concentration and quenching pyrene in
water.
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Figure 3.5. Fluorescence decay for 5 uM pyrene in 20% F127 at 30 °C (black) fit to a
sum of exponentials decay (red) using a tail fit. Residuals between calculated and
experimental data are shown in the lower panel.
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Figure 3.6. Fluorescence emission spectra of impurities in 20% F127 quenched with NM
(INM] = 0-31 mM) at 30 °C.

The decay profiles of excited state pyrene in 20% F127 hydrogel at different
concentrations of NM are illustrated in figure 3.7a-e. In 20% F127 gel, only one lifetime
corresponding to pyrene was found as indicated in tables 7.1-7.2 (in the Appendix). On the
other hand, the decay profiles of excited state pyrene in 20% F127 sol at different
concentrations of NM are illustrated in figure 7.1 a-e (in the Appendix). In F127 sol at 20
°C after the addition of NM two lifetimes correspond to pyrene were found as shown in
tables 7.3-7.4 (in the Appendix); one lifetime component of pyrene decays faster than the
other. With increasing concentrations of NM, the relative population of short lifetime
component increases and the relative population of long lifetime component decreases,
table 7.3 (in the Appendix). For the second quenching experiment in F127 sol, this trend is
observed, table 7.4 (in the Appendix).
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Figure 3.7. Fluorescence decay for 5 uM pyrene in 20% F127 at 30 °C (black) fit to a

sum of exponentials decay (red) with IRF shown in blue. The different concentrations of

NM are a) 0 mM, b) 15.4 mM, c) 30.8 mM, d) 46.2 mM, and e) 62.5 mM. Residuals
between calculated and experimental data are shown in the lower panels.
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Quenching experiments were performed for higher concentration of F127. In
30% F127 at 30 °C, only one lifetime corresponding to pyrene was found as shown in table
7.5 (in the Appendix). Decreasing the temperature to 20 and 10 °C led to the appearance
of the second species of pyrene with a faster lifetime component (Tables 7.6-7.7 in the
Appendix). Again, it was observed that increasing the concentration of NM led to an
increase in the relative population of fast lifetime component and decreased the relative

population of slow lifetime component.

The mechanism of quenching was inferred from the analysis of figures 3.8a-b
where the lifetime ratios and intensity ratios for 5 uM pyrene in F127 hydrogel and sol in
the presence and absence of quencher are shown. Quenching plots for the quenching of
excited pyrene in 20% F127 gel (Fig 3.8a) and sol (Fig 3.8b) are linear. The intensity ratios
and lifetime ratios in the absence and presence of quencher are the same at different
concentrations of quencher which shows that the quenching plots follow the Stern-Volmer
equation (Eq 2.3). The plot of kons Which correspond to the longer lifetime of pyrene species
and intensity ratios in the absence and presence of quencher versus NM concentration were
linear for quenching pyrene in 20% F127 gel (Fig 3.9a-b) and sol (Fig 3.10). The Kobs
correspond to the shorter lifetime of pyrene in 20% F127 at 20 °C, is plotted in figure 7.2
(in the Appendix). The value of kq for the shorter lifetime correspond to the other species
of pyrene (Table 7.3 in the Appendix) is (8.9 + 0.1) x 108 M1s™.
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Figure 3.8. Dependence of the intensity ratio (circle) and average lifetime ratio (square)

on the quencher concentration corresponding to quenching 5 uM pyrene in 20% F127 by
NM at a) 30 °C and b) 20 °C. Data correspond to one experiment.
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Figure 3.9. Quenching plots for 5 uM pyrene in 20% F127 at 30 °C quenched by NM a)
intensity ratio in the absence and presence of quencher, b) dependence of kobs for pyrene

with the NM concentration. Black and blue symbols correspond to different set of
experiments. All the experiments were performed once.
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Figure 3.10. Quenching plot for 5 uM pyrene in 20% F127 at 20 °C quenched by NM
(kobs correspond to longer lifetime of singlet excited pyrene). Black and blue symbols
correspond to different set of experiments. All the experiments were performed once.

The guenching rate constants and Stern-Volmer constants for the quenching of
pyrene in different concentrations of F127 at different temperatures are shown in table 3.4.
The value of kq (all reported Kqs in table 3.4 correspond to longer lifetime for pyrene), and
Ksv in water is significantly higher than when pyrene is located in F127. Nonetheless, the
values of kq at different concentrations of F127 at similar temperatures, are very close.

Upon increasing temperature, the value for kq increases. Moreover, the value for kq for the
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shorter lifetime of pyrene species is higher compared to kq for another pyrene species
with longer lifetime in 20% F127 at 20 °C.

Table 3.4. Quenching rate constant (correspond to longer lifetime of singlet excited

pyrene) and Stern-Volmer constant for the quenching of 5 uM pyrene with NM in F127
and quenching with NM of 0.5 uM pyrene in water.?

Sample T/°C kq/ 108 M5t Ko/ 10> Mt
Water 30 81+9(2) 10+ 2 (2)
20% F127 20 6.0+0.2(2) 27+0.1(2)
20% F127 30 9.1+0.3 (3) 2.9+05 (3)

30% F127 10 47 (1) 1.9 (1)
30% F127 20 6.5 (1) 22 (1)
30% F127 30 8.8+0.3(2) 3.7+ 0.4 (2)

2The number of independent experiments is shown in parenthesis, for two experiments the
errors correspond to average deviations and for more than two experiments the errors
correspond to the standard deviations.

3.2.3 Quenching of pyrene in F127 with different concentrations of Nal

Figure 3.11a-b illustrates the reduction in fluorescence intensities of excited state
pyrene with increasing the concentration of Nal in the F127 gel (Fig 3.11a) and sol (Fig
3.11b). This reduction shows the quenching of excited pyrene. With increasing
concentrations of Nal, the lifetime of excited state pyrene is shortened, and the quenching
plots are linear in F127 gel and sol (Fig 3.12a-b). The fluorescence emission spectra the
quenching of the F127 impurities with Nal shown in figure 3.13. The decay profiles for
quenching pyrene in F127 hydrogel in different concentrations of Nal is shown in figure
3.14, where the decays are fit to a sum of exponentials function to obtain the lifetime of
excited pyrene (Fig 7.3 a-e in the Appendix). In order to obtain the lifetime of pyrene, the
impurities in F127 polymer quenched with Nal must be accounted for, and the lifetimes
for the impurities are shown in table 3.5. The lifetimes of for the impurity emission were
fixed and the lifetimes of excited pyrene in F127 gel (Table 7.8 in the Appendix) and sol
(Table 7.9 in the Appendix) were obtained. With increasing the concentration of Nal only
one lifetime corresponding to excited pyrene is observed in F127 sol and gel using time-

resolved quenching measurements (Tables 7.8-7.9 in the Appendix).
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Figure 3.11. Fluorescence emission spectra for 5 uM pyrene in 20% F127 quenched with
Nal ([Nal] = 0-62 mM) at a) 30 °C and b) 20 °C.
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Figure 3.12. Quenching plots for 5 uM pyrene in 20% F127 at 30 °C quenched by Nal a)
at 30 °C b) at 20°C. The data correspond to one experiment.
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Figure 3.13. Fluorescence emission spectra of impurities in 20% F127 quenched with Nal
([Nal] = 0-62 mM) at 30 °C.
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Figure 3.14. Fluorescence decays for 5 uM pyrene in 20% F127 at 30 °C fit to a sum of
exponentials decay at different concentrations of Nal (0-62 mM).

Table 3.5. Fluorescence emission lifetimes and corresponding A values for the quenching
of impurities in 20% F127 with Nal at 30 °C. (The excitation wavelength was 335 nm).

[Nal] / mmP t1/ns 12 / ns? 13 / ns? Aq? Az? As? 12
0 0.2 2.3£0.1 9.1+£0.3 0.8+0.1 0.22+0.02 0.03+0.01 0.993
14.9 £ 0.1 0.2 2.2+0.1 9.0£0.2 0.8£0.1 0.20+0.01 0.02+0.01 1.015
30.8 0.1 0.2 2.240.1 8.7+0.2 0.7£0.2 0.26+0.04 0.03+0.01 1.073
45.7+ 0.1 0.3 2.240.1 8.6+ 0.2 0.7£0.3 0.27+0.04 0.03+0.01 0.843
61.7+0.1 0.2 2.1+0.1 8.2+0.2 0.8+0.1 0.22+0.02 0.03+0.01 0.990

aThe errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
bSee 2.3.3 for method in the determination of the Nal concentration.
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I/111 ratios for excited pyrene molecules inside the F127 gel, do not change with
increasing Nal concentrations as shown in figure 3.15. The ratio of fluorescence intensities
and lifetimes in the absence and presence of quencher are equal at different concentrations
of Nal (Fig. 3.16). This result is similar to the results of quenching pyrene with NM in
F127 hydrogels, which also followed the Stern-Volmer equation.

In the presence of F127 micelles, quenching rate constants for the quenching of excited
pyrene probe with Nal decreased significantly compared to the quenching of this probe in
water (Table 3.6), which is consistent with the quenching results for NM quencher as

demonstrated above.
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Figure 3.15. I/111 ratios for 5 uM pyrene in 20% F127 at different concentrations of Nal at

30 °C. The data correspond to averages for two independent experiments. The error bars
correspond to average deviations.
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Figure 3.16. Intensity ratio (circle) and average lifetime ratio (square) versus Nal
concentration corresponding to quenching 5 pM pyrene in 20% F127 at 30 °C. Data
correspond to one experiment.

Table 3.6. Quenching rate constants for quenching 5 uM pyrene in 20% F127 and 0.5 uM
pyrene in water with Nal at different temperatures.?

Sample T/°C kq/ 10" M-1s!

Water 30 120 (1)

Water 20 100 (1)
20% F127 20 7.4 +£0.5(2)
20% F127 30 8.3+ 0.5(2)

2 The number of independent experiments is shown in parenthesis, for two experiments the
errors correspond to average deviations.

3.2.4 Quenching of Np in F127 with different concentrations of Nal

The other probe which is used to study the microheterogeneity of F127 hydrogels is
Np, with the objective of comparing the protection efficiency for Np with that for pyrene.
The concentration of Np and pyrene are the same and this concentration is much lower than
the concentration of micelles. Np was quenched with Nal in water and in the F127
hydrogel. After addition of different concentrations of Nal, no excimer peak was observed
in the fluorescence emission spectra of Np in F127 sol and gel, figure 3.17. The linear
quenching plot for Np with Nal in water at 30 °C is demonstrated in figure 3.18a. The
mechanism of quenching Np with Nal is known to be the dynamic mechanism. The
guenching rate constant in water (Table 3.8) is similar to the values reported in literature
and lifetime of singlet excited state of Np in water is close to the reported values in

literature®®1%4 the linear quenching plot for Np in water is demonstrated in figure 7.4 (in
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the Appendix). In the presence of F127 micelles, the quenching plot for Np is also linear
(Fig 3.18Db).
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Figure 3.17. Fluorescence emission spectra for 5 uM Np in 20% F127 quenched with Nal
([Nal] = 5-20 mM) at 30 °C.

k 110%s"

obs

0'20 2 4 6 8 10 12 14 16 0 5 10 15 20 25
[Nal]/ mM [Nal] / mM

Figure 3.18. Quenching plots for 5 uM Np at 30 °C quenched by Nal in a) water b) 20%
F127. The data correspond to one experiment.

The lifetimes of Np in F127 hydrogel obtained from the analysis of time-resolved
fluorescence measurements are shown in table 3.7. The impurities of F127 were quenched
and the lifetimes were obtained by exciting the sample at the same wavelength as Np was
excited. The results for the lifetimes recovered from the quenching of impurities are shown
in table 7.10 (in the Appendix). After fixing the lifetimes for the impurities for samples
containing Np, only one lifetime corresponding to singlet excited Np in F127 hydrogel was

found (Table 3.7). The relative population of Np did not change with increasing Nal
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concentration. The quenching rate constants of Np in water and F127 hydrogel with Nal
are reported in table 3.8.

Table 3.7. Fluorescence emission lifetimes and corresponding A values of for the
quenching of 5 uM Np with Nal in 20% F127 at 30 °C.

[Nal] / 11/ns T2 T3 T4/ Alc Azc A3c A4c XZ
mMmP a /ns? /ns®  ns¢
0 0.4 4.1 12.1 681 0.83+0.01 0.13+0.01 0.02 0.02 1.087

4.8+0.1 0.4 4.1 11.7 60+1 0.83+0.01 0.13+0.01 0.02 0.02 1.159
10.2+0.1 0.4 3.9 11.0 56+1 0.82+0.02 0.14+0.01 0.02 0.02 1.138
14.9+0.1 0.4 3.8 10.9 54+1 0.83%+0.01 0.13+0.01 0.02 0.02 1.029

19.9+0.1 0.4 3.8 11.0 49+1 0.82%+0.02 0.14+0.01 0.02 0.02 1.108

4L ifetimes correspond to F127 impurities were fixed.
bSee 2.3.3 for method in the determination of the Nal concentration.
®The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.

Table 3.8. Quenching rate constants of for the quenching of 5 uM Np in 20% F127 and 1

uM Np in water with Nal.?
Sample T/°C kg / 108 M1st
Water 30 67 (1)
20% F127 30 2.8x0.1(2)

@ The number of independent experiments is shown in parenthesis, for two experiments the errors
correspond to average deviations.

3.2.5 Structural and viscoelastic behavior of F127 hydrogel in the

presence of different additives

The size of F127 micelles in the presence of different additives, such as pyrene and
the highest concentrations of NM and Nal was studied. The polydispersity index and
hydrodynamic diameter of F127 micelles did not change significantly after addition of
different additives as shown in table 3.9.

Table 3.9. Hydrodynamic diameter and polydispersity of F127 micelles in the presence of
different additives at 20 °C.?

Sample Hydrodynamic PDI
diameter / nm
F127 11+1 0.18 +0.02
F127 pyrene 11+1 0.16 £ 0.03
F127 pyrene_ Nal 10+ 2 0.18 £0.04
F127 pyrene. NM 12+ 4 0.20 £ 0.04

@ Measurements were done four times and errors correspond to standard deviations.
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The linear viscoelastic region (LVR) is defined when G' and G" are constant with

the applied strain or stress during the measurement. In this region the deformations in the
material are reversible. At higher shear strains or shear stress, the material deviates from
the linear region and the deformations are not reversible leading to a decrease of both G'
and G". LVR are defined as the region where both G' and G" do not deviate more than 5%
around the plateau.54 1% Hence, before performing oscillatory measurements I checked the
LVR for the F127 hydrogels.

Figure 3.19 shows the strain sweep tests performed on F127 hydrogels containing
different additives. Addition of pyrene did not change the extend of the LVR for F127
hydrogel. However, after addition of 62 mM Nal the LVR of the sol state sample shortened
compared to pure F127 sol; the values are presented in table 3.10. At the shear strain (y) of
0.5% all samples are in the LVR. For temperature sweep experiments, I chose y of 0.5% to
remain in LVR and decrease the signal to noise ratio that caused by the low-torque limit of

rheometer.
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Figure 3.19. Dependence of G’ (filled symbols) and G” (open symbols) on shear strain at
the angular frequency of 1 rad/s at 20 °C (black), and 30°C (blue) for a) 20% F127 b)

20% F127 + 5 uM pyrene, and c¢) 20% F127 + 5 uM pyrene + 62 mM Nal.
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Table 3.10. The LVR for different samples at 30 °C.?

Sample v/ %
20% F127 11+04
20% F127_5 uM pyrene 1.2+0.2
20% F127 5 uM pyrene 62 mM Nal 1.3+0.2
2 The measurements were performed for two independent experiments and errors correspond to average
deviation.

Temperature sweep experiments can give information about the phase transitions
and the transition temperatures for the gel. Pluronic F127 hydrogel forms gel over a narrow
temperature range. At low temperatures, F127 samples are in the sol state and have low
viscosity. In the sol state G" is higher than G', the G' is too low to be measured by rheology.

The scatter observed for G' at low temperatures occurs because the measurements are close
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to the low-torque limit of the instrument.”® The shear strain of 0.5% was the best choice

to the lower noise for the temperature sweep measurements.

There are sol-gel and gel-sol phase transitions for F127 hydrogel upon heating
which are defined from temperature sweep experiments of gels.®” ™ At very high
temperatures, F127 gel melts®’ so I did not increase the temperature further to enter the gel-
sol phase transition region in F127 hydrogel. Upon heating, the F127 moduli increase
slowly until a characteristic temperature when both moduli start increasing sharply. The
gelation occurs over a narrow temperature range when G' and G" starts increasing abruptly.
To define the gelation temperature (Tger), | considered the temperature at which tan(d) is
equal to one.®® For different samples, Tgeis were measured from temperature sweep tests
as shown in figure 3.20 for F127 hydrogels containing additives like pyrene and the highest
concentrations of quenchers used for the excited state pyrene quenching experiments (see
3.2.2 and 3.2.3 sections). Tqe for different samples are reported in table 3.11, which
indicates that even at highest concentrations of quenchers the viscoelastic behavior of F127
hydrogels did not change and gel is formed at roughly the same Tge as observed for the
pure F127 hydrogel. To further confirm that at 30 °C all the samples are in the gel state,
frequency sweep tests were performed. For all samples at 30 °C as illustrated in figure 3.21,

G' is higher than G" and the samples demonstrate a solid-like behavior.
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Figure 3.20. Dependence of G’ (black circles) and G” (blue circles) on temperature at the
angular frequency of 1 rad/s and shear strain of 0.5% for a) 20% F127 b) 20% F127 + 5
UM pyrene, €) 20% F127 + 5 uM pyrene + 61.5 mM NM, and d) 20% F127 + 5 uM
pyrene + 62 mM Nal.

Table 3.11. Gelation temperatures of 20% F127 in the presence of different additives
with heating rate of 0.5 °C/min, o of 1 rad/s, and y of 0.5%.%

Sample Tger / °C
20% F127 23.5%0.1
20% F127_5 uM pyrene 248 +0.1
20% F127 5 uM pyrene_62 mM Nal 255+ 0.5
20% F127 5 uM pyrene 61.5 mM NM 216 +1.9

2 The measurements were performed for three independent experiments and errors correspond to standard
deviation.
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Figure 3.21. Dependence of G’ (closed symbols) and G” (open symbols) on angular
frequency at the constant shear strain of 0.5% at 30 °C for a) 20% F127 b) 20% F127 +5
UM pyrene, €) 20% F127 + 5 uM pyrene + 61.5 mM NM, and d) 20% F127 + 5 uM
pyrene + 62 mM Nal.

The changes of the complex modulus with temperature for F127 hydrogels
containing different additives is depicted in figure 3.22. This plot allows the comparison
of the overall mechanical characteristics of the samples. The complex modulus increases
with increasing temperatures until a sharp increase in G™ occurs at the Tge. After gel

formation, all hydrogel samples show similar G values at elevated temperatures.
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Figure 3.22. Dependence of G” on temperature for 20% F127 (black), 20% F127 + 5 uM
pyrene (blue), 20% F127 + 5 uM pyrene + 62 mM Nal (green), 20% F127 + 5 uM pyrene
+61.5 mM NM (red).

3.3 Discussion

3.3.1 Effect of additives on Pluronic F127

In this chapter, the microheterogeneity of F127 hydrogels is determined using
fluorescence quenching measurements on different probes with different quenchers. In
addition, these measurements made it possible to characterize the solubilization sites inside
F127 micellar system. However, the important point in these experiments is that after
addition of probes and quenchers, the structure of the micelles does not change. Therefore,
fluorescence spectroscopy findings are applicable to F127 hydrogel that do not contain
additives. The control experiments on the size of F127 micelles and the viscoelastic
properties of F127 hydrogels in the absence and presence of different additives support the
conclusion that the additives do not change the properties of the micelles. These
experiments were done only with the addition of pyrene since this probe is larger when
compared to Np. The highest concentrations of quenchers were also added since if these
concentrations show no drastic effect on properties of the F127 micelles then no effects

would be expected for the lower quencher concentrations.

The hydrodynamic diameter of the F127 micelles at 20 °C is close to the reported
values in literature.® 67 Addition of small molecules such as hydrophobic drugs can
increases the size of F127 micelles, because the micelles swell and become larger when the
drugs enter the micelles.'*® On the other hand, salts can enlarge the size of the core region
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of micelles. For example NaCl, enlarged the core of F127 micelles.’®! Thus, addition of
pyrene and quenchers might have had the same effect and could have changed the micellar
size or even the micellar shape. However, these additives did not change the size and
polydispersity of F127 micelles, so they did not alter the structure of F127 micelles. To

confirm this claim, rheological measurements were also performed.

The sol-gel transition temperature did not significantly change in the presence of
different additives showing that these additives could not inhibit gel formation of F127.
Moreover, because gelation of F127 occurs in a short-range temperature, it is possible to
assume that Tge of F127 remained almost constant in the presence of the different additives.
The addition of pyrene and quenchers did not change the phase transitions and stiffness of
F127 hydrogel. Therefore, based on these control experiments it was shown that addition
of probe and quenchers did not change the rheological properties of the F127 hydrogel. In
addition, because any change in the structure of micelles could be revealed from the
rheological behavior of the bulk material, it is possible to conclude that the micelles

remained intact after addition of probe and quenchers.

3.3.2 Steady-state fluorescence spectroscopy for pyrene in F127 hydrogel

I/111 ratios give information on the average location of pyrene molecules in the
hydrogel. In the presence of F127 aggregates pyrene molecules entered the F127 micelles
because I/111 of pyrene decreased significantly in the presence of F127 micelles. Increasing
the concentration of the F127 polymer has no effect on the /111 ratio of pyrene, which
shows that increasing the number of micelles does not change the polarity of the
microenvironment around pyrene after the micelles are formed. In the presence of micelles,
a higher amount of pyrene could be solubilized because pyrene is highly hydrophobic, and

the micelles help to solubilize a higher amount of pyrene in aqueous solution.

The molecular weight of PPO blocks in F127 is around 3780 Da.?® To understand
the average location of pyrene molecules inside the micelles, the I/111 ratios of pyrene in
bulk PEO and PPO blocks with similar molecular weight to this block in F127 polymer
were compared. This comparison showed that a higher portion of pyrene molecules are

located inside the hydrophobic region of Pluronic micelles because the I/111 ratio in F127
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is close to that observed in liquid PPO blocks. Moreover, the I/111 values in F127 sol and
gel were similar meaning that the average location of pyrene does not change with
increasing temperature and phase transition of F127 from the sol to the hydrogel. All these
findings from studying the I/111 ratios of pyrene illustrate that pyrene molecules are located
inside the micelles. Also, only monomer emission was seen because pyrene could enter the
micelles and even at the much higher concentration of pyrene in F127 hydrogel compared
to water (5 uM in F127 solution and 0.5 uM in water), no excimer emission observed at

longer wavelengths.

3.3.3 Quenching of pyrene in F127 hydrogel with NM

Incorporation of pyrene inside supramolecular or micellar systems leads to a
lengthening of the lifetime for the singlet excited state pyrene compared to the lifetime of
this excited state in aqueous solution. The excited state pyrene in the micelles is in a
different environment and it can be protected from possible quenchers inside the aqueous
phase such as oxygen.®” The lifetime of the singlet excited state of pyrene lengthened in
the presence of F127 micelles compared to water. Additionally, only one lifetime was
observed for the excited state pyrene in F127 sol and gel indicating that there is at least one
species of pyrene inside the micelles. However, from time-resolved fluorescence
spectroscopy experiments in the absence of quencher it is not possible to determine the
number of different species of the excited state of the probe that exist in different regions
of the micellar system. This may occur because the lifetimes of these different species
might be similar in the absence of quencher making it impossible to differentiate between
them. After increasing the quencher concentration, different species of excited probe,
which have different accessibility to the quencher due to their location, will exhibit
different lifetimes. This differentiation is a consequence of the different quenching
efficiencies. In conclusion, use of the quenching methodology enables the determination
of the number of different solubilization sites in the F127 hydrogel. For example, different
binding sites in sodium cholate aggregates were found through fluorescence quenching of
different probes based on naphthalene derivatives.®® In another studies, the solubilization
sites in amphiphilic diblock copolymers and the kinetics of the release of fluorescent probes

were determined using quenching experiments. Based on fluorescence quenching results,
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a three-region model for the solubilization of hydrophobic guest molecules in these

micelles was suggested. The regions are namely core, inner corona, and outer corona. 68

Different quenchers might access different species of pyrene and quench them with
different rate constants, which would result in different lifetimes corresponding to excited
pyrene molecules in different regions of the F127 micellar phase. More importantly, the
lifetime of singlet excited state pyrene is not long enough to allow it to exit from the
micelles during the excited state lifetime. Therefore, it is possible to obtain information on
the interaction sites in F127 micelles from quenching experiments.

Singlet excited states of pyrene were quenched in F127 hydrogel by NM. This
quenching leads to both the fluorescence intensities and lifetimes of excited pyrene
decreasing with increasing the NM concentration, showing that mechanism of quenching
is the dynamic quenching mechanism. This conclusion is supported by the linear quenching
plots and equal intensities and lifetimes ratios in the presence and absence of quencher
which indicates that the dynamic mechanism operated for the quenching of pyrene with
NM. The dynamic quenching mechanism is consistent with a previous report.!®® The
guenching mechanism in water was also dynamic as was previously described in the
literature. The lifetime of pyrene in water and the quenching rate constant value for
quenching of pyrene with NM in water were very close to the reported values by other

researchers.134 170

Excited state pyrene molecules should be protected from quenchers in the aqueous
phase in the presence of polymeric micelles. Because of the hydrophobicity of pyrene
molecules, they enter into the micellar phase and have less accessibility to NM molecules
which are relatively hydrophilic molecules. The higher kq value in water compared to F127

supports the suggestion of the better protection provided for pyrene by the F127 micelles.

The I/111 ratios for pyrene in 20% F127 gel (30 °C) at different concentrations of
NM were constant. However, when the temperature is decreased to 20 °C, where 20% F127
is in sol state, the I/111 ratio for pyrene in 20% F127 sol showed a declining trend with
increasing the concentration of NM. This result suggests that there might be different
microenvironments for pyrene species in 20% F127 sol compared to 20% F127 gel.
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After addition of pyrene, it was assumed that the distribution and lifetimes of

impurities in F127 do not change and that the impurities do not interact with pyrene
molecules. In this regard, the lifetimes correspond to F127 impurities were found at
different concentrations of NM and were fixed for the analysis of the decay in the presence
of pyrene. This procedure increases the precision for the determination of the lifetime
components that correspond to singlet excited pyrene. Only one lifetime corresponding to
pyrene was found in the gel state of 20% F127 at 30 °C, which means that pyrene at 30 °C
exist in only one region of the F127 micelles. The binding of pyrene is assigned to the
hydrophobic interior of the micelles. The increasing concentrations of NM did not cause a
change in the location of excited pyrene molecules inside the micelles. In addition,
quenching pyrene at a higher concentration of F127 polymer (30% w/v) at 30 °C with NM
revealed only one species of pyrene which is again located in the hydrophobic region of
the micelles.

Decreasing the temperature to 20 °C revealed two different lifetime components
correspond to pyrene in 20% F127 sol after addition of NM. The longer lifetime component
is similar to the one found at 30 °C. Therefore, this species of pyrene is located in the
hydrophobic region of the micelles which has less accessibility to NM molecules. On the
other hand, the shorter lifetime component corresponds to the species of pyrene that has
higher accessibility to NM molecules. This species of pyrene could be located in a more
hydrophilic region of the micelles. The relative populations of these two species of pyrene
change with increasing NM concentration which means that excited pyrene can move
between hydrophilic and hydrophobic regions of the micelle during its lifetime. At higher
concentrations of NM, the population of pyrene species in the hydrophilic region is higher
than the population in the hydrophobic region. This result indicates that of singlet excited

pyrene moves to the hydrophilic part of the micelles where more NM molecules exist.

The time-resolved fluorescence experiments for quenching pyrene in 30% F127
with NM at 20 °C and 10 °C showed similar results as discussed above for 20% F127.
Thus, increasing the polymer concentration did not affect the location of pyrene molecules
in the system. The only factor which affects the location of pyrene inside the micelles is

temperature.
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The ratio of quenching rate constants in the absence and presence of the micelles
(kqo/kq) is defined as the protection provided by the micelles for excited guest molecules
from quencher and this ratio is called protection efficiency or PE.% The PE for pyrene
molecules did not change at different concentrations of F127. Hence, as long as pyrene
molecules are inside the micelles the protection that is provided for excited pyrene does

not change by increasing the number of micelles.

As the mechanism of quenching is dynamic, it means that a collision must happen
between quencher and probe. In this respect, the quencher should diffuse towards the probe
to become close enough until the process of electron transfer occurs.® In this case,
increasing the temperature can increase the diffusion rate of molecules and subsequently

can increase the kq for dynamic quenching process.!’t

3.3.4 Quenching of pyrene in F127 hydrogel with Nal

The other quencher which I used to quench excited state pyrene molecules was the
iodide ion. Pyrene was quenched with the different concentrations of Nal in 20% F127 in
the solution and gel states. Because the F127 concentration did not affect the results for the
quenching of pyrene with NM, I only studied the quenching of pyrene in 20% F127. It is
reported in the literature that pyrene is quenched with iodide ions through a collisional
mechanism.’® Upon increasing the concentration of Nal, both the lifetimes and
fluorescence intensities of excited pyrene decreased. From the linear quenching plots
following the Stern-Volmer equation it can be concluded that iodide ions quenched pyrene

in F127 micelles through dynamic mechanism.

The constant I/I1l ratios for pyrene in 20% F127 sol and gel at different
concentrations of Nal indicate that on average there is one microenvironment sensed by
pyrene when it was quenched with Nal. This result suggest that excited pyrene species did
not move between different microenvironments inside the micelle with increasing the

concentration of Nal.

In the presence of different concentrations of Nal, only one lifetime for excited
pyrene was found in F127 sol or gel. Even decreasing temperature did not result in

observing another pyrene species. Some salts have the same effect as changes in
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temperature on Pluronic micelles. Some salts enlarge the size of the core region of
Pluronic micelles as a result of dehydrating the PEO blocks by a salting out mechanism.*"
Consequently in the presence of Nal, pyrene molecules in the hydrophilic region of
micelles would reside in the hydrophobic region of micelles and that is the reason I

observed only one species of excited pyrene molecules for the quenching studies with Nal.

The quenching rate constant for the quenching of pyrene with Nal in water is
similar to the reported value in the literature.®® The PE values in 20% F127 gel for pyrene
at 30 °C in the case of NM quencher is 9.8 + 0.3, while in the case of Nal this PE is 14.5 +
0.8. Accordingly, the better protection provided for excited pyrene from iodide ions means
that iodide ions have less access to excited pyrene molecules inside F127 micelles
compared to NM molecules. The size of iodide ions and NM molecules is very similar, and
it is difficult to deduce that size is the relevant parameter for the different PEs 173174
However, the hydrophobicity of these quenchers is the important parameter responsible for
observing a higher PE in the case of Nal, because NM molecules are slightly hydrophobic

allowing them to enter faster into the hydrophobic interior of the micelles.

3.3.5 Quenching of Np in F127 hydrogel with Nal

Np with a smaller molecular size was the other probe | used to study the
heterogeneity of the F127 hydrogel. No emission corresponding to excimer or aggregation
was observed for Np in the F127 hydrogel. The high micelle to probe concentration ratio
ensures that Np can enter the micelles and a higher concentration of Np was dissolved in
aqueous solution in the presence of micelles (5 uM Np in 20% F127) than in water (1 pM
Np in water).

Time-resolved fluorescence quenching studies of Np with Nal in 20% F127 gel,
resulted in finding one species of Np probably located in the hydrophobic region of the
micelles due to the hydrophobicity of the Np molecules and their small size. The PE
provided by F127 micelles for singlet excite Np at 30 °C, is 24.8 + 0.9 while this value for
pyrene at same temperature was 14.5 £+ 0.8, showing that a lower PE occurs for larger
molecules such as pyrene. In previous studies the quenching efficiency for Np and pyrene

with iodide ions was compared in the presence of bile salt aggregates. It was reported that
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because of Np’s smaller size the bile salt molecules were able to closely pack around the
Np.160

3.4 Conclusions

In summary, fluorescence spectroscopy experiments showed that pyrene was
located inside the hydrophobic region of the micelles in the F127 hydrogel. Quenching
studies of singlet excited pyrene with NM revealed another possible location of pyrene in
the micelles for the sol phase, which is likely at the interface between the hydrophilic side
of the micelle and the hydrophobic core. Lower accessibility of iodide ions to pyrene
compared to NM displays that pyrene molecules exist in the hydrophobic interior of the
micelles. Lower protection provided for pyrene is due to the larger size of this probe
compared to the smaller Np guest, suggesting that the polymer aggregates tightly surround
Np molecules and protect them better from quenchers. Since addition of pyrene and
quenchers did not change the structure and mechanical properties of F127, it can be
concluded that fluorescence quenching results give information about the possible
solubilization sites for small molecules inside F127 micelles and that photophysical
experiments provide information that is relevant for the gel without any additives. As F127
is a popular Pluronic polymer in the field of drug delivery, characterizing different probable
solubilization sites for drug molecules, paves the way for predicting the release of the drug

from F127 micellar systems.
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4 Chapter 4: Studying the Microenvironments in P104

Hydrogel Using Fluorescence Probes

4.1 Introduction

4.1.1 Background

Pluronic polymers can have different molecular weights and PPO/PEO ratios
leading to the formation of micelles with different sizes. To probe a heterogeneous system
like the F127 hydrogel, it is required to compare it with a similar Pluronic system that has
a different micellar structure. In the previous chapter it was found that pyrene molecules
might be locate in two different regions of the F127 micelles including the hydrophobic
core region of the micelle and a more hydrophilic region which is probably the micellar
corona. The P104 polymer with an average molecular weight of 5900 Da has a lower MW
compared to F127 (~12600 Da), but the length of PPO blocks in the two polymers is similar
(F127; PEOg9PPQOssPEQg9 and P104; PEO,7PPOe1PEO27). The other difference is in the
PEO content. P104 has 40 wt.% PEO and F127 has 70 wt.% PEO, so the ratio of PEO/PPO
blocks is higher in F127 compared to P104.2 17> The content of PPO and PEO blocks in
Pluronic polymers is an important attribute which affects directly the shape of the micelles
and the aggregation number.?® Although the molecular weights of Pluronic P104 and F127
are different, the molecular weights of the PPO block segment in both polymers are very
similar, such that the PPO MW in P104 is 3540 Da while in F127 it is 3780 Da.*® The

schematic of the two different Pluronic micelles is shown in chart 4.1.
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Chart 4.1. F127 micelle (left) and P104 micelle (right). PEO corona shells are shown in
black.

The PEO content in Pluronic polymers determines the cloud point of Pluronic
which is the temperature above which phase segregation happens and micellar solution
transforms to a two-phase system.3*17® Higher PEO content copolymers have a solid shape
and dissolve in water faster due to higher hydrogen bonding with water molecules. CMC
and CMT are parameters that are affected by the molecular weight and PEO/PPO ratio of
the copolymer. The CMC value for P104 at 20 °C is 2 wt% and at 30 °C it is 0.04 wt%,
while the CMC for F127 at 20 °C is 4 wt% and at 30 °C it is 0.1 wt%.>* Both F127 and
P104 polymers are able to form gels at elevated temperatures and high concentrations. For
example, 34% P104 is in sol state at 20 °C but forms gel at 30 °C. The P104 micelles have
smaller shell thickness due to the shorter length of PEO block when compared to F127
micelles.?® ¥ In addition, P104 can be used as a drug delivery system to dissolve water-
insoluble drug molecules in aqueous solutions.!”® The rheological behavior of P104
micelles changes in the presence of an aromatic amino acid, which was used in synthesizing
sedative drugs. The hydrodynamic diameter of P104 micelles increased upon addition of

anthranilic acid and induced a micellar transition in P104.17°

In another study, the effects of different phenolic antioxidants on the CMC and
CMT was investigated and it was determined that addition of these molecules lowers the
CMC and CMT for P104. Moreover, the locations of these antioxidants in P104 micelles
were studied using 2D NMR. The solubilization site of guest molecules inside P104
micelles was shown to depend on the structure and hydrophobicity of the antioxidants.!"®
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The aqueous solution of P104 behaves like a Newtonian fluid at low
temperatures but with increasing temperature the behavior of the material becomes non-
Newtonian.*”® For 25 wt% P104, Tqel Was measured from temperature sweep experiments
and it was determined to be 26 °C.'® The size and properties of P104 micelles change in
the presence of different additives.t’” 17

4.1.2 Objectives

In this chapter, similar fluorescence measurements as performed for the F127
hydrogel were carried out with the 34% P104 sol and gel to characterize the different
solubilization sites in the P104 micellar system. The results are compared to those obtained
with the F127 polymer in order to understand the differences between microenvironments
where the probe is located for these two Pluronic micelles. In addition, | studied the effect
of different additives on the rheological behavior of the 34% P104 hydrogel.

4.2 Results

4.2.1 Quenching of pyrene in P104 with different concentrations of NM

A different Pluronic polymer is studied in this chapter. Pyrene probe is quenched
with NM in P104 polymer to probe the microheterogeneity of a different PEO-PPO-PEO
triblock copolymer. The concentration of pyrene and NM in the P104 micellar system is
the same as the concentrations used for probing the F127 gel. The fluorescence studies

were performed in both in the sol and gel states of P104.

Before carrying out the fluorescence studies on pyrene in the P104 hydrogel, the
absorption spectrum of pyrene in the P104 hydrogel was determined. Figure 4.1
demonstrates the absorption spectra of 5 uM pyrene in 34% P104 hydrogel (black), and in
20% F127 hydrogel (blue) at 30 °C. There is a broad peak around 300 nm in 34% P104
hydrogel which might correspond to the impurities in this polymer. Different impurities in
these two polymers caused the difference in the absorption spectra for pyrene in F127 and
P104 gels.
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Figure 4.1. UV-vis absorption spectra for 5 uM pyrene in 34% P104 (black line), and in
20% F127 (blue line) at 30 °C.

The fluorescence emission intensities of excited pyrene decreased upon addition of
NM in both the P104 gel (Fig 4.2a) and sol (Fig 4.2b). Additionally, the pyrene excimer
peak was not observed in both the P104 sol and gel even at high concentrations of NM.
The /111 ratio for pyrene in the presence of P104 micelles decreased to the value of 1.5 £
0.1 which is very similar to the value in the presence of F127 micelles and liquid PPO
blocks (Table 3.1).

The I/111 ratios for pyrene at different concentrations of NM were roughly constant
when this probe was quenched in 34% P104 gel (Fig 4.3a) and sol (Fig 4.3b). The plots
described in figure 4.3a-b are similar to the plot of I/11l ratios for pyrene in 20% F127 gel
versus different concentrations of NM (Fig 3.4a). However, in 20% F127 sol state a
decrease in the /111 ratios for pyrene upon increasing the NM concentration (Fig 3.4b) was
observed, while in the case of 34% P104 sol state, such result was not observed, figure
4.3b.
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Figure 4.2. Fluorescence emission spectra for 5 uM pyrene in 34% P104 quenched with
NM ([NM] = 0-6.5 mM) at a) 30 °C and b) 20 °C.
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Figure 4.3. I/111 ratios for 5 uM pyrene in 34% P104 at different concentrations of NM at
a) 30 °C and b) 20 °C. The data correspond to averages for two independent experiments.
The error bars correspond to average deviations, error bars smaller than the symbols are

not shown.

The plots of kobs and intensity ratios in the absence and presence of quencher versus

the NM concentrations were linear for the quenching of pyrene in 34% P104 gel at 30 °C

(Fig 4.4a-b). As displayed in figure 4.5, the intensity ratio and average lifetime ratio in the

absence and presence of quencher (lo/l, <to>/<t>), at different concentrations of quencher,

are equal and follow the Stern-Volmer equation (Eq 2.3).
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Figure 4.4. Quenching plots for 5 uM pyrene in 34% P104 at 30 °C quenched by NM a)
intensity ratio in the absence and presence of quencher, b) dependence of kobs for pyrene
with the NM concentration. Black and blue symbols correspond to different sets of
experiments. All the experiments were performed once.
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Figure 4.5. Intensity ratio (circle) and average lifetime ratio (square) versus NM
concentration corresponding to quenching 5 uM pyrene in 34% P104 at 30 °C. Data
correspond to one experiment.

| followed the same approach used in the previous chapter to determine the lifetimes
for the singlet excited state of pyrene in 34% P104. Subsequently, the emission due to
impurities in 34% P104 were quenched with NM. The lifetimes for the impurity emissions
were fixed and the lifetime corresponding to excited state pyrene in P104 hydrogel were
determined. The results from the time-resolved fluorescence quenching studies of the
impurities in P104 are shown in table 4.1 and the fluorescence emission spectrum for the

impurities in this polymer at different concentrations of NM are shown in figure 7.5 (in the
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Appendix). Only one lifetime relating to excited state pyrene in 34% P104 gel at 30 °C
was found as shown in table 7.11 (in the Appendix). The relative population of pyrene
species did not change with increasing NM concentration. Figure 4.6 illustrates the decay

of excited state pyrene in 34% P104 gel which is fit to sum of exponentials (Eq. 2.2).

Quenching of excited pyrene in 34% P104 sol state at 20 °C with NM, revealed
only one lifetime which corresponds to excited pyrene (Table 7.13 in the Appendix), a
result that contrasts with the case of the F127 polymer (Table 7.3 in the Appendix). The
lifetimes of impurities were measured at different concentrations of NM at 20 °C (Table
7.12 in the Appendix). Figure 4.7 shows the linear quenching plot corresponding to pyrene
in the 34% P104 sol. Overall, changing the Pluronic polymer from F127 to P104 shows
that at 20 °C, there are two different species of pyrene in 20% F127 while this second
species does not exist in 34% P104 at 20 °C.
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Figure 4.6. Fluorescence decay for 5 uM pyrene in 34% P104 at 30 °C (black) fit to a
sum of exponentials decay (red) using tail fit. Residuals between calculated and
experimental data are shown in the lower panel.
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Table 4.1. Fluorescence emission lifetimes and corresponding A values for the
quenching of the impurities in 34% P104 with NM at 30 °C.

['r\Tl1'\I\/|/I]b/ 1, /ns*  t,/ns® ot /ns? AP Az Az XZ
0 0.3+0.1 2.2+#0.1 8.9+0.2 0.48+0.05 0.47+0.02 0.05+x0.01 1.009

15.4+0.2 0.4+0.1 2.0+0.1 5.6+0.2 0.45+0.03 0.48+0.02 0.07+0.01 0.931
30.8+0.2 0.3+0.1 1.7+0.1 4.4+0.2 0.53+0.08 0.39+0.03 0.08+0.01 0.988
46.2+0.3 0.3+0.1 1.6+x0.1 4.3+x0.2 0.53+0.06 0.40+0.02 0.07+0.01 0.928
61.5+0.7 0.2+0.1 1.3#0.1 3.3+0.1 0.53+0.06 0.37+0.03 0.10+0.02 0.990

aThe errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
See 2.3.3 for method in the determination of the NM concentration.

0 | | ! | | |

0 10 20 30 40 50 60 70
[NM] / mM
Figure 4.7. Quenching plot for 5 uM pyrene in 34% P104 at 20 °C quenched by NM.
Black and blue symbols correspond to different sets of experiments. All the experiments
were performed once.

The lifetime of pyrene changes when there is a change in the microenvironment
around this excited molecule and in the presence of Pluronic micelles, the lifetime of
pyrene lengthens compared to water. The quenching rate constants shown in table 4.2 is
related to the pyrene species in Pluronic gels at 30 °C. The kq values for quenching pyrene
with NM in F127 and P104 gels are the same.
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Table 4.2. Lifetimes (1) for singlet excited state pyrene in different media and
quenching rate constants for the quenching 5 uM pyrene in 20% F127 and P104
hydrogels and 0.5 uM pyrene in water with NM at 30°C.?

Media t/ns Kq/ 108 M1s?
Water 120 £ 1 (2) 81+ 9 (2)
20% F127 180 + 4 (4) 9.1+ 0.3 (3)
34% P104 200 + 3 (3) 9.0+ 0.3 (2)

aThe number of independent experiments is shown in parenthesis. For two experiments the
errors correspond to average deviations and for more than two experiments the errors
correspond to standard deviations.

4.2.2 Quenching of pyrene in P104 with different concentrations of Nal

The other quencher utilized to quench the pyrene probe in order to study the
solubilization sites in P104 was Nal. In the previous chapter, | determined that quenching
pyrene in F127 hydrogel with Nal shows only one species of pyrene in the F127 micellar
system when it is either in the sol or gel states. | quenched pyrene again in both the 34%
P104 gel and sol states to compare how the two polymers protect the singlet excited pyrene
probe from reaction with the quencher. Figure 4.8 shows the reduction of fluorescence
intensity for pyrene in 34% P104 gel (Fig 4.8a) and sol (Fig 4.8b) with increasing Nal
concentrations. In the case of quenching pyrene with Nal in 34% P104 gel, the I/111 ratios
for pyrene did not change with increasing Nal concentration (Fig. 4.9) which is similar to
the quenching results with the other quencher molecules (NM). This result is also in
consistence with the quenching results observed in the F127 hydrogel (Fig 3.14).
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Figure 4.8. Fluorescence emission spectra for 5 uM pyrene in 34% P104 quenched with
Nal ([Nal] = 0-20 mM) at a) 30 °C and b) 20 °C.
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Figure 4.9. I/111 ratios for 5 uM pyrene in 34% P104 at different concentrations of Nal at
30 °C. The data correspond to one experiment.

Figure 4.10 a-b shows the linear quenching plots for the quenching of pyrene with
Nal in 34% P104 at 30 °C. Figure 4.11 shows that the intensity ratio and lifetime ratio in
the absence and presence of Nal are the same at all Nal concentrations indicating that the
collisional quenching mechanism occurs in the P104 gel. As reported in table 7.14 (in the
Appendix), only one species of pyrene was found in 34% P104 gel when pyrene was

quenched with Nal.
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Figure 4.10. Quenching plots for 5 uM pyrene in 34% P104 at 30 °C quenched by Nal a)
intensity ratio in the absence and presence of quencher, b) dependence of kobs for pyrene
with the Nal concentration. The data correspond to one experiment.
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Figure 4.11. Intensity ratio (circle) and average lifetime ratio (square) versus Nal
concentration corresponding to quenching 5 pM pyrene in 34% P104 at 30 °C. Data
correspond to one experiment.

Decreasing the temperature to 20 °C, did not affect the quenching plots for excited
pyrene with Nal in the P104 sol (Fig. 4.12). At 20 °C, one lifetime corresponds to excited
pyrene observed in 34% P104 sol (Table 7.15 in the Appendix). Table 4.3 summarized the
guenching rate constants for pyrene with different quenchers in 20% F127 and 34% P104
gels. The values of kq for same quenchers in P104 and F127 hydrogels are the same within

experimental errors.
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Figure 4.12. Quenching plots for 5 uM pyrene in 34% P104 at 20 °C quenched by Nal a)
intensity ratio in the absence and presence of quencher, b) dependence of kobs for pyrene
with the Nal concentration. All the experiments were performed once.

Table 4.3. Quenching rate constant for quenching 5 uM pyrene with different quenchers
in different hydrogels at 30 °C.2

Hydrogel Quencher Ky / 108 M1s?t
20% F127 NM 9.1+0.3 (3)
34% P104 NM 9.0+£0.3(2)
20% F127 Nal 0.8+0.1(2)
34% P104 Nal 1.4 (1)

2The number of independent experiments is shown in parenthesis. For two experiments the errors
correspond to average deviations and for more than two experiments the errors correspond to standard
deviations.

4.2.3 Quenching of Np in P104 with different concentrations of Nal

The other probe molecule used to study P104 hydrogel was Np that was quenched
with Nal. Fluorescence emission spectra for Np in 34% P104 gel at different concentrations
of Nal are shown in figure 4.13. These spectra do not have the broad peak around 300 nm
observed for the emission of Np in 20% F127 gel (Fig 3.16). From time-resolved
measurements only one lifetime was found for the singlet excited state of Np in 34% P104
gel at different concentrations of Nal (Table 7.16 in the Appendix). The quenching plot for
Np was linear (Fig 4.14) and the quenching rate constant in the case of P104 polymer was
somewhat higher than for the F127 polymer (Table 4.4).
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Figure 4.13. Fluorescence emission spectra for 5 uM Np in 34% P104 quenched with Nal
([Nal] = 0-20 mM) at 30 °C.
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Figure 4.14. Quenching plots for 5 uM Np in 34% P104 quenched by Nal at 30 °C. Data
correspond to one experiment.

Table 4.4. Quenching rate constants for quenching 5 pM Np with Nal in different
hydrogels at 30 °C.?

Hydrogel kq/ 108 M5t
20% F127 28+0.1(2)
34% P104 3.4 (1)

&The number of independent experiments is shown in parenthesis. For two experiments, the errors
correspond to average deviations.
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4.2.4 Viscoelastic behavior of P104 in the presence of different

additives

The LVR for 34% P104 hydrogel was determined from strain sweep test as
indicated in figure 4.15. In the previous chapter, it was shown that additions of pyrene and
the highest concentrations of NM and Nal do not change the LVR region of 20% F127
hydrogel (Fig 3.18, Table 3.10). The same type of experiments were performed for P104.
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Figure 4.15. Dependence of G' (filled symbols) and G" (open symbols) with the shear
strain (y) at the angular frequency of 1 rad/s at 30°C for 34% P104.

The effect of additives on the Tger of 34% P104 hydrogel was studied through
temperature sweep tests (Fig. 4.16). The highest concentrations of NM and Nal for
fluorescence experiments were 62 and 20 mM, respectively. Addition of pyrene and the
highest concentrations of quenchers did not change the Tge for 34% P104 hydrogel
significantly as shown in table 4.5. The effect of these additives on the mechanical
properties of the bulk gel studied through the changes of G” over different temperatures is
shown in figure 4.17. Changing the polymer from F127 to P104 did not result in changes

of the rheological behavior of these gels in the presence of additives.
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Figure 4.16. Dependence of G’ (black circles) and G” (blue circles) on temperature at
angular frequency of 1 rad/s and y of 0.5% for a) 34% P104 b) 34% P104 + 5 uM pyrene,
C) 34% P104 + 5 uM pyrene + 61.5 mM NM, and d) 34% P104 + 5 uM pyrene + 20 mM

Nal.

Table 4.5. Gelation temperatures for 34% P104 in the presence of different additives with
heating rate of 0.5 °C/min, angular frequency of 1 rad/s, and shear strain of 0.5%.2

Sample Tger / °C

34% P104 22.3 £ 0.3 (2)

34% P104_5 uM pyrene 22.1 £ 0.1 (2)
34% P104_5 uM pyrene 61.5 mM NM 21.4 (1)
34% P104 5 uM pyrene 20 mM Nal 24.0 (1)

aThe number of independent experiments is shown in parenthesis. For two experiments, the
errors correspond to average deviations.
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Figure 4.17. Dependence of G on temperature for 34% P104 (black), 34% P104+5 uM
pyrene (blue), 34% P104+5 uM pyrene+ 61.5 mM NM (red), 34% P104 + 5 uM pyrene +
20 mM Nal (green).

4.3 Discussion

In this chapter, the microheterogeneity of the P104 hydrogel was studied and the
differences between the solubilization site properties in F127 and P104 micelles are
compared. This comparison helps to understand the effect of the molecular weight and the
PPO/PEO ratio of Pluronic polymers on the solubilization sites for a hydrophobic guest in
these micelles. For this purpose, fluorescence quenching experiments analogous to the
experiments described in chapter 3 were carried out using the 34% P104 hydrogel. The
effect of the addition of the fluorescent probe and quenchers on the mechanical properties
of the bulk P104 hydrogel was studied in order to relate the results of the photophysical
experiments to the P104 hydrogel without any additives.

Addition of pyrene and quenchers did not cause any extra phase transitions in the
P104 hydrogel and the Tqe for P104 did not change significantly in the presence of these
additives. This result indicates that P104 is still in the sol state at 20 °C and in the gel state
at 30 °C in the presence of these additives. The overall mechanical properties of P104
hydrogel did not change in the presence of different additives as indicated from the
dependence of G* on temperature for different samples. Hence, the stiffness and flexibility
of P104 gels did not change in the presence of pyrene and quenchers. To summarize, the
fluorescence quenching experiments were performed for concentrations of probes and

quencher for which the rheological properties of the material did not change.
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The I/111 ratios for pyrene in F127 and P104 hydrogels are very similar and much

lower than the I/111 ratio in water (1.6 £ 0.1 in 20% F127 gel and 1.5 + 0.1 in 34% P104
gel) and this value is very close to I/111 ratio for pyrene in liquid PPO block. The I/111 ratios
in P104 sol and gel were similar to each other. Additionally, the concentration ratio of P104
micelles to pyrene is high enough for me to conclude that all pyrene molecules entered into
the P104 micelles and that pyrene is probably located in the hydrophobic region of P104
micelles as was also seen for F127 micelles. Moreover, there was no pyrene aggregate or
excimer emission in the fluorescence emission plots of pyrene in P104 sol and gel. On the
whole, in the presence of P104 micelles a higher concentration of pyrene molecules could

get dissolved in aqueous polymer solution compared to water.

The lifetimes for singlet excited state pyrene in the presence of Pluronic micelles is
longer compare to that in water, which is also an indication of the different
microenvironment around the excited pyrene molecules. The lifetime for probe molecules
when inserted into different micelles would differ due to the different environments around
the probe. The lifetime of excited pyrene in P104 micellar system is close to the reported
value in the literature.*® Because of the different PPO/PEO ratios in F127 and P104, it was
important to determine if the solubilization sites in these micelles have different properties.
To further distinguish the number of regions in the P104 micellar system and compare this

system with F127 micelles, pyrene was quenched with NM and Nal.

The evidence that quenching occurs through collisional quenching of pyrene with
NM in 34% P104 hydrogel is the same as for the F127 hydrogel. In the case of both
Pluronic micelles, dynamic quenching of the excited state pyrene with NM occurs. The
constant I/111 ratios for pyrene at different concentrations of NM in both P104 sol and gel
shows that with increasing NM concentration, the microenvironment around excited

pyrene probe did not change.

Quenching of pyrene with NM in both the P104 gel and sol revealed only one
species of pyrene. Similar results were obtained in the case of 20% F127 gel at 30 °C, but
there was one other pyrene species in 20% and 30% F127 at 20 °C. The reason that only
one lifetime corresponding to excited state pyrene molecules in 34% P104 sol and gel (at
20 and 30 °C) was found, is the thinner corona shell for the P104 micelles compared to
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F127 which is a consequence of the difference in PEO block lengths in these two
polymers.2® 177 In this respect, there is enough space in the hydrophilic region of the F127
micelle for the pyrene molecule at 20 °C to bind, but the hydrated PEO shell in P104 at 20
°C is not large enough compared to the hydrophobic segment of P104 micelles to
accommodate pyrene molecules. Besides that, pyrene molecules due to their highly
hydrophobic characteristics, prefer to stay in the hydrophobic region of P104 micelles.
Finally, pyrene molecules exist in the hydrophobic region of P104 micelles when samples
are in sol state or gel state. The kq values for quenching pyrene in F127 and P104 gels are
very similar such that it is possible to conclude that the PEs in the case of these Pluronic

polymers for pyrene are very close.

The fluorescence quenching results for pyrene in P104 hydrogel with Nal as a
quencher are very similar to the quenching results in F127 hydrogels. The mechanism of
quenching was dynamic and I/lll ratios for pyrene remained constant at different
concentrations of quencher. One species of pyrene was found in both F127 and P104 sol

and gel states.

In the case of the P104 polymer, even if Nal salt has the core enlarging effect that
were observed for other salts, the thickness of PEO has not enough capacity to host pyrene
molecules. Therefore, the relocation of excited pyrene in different regions of the micelle
cannot happen in the presence of Nal. Additionally, both Pluronic polymers provide similar

protection for excited pyrene from iodide quencher as supported by the similar kq values.

Np was also quenched with iodide ions in the P104 gel. No emission corresponding
to an excimer or aggregate was observed for Np in the P104 hydrogel. Np molecules due
to their hydrophobicity, small size and also much lower concentration compared to P104
micelles concentration entered into the P104 micelles. Only one species of singlet excited
state of Np was found in the P104 gel at different concentrations of Nal. The quenching
rate constants in both P104 and F127 hydrogels were close to each other demonstrating
similar protection for the singlet excited state of Np. In addition, the protection for excited
state Np was higher compared to excited state pyrene molecules which is consistent with

the results observed for the F127 hydrogel.
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The fluorescence probing results provided enough evidence that F127 and P104

micelles provide similar protection to different probes from reactions with quenchers. As
all the quenching cases studied were in the category of dynamic mechanism, diffusion
plays the major role in determining quenching rate constants. From the Smoluchowski
equation, the bimolecular rate constant is directly related to the diffusion coefficients of
the fluorophore and quencher.®® Based on the Stokes—Einstein equation, the diffusion
coefficient depends on the temperature and viscosity of the sample.'®! Due to similar kg
values for different probes in F127 and P104 micelles, it is probable that the structure of
these different micelles have no significant effect on the PE because the role of temperature
and viscosity dominates in comparison to other possible factors. In this regard, the longer
PEO lengths or in other words the thicker corona shell around F127 micelles, is not

adequate to better protect probe molecules from quenchers.

4.4 Conclusions

Based on the fluorescence quenching experiments, only one solubilization site was
found in P104 micelles with the same features as observed for the hydrophobic region in
F127 micelles. Different PEO/PPO blocks ratios and the different hydrophilic content for
F127 and P104 micelles, affected the location of excited pyrene molecule at 20 °C in these
two different Pluronic micelles. Changing the Pluronic polymer from F127 to P104 did not
affect the protection provided for probe molecules by these micelles highlighting the major
role of temperature and viscosity on the bimolecular quenching rate constant. In summary,
the findings of this study would be beneficial for designing polymers to solubilize small
hydrophobic molecules and predict the interactions of guest molecules with polymeric host

systems.
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5 Chapter 5: Studying the Mobility of Small Molecules in

F127 Hydrogel

Dr. Suma Thomas designed the experiments and helped me choose the probe
molecules for this study. Moreover, she analyzed the decay profiles for quenching triplet

excited probes in water-glycerol, 20% F127 sol and gel.

5.1 Introduction

5.1.1 Background

The solubilization sites in F127 hydrogel were characterized through fluorescence
guenching method in chapter 3. To study the movements of guest molecules between
different environments in F127 hydrogel, the fluorescence quenching technique is not a
proper method because the lifetimes of singlet excites states are much shorter than the
timescale for solute exchange between different environments.!® For this reason, triplet
excited state molecules become attractive due to their longer lifetimes which are on a
similar timescale for the movements of small molecules between different environments

of a hydrogel.

Some hydrogels having application in biomedical industry and cosmetics are
important to study the dynamic behavior of solutes in gels which occurs in a short time
scale.'? For example, in some drug delivery applications, it is required that the solute have
limited mobility inside the gel to obtain the sustained release of the drug in body.183-184
Among many different techniques to study the mobility of solutes inside a gel,
photophysical techniques have attracted much attention such as FSC which is a method
allows to investigate the dynamics of a gel system at the molecular level.*®® The other
photophysical technique to study the dynamics of hydrogels is fluorescence recovery after
photobleaching using confocal microscopy.®2 Among all these methods to detect the
diffusion of solutes inside hydrogels, using triplet excited state probes is of interest in the

current project.
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The mobility of probes inside hydrogels formed through crosslinking, depends

on the crosslinking density and the porosity of the gel.*¥ However, for Pluronic hydrogels
formed with a network of micelles the interactions between solute and polymer
nanoparticles are of interest which can affect the mobility of solutes in a micellar system.
In this regard, different probe molecules have been chosen which have similar structure
but different hydrophobicities. The probes are Np and its derivatives including NpOH and
2-NpC. Therefore, it is possible to investigate how the hydrophobicity of guest molecules
can affect their interactions with Pluronic F127 micelles. The other possible parameter
which can affect the mobility of the solute is the size of the solute molecules. For this
purpose, Pht was used which is larger compared to Np molecules. Probe molecules are

shown in chart 5.1.
0
. b OH .
“ “ “ )
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Chart 5.1. Probe molecules a) Np, b) NpOH, ¢) 2-NpC, d) Pht.

The quenching mechanism in a heterogenous system like a hydrogel is described
in chapter 1 (Eq. 1.1-1.5). Hydrophobic molecules tend to stay inside the hydrophobic
interior of Pluronic micelles rather than in aqueous phase of hydrogel but the quencher,
which was nitrite in my case, due to their negative charge prefers the aqueous phase rather
than the micellar phase of the gel. Accordingly, the micelles provide protection for excited

state probes from the quencher.

The quenching plot which describes the dependence of kons wWith quencher

concentration within a hydrogel is fit to equation 2.9. Increasing the concentration of the
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quencher leads to a curvature in the quenching plots because dissociation of guest from
host becomes rate limiting. Figure 5.1 shows an example of quenching plots in the absence
and presence a micellar system. Triplet excited state Pht was used here as a guest molecule
in F127 micellar system, and it was quenched with NaNO: in the presence and absence of
F127 micelles. In the absence of micelles, the quenching plot is linear because there are no
different microenvironments for the excited probe to be located in. Nevertheless, in the
presence of micelles a curvature is observed (the curvature is emphasized in the inset
figure). At high concentrations of quencher, the quenching plot becomes linear and the
reason for this trend was described in chapter 2 (see section 2.5.6 and Eq. 2.9).
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Figure 5.1. Quenching plots for quenching of the triplet excited state of Pth with NaNO>
in the presence of F127 micelles at 20 °C (blue line), and in absence of micelles at 20 °C
(black line). The red oval highlights the linear region of the plot. The inset expands the
quenching plot in the presence of micelles at lower quencher concentrations.

5.1.2 Objectives

As described previously, studies of the quenching of triplet excited probes is a
reliable method to determine the mobility of small molecules in a mesoscopic scale inside
a hydrogel depending on the analyte size and shape and their interactions. |1 quenched Np
derivatives and Pht with nitrite anions in water-glycerol mixture and in 20% F127 sol (at
20 °C) and gel (at 30 °C). Water-glycerol mixtures with the same viscosity of 20% F127
sol at 20 °C were used to represent the aqueous phase inside the F127 hydrogel. The
protection provided by the micelles for different guest molecules were compared and also
the exit and entry rate constants for different environments in a hydrogel were compared
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for different guest molecules. This study gives information about the tendency of small
molecules to reside in different environments of a hydrogel based on the structure and

hydrophobicity of the small molecules.

5.2 Results

Before and after performing LFP experiments, the absorption spectra of samples
were checked to find whether any degradation occurred during the irradiation of the
samples with laser light. Some examples of the absorption spectra for different samples
before and after the LFP experiments are shown in figures 7.6-7.9 (in the Appendix). The
absorption spectra for different samples before and after doing LFP experiments are very

similar, and no degradation was found.

All the triplet excited state guest molecules showed mono-exponential behavior in
water-glycerol mixture and in 20% F127 sol and gel. The decay profiles for different triplet
excited guests in 20% F127 gel at 30 °C in the absence and presence of NaNO; are
illustrated in figures 5.2 and 5.3. Because all the transient decays of triplet excited guest
molecules were mono-exponential | could fit the decay profiles to equation 2.8 (Fig 5.2-
5.3).
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Figure 5.2. Triplet excited state decay for a) 80 uM Np, b) 80 uM NpOH, c) 50 uM Pht,
and d) 80 uM 2-NpC in 20% F127 at 30 °C in the absence of NaNO: (black) fit to
equation 2.9 (red). Residuals between calculated and experimental data are shown in the
lower panels.
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Figure 5.3. Triplet excited state decay for a) 80 uM Np, b) 80 uM NpOH, c) 50 uM Pht,

and d) 80 uM 2-NpC in 20% F127 at 30 °C in the presence of 33 mM NaNO: (black) fit

to equation 2.9 (red). Residuals between calculated and experimental data are shown in
the lower panels.

The quenching plots for different triplet excited state molecules in a water-glycerol
mixture, 20% F127 sol and gel are represented in figure 5.4. All the quenching plots in
water-glycerol mixtures are linear but in 20% F127 sol and gel, these plots are nonlinear
and have downward curvature. The quenching plots in the presence of F127 micelles were
fit to equation 2.9 to obtain the different kinetic parameters. However, the quenching plots
in the water-glycerol mixture were fit to equation 2.4 to determine the values for ko and kg.

There is a deviation between quenching plots in the absence and presence of F127 micelles.
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The values of kons in 20% F127 sol and gel, are lower than in water-glycerol mixture for
all triplet excited state guest molecules except 2-NpC (Fig 5.4). The deviation between
quenching plots in water-glycerol mixtures and F127 hydrogels are more significant in the

case of Np and Pht compared to NpOH and 2-NpC.

If the quenching reactions happen in both micellar and aqueous phases in the 20%
F127 hydrogel, the last term in equation 2.9 becomes negligible and a linear relation would
be observed between kops and quencher concentration. In this regard, to check if the
proposed reactions are happening, | plotted kons Versus high concentrations of NaNO- and
the plots were linear. The slope of these plots correspond to the value of k5*27.1% The

protection efficiency (PE) as described in chapter 3, is the ratio of quenching rate constants

in the absence and presence of quencher (ko/k§'%7). The highest PE is for Np molecules

while 2-NpC molecules have the lowest PE value, table 5.1.

The known parameters, which were fixed in the fits of the quenching plot to obtain
association and dissociation rate constants are listed in table 5.1 for different guest
molecules. The values for kas/N and kgis for different guest molecules in 20% F127 sol and
gel are shown in table 5.2. The value for kss has not been calculated because there are
different aggregation number values for F127 micelles in the literature,? 87 but it is still
possible to compare kas values for different triplet excited state guest molecules. The value
for kqis decreases with increasing the hydrophobicity of the guest molecules and from high
to low values are ordered as: 2-NpC > NpOH > NP > Pht. On the other hand, the value for
Kas/N increases with increasing the hydrophobicity of guest molecules (Table 5.2).
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Figure 5.4. Quenching plots for a) 80 uM Np, b) 80 uM NpOH, c) 50 uM Pht, and d) 80
uM 2-NpC in 20% F127 at 20 °C (blue), at 30 °C (red) with NaNO- and for a) 80 uM Np,
b) 80 uM NpOH, c) 30 uM Pht, and d) 80 uM 2-NpC in water-glycerol mixture at 20 °C

with NaNO: (black).
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Table 5.1. Rate constants for the quenching of different triplet excited guest
molecules in a water-glycerol mixture in the absence and presence of NaNO> (ko and kgq)
and in 20% F127 sol and gel in the absence and presence of NaNO2 (kg ', k;**7).2

Guest  [F127] T/ kf'?77105 st ko/10% st kg7 1107 kq/10° M-1s? PE

[ (wlv) °C M-1s-t
Np 0 20 4.7+0.1 0.32+0.01
20% 20 6.0+0.2 3.1+0.3 101
20% 30 6.4+0.3 3.4+0.1 9.4+0.4
NpOH 0 20 5.010.1 0.30+0.02
20% 20 5.7£0.4 4.8%0.6 6.31£0.9
20% 30 8.4+0.7 7.6£0.5 4.010.4
Pht 0 20 0.84+0.01 0.39+0.01
20% 20 5.2+0.3 3.7+0.1 11+1
20% 30 8.5%0.3 4.5%0.1 8.7+0.3
2-NpC 0 20 3.8+0.1 0.14+0.01
20% 20 5.1+0.1 8.7+0.4 1.6£0.1
20% 30 5.9+0.1 131 1.1+0.1

2The errors for the parameters correspond to the average deviations from two experiments
and standard deviations for three or more experiments.

Table 5.2. The association and dissociation rate constants for different guest molecules in
20% F127 sol and gel.?

Guest® T/°C Kais / 10® st (kas/N) / 108 M-
15-1
Np 20 1.0 £ 0.1 1.5 +0.2
30 1.1+0.1 1.2+0.2
NpOH 20 1.9+0.1 1.1+0.1
30 1.8+0.1 0.96 + 0.07
Pht 20 0.86 + 0.02 1.7 £0.2
30 0.97 £ 0.03 1.3+0.2
2-NpC 20 3.9+0.1 0.49 + 0.06
30 4.7 £ 0. 0.44 + 0.05

aThe errors for the parameters correspond to the average deviations from two experiments
and standard deviations for three or more experiments.
bConcentration of Np, NpOH, Pht, and 2-NpC are 80, 80, 50, and 80 puM, respectively.

5.3 Discussion

The guest molecules used in this study had almost similar structures (except Pht
which is a larger molecule!®18%) but different hydrophobicities. It is known that the PPO
content in Pluronic copolymers affect the size of the core and solubilization of hydrophobic
compounds.t® In this respect, F127 was chosen due to its relatively large hydrophobic core
and also its capability of solubilizing hydrophobic compounds.’®® The partitioning of

compounds between the micellar and aqueous phases of Pluronic hydrogels depend on the
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hydrophobicity of the small molecules that is a significant factor on the release of
molecules from the micelles. More hydrophobic compounds have higher partition
coefficient meaning that the concentration of the hydrophobic compound in the micellar
phase is higher than the aqueous phase.’®® The other important factor affecting
incorporation of a compound in micellar aggregates is the size of the compounds. The

smaller the compounds, the easier to incorporate them inside aggregates. 6% 192

The assumption to use equation 2.9 is that the concentration of probe molecules
inside micellar phase is higher compared to the aqueous phase.'?? The quenching rate
constants in the absence of micelles (kq) are two order of magnitudes higher compared to
the presence of micelles (k£*27) for all guest molecules, showing the faster accessibility of
quencher to the excited state probes in the absence of micelles. The quenching rate
constants in the presence of micelles increased for all guest molecules with increasing
temperature. As described in chapters 3 and 4, the reason for higher values of quenching
rate constants at elevated temperatures is because of faster diffusion of molecules at higher
temperature. So, the increase in viscosity of hydrogel at higher temperature is not as
effective as the influence of temperature and cannot decrease the diffusion of small
molecules in Pluronic gel compared to the sol state.

The values of kqis and kas/N in F127 sol and gel are quite similar for all the guest
molecules. The values of kqis give insight into the residence time of the excited probe in the
micellar phase. For more hydrophobic molecules, it is expected that their residence time in
the micellar phase is longer than to stay in the aqueous phase. The comparison of kgis values
between different guest molecules shows that Pht has the lowest dissociation rate constant.
The hydrophobicity of the guest molecules is in this order; Pht > Np > NpOH > 2-NpC.
The values for kgis decreases with increasing the hydrophobicity of guest molecules which
is consistent with the expectation described above.

On the other hand, the value of ki/N should increase with increasing
hydrophobicity of the guest molecules because it represents the association rate constant
and more hydrophobic guest molecules tend to enter the micelles more readily. There is a
consistency between this expectation and the kas/N values for the four different guest

molecules.
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The values for PE depend on both the structure and polarity of the guest
molecules. Micelles can provide better protection for the more hydrophobic triplet excited
probes; however, there is a discrepancy for Np and Pht. The more hydrophobic Pht
molecule has a very similar PE value to that of the less hydrophobic Np molecule. The
reason is the difference in the structure of these two guest molecules. Np, which is a smaller
molecule showed a similar protection as Pht because it was easier for F127 polymers to

surround smaller Np compared to Pht molecules.

The lowest protection for 2-NpC molecules and also the steeper quenching plots in
the F127 sol and gel compared to water-glycerol mixture, indicate that 2-NpC molecules
are not located in a hydrophobic environment and they have high accessibility to the
quencher. The molecules of 2-NpC have highest hydrophilicity compared to the other guest
molecules, thus the location for 2-NpC in the micellar phase should be different from other
guest molecules and it should be located in more hydrophilic region of micellar phase or

inside the aqueous phase of F127 hydrogel.

5.4 Conclusions

A kinetic model described the dynamics of guest molecules in F127 micellar
hydrogel host. Based on the model, the interactions between host and guests, the entry and
exit dynamics of guests in F127 hydrogel were determined. The interactions between
different guest molecules and the micellar phase in F127 hydrogel were verified. Molecules
with smaller size and more hydrophobicity are prone to get more protected inside the
micellar phase because of the lower accessibility of quencher anions to the core of the
micelles. In addition, the time that the more hydrophobic molecules spend in the micellar
phase is higher than the aqueous one. On the other hand, the less efficient interaction was
between 2-NpC and F127 micelles and was observed because of the high hydrophilicity of
2-NpC molecules. Lastly, the protection provided by micelles and the location of guest
molecules inside the Pluronic hydrogel depend on the structure and hydrophobicity of guest

molecules.
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6 Chapter 6: Summary

This thesis describes different approaches using photophysical techniques to study the
mobility of small molecules in a Pluronic triblock copolymer aqueous solutions and gels.
Singlet excited states were used as immobile probes to study the mobility of quenchers that
mainly reside in the aqueous phase. Triplet excited probes were used to study the mobility
of these probes between the micelles and the aqueous phase of the sol and gel. The effect
of quencher structure, charged vs. non-charged, of the change in polymer structure and of

the change in hydrophobicity of the probes was investigated.

The fluorescence quenching studies on Pluronic F127 revealed different accessibility
of quencher molecules to singlet excited probe which is due to the characteristic of the
binding site for the probe molecules in F127 micelles. Quenchers based on their
hydrophobicity had different accessibility to singlet excited state molecules and more
hydrophobic quenchers had better access to excited state probe inside the micelle.
Moreover, temperature had a key role on the number of different binding sites available
for singlet excited state probe. Increasing the temperature led to changes to the binding
sites from a hydrophilic region of the micelle to the more hydrophobic region of micelles
for singlet excited pyrene when it was quenched with NM. The effect of the structure of
the probe molecule on the accessibility of quencher to the probe in the F127 micellar
system was investigated. The quenching results showed that the smaller probe was better
protected inside the micelles against quenching as the unimers can form tighter aggregates

around the smaller size probe molecule.

The microheterogeneity of another Pluronic copolymer with a different composition
was investigated. Pluronic P104 has a lower number of hydrophilic blocks but similar
hydrophobic blocks leading to thinner shell for P104 micelles when compared to F127
micelles. P104 forms hydrogels at elevated temperatures, but the structural difference
impacted the binding sites for pyrene molecules as pyrene is only located in the
hydrophobic region of P104 micelles in the solution or gel states. On the other hand, the
compositional difference between F127 and P104 did not have an impact on the quenching
rate constants of different probes at corresponding temperatures, suggesting that the

mobility of the quenchers was not greatly affected by the change in structure of the micelle.
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The addition of quenchers and probes did not affect the mechanical properties of
F127 and P104 hydrogels and their micellar size. Also, the quenchers and probes did not
change the temperature of gel formation of F127 and P104 which indicates that the
additives concentrations were low enough to not change the structure of the Pluronic

micelles.

In the last project, the binding dynamics of guest molecules with different
hydrophobicity with the F127 micelles were measured. The dissociation process was
slower for more hydrophobic guest molecules. The fastest binding dynamics observed for
2-NpC which is located in the more hydrophilic region of F127 micelles and due to higher

hydrophilicity tends to not enter to the hydrophobic core of micelles.

The quenching studies with singlet and triplet excited states showed that this
methodology can be effectively used to study the mobility of small molecules within gels,
providing information that can then be correlated with the overall release kinetics of small
molecules from the gel to a surrounding medium. This information will be valuable to

achieve the overall goal to rationally design functional gels.
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8 Appendix

Table 8.1. Fluorescence emission lifetimes and corresponding A values for 5 uM pyrene
in the absence and presence of NM in 20% F127 at 30 °C (first experiment).

[NM] / t1/ns®  12/ns?  t3/ns® T 4/nst A° Az° Az® A’ 12
mM?P
0 0.3 2.3 8.0 180+1 0.56+0.03 0.08+0.03 0.03+0.01 0.30%£0.02 1.182
15.4+0.2 0.2 1.9 5.8 45+1 0.47+0.06 0.15£0.08 0.08+0.04 0.30+0.02 1.051
30.8+0.2 0.3 1.8 5.0 27+1 0.45£003 0.13+0.04 0.12+0.03 0.30+0.08 1.101
46.2%0.3 0.3 1.6 4.4 20£1 0.51+0.02 0.07+£0.01 0.12+0.01 0.30+0.01 1.082
61.5+£0.7 0.2 1.3 3.5 16£1 0.57+0.02 0.04+0.01 0.14x0.01 0.25+0.01 1.134
8 ifetimes correspond to F127 impurities were fixed.
See 2.3.3 for method in the determination of the NM concentration.
°The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
Table 8.2. Fluorescence emission lifetimes and corresponding A values for 5 uM pyrene
in the absence and presence of NM in 20% F127 at 30 °C (second experiment).
[NM]/  ti/ns*  1p/ns?  13/ns? 1 4/nsC As° Az’ As¢ A4 12
mMP
0 2.3 8.7 - 182+1 0.30+0.01 0.14%0.01 - 0.56x0.01 1.179
15.4+0.2 2.0 6.6 - 45+1 0.32+x0.02 0.12+0.01 - 0.56£0.01 1.037
30.8+0.2 1.7 5.1 - 27t1 0.27+£0.02 0.21+0.01 0.52+0.01 1.116
46.2%£0.3 0.1 1.6 4.5 20£1 0.71+£0.05 0.06+0.01 O. 06+O 01 0.17+£0.01 1.119
61.5+£0.7 0.2 1.4 3.7 16+1 0.52+0.02 0.07+0.01 0.14+0.01 0.27+0.01 1.092
4L ifetimes correspond to F127 impurities were fixed.
bSee 2.3.3 for method in the determination of the NM concentration.
®The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
Table 8.3. Fluorescence emission lifetimes and corresponding A values for 5 uM pyrene
in the absence and presence of NM in 20% F127 at 20 °C (first experiment).
[NM]/  ri/ns?  1a/ns®  13/ns®  t4/ns® Al Ay° Az° A’ 12
mMm?P
0 2.3 8.7 - 228+1 0.34+0.03 0.10+0.02 - 0.56+0.04 1.108
15.4+0.2 2.0 6.6 277 63+t1 0.33x0.02 0.06+x0.01 0.05+0.01 0.56+0.02 1.095
30.8+0.2 1.7 5.1 2214 38+1 0.30+£0.04 0.11+£0.02 0.13+£0.05 0.46+£0.06 1.103
46.2%0.3 1.6 4.5 16+4 28+1 0.30+0.07 0.11+0.04 0.16+0.07 0.44+0.09 1.164
61.5+£0.7 1.4 3.7 131 24+1 0.32+0.02 0.06+0.02 0.23+0.02 0.39+0.03 1.104

4 ifetimes correspond to F127 impurities were fixed.
See 2.3.3 for method in the determination of the NM concentration.
®The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
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Table 8.4. Fluorescence emission lifetimes and corresponding A values for 5 uM
pyrene in the absence and presence of NM in 20% F127 at 20 °C (second experiment).

[N M%/mM t1/  T2/ns®  t3/nse T4/nS° A,° AyS As® AsC x2
ns?

0 2.3 8.8 - 2271 0.16+£0.03 0.03%0.01 - 0.81+0.03 1.020
15.440.2 2.0 6.2 255 58+1 0.16+0.04 0.02+0.03 0.11+0.02 0.72+0.05 1.038
30.8%0.2 1.8 5.1 204 39+1 0.45+0.03 0.08+0.02 0.11+0.02 0.35%0.03 1.161
46.2+0.3 1.5 4.2 212 322 0.38+0.01 0.08+0.03 0.20+0.03 0.34+0.05 1.090
61.5+0.7 1.5 4.0 131 24+1 0.28+0.05 0.17+0.03 0.30+£0.01 0.25%x0.01 0.936

8L ifetimes correspond to F127 impurities were fixed.
bSee 2.3.3 for method in the determination of the NM concentration.
®The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
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Figure 8.1. Fluorescence decay for 5 uM pyrene in 20% F127 at 20 °C (black) fit to a
sum of exponentials decay (red). The IRF is shown in blue at different concentrations of
NM a) 0 mM, b) 15.4 mM, c¢) 30.7 mM, d) 46.2 mM, and e) 62.5 mM. Residuals between

calculated and experimental data are shown in the lower panels.
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Table 8.5. Fluorescence emission lifetimes and corresponding A values for 5 uM
pyrene in the absence and presence of NM in 30% F127 at 30 °C.

[N M] / ‘[Z;L/nSa ‘[Zz/ﬂSa ‘53/ ’Ez;/l']SC A;° Az’ Az Ayt XZ
mMP ns?

0 03 23 80 197+1 0.60£0.03 0.05+x0.01 0.15£0.01 0.20+£0.01 1.110
15.4+0.2 0.2 19 58 461 0.6+£0.1 0.13+0.02 0.05£0.01 0.21+0.02 1.125
30.8+0.2 03 18 50 28%1 0.6x£0.1 0.12+0.02 0.09+£0.01 0.24+0.02 1.129
46.2+0.3 03 16 44 21+x1 0.60£0.03 0.06+x0.01 0.14+£0.01 0.20+0.01 1.181
61.5+0.7 161 0.52+0.05 0.08x0.01 0.14+0.01 0.26x0.01 1.148

0.2 1.3 35

aLifetimes correspond to F127 impurities were fixed.
See 2.3.3 for method in the determination of the NM concentration.
®The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.

Table 8.6. Fluorescence emission lifetimes and corresponding A values for 5 uM pyrene
in the absence and presence of NM in 30% F127 at 20 °C.

[NM]/  ti/ns?  1o/n t3/ns  t4/ns? A AC AsS 2

Agl Y
me Sa a
0 2.3 8.7 - 229+1 0.4+0.2 0.08+0.08 - 0.5x0.4 1.077
15.4+0.2 2.2 7.7 - 86+1 0.35x0.02 0.09+0.01 - 0.56+0.01 1.087
30.8+0.2 2.0 6.6 19+3 62+1 0.43+0.03 0.02+0.03 0.07+0.01 0.48+0.02 1.160
46.2+0.3 1.7 5.1 20+4 41+1 0.39+0.03 0.09+0.02 0.09+0.01 0.43+0.03 1.097
61.5+£0.7 1.6 45 21+#3 31+3 0.29+#0.06 0.19+0.04 0.25+0.14 0.27+0.15 1.071
4L ifetimes correspond to F127 impurities were fixed.
®See 2.3.3 for method in the determination of the NM concentration.
®The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
Table 8.7. Fluorescence emission lifetimes and corresponding A values for 5 uM pyrene
in the absence and presence of NM in 30% F127 at 10 °C.
[INM]/  w/ns®  1/ns®  13/ns®  14/ns? As° A° As° Af x2
mMmP
0 2.3 8.7 - 261+x1 0.8+0.8 0.03+0.02 - 0.14+0.09 1.094
15.4%0.2 2.2 7.7 37+6 112+1 0.43+0.02 0.03+0.02 0.06+0.01 0.48+0.02 0.944
30.8£0.2 2.0 6.6 32+6 80+1 0.43+0.03 0.06+0.02 0.07+0.01 0.44+0.02 0.993
46.2+0.3 1.7 5.1 21+2 54x1 0.42+0.02 0.08+0.02 0.10+0.01 0.40+0.01 1.069
61.5+0.7 1.6 4.5 19+2 38+1 0.34+0.03 0.17+0.02 0.12+0.02 0.37+£0.02 1.047

4 ifetimes correspond to F127 impurities were fixed.
See 2.3.3 for method in the determination of the NM concentration.
®The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
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Figure 8.2. Quenching plot for 5 uM pyrene in 20% F127 at 20 °C quenched by NM (Kobs
correspond to shorter lifetime of singlet excited pyrene). The data correspond to one
experiment.
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Figure 8.3. Fluorescence decay for 5 uM pyrene in 20% F127 at 30 °C (black) fit to a
sum of exponentials decay (red). The IRF is shown in blue at different concentrations of
Nal a) 0 mM, b) 14.9 mM, c) 30.8 mM, d) 45.7 mM, and e) 61.7 mM. Residuals between

calculated and experimental data are shown in the lower panels.



Table 8.8. Fluorescence emission lifetimes and corresponding A values for 5 uM
pyrene in the absence and presence of Nal in 20% F127 at 30 °C.
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[Nal] / 11/ ns? T2/ 13 / ns® Az® As¢ AsC %
mM>® ns?

0 2.3 9.1 189.1+0.3 0.11+0.02 0.04+0.01 0.85+0.01 1.109
14.9+0.1 2.2 9.0 141.7+0.3 0.09+0.06 0.03+0.02 0.88+0.06 0.961
30.8+0.1 2.2 8.7 120.9+0.1 0.13+0.02 0.10+0.01 0.77+0.02 1.020
45.7+0.1 2.2 8.6 103.3+0.2 0.15+0.02 0.10+0.01 0.75+0.02 1.038
61.7+0.1 2.1 8.2 95.6+0.2 0.10+0.03 0.13+0.01 0.76+0.02 1.110

8 ifetimes correspond to F127 impurities were fixed.

bSee 2.3.3 for method in the determination of the Nal concentration.
°The errors represent the standard deviations calculated using the F900 software. The data

correspond to one experiment.

Table 8.9. Fluorescence emission lifetimes and corresponding A values for 5 uM pyrene
in the absence and presence of Nal in 20% F127 at 20 °C.

[Nal] / 11 / ns? 12 / ns? 13 / ns® Az As® Ay e
mM>®
0 2.3 9.1 227.6x0.3 0.5£0.2 0.2+0.3 0.3£0.6 1.101
14.9+0.1 2.2 9.0 165.0+0.3 0.18+0.06 0.08+0.02 0.74£0.05 1.011
30.8+0.1 2.2 8.7 135.9+0.2 0.23+0.02 0.10+0.01 0.67+£0.02 1.077
45.7+0.1 2.2 8.6 120.4+0.2 0.24+0.02 0.10+0.01 0.66+0.02 1.141
61.7+0.1 2.1 8.2 109.9+0.2 0.22+0.02 0.13+0.01 0.65+0.02 1.148

aLifetimes correspond to F127 impurities were fixed.

bSee 2.3.3 for method in the determination of the Nal concentration.
°The errors represent the standard deviations calculated using the F900 software. The data

correspond to one experiment.
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Figure 8.4. Quenching plot for 1 uM Np in water at 30 °C quenched by Nal. The data
correspond to one experiment.



Table 8.10. Fluorescence emission lifetimes and corresponding A values of
quenching impurities in 20% F127 with Nal at 30 °C (The excitation wavelength was 280

127

nm).
[Nal] / mMmP t1/ns? T2 / ns? T3/ ns? Al Ar? As? 12
0 0.4+0.1 4.1+0.1 12.1+0.2 0.84+0.01 0.14+0.01 0.02+x0.01 1.073
4.8 +0.1 0.4+0.1 4.1+0.1 11.7+0.3 0.84+0.01 0.14+0.01 0.02+0.01 0.992
10.2+0.1 0.4+0.1 3.9+0.1 11.0%0.2 0.84+0.01 0.14+0.01 0.02+0.01 1.001
14.9+0.1 0.4+0.1 3.84#0.1 10.9%0.2 0.84+0.01 0.14+0.01 0.02+0.01 1.059
19.940.1 0.4+0.1 3.840.1 11.0%0.2 0.84+0.01 0.14+0.01 0.02+0.01 1.025

aThe errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
bSee 2.3.3 for method in the determination of the Nal concentration.
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Figure 8.5. Fluorescence emission spectra of impurities in 34% P104 quenched with NM
(INM] = 0-61.5 mM).

Table 8.11. Fluorescence emission lifetimes and corresponding A values for 5 uM pyrene
in the absence and presence of NM in 34% P104 at 30 °C.

[Nm':\/l/l]b/ 1, /ns* t,/ns* 1 /ns A A A ¥
0 2.2 8.9 204+1 0.32+0.09 0.05+0.02 0.63+0.05 1.183
15.4+0.2 2.0 5.6 51+1 0.35£0.02 0.12+0.01 0.53+0.01 1.140
30.8+0.2 1.7 4.4 29+1  0.31+0.02 0.19+0.01 0.50+0.01 1.129
46.2+0.3 1.6 4.3 22+1  0.34+0.01 0.15+0.01 0.51+0.01 1.106
61.5+0.7 1.3 3.3 171  0.17+0.01 0.25+0.01 0.58+0.01 1.164

2L ifetimes corresponding to P104 impurities were fixed.

See 2.3.3 for method in the determination of the NM concentration.
®The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
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Table 8.12. Fluorescence emission lifetimes and corresponding A values for the
guenching of impurities in 34% P104 with NM at 20 °C.

['r\:wl\l\/l/l]b/ 1, /ns* ot /ns® 1 /ns? AP Az Al .
0 0.3+0.1 2.2+0.1 7.7+0.2 0.50+0.04 0.45+0.02 0.05+0.01 1.009

15.4+0.2 0.4+0.1 2.0+0.1 6.1+0.3 0.49+0.03 0.46+0.02 0.05+0.01 0.931
30.8+0.2 0.3+0.1 1.8#0.1 4.9+0.2 0.53+0.06 0.40+0.02 0.07+0.01 0.988
46.2+0.3 0.2+0.1 1.5+0.1 4.0+0.1 0.54+0.08 0.37+0.03 0.09+0.01 0.928
61.5+0.7 0.2+0.1 1.5%0.1 3.9+0.2 0.61+0.09 0.33+0.03 0.06+0.01 0.990

aThe errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
See 2.3.3 for method in the determination of the NM concentration.

Table 8.13. Fluorescence emission lifetimes and corresponding A values for 5 uM pyrene
in the absence and presence of NM in 34% P104 at 20 °C.

[Ir\TI1'\|\/|/|]b/ t/nst  1/ns® 1 /nst Ac Af As° Af -
0 2.2 7.7 238x1 0.22+0.04 0.07x0.01 - 0.71+0.03 0.997
15.4+0.2 2.0 6.1 65+1 0.37+£0.02 0.12+0.01 - 0.51+0.01 1.075
30.8+0.2 1.8 4.9 38+1 0.31+£0.03 0.19+0.02 - 0.50£0.02 1.189
46.2%£0.3 1.5 4.0 28+1 0.25+0.01 0.27%x0.01 - 0.48+0.01 1.053

61.5+0.7 1.5 3.9 22+1 0.57+0.07 0.07+0.01 0.12+0.01 0.24+0.01 1.155

aLifetimes corresponding to P104 impurities were fixed.
bSee 2.3.3 for method in the determination of the NM concentration.
°The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.

Table 8.14. Fluorescence emission lifetimes and corresponding A values for 5 uM pyrene
in the absence and presence of Nal in 34% P104 with Nal at 30 °C.

[ﬁ]éll\;l]b/ t,/nst ot /ns? 1 /s A A A ¥
0 2.7 9.2 206+1 0.21+0.03 0.06%+0.01 0.73£0.03 1.072
4.8+0.1 2.8 8.9 176+x1 0.21+0.03 0.06+0.01 0.73+0.03 1.046
10.2+0.1 2.8 8.3 155+1 0.22+0.03 0.05+£0.02 0.73+0.03 1.007
14.9+0.1 2.7 8.1 143+1 0.25+0.08 0.06+0.03 0.69+0.01 0.977
19.9+0.1 2.6 7.4 132+1 0.16+0.04 0.11+0.02 0.73+0.03 0.990

a8 ifetimes correspond to P104 impurities were fixed.
bSee 2.3.3 for method in the determination of the Nal concentration.
®The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
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Table 8.15. Fluorescence emission lifetimes and corresponding A values for 5 uM
pyrene in the absence and presence of Nal in 34% P104 with Nal at 20 °C.

[Elqi;]b/ 1, /ns* ot /ns® ot /ns A A A XZ
0 2.7 9.2 239+1 0.27+0.03 0.04+0.01 0.69+0.02 1.048
4.8+0.1 2.8 8.9 2041 0.18+0.03 0.08x0.01 0.74+£0.03 1.011
10.2+0.1 2.8 8.3 180+1 0.28%+0.03 0.02+0.01 0.70+0.03 0.961
14.9+0.1 2.7 8.1 1661 0.18+0.04 0.10+0.02 0.72+£0.03 1.059
19.9+0.1 2.6 7.4 156+1 0.23+0.04 0.08+0.02 0.69+0.03 1.178

2L ifetimes corresponding to P104 impurities were fixed.
bSee 2.3.3 for method in the determination of the Nal concentration.
®The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.

Table 8.16. Fluorescence emission lifetimes and corresponding A values of quenching 5
uM naphthalene with Nal in 34% P104 at 30 °C.

[Nal]/ t/ns*  t/ns®  t/ns®  1/ns° Af Af  Af Af v
mMm®
0 0.5 2.7 9.2 731  0.33x0.04 0.01 002 0.64+0.03 1.073
4.8+0.1 0.6 2.8 8.9 632 0.48+0.03 0.01 001 0.50+0.02 1.095
10.2+0.1 0.6 2.8 8.3 58+3  0.51+#0.03 0.01 0.01 0.47+0.01 1.183
14.9+0.1 0.6 2.7 8.1 53+1 0.24#0.01 0.01 0.03 0.72+0.01 0.993
19.9+0.1 0.4 2.6 7.4 49+1  0.26£0.02 0.01 0.03 0.70+0.01 1.020

aLifetimes corresponding to P104 impurities were fixed.
®See 2.3.3 for method in the determination of the Nal concentration.
°The errors represent the standard deviations calculated using the F900 software. The data
correspond to one experiment.
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Figure 8.6. The absorption spectra of 80 uM 2-NpC in a) water-glycerol mixture, b) 20%
F127 at 20 °C in the presence of 33 mM NaNO: before (black line) and after (blue line)
performing LFP experiments.
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Figure 8.7. The absorption spectra of 80 uM NpOH in a) water-glycerol mixture, b) 20% F127 at
20 °C in the presence of 33 mM NaNO: before (black line) and after (blue line) performing LFP
experiments.
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Figure 8.8. The absorption spectra of 80 uM Np in water-glycerol mixture at 20 °C in the
presence of 33 mM NaNO: before (black line) and after (blue line) performing LFP
experiments.
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Figure 8.9. The absorption spectra of 30 uM Pht in 20% F127 at 20 °C in the presence of
33 mM NaNO: before (black line) and after (blue line) performing LFP experiments.



