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Abstract

Aqueous solutions of polyoxyethylene-polyoxypropylene-polyoxyethylene (PEO-
PPO-PEO) amphiphilic triblock copolymers (commercially known as Pluronic
surfactants) undergo reversible and temperature-dependent micellization and arrangement
into cubic ordered lattices known as “micelle gels”. The macroscopic behavior of the
ordering is a transition from a liquid to a gel. While the phase behavior and gel structure
of pure Pluronic surfactant solutions have been well studied, less is known about the
effects of added ternary solutes. In this dissertation, a comprehensive investigation into
the effects of the added pharmaceutical methylparaben on solutions of F127 ranging from
10 to 30 wt% was conducted in order to better understand the behavior of F127 in
multicomponent pharmaceutical formulations. The viscoelastic properties of F127 gel
formation were studied using rheometry, where heating rates of 0.1, 1, and 10 degrees
C/min were also used to probe the kinetics of the gel transition. In solutions containing
methylparaben, F127 gelation occurred at up to 15 degrees C lower temperatures and was
accelerated by a factor of three to four. Small angle x-ray scattering (SAXS) was used to
characterize the structure of the ordered domains, and how they were affected by the
presence of dissolved pharmaceuticals. It was found that ordered domain formation
changed from heterogeneous nucleation and growth to possible homogeneous nucleation
and growth. A roughly 2% reduction in the cubic lattice parameter was also observed for
solutions containing methylparaben. Differential scanning calorimetry (DSC)

experiments were performed on a series of different Pluronic surfactants in order to

xi



characterize the micellization behavior as a function of PPO center block length and
PEO/PPO ratio. Added methylparaben suppressed the micellization endotherm, the
degree of suppression depending linearly on the amount of added methylparaben, as well
as the length of the PPO center block and PEO/PPO ratio. This dissertation yielded a
thorough characterization of the changes in micellization and gelation behavior in F127
gels as a result of added pharmaceuticals. Previously unobserved behavior such as the
onset of ordered domain formation in F127 gels was observed, and a greater
understanding of the interactions between amphiphilic copolymer solutions and dissolved

solutes was achieved.
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Chapter 1

Background and Motivation

1.1 Overview of Pluronic surfactants

Polyethylene oxide-polypropylene oxide-polyethylene oxide (PEO-PPO-PEO)
triblock copolymers are a subset of amphiphilic block polymers known commercially as
Pluronic surfactants. A variety of Pluronic surfactants are readily available, with
differing block and arm lengths. These can be arranged on what is known as the Pluronic
grid (Figure 1.1). On the lateral axis, moving further to the right indicates an increasing
weight percentage of the hydrophilic arms (PEO). Moving up on the vertical axis
indicates increasing length of the hydrophobic center block (PPO). Each surfactant is
indicated by a formula code, which comprises of three segments. The leading character
indicates the physical form of the Pluronic surfactant at room temperature: L for liquids,
P for pastes, and F for flakes (solids). The second character (or central two characters, in
the case that the code is four characters long) indicates the length PPO block.
Multiplying this number by 300 gives the approximate molecular weight of the PPO
center block. The final digit indicates the mass fraction (as 1/10 the weight percentage)
of the molecule that is comprised of PEO. For example, the Pluronic surfactant with
code F108 is a flaked solid (“F”) at room temperature with a PPO mass of approximately

3000 g/mol (““10” times 300), and is 80% by weight PEO (“8” times 10). The total



molecular weight of F108 would thus be approximately 15,000 g/mol. The nominal
chemical formula for F108 is PEO3,PPOsoPEQO3,.

Synthesis of Pluronic block copolymers, described by Schmolka', is achieved using a
propylene glycol initiator which is lengthened by sequential addition of propylene oxide
monomer units. This reaction is catalyzed by a basic catalyst and run under elevated
temperature and pressure, until the desired molecular weight is achieved. Following this,
ethylene oxide is sequentially added to both ends of the PPO center block until the
desired mass ratio is achieved. Figure 1.2 illustrates the synthesis reaction. Commercial
preparations of Pluronic surfactants often contain impurities of the PPO homopolymer,
and di- and triblock copolymers with different molecular weights and PEO/PPO mass
ratio than the desired product™. These impurities can be removed using gel permeation
chromatography (GPC) to selectively filter for polymer chains of the right molecular

weight >,
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Figure 1.2 Synthesis of Pluronic surfactants. The subscripts a and b in the reaction
schematic represent variable repeat lengths of the monomeric blocks, which vary in
length for different formulations of Pluronic surfactants. Figure reproduced from'.

1.2 Micellization and gelation of Pluronic surfactants

Dispersed solutions of Pluronic surfactants, like many amphiphiles, will undergo self-
assembly, known as micellization. Micellization can be achieved by varying
concentration at a given temperature (the critical value of which is defined as the critical
micelle concentration or cmc) or by varying temperature for a given concentration (the
critical temperature being defined as the critical micelle temperature or cmt). A
schematic of this process is illustrated in Figure 1.3. As the solution crosses the cmt,
micelles will form and an equilibrium balance of micelles and dispersed polymer chains
will be established™®. The driving force for micellization is entropic in nature, owing to

the hydrophobic effect’, where hydrophobic molecules associate with one another in



order to dissipate the “water cages” of ordered water molecules that form around each
hydrophobic molecule. Studies have shown that micelle formation in most Pluronic
surfactants results in spherical micelles®’, however, wormlike micelles have been

- 10,11
observed to exist'®!".

micelle + dispersed
phase

dispersed phase micelle gel phase

Cold Temperature

Figure 1.3 Temperature-dependent micellization and gelation of Pluronic surfactants

Gel formation in solutions of Pluronic surfactants is driven by an increase in the size
(aggregation number) of Pluronic micelles, and their subsequent ordering into liquid
crystalline lattices®'>"*. The arrangement into crystalline lattices is the result of two
factors: an increasing volume fraction occupied by micelles and the repulsive force
between micelles. As the volume fraction of micelles increases (which occurs via both
new micelle formation and Ostwald ripening from neighboring micelles'*), and
increasing repulsive interactions between nearby micelles occurs, the micelles form
ordered phases in order to maximize their distance from one another, much like atoms in

a crystalline lattice.



The majority of the ordered phases consist of cubic packing arrangements of spherical
micelles, however, at very high Pluronic concentrations (in the vicinity of pure polymer),
lamellar phases were commonly identified. Additionally, Pluronic surfactants with a low
PEO content by weight (<15%) also formed lamellar phases. As the weight percent of
PEO in the molecular formula increases (~25%), hexagonal ordered phases are formed.
Finally, for most Pluronics with higher PEO content (>25%), cubic phases are observed®.
Scattering studies on these ordered phases typically demonstrate scattering rings,
indicating that many randomly oriented ordered domains exist in the solution®'>'®. The
application of shear, however, leads to substantially enhanced ordering of the micelles,
and single-crystal like scattering behavior has been observed'’™"”.

The micellization and gelation behavior of Pluronic surfactants have been studied

: 5,12,13,20-22
extensively™

. The phase behavior for many Pluronic surfactants have been
probed™'®. Different Pluronic surfactants have been shown to exhibit varying phase
behavior, some displaying complex phase characteristics, while others having relatively
simple behavior. Figure 1.4 shows the phase diagrams for four different Pluronic
surfactants, each with increasing PEO content. The phase behavior for F127 only has
three major phase regions with a thin two-phase region at the interface between the
isotropic phase and the cubic phase (the aforementioned equilibrium regime where
micelles and dispersed unimers exist), whereas P123 has a more complicated phase

diagram, including an order-to-order transition between the cubic and hexagonal phases

and an extended multiphase region.
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Figure 1.4 Phase diagrams of the four Pluronic surfactants. Clockwise from upper left
the phase diagrams are for Pluronic L121, L122, F127, and P123. Increasing temperature
is depicted on the y-axis and increasing concentration is depicted on the x-axis. Figure
reproduced from®.

Pluronic “micelle gels” differ from most conventional polymer hydrogels.
Conventional gel formation is typically achieved via covalent bond formation between
adjacent polymer chains (crosslinking), or physical entanglement of multiple chains,
resulting in a mechanically robust tangled network®. In a micelle gel, the lattice ordering
of individual micelles offers mechanical stability**. Because there is no covalent bond
formation in micelle gels, and the micellization behavior of Pluronic surfactants is driven
by temperature (for a fixed concentration solution), the gelation process is reversible.

Not all Pluronic surfactants are capable of producing gels, however. Figure 1.5
illustrates the relative gel forming abilities of the Pluronic surfactants and their relative

positions on the Pluronic grid'. Pluronic F127 is the best for gel formation, with



concentrations of around 20% being sufficient for gel formation, whereas other Pluronic
surfactants require substantially higher concentration solutions, and about half of the

available surfactants are not able to form a gel no matter the concentration used.
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Figure 1.5 Pluronic surfactant gel formation. The bolded boxes and percentages indicate
the minimum concentration required to form gels. F127 has the best gel-forming abilities
of all the available Pluronic surfactants. Figure reproduced from Schmolka'.



1.3 Applications of Pluronic gel systems
Pluronic surfactants have found multiple industrial applications, performing in roles

1225 Several attributes of the

as detergents, stabilizers, emulsifiers, lubricators, etc
Pluronic gels also make them particularly attractive for use in biomedical applications.
The high biocompatibility of Pluronic surfactants also makes them safe for direct
interaction with host tissues with minimum concern for cytotoxicity'. The reverse
thermal gelation properties makes Pluronic gels particularly suited for in-vivo delivery of
pharmaceutical or therapeutic agents. Pluronic gels combine the convenient delivery
mechanism of a solution-based formulation with the enhanced release characteristics or
enhanced mechanical properties of a gel-based formulation. Compared to more
conventional gels, which are liquid at high temperatures and solids or gels at low
temperatures, Pluronic gels can be delivered as a cool liquid and will form a gel upon
warming to body temperature. This delivery strategy is more favorable than delivering a
heated fluid (which would gel upon cooling to body temperature), as contact with heated
fluids may be damaging to surrounding tissues or skin, and may cause discomfort to
patients. Additionally, the elevated temperatures required to maintain solutions in the

melted state may also be damaging to physiologically sensitive therapeutics such as

enzymes or proteins, which may become denatured by the heat.

1.3.a. Clinical applications of Pluronic hydrogels
There has been a substantial amount of prior research studying the potential for

Pluronic hydrogels in clinical applications. Multiple delivery strategies have been

26-28 29,30

utilized: transdermal or percutaneous delivery™ ", oral or buccal delivery””", ophthalmic

delivery’', rectal delivery’?, intraperitoneal injections™ etc. There is also evidence that



formulations of F127 can facilitate transport of molecules across bilipid membranes®*,
including having potential as a gene delivery agent’>. Other applications for F127 use

36,37

have also included topical applications such as wound and burn healing™”’, or using

F127 as a temporary embolic material®®.

Kabanov et al.*’

prepared a review article detailing the use of F127 formulations in
antitumor therapy where it was found that F127 delivery of anticancer therapeutics
played a role in sensitizing tumors to the treatment, thereby increasing their efficacy.

Escobar-Chavez et al.* also conducted a comprehensive review, compiling recent efforts

on the application of F127 gels in pharmaceutical formulations.

1.4 Motivation

As described previously in this chapter, the thermodynamics of micelle and gel
formation is relatively well known for a variety of Pluronic surfactants. Kinetic or
transient effects, however, have been given somewhat less attention. Given the large
potential to encounter non-equilibrium transition conditions in real-world applications,
this gap in the literature represents a key area in which more work needs to be done. If
there are significant transient factors in the formation or properties of Pluronic gels, these
factors need to be studied and accounted for in order to achieve maximum optimization
of Pluronic formulations for a given application.

Relating to the addition of ternary components into these systems, there have been
some studies that endeavor to determine changes in the gel behavior, however the solutes
studied typically are of a general nature (salts, hydrocarbon chains, etc.) and rarely

feature additives that would be of use in direct application. Early work by Vadnere, et
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al.” showed that the presence of solutes could raise or lower the cmt of Pluronic solutions.
Nagarajan*'"** conducted studies the solubilization of hydrocarbon chains into Pluronic
surfactants.

Regarding the significant body of work that already exists studying the use of F127 or
other Pluronic surfactants as a delivery vehicle for therapeutics or pharmaceuticals, the
majority of these studies focus on the efficacy and application of F127 formulations in
pharmaceutical or therapeutic applications. Relatively little is known about how the
presence of such additives affects the gel properties of Pluronic surfactants, or the
mechanisms by which enhanced release or delivery profiles is achieved. Bentley et al.*’
conducted rheological studies on formulations of Pluronic F127 (also referred to in the
literature as Poloxamer 407) with added lecithin. They measured an increase in the
mechanical properties of F127 gels as a result of the added phospholipid. Ricci et al.**
also conducted a rheological study of F127 hydrogels containing the pharmaceutical
lidocaine hydrochloride. It was found that the addition of lidocaine decreased the
viscosity of the hydrogels. Sharma ez al.* surveyed the effects of added anti-
inflammatory drugs on the thermoreversible gelation of F127 solutions and conducted
some studies on the changes in the micelle properties and structures*®*” as well. They
found that the critical gel temperature was significantly lowered for solutions containing
pharmaceutical additives. However, efforts such as these are relatively rare in the
literature.

The aim of this dissertation work was to provide a more comprehensive study of the
effects, both microscopic and macroscopic, on the gel formation and properties of

Pluronic F127 gels. F127 will be used in particular, because it is the Pluronic surfactant
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with the greatest gel-forming abilities. This will make it easiest to identify differences in
gel behavior, since the range of available concentrations at which F127 solutions gel is
greater than that of all the other available Pluronic surfactants.

The effects of ternary additives, specifically focusing on pharmaceuticals, will be
studied given the preponderance of prior literature on utilizing F127 as a delivery agent
for therapeutics. For this work, the primary pharmaceutical tested was methyl
p-hydroxybenzoate (methylparaben or MP). Methylparaben is a small, mostly
hydrophobic molecule that has antifungal and antibacterial properties*®. The chemical

structure of methylparaben is shown in Figure 1.6.

Methylparaben Dexamethasone
O~O-CHj
OH
Cisplatin Magnesium citrate
HO
Cl,  oNHy OHO »=O0
Pt +2
cI” VNH, 0 Mg
O O

Figure 1.6 Chemical structures of the additives used in this study. Molecular weights are
as follows: methylparaben = 152 g/mol, dexamethasone = 392 g/mol, cisplatin = 301
g/mol, magnesium citrate = 214 g/mol.



As many of the candidate pharmaceuticals exhibit hydrophobic characteristics, the
selection of MP is an appropriate choice for use as a model. Additionally, its low cost
and ready availability also contributed to its selection. Some prior literature also exists

4547 50 that

that involved studying the properties of F127 gels with added methylparaben
results could be compared to the existing literature.

In addition to the main focus on methylparaben, three additional additives were used
in preliminary experiments designed to expand the range of tested solutes. These
additives are dexamethasone, a common anti-inflammatory and immunosuppressant drug,
and the chemotherapy agent cis-diamminedichloroplatinum(Il) (cisplatin), a
chemotherapy agent. Magnesium citrate was also tested in order to study the effects of
added pharmaceuticals that were more hydrophilic in nature. The structures and
molecular weights of these molecules are also listed in Figure 1.6.

Three main methods were used to complete this study: rheology, small angle x-ray
scattering (SAXS), and differential scanning calorimetry (DSC). Rheology was used to
study the macroscopic properties of the gel, the critical gel temperature (T ) and the
viscoelastic properties. Structural studies on the micelle lattices were carried out using
SAXS, and the energetics of micellization and gel formation were probed using DSC.
Efforts were made to explore kinetic effects such as non-equilibrium heating rates, in
order to determine if transient effects play a significant role in gel formation. By
completing a thorough study of the effects of added MP on F127 gel formation, a more
complete picture of the molecular interactions taking place will be developed, and this
will hopefully ultimately lead to the development of more general understanding of

ternary components and their interactions with amphiphilic copolymer micelles and gels.
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Such knowledge would prove to be useful in the optimization of polymer formulations
designed to be used in pharmaceutical or biomedical applications, and could possibly be

extended to other disciplines as well.
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Chapter 2

Rheometric Characterization of F127 Gelation

2.1 Introduction

Aqueous solutions of Pluronic F127 exhibit temperature-dependent micellization
behavior, similar to that of other amphiphilic copolymer systems. High temperatures or
high concentrations of these solutions are known to form hydrogels. The formation of
these gels is attributed to the close packing and ordering of micelles. The
quasiequilibrium phase boundaries of these systems have been studied extensively®®'***-
>! but the kinetics of the gel formation are less well-known.

Additionally, the presence of dissolved solutes is known to affect the gel
properties'®'>*** but again, not much attention has been paid to the effects that these
ternary additives have on the kinetics of the gel transition. This chapter covers a set of
rheological experiments designed to study the effect of increasing heating rate on the gel
formation of F127 solutions, as well as how the gelation behavior is affected by the
presence of the added pharmaceutical methylparaben.

The experiments, results, and discussion covered in this chapter were submitted and

published in the journal Macromolecules™.
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2.2 Materials and methods

2.2.a. Solution preparation

Pluronic F127 was obtained from Sigma-Aldrich (St. Louis, MO) and used as
received. Solutions of Pluronic F127 were preparing according to the “cold method”
method outlined by Schmolka'. Weighed amounts of F127 were added slowly to
deionized water and stirred gently to avoid foaming. Once all the dry F127 was added,
the solution was then kept at 4°C to dissolve quiescently. For the high concentration
solutions (25% or greater), the solution was periodically stirred between cool incubations
to facilitate dissolution of the F127 flakes.

Methylparaben (MP) was also obtained from Sigma-Aldrich and used as received.
Solutions containing MP were prepared by first making a 10% F127 solution saturated
with excess MP. Excess undissolved MP was removed by filtering the stock solution
through a 0.45 um vacuum filter. The final concentration of MP in this solution was
approximately 2% wt/v. A saturated solution was used in order to maximize observable
differences in rheological response owing to the presence of MP. After this saturated
stock solution was made, aliquots were removed and weighed amounts of F127 were
added to the aliquots until the desired final F127 concentration was achieved. This
method of preparation, adopted from Sharma et al.* ensured that the amount of added

MP was consistent for each concentration.

2.2.b. Rheometry
All rheometry experiments were conducted on a TA Instruments (New Castle, DE)
ARES AR-2000 rheometer in dynamic oscillatory mode. A Peltier thermal stage

accessory was attached to the rheometer motor in order to control the temperature and
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heating rate of the solutions. Parallel plate geometry was used in each test, with the
Peltier thermal stage serving as the lower surface, and a stainless steel upper tool (25mm
diameter) for the upper surface. Figure 2.1 illustrates the experimental setup. For each
experiment, approximately 0.5 mL of test solution was dispensed onto the thermal stage,
and the upper tool lowered until contact between the solution and the upper surface was
achieved. Following this, the upper tool was further lowered until the edges of the

solution extended to the edge of the upper surface.

UNLOCYED LOCKED M\

cauTioN
- — i
Top surract HAEgN A
SLIDE DOWN, clﬁ [
WHEN TOOL 1

Figure 2.1 Rheometer setup. A humidity cover (not shown) was used during the
experimental runs in order to minimize sample evaporation.
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The resulting gap thickness was typically around 1 mm. To minimize the effects of
sample evaporation, a humidity cover saturated with distilled water was put over the
sample after loading.

The rheometer was operated in dynamic oscillatory mode with a frequency of 10
rad/s and an applied strain of 1%. Scout tests conducted using these parameters, as well

. . 1
as comparison to literature® "

ensured that these settings kept the solution in the linear
viscoelastic range throughout the experiment. Data was collected at 0.1 Hz for the
0.1°C/min tests, and 1 Hz for the 1 and 10°C/min tests. Each experimental condition was
repeated a minimum of three times, with the results being the average of the three
repetitions.

Owing to the low viscosity of the solutions in the liquid phase at low temperatures,
additional measurements were taken to provide a more reliable measure of the initial
viscosity of the solutions prior to the gelation event. This was accomplished using a
dynamic oscillatory frequency sweep performed at the starting temperature of the
corresponding ramp test, covering a frequency range from 1 to 15 rad/s and an applied
strain of 200%, with data points being recorded in 0.05 rad/s increments.

The temperature range used was typically between 15°C and 65°C. Higher
concentrations of F127 were started at lower temperatures (as low as 5°C) in order to
fully capture the liquid-to-gel transition, because the gel transition at the highest F127
concentrations occurs at or below 15°C. A total of three heating rates were tested: 0.1°C,

1°C, and 10°C/min. A typical thermal schedule was as follows: the solution was heated

from the starting temperature at a steady heating rate to the final temperature, followed
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by a 10-minute incubation at the final temperature to allow any temperature-lagging
processes to complete.

For the 0.1°C/min tests, sample evaporation over the duration of the test made it
impractical to conduct the entire heating ramp at 0.1°C/min, so an alternative schedule
was utilized in which a 10°C range surrounding the gelation temperature was heated at
0.1°C/min; starting nominally 5°C below the transition temperature and ending nominally
5°C above the transition temperature. The rest of the heating ramp was conducted at
1°C/min. This reduced the total time for each 0.1°C/min experiment, so that sample
evaporation would not negatively affect the high temperature results because the solution

was heated so slowly.

2.2.c. Data analysis

Power law analysis was used to quantify the critical gel temperature, T, by
determining the point at which the complex viscosity 1 increased above the baseline
level. In order to accomplish this, the raw rheometry data was plotted as log(n) vs. log(¢)
and the linearly increasing region isolated from the rest of the data. A linear trendline
was fitted to this isolated data, and the trendline extrapolated backwards until it
intersected a horizontal line defined by the initial viscosity as measured using the
frequency sweep test data. The x value of the intersection, indicating the time at which
the viscosity first began to rise above the baseline value, was correlated to the
temperature of the system by referencing that time to the raw rheometry data. This
temperature was taken to be the critical gel temperature (Tger). Figure 2.2 shows this

process applied to a sample dataset of 20% F127 heated at 1°C/min.
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Figure 2.2 Power law analysis of rheometry data. The linearly increasing viscosity
values (white circles) are fitted with a linear trendline, which is extrapolated backwards
to where it intercepts the initial viscosity value as measured using a frequency sweep.
This intersection (arrow) indicates the time at which the gelation bas begun. For clarity,
the pre-gelation data has been excluded (as was done for the analysis). Figure
reproduced from >°.

A log-Boltzmann sigmoid model was used in order to characterize the characteristic
gelation time (Af). Equation 2.1 describes the fitting model used, where ¢y denotes the
inflection time, the time at which the complex viscosity has reached halfway between its
initial and final values. Figure 2.3 illustrates a representative Boltzmann sigmoid curve
and illustrates the four relevant fitting parameters: #y, 1, ty, and At.

log(1,) - log(n,)
logn* (1) =log(n,)+ : pars !

(1+eT)

Equation 2.1
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The slope of the curve at ¢y is defined in Equation 2.2.

dlog(n, ) log(n,)-log(,)
dt 4At

Equation 2.2

The value 4Af can be interpreted as the total time elapsed between the onset and the
completion of gelation. As such, it can be used to compare the rate at which differing
formulations of F127 solutions gel. The smaller the value of 4A¢ or (At), the faster the

gelation.

Figure 2.3 Boltzmann sigmoid curve showing relevant fitting parameters.
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2.3 Results

2.3.a. Heating rate influences gelation temperature

Figure 2.4 illustrates the effect that heating rate has on gelation temperature. The data
has been plotted as the complex viscosity vs. temperature, and it is clearly seen that at
0.1°C/min, the gelation occurs at a lower temperature than for the higher heating rates.
Table 2.1 summarizes the identified T, as determined by power law analysis. The most
pronounced changes in Ty occurred at the lower F127 concentrations. Comparing T to

heating rate, the most pronounced differences occur between the 0.1°C/min and 1°C/min

heating rates.

10000

1000
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O 0.1°C/min
Bl 1°C/min
/A 10°C/min
I |
30 35
Temperature (°C)

0.1

0.01

Figure 2.4 Viscosity vs. Temperature for a 20% F127 solution heated at different rates.
Heating rate influences gelation time. For clarity, the number of data points shown has
been reduced. Figure reproduced from™.
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F127 Concentration 0.1°C/min 1°C/min 10°C/min

10% 449 +13 472+1.8%  58.5+18
15% 30.0 £0.1 315403 50.5 0.4
?f;; 20% 23.9£0.1 275403 26.6+0.4
25% 19.8 0.1 222 40.1 20.0 0.3
30% 17.0 £0.1 19.3 £0.0 19.3+0.7
10% 46.9 1.6 33.6+1.0%  63.8+2.0
15% 25.4 +0.4 30.0 £1.9 46.6 0.8
511\2/[; 20% 12.0 £0.0 12.4+0.1 12,4403
25% 9.9.+0.0 103 0.1 10.8 £0.2
30% 8.1 +0.1 8.3 40.0 8.9 0.5

Table 2.1 Gel temperature as determined by power law analysis. The asterisk indicates
data collected using a smaller gap dimension of approximately 0.6 mm since the tests run
at larger gap dimensions resulted in a lack of identifiable gelation. Table reproduced
from™.

2.3.b. Heating rate influences gelation time

The gelation time At is also affected by the heating rate. Generally, faster heating
rates and/or higher F127 concentration resulted in shorter gel times. Figure 2.5 shows a
20% F127 solution heated at different rates along with the fitted log-Boltzmann sigmoid
curve overlaid on the raw data. At the highest concentrations and highest heating rates,
the gel transition was on the order of a few seconds. Differences in A¢ are minimized
under these conditions; however, sampling rate limitations of the rheometer (1 Hz
maximum) may be the limiting factor, masking differences in actual gel time. Table 2.2

summarizes the fitting values used in the log-Boltzmann sigmoid analysis.
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Figure 2.5 Viscosity vs. time for 20% F127 at three heating rates. The black line shows
the corresponding log-Boltzmann sigmoid fit applied to the data. For clarity, the number
of data points was reduced for the 1°C/min and 10°C/min heating rates. Figure
reproduced from™.
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HStineRaC  onconaion Pas'  pas' 0O MO
10% -1.87 2.68 £0.11 4983 £732 283 +29
15% -1.72 2.87+£0.08 4217 £29 333 £58
20% -1.34 2.98+0.01 3308 +11 325 £19
25% -0.98 326 +£0.01 3142 +6 89 £9
0.1°C/min 30% -0.91 3.38+0.00 4774 £25 109 +1
10% + MP -1.91 2.25+0.09 6417 +£889 300 +0
15% + MP -1.46 243 +£0.10 1310+340 233 +58
20% + MP -0.80 3.12+£0.01 1786 £12 103 +6
25% + MP -0.69 3.27+0.08 3447 £12 105 £24
30% + MP -0.50 3.37+0.01 2282 +£20 87 £6
10%* -1.87 2.25+£0.05 2932 +39 253 £17
15% -1.72 1.67+0.02 1181 £33 129 £10
20% -1.34 3.00+0.01 783 +5 18 £1
25% -0.98 3.25+0.00 4572 11+£3
1°C/min 30% -0.91 3.37+0.01 874 +3 612
10% + MP* -1.91 2.27+0.06 2178 £28 244 £9
15% + MP -1.46 2.05+£0.00 1015+123 52 +8
20% + MP -0.80 3.17+£0.03 366 +£178 340
25% + MP -0.69 3.36£0.01 580 +1 5+1
30% + MP -0.50 3.44+£0.02 462 +0 7 +1
10% -1.87 1.73 £0.07 411 +11 78 £1
15% -1.72 1.80+0.04 284 +£20 3542
20% -1.34 3.06+0.01 84 =1 410
25% -0.98 331+0.01 46+2 4 +1
10°C/min 30% -0.91 3.43+£0.01 10243 3+1
10% + MP -1.91 1.30+0.05 481 +12 54 +4
15% + MP -1.46 1.71 £0.14 258 £13 30 £5
20% + MP -0.80 3.15+0.01 602 310
25% + MP -0.69 3.34+£0.00 73 +2 4 +1
30% + MP -0.50 345+0.01 60=£3 340

Table 2.2 Log-Boltzmann analysis used to determine gel time. Values with asterisks
indicate data collected using a smaller gap dimension of approximately 0.6mm. Table
reproduced from™.



2.3.c. Methylparaben influences the gel transition

As previously reported'“*>*"*’ the presence of dissolved solutes affects the
micellization and gelation behavior of Pluronic solutions. Here the addition of
methylparaben influenced both T, and Az when compared to neat F127 formulations.
Figure 2.6 shows the difference in T, as determined by power law analysis when
saturated MP is added to the F127 formulations. Globally a drop in the gel temperature is
seen, with the most pronounced drops occurring at F127 concentrations of 20% and
above. The heating rate also had a small effect on the gelation temperature, with the
higher heating rates indicating additional lowering of T for F127 concentrations of 20%
and higher. Table 2.1 shows that for 10% F127, an increase in T, with added MP was
measured, however, it is possible that this is an anomaly due to thermal lag or sample
dehydration. The driving force for gel formation at 10% F127 is very low, and while an
increase in viscosity can be detected using the rheometer, a self-supporting “gel” phase is
never achieved. These measurements agree with those of Sharma et al.**, who also
measured a lowering of the gel temperature by roughly 15-20°C for F127 concentrations
saturated with MP. Their measurements were carried out using a simpler tube inversion
method, however, which allowed the system to come to equilibrium before the
measurement was taken. The resolution of their measurements was also limited by the
temperature accuracy of their water bath.

The effects of MP on the characteristic gelation time (A¢) were also measured by log-
Boltzmann sigmoid analysis. Figure 2.7 shows the change in Az for F127 solutions both
neat and with added MP, at a heating rate of 0.1°C/min. There is a pronounced lowering

of At, interpreted as a quickening of the gel formation. This difference is again most
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pronounced at 20% F127. At concentrations of 25% and above, however, there was no

pronounced difference in Atz.
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Figure 2.6 Difference in Ty as a result of added methylparaben for 15-30% F127.
Figure reproduced from™. Absolute values of Ty are listed in Table 2.1.
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Figure 2.7 Comparison of the characteristic gelation time Az as a function of F127
concentration under a heating rate of 0.1°C/min. Figure reproduced from™’.

2.4 Discussion
Here the effects of heating rate on the gel properties of aqueous F127 solutions, as
well as the effects that the dissolved solute methylparaben has on the system were

determined. While previous studies have covered this topic before™*'>%

, none have paid
particular attention to the effects of heating rate. These results show that there is a kinetic
component to the gel formation process as measured by rheometry, and that heating rate
affects the gel formation behavior of F127 solutions in a systematic manner between 15
and 30% F127. Higher heating rates correlate with a higher T, and shorter Az. At 10%
F127, however, the variance in our measurements were notably higher than for the more

concentrated F127 solutions. Initially, no gelation event (no change in viscosity) was

observed when heating a 10% F127 solution at 1°C/min, whereas gelation was

28



measurable at 0.1°C and 10°C/min. Repeating these experiments using a smaller gap
dimension, in an effort to reduce edge meniscus effects as well as minimize exposed
surface area to evaporation, gelation events were recorded with a 1°C/min heating rate.
These anomalies are attributed to the fact that at 10%, the driving force for gel formation
in F127 is weak, and that systematic changes in the gel behavior are possibly overridden
by other factors, such as sample dehydration. As the measured Ty for 10% F127 was the
highest of all solutions tested, up to 45°C or higher, any measured rheological response is
likely to be dehydrated residues rather than the actual 10% solution. For the higher
concentrations of F127, the gelation happens at lower temperatures and thus the
rheological responses are recorded before encountering any significant evaporation.

The data illustrate that heating rate has an influence on the gel time. One explanation
for this is simply that the gel transition is related to the heating time of the system. In
other words, it is obvious that gelation happens more quickly with an increasing
temperature as the temperature of the system is being raised more rapidly. If this were
the case, however, the measured gel times would scale directly with the heating rate.
Thus, At for 10°C/min would be simply 10 times higher than that for 1°C/min. The
values in Table 2.2, however, indicate that while the heating rate was changed by a factor
of 100 between the lowest and highest rates tested, A¢ only changes by a factor of 10-30.
Therefore, it is reasonable to conclude that there are some kinetic factors present.

Figure 2.6 and Figure 2.7, as well as the data in Table 2.1 and Table 2.2 show that the
intermediate concentrations of F127 exhibit the most sensitivity to added MP, in terms of
the measured viscoelastic response. This sensitivity is not immediately intuitive given

that the trends of Ty and Af monotonically decrease for increasing F127 concentration
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without added MP. One would expect that increasingly higher concentrations of F127
would experience increasingly large modifications in gel behavior, as an already strong
driving force for gel formation is amplified by heating rate or added MP. Why then, does
added MP affect the gel behavior more profoundly only at the intermediate F127
concentrations? One explanation is if there is some practical upper limit to the driving
force to form a gel, which is seen at high concentrations of neat F127 solutions, whereby
other limiting factors come in to play (such as the diffusion/aggregation rate of Pluronic
micelles). When the driving force is already at or near this maximum, added MP may not
enhance gel formation to a significant degree. Another explanation is that the sampling
frequency of the rheometer was not sufficient to determine the differences in T or At.
Especially at the highest concentrations, where At is only on the order of a few seconds, a
1 Hz maximum sampling rate of the rheometer may not be sufficient to accurately
capture and characterize the viscosity profile, thus leading to errors in the fitted model.
Insight into the physical mechanism by which MP affects the gelation behavior can
be gained by considering the structure of the molecules involved. To briefly review, the
“gelation” event in aqueous F127 solutions is actually the ordering and interaction of
F127 micelles into a crystalline-like lattice. This ordering is based on repulsive forces
between individual micelles and not physical entanglement or covalent crosslinking
common to gel formation in other polymeric systems’®. Owing to the nonpolar character
of MP, which has an octanol/water partition coefficient of 1.96”, molecules of MP likely
segregate into the core of the F127 micelles where they may act as a plasticizer,
disturbing the packing of the hydrophobic PPO chains within the micelle core. This

plasticizing effect may increase the size of the micelle, which effectively results in
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properties similar to solutions at higher temperatures, and the micelles themselves being
larger and more numerous. As a result, nearest-neighbor interactions are more likely to
occur and cause ordering in solution, culminating with a gelation-like event. Pluronic
F127 contains 30% by weight PPO, and the added MP is present at a concentration of
approximately 1-2%. Assuming that the MP segregates entirely to the micelle core,
given its hydrophobic nature*', it can be calculated that the weight percentage of MP
within the micelle core is between 30% and 10%, for 10% and 30% F127 respectively.
Therefore, despite the low total concentration of MP in the solution as a whole, the
micelle core contains a considerable amount by weight of MP. Large effects on the
properties of micelle formation or ordering are therefore reasonable to expect.

It is also known that the energetics of the micelle system is being affected by the
presence of MP, which might ultimately affect the gel behavior of aqueous F127
solutions. Measurements made by Sharma et al.*” indicate a lowering of the critical
micelle concentration (cmc) for solutions containing dissolved pharmaceutical solutes
(including MP). They suggest that this lowering of the cmc would facilitate micellar

assembly. A more detailed treatment of this topic will be presented in Chapter 3.

2.5 Chapter summary

In this chapter, the viscoelastic response of aqueous F127 solutions was rheologically
measured over a range of F127 concentrations. Particular attention was paid to the
kinetics of the gel formation, by tracking the viscosity as the solution was heated using a

range of heating rates. This aspect of the gel formation had not been previously studied
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in detail, so these efforts have culminated in a novel addition to the body of knowledge
surrounding gelation behavior in amphiphilic copolymer systems.

It is important to note, however, that the methods used here are mainly observational
tools that can only indirectly infer about the structure and evolution of the micelle gel that
has formed. In order to more completely understand the nature of the measured response
to added solutes, a more in-depth investigation on the structure of these gels is needed.
The contents of the following chapter cover an in-depth structural analysis of Pluronic

F127 gels and the effect of these ternary additives.
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Chapter 3

Structural Study of F127 Gel Formation

3.1 Introduction

In Chapter 2, a viscoelastic characterization of F127 gel formation was presented.
While rheometry is useful to study the macroscopic viscoelastic behavior of materials, it
does little to explain the physical foundation of the observed changes. In order to better
understand the specifics of the changes that added solutes have on the structural evolution
of F127 micelle gels, small angle x-ray scattering studies were carried out to more
directly observe the ordered cubic phases being formed in heated F127 solutions. As was
the case with the phase behavior of F127 gel formation, the structural behavior of micelle
gels created by amphiphilic copolymers has been extensively studied in the

12,1 1 .. . . . .
812166061 “However, a similar lack of attention on the kinetics of gel formation

literature
pervades the existing body of structurally focused literature. Additionally, there is a lack
of detailed studies on the change in micelle structure as a result of added pharmaceuticals
or other solutes.

Scattering methods including SAXS and SANS are typically used to study the
structures of polymeric systems®'*'>>**%2-¢4 ' ANS has the advantage where the
scattering is due to the nuclei of the sample, which allows for better discrimination

between polymeric compounds and their solvents, particularly when deuterated samples

are used. However, most neutron sources suffer from low flux and lengthy capture times
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are required. SAXS, on the other hand, has the advantage of being available in highly
intense beams, allowing for time-resolved capture of transient processes®”.

In this chapter, the results of SAXS studies are presented which set out to explore
what structural changes, if any, are present in F127 micelle gels as a result of added
ternary solutes. In addition, early attempts have been made to look at these structures in
real-time as they are heated. The equipment needed to carry out this type of time-
resolved work necessitated high intensity x-ray sources and fast, sensitive detectors. To
fulfill these requirements, these scattering studies were carried out at synchrotron
facilities.

The methods, results, and discussion presented in this chapter were submitted and

published in the journal Macromolecules®®.

3.2 Materials and methods

3.2.a. Sample preparation

Solution preparation for the SAXS experiments follows closely the protocol used in
Chapter 2, which were based on the descriptions of Schmolka'. Deviations from the
described procedure involved adding the ternary solutes to a concentration of 1% wt/v
instead of saturating the solution. This gave a more controlled testing environment, as
the total amount of added solute was kept uniform amongst various additives. Solutes
tested were methylparaben (MP) and dexamethasone (DX), which were obtained from
Sigma-Aldrich. Three other added compounds, magnesium citrate (MC), cis-
diamminedichloroplatinum(II) (cisplatin), and propylparaben (PP) were also used in a set

of exploratory experiments designed to test the effects of a wider array of additives.
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These compounds were also obtained from Sigma-Aldrich and used in a 1% wt/v
concentration. In the case of cisplatin and dexamethasone, however, very little of the
added solute was actually incorporated into the solution, with the bulk of the additive
settling on the bottom of the sample tube. Therefore the solutions measured for cisplatin
and dexamethasone were saturated but not at a concentration of 1 wt%.

For sample loading, two different configurations were used according to the heating
stages available at the two beamlines used. At Argonne National Labs beamlines 5-1D
(shown in Figure 3.1) and 12-BM, samples were loaded into 1.5mm glass capillary tubes
(Charles Supper Inc., Natick, MA), which were subsequently sealed using wax to prevent
sample evaporation. At Brookhaven National Labs beamline X10A, samples were
loaded into custom-made stainless steel sample washers. The sample was pipetted into
the annular opening of the washer, and sealed on both sides with Kapton tape. This
allowed for an airtight sample housing that was transparent to x-ray transmission,

compatible with the heating stage used at the X10A beamline.
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Figure 3.1 Typical transmission SAXS configuration. Focused x-ray beam originates
from the left of the image, passes through the sample, and proceed on to the detector (oft-
screen on the right). Tubes of cooled nitrogen gas (white tubes) enter the sample stage,
which also contains a heating element. This image was taken at the Advanced Photon
Source 5-ID beamline.

3.2.b. Small-angle x-ray scattering

SAXS experiments were conducted at two facilities, the Advanced Photon Source
(APS) at Argonne National Labs in Argonne, IL and the National Synchrotron Light
Source (NSLS) at Brookhaven National Labs in Upton, NY.
3.2.b.i NSLS beamline X104

The beam configuration at the NSLS X10A was as follows. The beam energy used
was 11 keV, and the sample to detector distance was approximately 1.8 m. Nominal
capture times used were between 1 and 2 minutes. Thermal control of the samples was
achieved using either a Mettler-Toledo heating stage, or a Linkham heating stage. 2D

data was collected using a Bruker 1500 CCD camera, and initial processing (unwarping
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to account for sensor unevenness and background subtraction) was carried out using
SAXS software provided by Bruker. Following the unwarping step, the 2D data was
integrated around the azimuthal axis and the integrated intensity data exported as
spreadsheets. Intensities recorded at the X10A beamline were in the units of detector
counts.
3.2.b.ii APS beamline 5-1D

The beam configuration at the APS 5-ID beamline was as follows. A beam energy of
17 keV was used, with a sample to detector distance of approximately 2 m. The detector
installed the beamline is a Mar165 made by MarUSA (now Rayonix). A one second
capture time was used at this beamline (significantly shorter than that of the other beams
owing to its higher photon flux) A Linkham DSC thermal stage allowed for temperature
control. Data was collected in 2D and automatically unwarped, background subtracted,
and normalized into intensity units of 1/cm. The detector capture routines included
automatic integration of the data to 1D format.
3.2.b.iii APS beamline 12-BM

The beam configuration at the APS 12-BM beamline was as follows. The beam
energy was 9 keV, with a sample to detector distance of approximately 0.8 m. Like 5-ID,
the detector used was also a Marl165 CCD. Capture times of one minute were used on
this beamline. Thermal control of the samples was achieved using a Linkham THMS600
heating stage, which was borrowed from the APS Equipment Pool. 2D data was captured
and automatically processed into TIFF format images. Background frames were taken

automatically to remove sensor noise as part of the capture process. These files were
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subsequently batch processed to normalize the intensity to units of 1/cm, and integrated

around the azimuthal axis.

3.2.c. Static temperature experimental protocol

A thermal schedule was designed to observe the equilibrium structure of the tested
gels at a series of temperatures starting below the critical micelle temperature (cmt), to
temperatures well above the gel temperature. Samples were loaded into the thermal stage
and the temperature was equilibrated at 0°C for 3 minutes. After equilibration, an image
was captured and the temperature increased by 10°C, followed by an additional 2-3
minute equilibration period. This process was repeated up to a temperature of nominally
80°C. On some samples, extended incubation at high temperatures was used in order to
investigate aging effects of the gel structure with prolonged exposure at high
temperatures. For these studies, incubations of 10 or 15 minutes at 80°C were followed
by an additional capture. This static temperature testing was conducted at all beamlines
used. At least three repetitions of each sample was run to ensure reproducibility of the
data, and negative control samples of just the solvent (dH,O) were also taken to remove

the scattering due to the solvent.

3.2.d. Dynamic temperature experimental protocol

The 5-ID beamline at the APS, being an insertion device beamline, had greater
photon flux (brightness) than the other beamlines used. Due to this, capture times at the
5-ID beamline were short enough to allow for real-time dynamic capture of SAXS data as
the samples were heated. Although the exposure time for each data sample was only one
second, sensor readout time and file processing/transfer meant that data was only

captured roughly once every 30 seconds.
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Samples were loaded into the heating stage and equilibrated at the starting
temperature. This temperature was chosen to be roughly 10°C below the known gel
temperature of the sample, as was measured or observed prior in both the rheological and
the static temperature SAXS experiments. Once the sample was equilibrated at the
starting temperature, it was subsequently heated at a controlled rate of 1°C/min to a final
temperature 20°C above the starting temperature. Data was collected continuously
throughout the duration of the heating.

As the available time at the 5-ID beamline was limited, a heating rate of 1°C/min was
chosen because it was high enough to be significantly faster than the quasiequilibrium
heating condition (0.1°C/min), yet low enough to allow for reasonable thermal resolution
(one sample every 0.5 degrees, assuming 30 seconds minimum between continuous
captures). Figure 3.2 illustrates the differences between the two test methods. The
temperature of the sample is held constant during the capture event in the static
temperature experiments. The short capture times used in the dynamic experiments,

however, allowed for continuously increasing sample temperature.
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Figure 3.2 Static vs. dynamic SAXS tests. The top plot shows the stepwise temperature
increases used in the static temperature experiments. The bottom plot shows the
continuously changing temperature in the dynamic experiments. The width of the
capture events illustrates that the capture times used in the static experiments were much
longer than those used for the dynamic experiments, necessitating the constant
temperature.

3.2.e. Quantification and analysis of SAXS data

Integrated 1D SAXS intensity data was plotted as a function of the reciprocal space
scattering vector, g. Converting the angular deflections recorded on the imaging sensor
to the reciprocal vector g can be achieved by combining Bragg’s law (Equation 3.1), with
the definition of the reciprocal space scattering vector (Equation 3.2), to relate g to the
scattering angle (Equation 3.3). As the x-ray wavelength (1) and the geometry of the
detector are known (giving ), g can be calculated. Typically, this conversion was

automatically carried out in the detector software.

A=2dsinf

Equation 3.1
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Equation 3.2
4 .
=—sin0
)

Equation 3.3

Once the data was plotted as I(g), the peaks were identified and their locations
determined using OriginLab’s peak analyzer function. The ratios of these peak positions
were compared to that of known crystal structures and classifications according to
structure could be made. It is known that the structures of Pluronic gels can adopt a
variety of ordered phases including hexagonal, lamellar, cubic, and gyroid structures®®”"
% however F127 gels typically adopt bee or fec structures™'. Table 3.1 shows the
theoretical peak positions for the fcc and bece crystal structures, along with their relative

positions to the fundamental scattering peak.
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fce Peak bee Peak

Plane Position Ratio Plane: Position Ratio
111 9o 1.000 110 % 1.000
200 4/3qq 1.155 200 V24q, 1.414
220 8/3q, 1.633 211 V3q, 1.732
311 11/3q, 1915 220 Vaq, 2.000
222 12/3q,  2.000 310 V54, 2.236
400 16/3q,  2.309 222 Véq, 2.449
331 19/3q, 2517 321 V7q, 2.646
420 20/3q, 2.582 400 V8q, 2.828
422  J24/3q, 2.828 411 V9q, 3.000
333 /27/3q,  3.000 420 V10q, 3.162

Table 3.1 Summary of expected peaks and relative peak positions for the fcc and bee
crystal structures. Bolded entries are planes with identical ratios in both crystal
structures.

3.2.f. Dynamic light scattering

DLS experiments were carried out using an ALV compact goniometer system (Model
ALV/SP-125, Langen, Germany) using an ALV/SO-SIPD photon detector. The light
source used was an Innova 70C argon ion laser (Coherent, Inc., Santa Clara, CA) with a
wavelength of 488 nm and a laser power of 200 mA. 1% solutions of F127 with and
without 0.1% MP were carefully prepared from stock solutions and filtered through a
0.22 um syringe filter and subsequently degassed under vacuum to expunge any
particulate impurities and dissolved gasses which may interfere with the measurement.

Approximately 500-1000 pL of sample was loaded into a clean sample tube, and
inserted into the DLS system, which was set to a temperature of 30°C. After a 5-minute
equilibration period, data was collected for a total of 1 minute per reading at repeated at
angles between 40° and 90°, in 10° increments. The resulting correlation time plots were

analyzed using a regularized method (CONTIN)" to obtain particle size distributions
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from the autocorrelation functions. Samples were measured at least three times each at

each scattering angle, and the results averaged.

3.3 Results

3.3.a. Static temperature measurements

A typical progression of peak evolution in F127 samples is as follows. At the lowest
temperatures, there is typically no scattering. This is because the solution is below the
cmt and there are no micelles present. As the cmt is reached, an amorphous scattering
halo develops, indicating the presence of micelles, but no periodic order. As the
temperature is increased further, the micelles will arrange into cubic ordered domains,
and distinct Bragg peaks will evolve. At the highest temperatures tested, thermal
breakdown of the gel occurs and the Bragg peaks give way to an amorphous scattering
halo once again. While it is typical to only observe one crystal structure, samples
exhibiting peaks from two structures were observed, typically at the higher temperatures.

Static temperature measurements for 20, 25, and 30% F127 is shown in Figure 3.3.
The presence of periodic structures (as indicated by the presence of peaks) is more
distinct for higher concentrations of F127. This is to be expected, considering the gel
forming properties of F127 are positively correlated with increasing concentration'. The
range of stable micelle gels is also expanded for higher F127 concentrations. Peak
formation is first observed at 40°C in 20% F127 and breaks down by 60°C, whereas peak
formation in 30% F127 is visible at 30°C and extends all the way to the test maximum of

80°C. For solutions below 20%, Bragg peaks could not be reliably identified from the
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amorphous scattering halo. Therefore, the results described from hereafter will focus on
concentrations of 20% or greater.

Figure 3.4 shows plots for F127 solutions containing MP. Comparing the MP plots to
the neat F127 plots shown in Figure 3.3, it can be seen that the stable range of micelle
gels is expanded by the presence of MP. For instance, in the 25% F127 solution, the
crystalline lattice breaks down at 70°C, whereas with added MP Bragg reflections are
clearly visible at the same temperature.

Based on comparison of the measured peak positions (Table 3.2 and Table 3.3) to the
expected positions of Bragg peaks (Table 3.1), most of the identified phases are fcc.
Although the expected (200) fcc peak at (4/3)"2¢q is not seen, the (220) and (311) peaks
at (8/3)” 2g0 and (11/3)"¢, are clearly identified in all cases. The missing (200) peak
could be missing due to defects in the crystalline lattice. The arrangement of micelles is
far from the tightly constrained and highly ordered lattices of atomic systems. For
example, twinning defects in the lattice, where portions of the structure alternate between
the expected ABCABC layering pattern of the fcc lattice to the ABABAB or ACACAC
layering of the hep lattice has been known to suppress individual Bragg peaks’' .

The results for samples containing dexamethasone shown in Figure 3.5 are especially
noteworthy, exhibiting an unusual scattering behavior where the fundamental scattering
peak is suppressed. Starting at concentrations of 25% and greater, the fundamental
scattering peak is not visible except for at the higher temperatures tested. It was
interesting to note this behavior, and a more comprehensive discussion of its significance

is offered in the following section.
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Figure 3.4 (a) shows that at 70°C, just before breakdown of the ordered phase, a
transition in crystal structure has occurred. This is evident by the appearance of two new
peaks that do not align with the peaks seen at 60°C. Further measurement of these peaks
indicates that the new peaks are that of the bcc crystal structure (Table 3.3). This
behavior, while not seen in every sample, was observed for several F127 concentrations
and sample compositions. Figure 3.6 shows a more detailed look at a 30PL solution
heated to 80°C, incubated for an additional 10 minutes at 80°C, and then subsequently
heated to 90°C. As more time is spent at the high temperatures, the bcc peaks emerge
and grow in prominence. Raising the temperature even further to 90°C, the dominant

crystal structure in the sample is now bcc.
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Figure 3.3 Intensity vs. ¢ plots for 20-30% F127 solutions. Figure adapted from®.
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Figure 3.4 Intensity vs. g plots for 20-30% F127 solutions containing MP (1% wt/v).
Figure adapted from®.
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Figure 3.5 Intensity vs. g plots for 20-30% F127 solutions containing DX (1% wt/v).
Figure adapted from®.
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Table 3.2 Identified peak positions (in units of nm’

Sample q0 qi q> Phase
30PL 0.3708 0.6131 0.7233  fcc
30MP 0.3942 0.6465 0.7584  fcc
30DX * 0.6331 0.7434  likely fcc
25PL 0.3545 0.5952 0.6939  fcc
25MP 0.3775 0.6248 0.7300  fcc
25DX * 0.6398 0.7467  likely fcc
20PL 0.3408 0.5763 0.6565  fcc
20MP 0.3742 0.6097 0.7150  fcc
20DX  0.3641 0.6097 0.7166  likely fcc

") and identified phase at 40°C. (*)

Indicates that no peak was found at this temperature but visible at higher temperatures.
Table reproduced from®.

Sample q0 qi Q2 Q3 q4 Phase
30PL  0.3725  0.6204  0.7233 fce
30MP  0.3909  0.6431'  0.7033*>  0.7550' fee+bee
30DX  0.3792  0.6364'  0.7400' fee
25PL  0.3578  0.6420 none
25MP  0.3759  0.6114"  0.7116' fee
25DX  0.3775 0.6364'  0.7417" fee
20PL  0.3341 0.6231 none
20MP  0.3792  0.5429°  0.6582°  0.7367° bee
20DX  0.3692  0.5412>  0.6114"  0.6665> 0.7116'  fectbee

Table 3.3 Identified peak positions (in units of nm™) and identified phase at 70°C.
Superscripts indicate 'fcc peaks and “bec peaks, based on their position relative to the
fundamental peak. Table reproduced from®.
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Figure 3.6 Transition from an fcc structure to a bee structure at high temperatures for a
30% F127 solution. The lines from bottom to top show the sample at 80°C, at 80°C after
additional incubation, and finally an increase to 90°C. Arrows indicate the (200), (220),

and (310) peaks of the bee phase. The two large peaks flanking 0.7 nm™ in the 80°C
lines are the (220) and (311) peaks of the fcc structure. Figure adapted from®.

3.3.b. Dynamic temperature measurements

Figure 3.7 compares the results of two dynamic heating experiments. In each graph,
the depth scale (going into the page) indicates the system temperature, and the scaling
between graphs (a) and (b) is conserved, even though the limits of the temperature ramp
have been changed to account for the lowering of Ty with added MP. The graphs clearly
illustrate a different behavior in the evolution of the crystalline phase when MP is added
to the system. In the case of neat F127, the appearance of Bragg peaks is sudden and
abrupt. Peaks form within the span of 2-3°C, whereas peak evolution in the 30MP
sample is more subtle and gradual, emerging over the course of the entire ramp.
Additionally, inspection of the 2D scattering patterns of heated 30PL and 30MP samples

(Figure 3.8) demonstrate different scattering behavior as well. The appearance of the
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ring structures in the 30PL case has a nonuniform or “speckled” appearance. Similar
descriptions of this behavior have been noted by Wanka ez al.® who noted that patterns of
30% F127 gels observed via SANS exhibited “high intensity spikes superimposed on [a]
smooth correlation ring”. This is different to what is observed with 30MP, where the ring

appearance is comparatively smoother and more uniform.

(@

Intensity (1/cm)

Intensity (1/cm)

0.25 0.50 0.75 1.00

Figure 3.7 Dynamic temperature test of 30PL (a) and 30MP (b) samples heated at a rate
of 1°C/min through their gel transition temperatures: 15-35°C for 30PL and 10-30°C for
30MP, respectively. The appearance of the ordered phase is more abrupt in 30PL vs.
30MP. Figure reproduced from®.
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Figure 3.8 2D scattering patterns of 30PL (a, b) and 30MP (c, d) samples at both 30 and
60°C. Diffraction spots that appear (a) do not move as the temperature is further

increased (circled examples); however new spots appear as additional crystalline domains

are nucleated. Figure reproduced from®.

3.3.c. Dynamic light scattering

Figure 3.9 shows the distribution of hydrodynamic radii as a function of scattering
angle. Higher measured scattering angles resulted in lower reported values of Ry. The
greatest variation in Ry, was seen at the lower scattering angles. At these lower scattering
angles (less than 60°), the samples containing MP demonstrated a lower Ry, than the neat
F127 samples. At the higher scattering angles, however, these differences vanished.
Comparing these results directly to literature suggested that the higher angle values were
more accurate, as our results were comparable to the values reported by others using

DLS>*"*". However, it is important to note that all of the DLS work previously reported
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in literature only reported Ry, values collected at a 90° scattering angle. Therefore, it is

impossible to tell if the low angle values presented here have any significance.
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Figure 3.9 Hydrodynamic radius (Ry,) as a function of scattering angle. The filled circles
indicate neat 1% F127 solutions and the open circles indicate 1% F127 solutions with
0.1% added MP. Figure reproduced from™.

Using DLS, information regarding the size distribution of micelles in solution can
also be obtained. Figure 3.10 compares the distribution of the normalized probability
intensity as a function of Ry, for a 1% F127 solution both with and without 0.1% added
MP. This trend was consistent over all collected scattering angles, but was most
pronounced at the presented 70°C scattering angle. Sharma ez al.*’ noted the same

behavior, based on their analysis of SANS data.
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Figure 3.10 Normalized probability intensity as a function of Ry, reported for two
representative 1% F127 samples, one containing MP (open circles) and one without
(filled circles). The sample containing MP has a decreased polydispersity. Figure

reproduced from™.

3.3.d. Scout tests of other additives

In addition to MP and DX, three additional additives were tested, magnesium citrate

(MC) and cisplatin (CP). Figure 3.11 shows data collected for magnesium citrate, and

Figure 3.12 shows data collected for cisplatin. A control sample of 30% F127 and a test

sample of 30% F127 with propylparaben (PP) are shown in Figure 3.13. Peak positions

were identified for the 70°C temperature and listed in Table 3.4. The presence of a peak

at ratio 1.825 suggests the possibility of the gyroid phase for the 30PL sample, although

an expected peak at ratio 1.527 (corresponding to the gyroid (321) phase) is missing”’.

Therefore, a definitive conclusion is difficult to draw. The presence of both fcc and bee
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peaks are indicative of other samples previously run at higher temperatures, where both

fcc and bee peaks were identifiable (Figure 3.6).

Peak Calculated
Sample Position Ratio Identified Peak
30PL 0.3501 1.000 fce (111)
0.4026 1.150 fce (200)
0.5776 1.650 fce (220)
0.6389 1.825 gyr (420)’
0.6826 1.950 fcc (311)
30PP 0.3501 1.000 fce (111)
0.5864 1.675 fce (220)
0.6301 1.800 gyr (420)/bee (211)*
0.6826 1.950 fcc (311)
30CP 0.3501 1.000 fce (111)
0.4988 1.425 bee (200)
0.6301 1.800 gyr (420)/bee (211)*
0.6914 1.975 fce (222)/bee (220)
20MC 0.3501 1.000 fce (111)
0.5864 1.675 fce (200)
0.6301 1.800 gyr (420)/bee (211)*
0.6914 1.975 fce (222)/bee (220)

Table 3.4 Peak positions and calculated ratios for selected datasets at 70°C from the 12-
BM beamline. 'Indicates a possible gyroid phase in the 30PL sample. “Possible gyroid
phase or bce (211) peak based on the bee peak positions listed in Table 3.1.
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Figure 3.11 Intensity vs. g plots for 20-30% F127 solutions containing magnesium citrate
(1% wt/v).
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Figure 3.12 Intensity vs. g plots for 25-30% F127 solutions containing cisplatin (1%
wt/v).
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Figure 3.13 Intensity vs. ¢ plot for a 30% F127 solution containing propylparaben (1%
wt/v). Control solution of 30% F127 is shown in (b).

3.4 Discussion

3.4.a. Evolution of ordered phases in neat and MP-containing solutions

The following process describes the evolution of the ordered phase for 30PL samples,
as can be seen in Figure 3.7 (a). At the beginning of the test, a broad amorphous

scattering peak indicates the presence of micelles, but no periodic structure. Starting at

58



around 25°C, three distinct peaks appear. Their positions in reciprocal space (¢ = 0.367,
0.592, and 0.700 nm™") can be traced to the fcc lattice structure (having ratios of 1, 1.61,
and 1.91, respectively). The amorphous scattering halo is still clearly visible at the onset
of the ordered phase, and as the temperature is increased towards the end of the dynamic
temperature ramp, the presence of the amorphous halo is still clear. This suggests that
“free” micelles are still present in the solution, which have not collected into any ordered
phase. Extending this behavior to high temperatures, as can be seen in Figure 3.8, the
intensity of the amorphous halo decreases between the 30°C and 60°C images (a, b). A
corresponding increase in the intensity and number of scattering centers arranged in rings
can also be seen. This indicates that as the temperature of the solution is increased, more
and more “free” micelles are incorporated into ordered phases. Furthermore, the distinct
scattering spots that appear remain stable throughout the experiment. Once a scattering
spot forms, it does not move or disappear for the remainder of the heating ramp (circled
examples in Figure 3.8). As the temperature is increased, additional spots form as new
ordered domains are created. This data suggest that the mechanism by which the ordered
structure develops is that of a heterogeneous nucleation and growth mechanism.
Individual domains of ordered phase are created, and grow in size as the temperature is
increased.

Comparing the scattering patterns for the 30MP samples shown in Figure 3.7 (b) and
Figure 3.8 (c, d), clearly different behavior is observed. The onset of the peaks in Figure
3.7 is more gradual and occurs over the span of 15°C or more, and in fact the peak
intensity continually rises through the end of the experiment. The appearance of the rings

(Figure 3.8) is much more uniform around the circumferential axis. Fewer discrete spots
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are resolved, rather replaced with a continuous scattering ring. This suggests that the
evolution of the fcc phase in F127 samples containing MP exhibit a homogenous
nucleation and growth behavior.

This conclusion may at first seem contrary to the results presented in Chapter 2,
where added MP accelerated the gelation rate and produced a faster rise in viscosity.
Further consideration, of the states of each solution, however, might lead to an
explanation. In the case of neat F127, large domains of ordered phase are being
nucleated in solution. In Callister’s review on thermoreversible gels®, he describes a
process in which phase connectivity via adhesion of distinct phases occurs, thus forming
ramifying aggregates. Systems like these typically form paste-like gel behavior, which is
similar to that observed with F127 micelle gels. In this instance, individual domains of
ordered micelles can be considered as the distinct phases. If the number of ordered
phases is low but their size large, they may not as readily encounter each other, akin to a
“plum pudding” situation, wherein discrete regions of phase (plums) exist in a larger
continuum of solution (pudding). In this situation, phase connectivity is delayed as the
number of domains is insufficient to form ramifying aggregates. Now consider the
behavior of the F127 solutions containing MP. Larger numbers of smaller ordered
domains are nucleated, and thus groups of ramifying aggregates develop more easily. So
while it may seem that there is less overall order in the solutions containing MP (as
evidenced by lower peaks), their distribution amongst the bulk of the solution cause

macroscopic gel-like behavior more readily than that of the neat F127 solutions™.
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3.4.b. Addition of MP causes a shift in peak positions

Table 3.2 and Table 3.3 summarize the positions of identified peaks in representative
samples of 30PL and 30MP at 40°C and 70°C, respectively. Comparing the measured
peak positions in both tables, a small shift towards slightly higher ¢ values (roughly 0.03
nm’") were observed. The addition of MP reduces the d,;; spacing in 30% solutions of
F127 from 29.35 to 27.61 nm, indicating a slightly more compact lattice. DLS results
shown in Figure 3.10 corroborate this observation, as an increase in micelle
monodispersity was detected as a result of added MP. A lattice comprised of spherical
micelles of greater monodispersity would result in a slightly tighter lattice as fewer sizing
defects need to be accommodated for, thus producing the observed shift in peak position.
Another explanation for the shift in peak position is found in Figure 3.9. A decrease in
micelle size as a result of added MP is observed at low scattering angles, which yields a
smaller lattice spacing. However, the discrepancy in the observed results between low
and high scattering angles was unexpected. In theory, DLS measurements should be
independent of scattering angle. It is not clear why the reported size varies with
scattering angle, although it suggests that the needed assumptions to apply in DLS theory
did not hold under the experimental circumstances, thus making the mathematical
analysis incorrect. A search of the literature revealed that there were no experiments
measuring F127 micelle hydrodynamic radius using different scattering angles.
However, as noted previously, comparisons to DLS data taken by others at 90° revealed

.. 1-
similar reported Ry, values'™.
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3.4.c. The presence of additives stabilizes the gel phase

Looking at Figure 3.3, Figure 3.4, and Figure 3.5, it is seen that the presence of the
ternary constituents MP or DX result in a stabilization or expansion of the gel phase over
a wider temperature range. The onset of ordered phase formation occurred at lower
temperatures for the samples including dissolved pharmaceuticals, which corroborate the
measurements recorded in the previous chapter concerning the temperature-dependent
viscoelastic properties of these formulations. Additionally, the work by Sharma ez al.®’,
who suggested that the cm¢ was reduced due to added pharmaceuticals, is confirmed here,
as amorphous scattering halos can be identified at lower temperatures when compared to
neat F127 samples (Figure 3.3 and Figure 3.4). At the high temperature regime, the
ordered lattice structures persist at higher temperatures as a result of added MP or DX,
further broadening the phase space over which F127 gels exist. Considering the DLS
observations in Figure 3.10, the observed decrease in polydispersity is likely contributing

to the enhanced thermal stability of the gels. Prior work by Yang et al.”®

modeling hard-
sphere colloidal crystals suggest that increasing polydispersity works to lower the
stability of crystalline lattices. Consequently, that the solutions with added MP exhibit

lower polydispersity, does serve to explain the increased stability encountered at high

temperatures.

3.4.d. Suppression of the primary peak in DX samples

The behavior seen in Figure 3.5 where the primary scattering peak was suppressed
over most of the tested temperatures for solutions containing DX was unexpected. The
immediate explanation for this observation is that the primary scattering peak is not

suppressed at all; rather the first observable peak is the fundamental peak of a different
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crystal phase and/or lattice spacing. However, this explanation does not address the fact
that at high temperatures, a “new” fundamental scattering peak appears at concentrations
of 25% F127 or higher. Furthermore, it would be a remarkable coincidence for the
primary and first higher-order scattering peak in these samples to line up so closely with
the higher-order scattering peaks of similar F127 samples. Table 3.2 and Table 3.3 show
that the measured peak positions of the DX samples line up almost exactly with that the
PL and MP samples. Lastly, assuming the first visible peak in each reading is indeed the
fundamental peak, the positional ratios of the higher-order peaks would not correspond to
any known crystal structure. When taking these considerations into account, it is
ultimately more plausible to conclude, however unexpectedly, that the fundamental
scattering peak is indeed being suppressed.

A review of previously published literature resulted in only a single reported case of a
similar phenomenon, where fundamental scattering peak suppression was seen in thin
films of poly(alkoxyphenylevevinylene-b-isoprene) rod-coil copolymers arranged into
lamellar structures’’. The authors of that study were also unable to explain the cause of
this effect. Some possible explanations of this behavior may emerge after consideration
of where the ternary solutes (in this case dexamethasone) segregate within the micelle
system. Previously, Nagarajan*'** measured the solubility of hydrocarbon chains
(“guest” molecules) in PEO-PPO-PEO micelles. As is to be expected, the amphiphilic
polymer chains serve to increase the solubility of these guest molecules in aqueous
solution. Considering the hydrophobicity of the hydrocarbon chains, it is likely that the
guest molecules segregate to the micelle core, which is (relatively) more hydrophobic

than the micelle shell, or than the interstitial spaces between micelles. Nagarajan
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proposed two situations, one where the guest molecules distribute themselves evenly
throughout the micelle core, or one where the increased hydrophobicity of the molecules
creates an additional segregated phase, forming a central “core within a core” or “inner
core” of highly hydrophobic guest molecules, surrounded by an “outer core” of PPO
center blocks, and finally the micelle shell. Similar studies conducted to measure the
interaction of solubilized additives within PEO-PPO-PEO micelles also revealed that

these additives tended to segregate to within the micelle cores’™

, although it was not
determined whether the additives formed a segregated phase within the micelle cores.
Based on this prior work, and considering the fact that the n-octanol/water partition
coefficient of DX is ~1 .9581, it is reasonable to assume that the dissolved DX in the
solutions tested here also preferentially segregate into the micelle cores. Whether the DX
molecules segregate further to form their own “inner core” of DX molecules or whether
they remain evenly distributed within the micelle core is unknown, however, if a
secondary inner core of DX was forming, it is possible that core-shell interactions
between the DX inner core and the PPO outer core could result in peak suppression. One
criticism of this explanation is why similar behavior was not observed for MP containing
solutions. Although the octanol-water partition coefficients of DX and MP are very

similar (1.95 and 1.96, respectively””®!

), the size of the DX molecule is much larger than
that of MP. This might suggest that steric hindrance or other intermolecular interactions
may affect each solute differently, owing to their different sizes. Thus, while it may be
more feasible for the smaller MP molecule to work its way around the PPO core of the

F127 micelle, the larger DX molecule may be more constrained owing to its larger size,

and thus preferentially segregates into an additional inner phase.
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Finally, it is possible that the primary peak is still present, just reduced in intensity
such that it is not resolvable from the background noise of the detector. During the
experiments, minimal capture times were used in order to maximize the number of
samples or repetitions to be measured during the allotted beam time. This may have
resulted in capture times that may not have been high enough to resolve fine or weak
features in the data. While this is true, and likely the case, it does not address the fact that
the difference in intensity between the first and second peaks is so great. As evidenced
by the high temperature, high F127 concentration samples in Figure 3.5, even when the
primary scattering peak does appear, its intensity is greatly reduced compared to that of
the first higher-order peak. This relationship holds constant for all DX samples observed.
Peak fitting routines were attempted on the collected data, using theoretical curves from
the NIST Center for Neutron Research (NCRC)’s SANS analysis package. While the
fitting routines could match the positions of the peaks (confirming the fcc structure), they
failed to produce a definitive match for the intensity ratios. It is currently unknown as to
why a match could not be found, or the root cause of this observation. Further study in
this area would be merited, as it may shed new understanding on the effects that added

DX have on the micelle lattice in F127 gels.

3.4.e. Emergence of bcc phases at high temperatures

At the highest temperatures tested, 80-90°C, peaks from multiple crystal systems
were occasionally identified. Mortensen et al.” also reported a fcc to bec transition at
roughly 25°C in F127 samples that had been purified of diblock impurities. The lower
temperature at which the transition occurs is attributable to the purified F127 used in their

study. Others have reported similar fcc to bec transitions in polystyrene-polyisoprene
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and poly(oxyethylene)-poly(oxybutylene) diblock copolymer systems®***

. Figure 3.6
illustrates a more detailed study into this phenomenon. At 80°C, analysis of the visible
peaks results in the structure being classified as being in the fcc phase. After incubating
the sample for an additional 10 minutes at 80°C, however, new peaks begin to emerge
which correspond with the bece crystal system. Finally, increasing the temperature further
to 90°C results in the bee phase becoming dominant with fcc peaks no longer being
distinguishable in the sample. Softer or thicker micelle coronae tend to favor a bee
packing arrangement whereas harder, thinner coronae tend to favor the fcc packing
arrangement. At high temperatures, a softening of the micelle corona could conceivably
result in a transition to the bce-favored condition. Such a transition was also predicted in
theoretical calculations by Semenov®. While the identification of bec phases was seen in
a wider variety of samples and compositions, it was not regularly identified in any one

concentration or formulation, indicating that the presence of pharmaceutical additives did

not have an appreciable effect on the observation of this phenomenon.

3.4.f. Scout tests of other additives

The data in Figure 3.11, Figure 3.12, and Figure 3.13 show the result of preliminary
studies to testing the additional solutes MC, CP, and PP respectively. Overall, the quality
of data from this experiment was relatively poor, with low signal to noise ratio and
possible instrument smearing. Additionally, the sample to detector distance at the APS
12-BM beamline was rather less than at other beamlines (roughly 0.8 m as opposed to
almost 2 m for the APS 5-ID and BNL X10A), meaning that ¢ resolution of the collected
data suffered as well. However, peak positions were determined and indexed as

presented in Table 3.4.
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The presence of a peak at a ratio of 1.825 for the 30PL sample indicates the possible
presence of the gyroid phase, the peak at 1.825 corresponding to the (420) peak of the
gyroid structure®’. However, there should also be a peak at a ratio of 1.527, which was
not seen. Lattice defects could be responsible for the suppression of the peak at 1.527,
however considering the quality of the data a definitive conclusion cannot be made.
Other Pluronic systems have exhibited gyroid structures, particularly surfactants with a
lower PEO-PPO ratio or when studied in a mixture of both aqueous and nonpolar
solvents®’. However, for Pluronic F127 the consensus of the literature is that the micelles
arrange into cubic domains.

Other concerns with the interpretation of these results include the low solubility of the
tested additives in the solution. Cisplatin, for example, is practically insoluble in water.
When 1% wt/v CP Was added to F127 solutions, virtually none of it solubilized, even
after prolonged sonication and incubation. Therefore, the I(¢g) plots shown in Figure 3.12
may simply reflect the scattering pattern of neat F127, as the vast majority of CP in the
solution simply serves as a particulate contaminant. At high temperatures, interesting
behavior was also observed for the CP samples. Typically, solutions containing CP are
yellowish orange in color, owing to the color of dry CP. In one instance, the CP solution
turned very dark brown after the heating experiment had been completed. It is currently
not known why the color of the solution changed, but in addition to the color change, a
very large increase in scattering intensity was observed. So large was this increase that
the detector was saturated by the end of the one-minute capture period. A second run of

the CP samples did not result in the large scattering intensity increase, but a darkening of
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the solution was also observed. It is possible that the heat has denatured or damaged the
CP molecules.

Added magnesium citrate (MC) also produced inconsistent results. While scattering
peaks were visible in the 20 and 30% F127 solutions, the 25% did not exhibit the same
prominent scattering behavior. It is possible that more repetitions of this sample would
have resulted in more consistent data, but time constraints limited the number of

experimental studies that were performed with additional additives.

3.5 Chapter summary

This chapter covers a detailed study into the structure of the micelle gels that
solutions of Pluronic F127 surfactants create as they are heated. The effects of added
pharmaceutically relevant constituents such as methylparaben and dexamethasone were
also investigated. Both static and dynamic tests were conducted to determine both the
thermodynamic phase behavior of these systems, as well as the transient kinetics
involved with the formation and growth of the crystalline phases.

Novel behaviors were observed as a result of these investigations. It was determined
that the presence of added MP alters the appearance of ordered phase behavior from a
heterogeneous to a homogeneous nucleation and growth. This observation can be
correlated with the observed viscoelastic response discussed in Chapter 2, as well as
experimental observations made by previous researchers®’.

The suppression of the primary scattering peak for samples containing
dexamethasone are an indication that the interactions between F127 and DX are different

than those of F127 and MP, despite the fact that both are hydrophobic small-molecule
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additives added to an amphiphilic copolymer system. This topic warrants further
investigation as the observed results were consistent across many samples and even
multiple beamlines and setups, and observations which have thus far not been reported on
in the literature. However, in order to further study this phenomenon, considerable effort
is likely required to determine the cause of this scattering behavior. An ideal follow-up
to these experiments is to use SANS in a series of similar experimental protocols. The
ability to selectively deuterate portions of the polymer chain, pharmaceutical additive, or
solvent will extend considerably one’s ability to better resolve where within the micelles
these added molecules reside, and perhaps the manner in which they interact with the

Pluronic copolymer chain.
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Chapter 4

Thermophysical Properties of Pluronic Micellization

4.1 Introduction

In Chapters 2 and 3, the viscoelastic and structural characterization of F127 gel
formation was carried out. In addition to these tests, experiments were carried out using
differential scanning calorimetry (DSC) to measure the thermophysical properties of
F127 gel formation. It is important to remember the mechanism by which gelation
occurs in aqueous solutions of Pluronic surfactants. Gelation in Pluronic surfactants is
achieved by cubic ordered lattices of micelles, otherwise known as “micelle gels”'*®"*°,
There is no chemical crosslinking or physical entanglement that occurs, giving rise to the
reversible nature of the gel transition.

Two distinct stages in the phase behavior of the solution are encountered as the
temperature is raised. First, at the lowest temperatures, there are no micelles present in
the solution. When heated through the c¢mt, micelles spontaneously form. The solution at
this stage is in a two-phase regime, consisting of disordered micelles and dispersed
polymer chains. Heating the solution further causes more micelles to form, and for each
micelle to increase in size. Eventually the micelles will arrange into cubic ordered

8,12,13

domains . This disorder to order transition is what gives rise to the gel behavior in

Pluronic solutions.
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In this chapter, the results of an overview study are presented which looks at the
formation of the micelles themselves, prior to any gelation. Some relatively unexpected
and new behaviors were observed where the micellization endotherm was suppressed by
the presence of added methylparaben. A qualitative analysis of the data was conducted,
and several explanations proposed to describe the behavior and trends that are observed
in the data. The ultimate product of this study would be to produce a model that can

describe the observed behavior and account for the effects of added compounds.

4.2 Materials and methods

4.2.a. Sample preparation

Pluronic solutions used in these experiments were prepared in a similar manner to
that described in Chapter 2. In addition to Pluronic F127, the following Pluronic
surfactants were tested: F127, P123, L121, F108, P105, P104, L101, P85, F68, P65, 161,
F38, and L35. Pluronic F127 and F68 were obtained from Sigma-Aldrich, and the
remainder of the Pluronic surfactants was obtained via a generous gift from BASF corp.
(Wyandotte, MI). Figure 4.1 shows the positions of these tested Pluronic surfactants
(circled) on the Pluronic grid. Table 4.1 lists By testing a variety of samples across the
Pluronic grid, factors such as total molecular weight, PEO arm length or PPO block
length could be kept constant and systematic trends in the micellization behavior as a
function of these factors could be studied. For Pluronic F127, concentrations between
10% and 30% wt/v were tested. The rest of the Pluronic surfactants were tested only at a
concentration of 10% wt/v. This concentration was chosen because it allowed for

sufficiently easy dissolution of the Pluronic surfactants into aqueous solution, the
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micellization endotherms were still sufficiently large to be easily observable via DSC,
and the cmt of the solution was maximized, so that issues pertaining to operating near the

freezing of the solutions were avoided as much as possible.
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Figure 4.1 Pluronic grid showing commercially available varieties of Pluronic
surfactants. Circled items indicate surfactants used in this study.
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Pluronic Approx. molar  Percent PEO
surfactant (PEO),  (PPO),  weight (g/mol) by weight

F127 99 65 12600 70%
P123 20 70 5750 30%
L121 5 68 4400 10%
F108 132 50 14600 80%
P105 37 56 6500 50%
P104 27 61 5900 40%
L101 4 59 3800 10%
P85 26 40 4600 50%
F68 75 30 8350 80%
P65 19 29 3400 50%
L6l 3 30 2000 10%
F38 43 16 4700 80%
L35 11 16 1900 50%

Table 4.1 List of Pluronic surfactants used. Nominal chemical formulae for each are
(PEO)«(PPO),(PEO);,. Data compiled from'***”".

To prepare samples for analysis, an empty aluminum TZero™ sample pan was placed
onto a microbalance and the weight reading tared to zero. Approximately 10 uL of
sample (giving a sample mass of 10 ug) were pipetted into the pan. Care was taken to
ensure any bubbles were removed from the solution and that the dispensed solution had
wetted the entire bottom surface of the sample pan. The mass of the pipetted solution
was recorded and a mechanical press was then used to seal the sample with a TZero™
hermetic sample lid. Completed sample pans were loaded into the Q2000 autosampling
tray. As micellization in Pluronic surfactants is a reversible process, one sample could be
run through multiple heating ramps, but typically samples were only used for one set of

experimental runs.
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4.2.b. Differential scanning calorimetry

All DSC experiments were conducted on a TA Instruments (New Castle, DE) Q2000
series DSC with an RCS90 refrigerating unit for cooling. Typical experiments included a
single heating ramp starting at a temperature below the cm¢ of the solution, up to typical
ending temperature of 95°C. Because the cmt of the different formulations can differ
significantly from one another, no single universal starting temperature was used.
Instead, the starting temperature for each solution was aimed to be as near the freezing
point of the solution as possible, without freezing the sample. Higher concentration
solutions were started at lower temperatures, owing to a greater freezing point depression.
Typical starting temperatures were between -15°C and -5°C. Samples were heated at a
constant rate of 10°C/min from the initial to the final temperature. Samples were run a

minimum of three times to ensure repeatability.

4.2.c. Data analysis

Data generated by the Q2000 is saved in individual files, which were then opened
using the TA Instruments Universal Analysis software. This program allowed for
quantitative analysis of the thermogram curves. Typical experiments resulted in a single
endothermic peak being detected during each experiment. Three main values were
extracted from this peak: the onset temperature (intersection between the baseline and the
tangent of the maximum slope in the initial region of the peak), the peak temperature
(temperature at which maximum deviation from the baseline is achieved), and the
enthalpy of the transition (integrated area between the baseline and the experimental

data). Figure 4.2 shows an ideal DSC curve with these values depicted.
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Figure 4.2 Representative DSC micellization endotherm. The labels depict the values
measured from each thermogram. The onset temperature is the intersection of the
baseline and the maximum slope of the initial portion of the peak. The peak temperature
1s the maximum deflection from the baseline, and the enthalpy is the total area between
the curve and the baseline (shaded).

4.3 Results

4.3.a. Effect of increasing F127 concentration

Figure 4.3 shows a series of DSC thermograms for neat F127 solutions of increasing
concentration, ranging from 10 wt% to 50% wt/v. As the concentration increases, the
micellization endotherm gets larger, and the peak moves towards lower temperatures. A
small secondary endotherm (circles in Figure 4.3) can be seen in the higher concentration
solutions. This small secondary peak is associated with F127 gelation, indicating the

small endothermic transition associated with micelles ordering into crystal lattices. It is
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likely that this peak exists for F127 concentrations that exhibit gelation. However, owing

to its small magnitude, it is below the resolving limit for lower concentrations of F127.
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Figure 4.3 DSC thermograms for F127 concentrations ranging from 10 to 50 wt%, in
increments of 10%. The numbers 1-5 indicate the curves associated with 10, 20, 30, 40,
and 50% F127, respectively. The three circles indicate small secondary endothermic
peaks visible for 30, 40 and 50% F127, this is associated with F127 gelation, where the
micelles have arranged into crystalline lattices.

4.3.b. Trends in the micellization endotherm for different Pluronic surfactants

Figure 4.4 through Figure 4.9 compare the thermophysical behavior of several
different Pluronic surfactants as they were heated. Moving across the Pluronic grid
(Figure 4.4 and Figure 4.5), increasing the weight percentage of the PEO block while
keeping the PPO core block length constant, leads to smaller and smaller micellization
endotherms. The enthalpy of micellization is reduced, while the onset and peak

temperatures are increased.
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Traversing the Pluronic grid vertically (Figure 4.6, Figure 4.7, and Figure 4.8),
keeping the weight percentage of PEO content constant while decreasing PPO core block
length, produces a similar. Higher PPO block lengths result in larger micellization
endotherms, and the onset and peak temperatures are decreased. The conclusion to draw
is that greater PEO content and smaller PPO block length both reduce the enthalpy of
micellization, and increase the onset and peak temperatures.

Figure 4.9 compares three Pluronic surfactants with a similar molecular mass. L121
(MW ~4400g/mol), P85 (MW ~4600 g/mol), and F38 (MW ~4700 g/mol) have very
different micellization temperatures and enthalpies. Again the general trend is preserved
where increasing PPO block length and lower PEO content produces the largest
micellization endotherms while decreasing PPO block length and higher PEO content

produce the smallest micellization endotherms.
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Figure 4.4 10% wt/v Pluronic surfactant series comparing increasing PEO content while
keeping PPO block length constant. From numbers 1-3 the surfactants used are L121,
P123 and F127, respectively. The curves have been aligned so the initial baseline is
consistent for all samples.
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Figure 4.5 10% wt/v Pluronic surfactant series comparing increasing PEO content while
keeping PPO block length constant. From numbers 1-4 the surfactants used are L101,
P104, P105 and F108, respectively. The curves have been aligned so the initial baseline
is consistent for all samples.
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Figure 4.6 10% wt/v Pluronic Surfactant series comparing increasing PPO central block
length, while keeping a proportionally constant amount of PEO. From numbers 1-3 the
surfactants used are L121, L101, and L61, respectively. (*) It is not entirely clear if
surfactant 3 has a resolvable peak. The curves have been aligned so the initial baseline is
consistent for all samples.
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Figure 4.7 10% wt/v Pluronic surfactant series comparing increasing PPO central block
length, while keeping a proportionally constant amount of PEO. From numbers 1-4 the
surfactants used are P105, P85, P65 and L35, respectively. The curves have been aligned
so the initial baseline is consistent for all samples.
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Figure 4.8 10% wt/v Pluronic surfactant series comparing increasing PPO central block
length, while keeping a proportionally constant amount of PEO. From numbers 1-4 the
surfactants used are F127, F108, F68 and F38, respectively. The curves have been
aligned so the initial baseline is consistent for all samples.
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Figure 4.9 10% wt/v Pluronic surfactant series comparing constant molecular weight,
while varying the PEO/PPO ratio. From numbers 1-3 the surfactants used are L121, P85
and F38, respectively. The curves have been aligned so the initial baseline is consistent

for all samples.
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4.3.c. Addition of methylparaben suppresses micellization endotherm

Figure 4.10 depicts a series of DSC thermograms for a solution of 10% F127 with
increasing amounts of added MP. Each curve has an additional 0.1% added MP, so the
bottom most curve is a neat 10% solution, followed by a 10% F127 solution with 0.1%
MP, then 0.2% MP, and so on. As the amount of added MP is increased, the
micellization endotherm is increasingly suppressed, resulting in its nearly complete
disappearance at 1.0% added MP. In addition, the peak temperature decreases from
about 22°C to about 11°C with increasing amounts of added MP.

Figure 4.11 plots the onset and peak temperatures measured from the DSC
thermograms in Figure 4.10. Enthalpy values are also plotted using the right y-axis.
There is a linear dependence on the size of the suppression effect for increasing amounts
of added MP. At saturation, the concentration of added MP is roughly 1.5% wt/v, which
explains the change in slope from the 1.0% added measurements and the saturated

measurements.
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Figure 4.10 10% F127 with progressively increasing amounts (from 0 to 1%) of added
MP. The arrow indicates the direction of increasing MP concentration. Each overlaid
curve has an additional 0.1% MP added. As increasing amounts of MP are added to the
solution, the micellization endotherm is progressively suppressed, and the peak shifts
slightly lower in temperature. The curves have been aligned so the initial baseline is
consistent for all samples.
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Figure 4.11 Onset temperature, peak temperature, and enthalpy measured for a series of
10% F127 solutions containing increasing amounts of MP.
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4.3.d. Added propylparaben produces the same effect as added methylparaben
Figure 4.12 shows a similar experiment as to the one described in 4.3.c, except the
additive was propylparaben instead of methylparaben. Again, a similar suppression of

the micellization endotherm is observed.

1% Added PP

Heat Flow (W/g)
S
2

0% Added PP

-0.68

0 [ 10 20 30 40 50 60 70
Exo Up Temperature (°C)

Figure 4.12 10% F127 with progressively increasing amounts (from 0 to 1%) of added
PP. The arrow indicates the direction of increasing PP. Each overlaid curve has an
additional 0.2% PP added. As increasing amounts of PP are added, the micellization
endotherm is again similarly suppressed, as was the case for added MP. The curves have
been aligned so the initial baseline is consistent for all samples.

4.3.e. MP also suppresses the micellization endotherms in different Pluronic surfactants
Figure 4.13, Figure 4.14 and Figure 4.15 show the results of similar experiments to
that shown in Figure 4.10, performed on solutions of Pluronic P123, F108, and F68. This

was done in order to show if different Pluronic surfactants have different suppression
characteristics when MP is added. A similar experiment was also attempted for Pluronic
L121, however, upon adding MP, white precipitate (presumed to be L121) fell out of

solution, and could not be re-solubilized. These specific surfactants were chosen in order
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to investigate the effect of decreasing PEO content while keeping a similar PPO block
length (F127>P123>L121), or keeping a similar PPO/PEO ratio while decreasing the
PPO block length (F127>F108>F68).

Suppression of the micellization endotherm was seen in all cases; however, the
magnitude of the suppression varies with the tested surfactant. For F68 and F108 (Figure
4.13 and Figure 4.14, respectively), the micellization endotherm is nearly completely
suppressed, as was for F127. P123 (Figure 4.15), however, did not exhibit suppression to
the same degree; rather a smaller but still clearly distinguishable micellization endotherm
was visible.

Figure 4.16 plots the onset and peak temperatures for the three surfactants F127,
P123, and F68 for increasing amounts of added MP. In each case, the distance between
the onset and the peak temperatures increases with higher amounts of added MP (a
broadening of the peak). The total change in the onset/peak temperature is greater for
F68 due to added MP than F127 or P123, indicating that the addition of MP is most
sensitive to PPO block length.

Figure 4.17 plots the enthalpy of micellization for F127, P123, and F68 for increasing
amounts of added MP. For Pluronic P123, there is a linear relationship between the
decrease in the enthalpy of micellization and the amount of added MP. For F127, the
enthalpy approaches an asymptotic limit as the MP concentration increases. F68
experiences both the smallest absolute and relative change in the enthalpy. The
suggestion of an absolute “minimum” enthalpy is seen (about 1 J/g) as added MP was not

able to suppress the enthalpy values further.
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Figure 4.13 10% wt/v Pluronic F68 with progressively increasing amounts (from 0 to
1%) of added MP. The arrow indicates the direction of increasing MP. Each overlaid
curve has an additional 0.5% MP added. As increasing amounts of MP are added, the
micellization endotherm is suppressed, as was the case for F127. It should be noted,
however, that for the 1% added MP curve, the solution was already saturated with MP
and thus the actual concentration was somewhere between 0.5% and 1% MP. The curves
have been aligned so the initial baseline is consistent for all samples.
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Figure 4.14 10% wt/v Pluronic F108 with progressively increasing amounts (from 0 to
1%) of added MP. The arrow indicates the direction of increasing MP. Each overlaid
curve has an additional 0.5% MP added. As increasing amounts of MP are added, the
micellization endotherm is suppressed, as was the case for F127. The curves have been
aligned so the initial baseline is consistent for all samples.
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Figure 4.15 10% wt/v Pluronic P123 with progressively increasing amounts (from 0 to
1%) of added MP. The arrow indicates the direction of increasing MP. Each overlaid
curve has an additional 0.5% MP added. As increasing amounts of MP are added, the
micellization endotherm is suppressed, as was the case for F127. The curves have been
aligned so the initial baseline is consistent for all samples.
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Figure 4.16 Onset and peak temperatures for Pluronic F127, P123, and F68 with
increasing amounts of added methylparaben. The F68 solution was already saturated
prior to 1% added MP.
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Figure 4.17 Enthalpy of micellization for Pluronic F127, P123, and F68 with increasing
amounts of added methylparaben. The F68 solution was already saturated prior to 1%
added MP.

4.4 Discussion

4.4.a. Micelle formation vs. gel formation in F127 solutions

Figure 4.3 illustrates the typical thermophysical behavior of F127 solutions over a
range of concentrations. Here it is clearly illustrated the presence of two distinct
phenomena. As the temperature of an F127 solution is increased from below to above its
cmt, micelles form as their formation becomes energetically favorable. As mentioned
previously, the primary driving force for this change is entropically-driven’, as the
formation of micelles breaks down the structured hydrophobic bonding of water
molecules around the PPO block segments (“water cages”), resulting in a large increase
in entropy. This process is what gives rise to the large endothermic peak seen in the DSC

thermograms. It is important to note, however, that this (relatively) large endothermic
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peak is not associated with F127 gelation as was measured in the previous chapters.
Micelle formation can be most directly seen in the I(g) SAXS plots in Chapter 3, where
an amorphous scatting halo becomes visible at temperatures above the cmt but below the
critical gel temperature.

As the temperature of each solution continues to rise, a second process occurs in
which the micelles arrange into quasicrystalline lattices. For higher concentrations of
F127, a secondary process can be detected via DSC (circle in Figure 4.3), as the
magnitude of the peak is sufficient to resolve within the sensitivity of the measuring
apparatus. This second event is associated with the actual formation of viscous gel,
corresponding with Bragg scattering seen in SAXS and a large rise in complex viscosity
measured via rheometry. The circled secondary peak for 30% F127 in Figure 4.3 occurs
between approximately 20 and 25°C. Comparing that value to Figure 3.3, where Bragg
peaks appear between the 20 and 30°C readings for 30% F127 demonstrate that the
secondary DSC endotherm correlates with the onset of micelle ordering. Additionally,
the critical gel temperature for 30% F127 solutions is reported as 17°C in Table 2.1.
Considering that the critical gel temperature is defined as the onset of gel formation, and
that the gel transition can take several degrees to complete, the small discrepancy

between the rheometry data and the DSC/SAXS data can be accounted for.

4.4.b. Trends in the micellization endotherm across the Pluronic grid

The series of figures between Figure 4.4 and Figure 4.9 show the trends in micelle
formation as the Pluronic grid is traversed. Higher PEO/PPO ratios result in smaller
endotherms, as do smaller PPO block lengths. It therefore follows that the majority of

the energetic contributions to the total enthalpy of micellization comes from the
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hydrophobic PPO block if the molecule, and not the hydrophilic PEO arms. These
observations are consistent with current theory on micelle formation in amphiphilic
copolymers®*>”*. Additionally, the longer the PEO arms are, the smaller the total
micellization endotherm. This is due to an increasingly positive enthalpy from the
formation of the micellar core-shell interface™®.

Pluronic surfactants with high PPO content and low PEO content (L121, L101)
exhibited a unique double-hump micellization endotherm. This is due to the phase
behavior of Pluronic L121 (Figure 1.4) and the presence of a two-phase liquid crystal

region of lamellar aggregates’™*".

4.4.c. Added methylparaben suppresses the micellization endotherm

Added methylparaben (and added propylparaben) suppressed the micellization
endotherm. An initial explanation for this observation would be that micelles do not
form in solutions containing MP, however, it has already been clearly demonstrated that
micelle formation and ordering still occurs, as the previous rheometer, DLS, and SAXS
data (Chapters 2 and 3) show.

Previously, Kelarakis et al.”®® reported athermal or near athermal micellization in
ethylene oxide/1,2-butylene oxide (EO/BO) diblock copolymers. Their conclusion was
that a balance of positive and negative contributions to the enthalpy of micellization that
very nearly cancel each other out. For EO/BO copolymers, Kelarakis determined that the
positive enthalpy of micellization due the hydrophobic effect balanced with the negative
enthalpy of micellization from dispersion interactions within the micelle core, resulting in

a net near-zero enthalpy of micellization.
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In the case of methylparaben, it is likely that a similar effect is happening. As was
mentioned before, MP and other hydrophobic additives localize or preferentially
associate themselves with the PPO core block in Pluronic surfactants*'. This would result
in specific enthalpic contributions (for example, the hydrophobic effect of dehydrating
PPO regions) being modified by the presence of MP, whereas others are left unmodified
(such as the formation of the PEO shell).

Relating the lowered enthalpy of micellization to other work, this observation also
correlates with the results obtained by Sharma ez al.*” who noted a reduction in cmt, and
the rheometry and SAXS data presented earlier in previous chapters, which demonstrate
gel formation at lower temperatures. With the enthalpic cost associated with micelle
formation significantly reduced, it would stand to reason that micelles form earlier and
more easily than in neat F127 solutions. As such, gelation is allowed to occur more
easily and at lower temperatures as well.

Studies of Pluronic surfactant micellization in the presence of small amounts of ionic
surfactants have been previously carried out. Jansson ez al.* also observed a suppression
in the micellization endotherm of P123 upon the addition of the ionic surfactants sodium
dodecylsulfate (SDS) and hexadecyltrimethylammonium chloride (CTAC). In their
measurements, however, the peak position was shifted to higher temperatures and not
lower temperatures, as is reported here for added MP. The explanation given was that the
ionic surfactant forms small complexes with the Pluronic surfactants in solution, thus
sequestering them and making them unavailable for incorporation into micelles- thereby

reducing the magnitude of the micellization endotherm.
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4.4.d. Effect of added methylparaben on different Pluronic surfactants

Comparing the results in Figure 4.13, Figure 4.14, and Figure 4.15 to Figure 4.10
reveal the differences in behavior when MP is added to other Pluronics. Moving laterally
across the Pluronic grid, the magnitudes of the endotherms increases as the PEO/PPO
ratio decreases, and the absolute suppression from MP is reduced. Moving vertically up
and down the grid, the endotherms get smaller as the PPO block length is reduced, and a
greater suppression of the endotherm is seen.

Pluronic F68 experienced the least change in the enthalpy of micellization. The
addition of MP did not affect the size of the endothermic peak to a significant extent.

The shape and position of the peak (with respect to temperature), however, changed more
than the other two Pluronic surfactants tested. The peak temperature lowered by almost
20°C and the difference between the onset and the peak temperatures increased from
approximately 10°C to 30°C. This suggests a distinct broadening of the transition, which
can be visualized in Figure 4.13.

A solution of 10% Pluronic F68 could not fully dissolute 1% added MP, which both
F127 and P123 could at equal concentrations. This indicates that the “carrying capacity”
of F68 is reduced compared to that of the other two surfactants. F127 could solubilize
more MP than F68, although it reaches saturation somewhere between 1 and 2 wt%
added MP*'. Pluronic P123 was also able to completely dissolute 1% added MP,
however when MP was added to a solution of 10% L121, a white precipitate immediately
began to fall out of solution. When MP is added, it is possible that the MP molecules act
as “glue”, binding the PPO cores from multiple polymer chains together, as they

preferentially associate with each other and the added MP molecules. However, because
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this large hydrophobic aggregate is not sufficiently “protected” by a thick PEO corona,
the aggregates cannot remain in solution and precipitate.

The amount of relative peak suppression due to added MP in Pluronic F127 was
greater than that of F68 or P123. The absolute magnitude of the suppression was similar
to that of P123, however, the enthalpy value approached an asymptotic minimum as the
concentration of MP was increased to 1%. F127 also experienced significant peak
broadening with the addition of MP (Figure 4.12), the difference between the onset and
the peak temperature values increasing from 5°C to about 15°C at 1% added MP. For the
two Pluronic surfactants with high PEO content, significant broadening of the
endothermic peak was observed.

Pluronic P123 experienced the largest absolute suppression in the enthalpy of
micellization, but owing to its large endothermic peak in neat solutions, the amount of
relative change was comparatively less than F127 (a 40% reduction compared to a 75%
reduction for Pluronic F127). A linear response in the suppression is observed, unlike
F127 where increasingly higher amounts of MP resulted in less additional suppression.
P123 experienced the least sensitivity in peak shifting and broadening as a result of added
MP.

These results show that the absolute amount of enthalpic suppression from added MP
1s most sensitive to the length of the PPO center block, with longer PPO blocks
experiencing greater suppression. The amount of temperature shift and peak broadening
is most sensitive to the PEO/PPO ratio, with Pluronic surfactants that have the highest
amount of PPO by weight experiencing the largest shifts in peak position and peak

broadening due to added MP.
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4.5 Chapter Summary

In this chapter, the thermophysical driving force of micellization for a variety of
Pluronic surfactants was investigated. The notable observation of the suppression of the
micellization endotherm that occurs in the presence of added pharmaceuticals such as MP
was investigated, and this behavior was probed for other Pluronic surfactants as well, in
order to understand the mechanism by which this occurs. Additionally, global trends in
the micellization behavior were probed as a function of the two molecular parameters
PEO content and PPO center block length.

The data presented suggest that the MP is modifying the energetic contributions to the
micelle core formation. The discussion covers a mostly qualitative explanation of the
observed behavior. A logical follow up to this initial overview would be to conduct more
detailed, quantitative studies of the specific molecular interactions that take place
between MP (or other ternary additives) and the micelle core. Techniques such as SANS
or NMR would allow more detailed investigations into the intermolecular interactions
that are taking place, which would ultimately lead to the development of a model that
would describe this behavior. Currently, models do exist which cover the energetics of
micelle formation’, however, they do not account for the contributions of dissolved

solutes and their effect on the overall energetic balance.
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Chapter 5

Summary and Future Work

5.1 Summary

The aim of this dissertation work was to provide a comprehensive study of the effect
that the added pharmaceutical methylparaben had on the thermogelling system of
aqueous solutions of Pluronic 127. Investigations into the changes in both the
micellization and gelation transitions were completed, as well as a structural
characterization of the micelle gels.

The viscoelastic properties of Pluronic F127 gels were studied both as a function of
heating rate and added methylparaben. It was found that T, (the critical gel
temperature) increased slightly (~2-3°C) with increasing heating rate. The gel time, A¢,
decreased with increased heating rate, but not in direct proportion to the heating rate.
This indicates some dependence on kinetic effects.

Adding methylparaben to F127 solutions also resulted in pronounced changes in F127
gelation. Tge dropped significantly, up to 15°C for a 20% F127 solution. These values
matched those previously measured by Sharma e al.”’. Gel time was also substantially
affected by the addition of MP. An almost four-fold decrease in the gel time was
observed at 20% F127, with the acceleration being less pronounced for other

concentrations. These results suggest that the presence of MP has an effect on the
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formation and organization of Pluronic micelles, which manifest in observable changes in
the gel transition.

Structural evaluation of F127 solutions provided insight into the effects of added MP
on the formation and ordering of the F127 micelles. Evidence of periodic scattering,
present above the critical gel temperature, could be seen using SAXS. The range of
temperatures over which periodic scattering could be observed was expanded upon the
addition of methylparaben and dexamethasone. This indicates that the range of
temperatures where stable gels exist is expanded because of these added pharmaceuticals.
If the presence of periodic scattering in the SAXS data suggests the presence of the gel
phase, then the lowering of T, as measured by rheometry is reflected in the SAXS
patterns, with corresponding periodic scattering observed at lower temperatures. In the
rheometry experiments presented in Chapter 2, a decrease in T on the order of 15°C
was observed upon adding MP to a 20% solution of F127. This lowering is similarly
observed in the SAXS data, where peaks can be seen in the data collected at 10°C lower
than the neat F127 solutions (periodic scattering at 40°C in Figure 3.3 versus periodic
scattering at 30°C in Figure 3.4).

Additionally, a small change in the lattice spacing was measured, with an
approximate 5% decrease in the lattice parameter for added methylparaben. This finding
correlated with DLS results that indicated a decrease in the polydispersity of F127
micelles with added MP. A more uniform size distribution of micelles means that the
cubic lattice does not need to accommodate as many sizing defects, and thus can arrange

itself with a slightly tighter packing configuration as a result.
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Time-resolved SAXS studies on the effects of heating rate and added MP result in a
change in the evolution of the ordered micelle lattices. For solutions of Pluronic F127,
ordered domains of micelles packed in a cubic lattice grow via heterogeneous nucleation
and growth, with relatively few domains being nucleated. Upon the addition of MP,
however, the nucleation and growth changes to homogeneous nucleation and growth,
with a larger number of domains.

The energetics of micelle formation was also probed for various Pluronic surfactants.
Trends in the magnitude and position of the micellization endotherm were observed for
several surfactants located across the Pluronic grid. Pluronic surfactants with higher PEO
content resulted in smaller micellization endotherms, and the position of the endothermic
peaks was shifted to higher temperatures. Pluronic surfactants with larger PPO center
blocks also resulted in larger micellization endotherms, and the peak positions were
shifted to lower temperatures. The largest endotherms were observed for Pluronic
surfactants with long PPO centers and short PEO arms (i.e. L121, P123) and the smallest
endotherms were observed in surfactants containing short PPO centers and long PEO
arms (i.e. F68).

These observed trends demonstrate how changes in the relative lengths of the PPO
and PEO blocks in the Pluronic surfactant alter the total magnitude of the micellization
endotherm. There are several separate processes that contribute to the total enthalpy of
the micellization endotherm in Pluronic surfactants. These contributions can be
summarized in Equation 5.1, where HP stands for the hydrophobic effect, /F for the
formation of the core-shell micellar interface, disp for dispersion forces within the

micelle core, and conc for the concentrating effect of PEO chains within the micelle
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shell”’. These terms vary in relative magnitude and sign. The hydrophobic effect is the
dominant contributor and is negative (endothermic)’’. The core-shell interface is positive
(exothermic) and relatively small compared to the other contributions®’. The dispersion
forces that develop in the micelle core are positive and roughly one third to one fourth
that of the hydrophobic effect”, and the concentration of PEO into the micelle shell is
also positive, being essentially the opposite of the heat of dilution for PEO into aqueous

solution®’.

AH, , =AH,,+AH, +AH, +AH

total disp conc

Equation 5.1

As the trends in Chapter 4 show, varying the lengths of the PEO or PPO blocks in the
Pluronic surfactant will alter the relative magnitudes of these contributions relative to one
another. Increasing the PEO arm length, for example, will increase the magnitude of
AH._ .., and make the total enthalpy more positive (or closer to zero, as the enthalpy is a
negative endothermic value). This can be seen in Figure 4.4 and Figure 4.5, where
increasing the PEO content but keeping a constant PPO block length reduces the
magnitude of the micellization endotherm. Similarly, decreasing the PPO core block
while keeping the amount of PPO constant (Figure 4.6, Figure 4.7, and Figure 4.8)
produces a similar decrease in the magnitude of the endotherm. The reason for this is
because the shorter PPO block produces a smaller AHyp, which in turn decreases the
overall magnitude of the transition.

The effect of added methylparaben suppressed the magnitude of the micellization

endotherm, as well as shifted the location of the endothermic peak to lower temperatures.
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For Pluronic surfactants that had a large micellization endotherm (Pluronic P123), the
relative amount of suppression per unit of added MP was less, however the total
magnitude of the suppression was greater. A linear relationship between added MP and
the degree of suppression was observed in these cases. For Pluronic surfactants with
relatively small micellization endotherms (such as those for F127, F68), the relative
amount of suppression was greater, in some cases lowering the enthalpy of micellization
to nearly zero, but the magnitude of the change was less than that of P123, since the size
of the micellization endotherms was much less to begin with.

Again considering the individual contributions to the total enthalpy of micellization in
Equation 5.1, the effect of added MP can be seen by studying the relative amount of
suppression for Pluronic surfactants with different PPO and PEO block lengths. As
mentioned earlier, it is very likely that the MP localizes to the micelle core, as previous
work by Nagarajan et al.*' examining the behavior of hydrophobic guest molecules in
Pluronic micelles shows. Therefore, the added MP acts upon the micelle core, where a
suppression of the hydrophobic effect may be taking place, which would then reduce the
negative enthalpic contribution of the AHyp term. Similarly, enhanced dispersion
interactions within the micelle core could increase the positive magnitude of the AH g,
term, again pushing AH,,,,; towards zero.

Interpreting the observed experimental results as a whole, a clearer picture of the
effect of added methylparaben on the micelle formation and ordering process is revealed.
Due to the specific interactions between added MP molecules and the Pluronic surfactant,
the energetic barrier for micelle formation is lowered, which in turn causes micelles to

form more readily at lower temperatures. This was measured using DSC, and the
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resultant consequences seen in the SAXS data (appearance of the amorphous scattering
halo at lower temperatures for added MP). With a greater number of micelles formed for
a given temperature as compared to solutions devoid of MP, ordering will also occur at
lower temperatures. This is again seen in the SAXS data, where periodic scattering peaks
are observed at lower temperatures for solutions containing MP. The rheometry data also
suggest enhanced ordering at lower temperatures, as Tg; was measured to decrease as
well. Finally, the high-temperature stability of the micelle lattices was increased by the

presence of methylparaben.

5.2 Future work

The data presented in this dissertation presents a more complete picture of the
specific interactions of methylparaben and Pluronic F127. In certain situations, other
additives produced markedly different behavior in the resulting F127 gels. Added
dexamethasone changed the scattering behavior of F127 gels as compared to F127 gels
with added methylparaben. This suggests that differences in the molecular interactions
between Pluronic surfactants and ternary additives can lead to markedly different
resulting behavior. DSC experiments of solutions containing dexamethasone may shed
more light on how dissolved dexamethasone affects the energetics of micellization of
Pluronic F127. Overall, a more detailed investigation into the specific interactions that
take place between ternary additives and Pluronic surfactants is warranted, to come up
with a molecular explanation for the observed changes. Nuclear magnetic resonance
(NMR) may prove useful in determining the types of intermolecular interactions that are

being formed between molecules of Pluronic surfactant and ternary solutes.
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Although the scattering studies presented here shed light on the structural changes in
the micelle lattice, further avenues for study are still available. Most notably, employing
neutron scattering as opposed to x-ray scattering may optimize the scattering contrast
between the micelle core and the micelle shell, which would allow one to better
determine if changes in the micelle lattice were a result of changing core size, or if the
micelle shell was similarly being affected by added MP.

Efforts to apply these characterization techniques to a broader class of additives or
amphiphilic polymers are also worthy objectives for further study. By generalizing these
results to classes of additives (for example hydrophobic or hydrophilic molecules, low
molecular weight or high molecular weight, etc.), refinements can be made to the current
models of the micellization and gelation behavior of Pluronic surfactants. These models
can be updated to account for the presence of ternary additives, which would allow for
more accurate prediction of modifications in the micellization and aggregation behavior
of amphiphilic copolymers in complex formulations.

Regarding the kinetics of gel formation, while the results from the rheometry portion
of this study revealed that kinetic limitations were present in the system, the subsequent
SAXS and DSC studies did not thoroughly examine the kinetics of gel formation in
Pluronic solutions. An expanded set of scattering studies targeting the kinetics of the gel
transition at different heating rates would produce useful information on the process of
gel formation itself, to determine whether micelle assembly is largely regulated by

diffusion, or if some other process is the rate-limiting factor.
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