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ABSTRACT

The work presented in this dissertation is a description of novel core-shell nanomaterials
derived from a group of uniform materials based on organic salts (GUMBOS) and the synthesis
and characterizations of novel liposomal ionogels (LIGs). These GUMBOS are an extension of
ionic liquids (ILs) which are organic salts with melting points between 25 °C and 100 °C. lonic
liquids have high thermal stability, low vapor pressure, and tunable physiochemical and
functional properties. All of the properties of ILs are controlled by the chosen cation and anion
pair. Similarly to ILs, GUMBOS possess the same qualities; however, they have melting points
up to 250 °C. The first section is a discussion of core-shell nanomaterials composed of
GUMBOS and gold. Chapter 3 is a description of the synthesis of thiol-functionalized
GUMBOS and their corresponding nanoparticles (nanoGUMBOS). NanoGUMBOS were
prepared using non-templated and templated methods. Non-templated nanoparticles were
obtained through ionic self-assembly using a reprecipiation procedure. A reverse micellar
method was utilized in the preparation of templated nanoGUMBOS. NanoGUMBOS were used
as core components for the core-gold shell nanoparticles. The optical and morphological
properties of nanoGUMBOS were monitored throughout the gold-coating process. Although
gold-coated nanoGUMBOS have potential uses in biomedical applications, they were
investigated as organic solvent sensors. In chapter 4, 1D core-shell nanoGUMBOS were
prepared using a porous anodic alumina template. The corresponding optical and morphological
characteristics of the nanorods were also determined along with the gold-coating procedure.
With interest in electrochemical applications, cyclic voltammetry measurements were performed
to determine the electronic properties of bulk GUMBQOS. The second section is a description of

a new type of ionogel that utilizes liposomes as the gelation matrix which we have named

Xiv



liposomal ionogels (LIGs). The ionogels developed in this dissertation are composed of a
biocompatible IL which is prepared from choline and the amino acid proline along with
dipalmitoylphosphatidylcholine (DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) phospholipids. These LIGs offer two tunable components, phospholipids and ILs, and

have potential as topical drug delivery tools.
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CHAPTER 1
INTRODUCTION

1.1 Group of Uniform Materials Based on Organic Salts (GUMBOS)
1.1.1 lonic Liquids

lonic liquids (ILs) are organic salts that melt below 100 °C.* Within this definition, there
are two subcategories of ILs: room temperature and frozen.> Though separated by melting point,
room temperature ILs are viscous liquids near and below room temperature while frozen ILs are
in the solid form at room temperature and melt between 25 °C and 100 °C. The type of IL is
determined by the size and arrangement of ions within the lattice structure. The size asymmetry
between the bulky cation or anion restricts the ability of the ions to organize within the lattice,
which decreases the crystallization energy (i.e. melting point).® Careful selection of the cation
and anion determines other properties of the salt such as viscosity, solubility, density, and
polarity.®*® For example, increasing the alkyl chain on the heterocyclic cation results in a more
hydrophobic IL. Likewise, as displayed in Figure 1.1, the choice of anion can determine the
level of hydrophobicity. Other attractive properties of ILs include low volatility, negligible
vapor pressure, recyclability, ionic conductivity, and high thermal stability, which has made
them useful as alternative solvents for organic syntheses.! Common cations for ILs are
alkylammonium, alkylphosphonium, N,N-dialkylimidazolium, and N-alkylpyridinium structures
and common anions include hexafluorophosphate (PFs), tetrafluoroborate (BF,), nitrate (NO3),

and tetraphenylborate (TPB) as shown in Figure 1.1.
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Figure 1.1: Common cation and anion structures for ILs.

1.1.2 Synthesis of lonic Liquids

The preparation methods of ILs are fairly simple and do not require laborious synthetic

procedures which take long periods of time. Some ILs can be synthesized within hours. There

are various synthetic routes that can be used in combination for the preparation of ILs:

quaternization, anion metathesis, and neutralization. Quaternization is the alkylation of tertiary

amines, sulfides, or phosphines using an alkyl halide.® The conditions of the reaction are

dependent on the chosen alkyl halide. The reactivity of halogens increases down the periodic

table allowing in reaction conditions that are less harsh.

For example, alkylation using

alkylchlorides require temperatures of 80 °C for several days; whereas, alkyl bromide reactions



occur within 24 h at 60 °C and alkyliodide reactions can be performed at room temperature.® A
representative quaternization synthesis of 1-hexyl-3-methylimidazolium bromide [HMIM][Br] is
shown in Figure 1.2. The reaction occurs between 1-methyl imidazole and 1-bromohexane in
isopropanol at 60 °C for 24 h. The product, 1-hexyl-3-methylimidazolium bromide
[HMIM][Br], is a hygroscopic, viscous liquid. The unreacted starting materials and by-products
can be washed with diethyl ether or ethyl acetate. Finally, any remaining organic solvent is

removed under vacuum.
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Figure 1.2: Representative reaction scheme of quaternization synthesis for ILs.

Anion metathesis, or ion exchange, is performed to replace the halide anion with an
organic anion. This replacement occurs following alkylation or with other previously
quaternized compounds. lon exchange is typically takes place within a biphasic mixture. The
ionic liquid is extracted from the aqueous phase into the organic phase. The salt by-product is
easily removed with water rinses.” For the preparation of [HMIM][PFg], represented by Figure
1.3, [HMIM][Br] is dissolved in dichloromethane while a slight molar excess of [Na][PFg] is
dissolved in minimal amounts of H,O. The mixture is stirred for 48 h. The [Na][Br] by-product
is removed using aqueous rinses in minimal amounts. The hydrophobic IL, [HMIM][PFs] is
extracted by removing dichloromethane under vacuum. Occasionally, exchanges with highly
hydrophobic anions can be occurred in a one-system aqueous medium in which the IL
immediately precipitates out of solution. The by-product is washed with copious amounts of

water as in exchanges with bis(triflyl)imide and TPB anions.®
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Figure 1.3: Synthesis of 1-hexyl-3-methylimidazolium hexafluorophosphate.

Neutralization reactions for the synthesis of ILs can occur between Brgnstead and Lewis
acids and bases. In the case of the first IL reported by Walden in 1914, ethylammonium nitrate,’
ethylamine is mixed with nitric acid inducing a proton transfer as shown in Figure 1.4.
Alternatively, haloaluminate ILs are prepared with quaternized-based cations and aluminum

Lewis acids (AlX3; X= ClI, Br) such as the chloroaluminate ILs reported by Hurley and Weir in

1951 (Figure 1.5).1%
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Figure 1.4: Synthesis of ethylammonium nitrate using Bronstead acid-base neutralization.
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Figure 1.5: Synthesis of chloroaluminate ionic liquids.

1.1.3 Functionality of lonic Liquids
The development of IL functionality is classified into three generations. First-generation
ILs are composed of imidazolium and pyridinium cations with halogenated anions such as the

chloroaluminate solvents initially reported by Hurley and Weir.** Haloaluminate ILs were used

4



as solvents or catalysts for organic syntheses. A major drawback to first generation ILs was the
high reactivity with air and water. Therefore, had to be handled very carefully and under dry,
inert conditions.

Second-generation ILs were initially reported by Wilkes and Zaworotko in the early
1990’s and were composed of weakly coordinating anions such as PFs and BF,.*? Although
stable in air and water, they have the tendency to undergo hydrolysis, producing toxic
hydrofluoric acid (HF) by-products. In 1996, Bonhdte reported the synthesis of imidazolium-
based ILs with the hydrophobic, fluoride-free anion bis((trifluoromethyl)sulfonyl)amide, NTf,".2
These anions are safer because of the elimination of HF byproducts. The use of imidazolium and
pyridinium cations remain in second generation ILs, and ammonium and phosphonium cations
are added. Ammonium and phosphonium ILs yield lower melting points, and different
viscosities and solubilities in organic solvents in comparison to the imidazolium and pyridinium
ILs."”®* These developments within second-generation ILs led to the investigation of other cation
and anion pairs in order to tailor not only the physical properties, but also the chemical
properties.’*** Instead of solely being used for solvents in organic reactions, the use of ILs was
now being explored in areas such as sensors," batteries,'® and lubricants."” Structures of second
generation anions are displayed in Figure 1.6.

Third-generation ILs are among the more nontoxic and environmentally-friendly salts
and are generally known as “task-specific ionic liquids” because they have functional groups
inherent to its structure specific for a particular application. In 2001, Rogers et al. designed ILs
with amine and thiol (thiourea, thioether, and urea) functional groups for the extraction of

mercury and cadmium heavy metals.*®
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Figure 1.6: Second generation anion structures.

This generation of ILs also incorporated biological properties with the chemical and
physical properties of first and second generation ILs. Examples of third generation ions are
sugars, amino or organic acids, choline, or drugs. In 2007, Rogers et al. developed a series of
ILs focused on biological properties which were composed of active pharmaceutical ingredients
(API). The ILs were formed using lidocaine hydrochloride (LHCI) and ranitidine hydrochloride
(RHCI) cations with a sodium docusate (dioctylsulfosuccinate) (NaD) anion, and
didecyldimethylammonium bromide cation with sodium ibuprofen anion. The structures of the
named ions are displayed in Figure 1.7. Lidocaine hydrochloride is a topical pain reliever; RHCI
is an anti-histamine more commonly known as Zantac and had also been of concern for its
tendency to undergo crystallization. Didecylmethylammonium bromide has antibacterial
properties, NaD behaves as an emollient and has dispersion capabilities, and sodium ibuprofen
has anti-inflammatory properties. It was determined that these salts in pure IL form possessed
identical characteristics of traditional ILs such as increased hydrophobicity and hygroscopic in
nature. In addition, the IL-APIs circumvented the possibility of crystallization. Biological
assays were performed on lidocaine docusate (LD) in which the IL maintained its pain relief

functionality as a topical antinociceptive drug over an extended period of time. At the cellular



level, LD demonstrated increased membrane permeability which was attributed to the docusate

anion. Essentially, Rogers et al. introduced ILs that were multifunctional and biocompatible.
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Figure 1.7: Representative third generation molecules and salts.

1.1.4 GUMBOS

Significant progression has been made on the physiochemical properties, functionality,
biocompatibility, and applicability of ILs up to this point. However, many salts of similar
properties were dismissed over the years due to the strict limitation of the IL melting point of
100 °C. As a result, the Warner research group developed a new class of organic materials
which encompasses salts above the melting temperature threshold of traditional ILs. This new
class has been termed a group of uniform materials based on organic salts or using the acronym,
GUMBOS. GUMBOS are an extension of (frozen) ILs and cover a melting point range of 25 °C

to 250 °C (Figure 1.8). These GUMBOS possess the same attractive, tunable properties of



traditional ILs with functional properties similar to TSILs. An increase in the melting point

exponentially expands the library of functional materials.

GUMBOS
Frozen ILs

0 50 100 150 200

Melting Point (°C)

Figure 1.8: Melting point ranges for room temperature (R.T) ILs, frozen ILs, and GUMBOS.

The first report of GUMBOS was published by Tesfai et al. in 2009.)° Magnetic
GUMBOS composed of a tradition cation 1-butyl-2,3-dimethylimidazolium and a magnetic
anion, tetrachloroferrate ([Bm,Im][FeCl4]), and nonmagnetic GUMBOS [Bm,Im][BF,] were
synthesized by ion exchange. The magnetic susceptibility of these GUMBOS was measured
using a superconducting quantum interference device (SQUID) and was determined as
34.3 x 10° emu/g. This susceptibility was identical to similar ILs prepared with FeCl,. In
the same year, Bwambok et al. prepared series of GUMBOS utilizing a cyanine-based, near
infrared (NIR)-emitting dye, 1,1°,3,3,3,3’-hexamethylindotricarbocyanine (HMT) cation with
anions: BF4;, NTf,, bis(2-ethylhexyl)sulfosuccinate (AOT), and 3,5-bis(trifluoromethyl)-
phenyltrifluoro-borate (3,5CF3;PheB). The melting points of the GUMBOS were tuned based
on the chosen anion from 58 °C to 220 °C. Ethanolic solutions of the GUMBOS displayed
NIR emissions at 765 nm attributed to the HMT cation. The use of other cyanine-based dyes

8
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for the preparation of GUMBOS was also investigated. Das et al. synthesized HMT dyes with
NTf,, AOT, bis(pentafluoroethanesulfonimide) (BETI), and tetrakis[3,5-bis-(1,1,1,3,3,3-
hexafluoro-2-methoxy-2-propyl)phenyl]borate (TFP4B) anions.”® Similarly, Jordan et al.
synthesized pseudoisocyanine (PIC)-based GUMBOS with NTf, and BETI anions for solar
cell and photosensitizer applications.” These two reports were investigations of the tunable
spectral properties of GUMBOS which was attributed to the aggregation of molecules (J and
H aggregation) within the dye structure. Structures for cyanine-based GUMBOS are shown in
Figure 1.9. In addition to magnetic and fluorescent functionalities, GUMBOS and ILs have

22,23 Chira|,24,25,26

been prepared by the Warner research group with luminescent, and

biological®**’

properties.
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Figure 1.9: lonic structures of cyanine-based GUMBOS: (i) HMT (ii) PIC (iii) NTf; (iv) TFP4B
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The continuously growing field of nanomaterials has been of great interest for years.
The properties that were noticed in GUMBOS in comparison their respective parent ions led
to the investigation of GUMBOS at the nanoscale. Nanomaterials derived from GUMBOS
(nanoGUMBOS) have been shown to possess similar if not more interesting characteristics
than those in the bulk form. The preparations of nanoGUMBOS and some of their
applications will be further discussed in the next section.
1.2 Nanomaterials

Nanomaterials are structures that have at least one dimension that is less than 100 nm.
These materials are reported to have interesting electronic, catalytic, mechanical, and optical
properties in comparison to the macroscale. Nanomaterials have a higher surface area to volume
ratio and an increased number of interfacial atoms than the bulk material which results in the
enhancement of their properties. These properties are also dependent on their size and shape
(spherical particles, rods, tubes, and cubes). Likewise, the composition of the nanomaterials also
provides task-specific utility. As a result, there are an abundance of nanomaterials that are
composed of organic and inorganic materials such as carbon nanotubes,”® polymers,?® and
metals.®**! Recently, nanoGUMBOS were developed, and their physical, electronic, and optical
properties studied. Particularly, the properties of nanoGUMBOS and gold (Au) nanomaterials
are the scope of this dissertation and will be discussed in the following sections.
1.2.1 NanoGUMBOS

The first report of nanoparticles formed from ionic liquids was reported by Tesfai et al. of
the Warner research group.*? Nano- and microparticles of frozen IL, [Bm,Im][PFg] (m.p. 42 °C),
were prepared by a melt-emulsion-quench procedure. In this preparation method, [Bm,Im][PF¢]

was heated to 70 °C to melt the solid. The solution was then subjected to probe or bath
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sonication (at 70 °C), then quickly cooled in an ice bath. The sizes of the nanoparticles were
dependent on the type, speed, and duration of sonication. Nanoparticles with diameters ~89 + 33
nm were formed with 10 min homogenization (30000 rpm), followed by 10 min probe
sonication, and quenching in an ice bath. Alternatively, microparticles with diameters ~3 pm
were formed with 3 s homogenization (30000 rpm) followed by quenching without probe
sonication. Since this initial report, attention has been given to preparation techniques and
unique physiochemical and functional properties of nanostructures in the classes of ILs and
GUMBOS.

As previously described, Tesfai et al. synthesized magnetic and nonmagnetic
GUMBOS." The synthesis of the GUMBOS and preparation of the nanoGUMBOS occurred
simultaneously using a reverse micellar technique. Reverse micelles have been used for the
synthesis of inorganic and organic nanoparticles.®* Micelles are typically formed from surfactant
monomers above their respective critical micelle concentration (CMC). Normal micelles are
formed in aqueous medium wherein the hydrophilic heads face the external medium and the tails
face inward. Alternatively, reverse micelles form in organic medium causing the tails to be
directed toward the environment, while the heads face inward forming central water pools.
Reverse micelles are suitable for hydrophobic nanoGUMBOS since the aqueous pool serves as
templates for monodispersed nanoparticles. An illustration of normal and reverse micelles is
shown in Figure 1.10.

The mechanism behind the formation of nanoGUMBOS by the reverse micelle method is
illustrated in Figure 1.11. Initially, aqueous solutions of reactant salts are added to separate
reverse micelle emulsions (A and B). The two emulsions are mixed together, (C), and the

micelles coalesce and form dimer droplets. During the mixing process, the reactant salts undergo
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anion metathesis. Finally, the micelles decoalesce into single droplets wherein, the hydrophobic

nanoparticles remain suspended within the aqueous core.*

A Hydrophobic Tail B
&' -/. Aqueous
./J/&\‘\\’ Pool
Hydrophilic Head f ?

Aqueous Medium Organic Medium

Figure 1.10: Diagram of (A) normal micelle and (B) reverse micelle.
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Figure 1.11: Representation of reverse micelle method preparation of nanoGUMBOS.
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In the case of the magnetic GUMBOS, aqueous solutions of the parent salts [Bm,Im][CI]
and [Fe][Cls]-6H,O were separately added to NaAOT/n-heptane emulsions. When the two
solutions were mixed, ion exchange and nanoGUMBOS formation occurred. The sizes of the
nanoGUMBOS were tuned from ~98 nm to ~200 nm by varying the concentration of the parent
ions. Interestingly, the magnetic susceptibility of the nanoGUMBOS was identical to that of the
bulk solution.

The cyanine-based GUMBOS described above utilized a reprecipitation method.
Nakanishi and coworkers developed the reprecipiation method for the fabrication of organic
nanocrystals.®* In the reprecipitation method, a sample material is dissolved in an alcohol or
acetone. The resulting solution is rapidly injected into a solvent that is miscible with the injected
solvent but which the target sample is insoluble (usually water). As illustrated in Figure 1.12,
(A) a polar solution (i.e. ethanol, methanol, acetone) of hydrophobic GUMBOS is (B) added to
water under bath sonication resulting in (C) nanoGUMBOS suspended in water. The polar
solution is miscible with water while the GUMBOS, which are hydrophobic, precipitate as
nanoparticles and remain suspended in the aqueous medium. This procedure is a template-free,
additive-free, facile, and reproducible alternative for the synthesis of nanoGUMBOS.

The [HMT]-derived GUMBOS reported by Bwambok et al. was the first to be prepared
as nanoGUMBOS using the reprecipitation method. The absorption and emission profiles of
these NIR-emitting nanoGUMBOS differed from the spectral profiles of the GUMBOS in bulk.
The absorbance and fluorescence spectra possessed similar shapes with slight differences due to
the different anions that were used. However, the intensities at the same molar concentrations,
decreased with anions of increasing molecular weights. The [HMT][AOT] nanoGUMBOS were

also used as contrast agents for the imaging of Vero cells. Fluorescence microscopy studies were
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performed to monitor efficient cellular uptake, which indicated that nanoGUMBOS have

potential in biological applications.

A) (B) ©

Figure 1.12: Diagram of reprecipitation procedure for the preparation of nanoGUMBOS. (A).
1mM acetone solution of GUMBOS, (B) addition of 100 pL (A) to 5 mL of water, and (C) TEM
micrograph of nanoGUMBOS.

Jordan et al. was the first to report self-assembled morphological changes with varying
anions of cyanine dye nanoGUMBOS.? Using the reprecipitation procedure, diamond-like
nanostructures were formed for [PIC][NTf,] GUMBOS and rod-like structures were formed for
[PIC][BETI] GUMBOS. The morphological changes were attributed to the stacking orientations
of the dye molecules. The head-to-tail pattern (J-aggregation) of the molecules led to the
diamond shape of [PIC][NTf,], whereas, the parallel molecular orientation (H-aggregation)
induced the rod-like structures of [PIC][BETI]. The J and H aggregations were also responsible
for the changes in the spectral properties of the nanoGUMBOS. A decrease in absorption
intensity and red shift in the monomer absorption maximum, and an increase in the fluorescence
intensity and red shift in the fluorescence spectra of [PIC][NTF;] were characteristic of J-type

aggregation. Likewise, a decrease in the absorption intensity with a blue shift of the monomer
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maximum is characteristic of H-type aggregation of [PIC][BETI]. Furthermore, electrochemical
studies were also performed on the [PIC] GUMBOS for their potential use in dye-sensitized solar
cells. In addition to melt-emulsion-quench, reverse micelle, and reprecipitation methods,
nanoGUMBOS have been synthesized by other techniques such as aerosol?? and hydrogels.®
1.2.2 Gold Nanomaterials

The use of Au nanoparticles or Au colloids dates back to ancient Roman days, and they
were used as a method to stain glass.*®* However, it was not until the 1850’s that Au
nanoparticles were well understood scientifically. In 1857, Michael Faraday observed that the
reduction of tetrachloroauric acid, HAuUCl,, (Au**) to Au® with phosphorus resulted in a ruby red
colloidal suspension which was drastically different than the yellow solution of HAuCI,.*’
Thereafter, several other methods for preparing Au nanoparticles in aqueous and organic media
were developed.®®

1.2.2.1 Synthesis of Gold Nanoparticles

Gold nanoparticles are synthesized using two major mechanisms: reduction and
stabilization. Gold (111) salt is reduced to Au® atoms by the addition of a reducing agent. As the
number of Au® atoms that form in solution increase, sub-nanometer particles precipitate. These
precipitates then attach to each other and form uniform nanoparticles. This process is called
nucleation. Highly monodisperse gold nanoparticles are achieved by rapid nucleation which
occurs when the synthesis takes place at high temperatures or with rapid addition of the reducing
agent.*® Stabilization prevents aggregation of the nanoparticles from occurring and will be
discussed in the following section.

In 1951, John Turkevich developed an aqueous preparation of colloidal gold by the

reduction of gold (I11) chloride with sodium citrate.”> According to this protocol, nanoparticles
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are formed by the addition of the reducing agent, sodium citrate (CgHgO-), to a boiling HAuCl,
solution. The solution undergoes a color change from yellow to red indicating the formation of
gold nanoparticles with diameters approximately 200 nm. Later, in 1973, Frens modified the
method by investigating the ratiometric effects of HAuCl, and sodium citrate on particle size,
wherein, higher Au:S ratios resulted in larger nanoparticles and smaller ratio, decreased
nanoparticle sizes.** Since then, other procedures using reducing agents such as hydroquinone®?

43,44

and tetrakis(hydroxymethyl)phosphonium chloride (THPC) in aqueous solution have been
reported.

Brust et al. introduced the preparation of gold nanoparticles in organic media using a
two-phase system involving toluene and water. A surfactant, tetraoctylammonium bromide
(TOABTr) was used to transfer AuCl, ions from the lower aqueous phase to toluene to mix with
dodecanethiol where the Au(lll) salt is initially reduced to Au(l). Sodium borohydride, NaBH,,
was then added to reduce Au(l) in the presence of dodecanethiol to Au® and form stable colloidal

gold with diameters < 5 nm in toluene.*

1.2.2.2 Stabilization of Gold Nanoparticles

The stabilization of nanoparticles is imperative to prevent aggregation of nanoparticles in
solution. Stabilization can either occur by electrostatic or steric interactions. Sodium citrate and
NaBH, are common reducing agents as well as surfactants, polymers, and alkanes.® Sodium
citrate and sodium borohydride serve as reducing agents and electrostatic stabilizers. Equation
1.1 shows that the chloride ions (CI) produced from the reduction process of sodium citrate
creates a negatively charged repulsion layer to keep sufficient distance between dispersed
nanoparticles. In the Brust method, dodecanethiol was added as a steric stabilizer.*® The

reduction of Au (IIl) in the presence of the alkane chains allowed for the simultaneous
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adsorption onto nanoparticle surfaces and stabilization. Steric stabilizers such as alkane chains,
polymers, and surfactants typically have long alkyl chains that are used to keep sufficient
distance between particles and prevent aggregation. Additionally, alkane steric stabilizers
usually contain thiol or amine head groups because of the affinities of these groups for Au.
Figure 1.13 displays a representation of gold nanoparticles stabilized electrostatically and

sterically.

6AUCI, + CgHgO7 + 5H,0 ——> 6CO; + 24CI" + 6AW’ + 18H"  Equation 1.1
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Figure 1.13: Diagram of (A) electrostatic and (B) steric stabilized Au nanoparticles.

1.2.2.3 Gold Surface Chemistry

In 1983, Nuzzo and Allara were the first to report the adsorption of well-defined organic
disulfides on planar gold substrates.*® These self-assembled monolayers or SAMs were part of
initial studies to control wetting properties of amphiphile monolayers on metal surfaces.*’ The
use of gold as substrates is beneficial in the formation of SAMs because gold is inert, do not
form oxides, resist contamination, and has a strong, specific interaction with sulfur (S), disulfides
(S-S), and thiols (SH).***® Thiol-derivatized hydrocarbons [HS(CH,).X; X= CHs, OH, COOH,

c-Ce¢Hs] are typically used in SAMs. The preparation of SAMS occurs upon the immersion of a
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cleaned gold surface (Au(111)) in a dilute thiol/disulfide solution at room temperature followed
by washing in the same solvent and drying under a stream of argon. During immersion, the
sulfur-derivatized molecules lie parallel to the gold substrate. As the surface coverage increases,
the molecules transition to a standing up (6= 30°) configuration forming dense thiol lattices.*
This orientation is specific for alkanethiols; however, the orientations are dependent on the

length of the hydrocarbon chain and end groups. A representation of SAMs of alkanethiols is

displayed in Figure 1.14.

Aliphatic chain

‘ Thiol (SH)

Figure 1.14: Self-assembled monolayer of alkanethiols on gold substrate.

The exact chemistry between sulfur and gold remains a controversial topic, however, it is
believed that sulfur atoms chemisorb to gold surfaces forming a strong thiolate-gold bond (S-Au;
40-50 kcal - mol™). The three main factors that affect the construction of a stable monolayer
include the adsorption of sulfur to gold, the interactions between adjacent hydrocarbon chains,

and interactions of terminal functional groups with the external medium.*®
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The sulfur chemistry on gold nanoparticles has also been studied.®>* Similar to the
planar gold substrates, nanoparticles exhibit an increased number of atoms which creates
enhanced synergy between SAMs and gold nanoparticles. The alkyl chains of SAMs serve as
physical barriers between neighboring particles. However, alkanethiols differ due to the
chemical reactivity between the thiol and gold surface.®® Data from X-ray photoelectron
spectroscopy (XPS) of thiol-capped gold nanoparticles has shown signals characteristic of
thiolate-gold bonds.***? Differences between Au(111) and gold nanoparticles were attributed to
chain orientation on the nanoparticle surfaces. Small particles (< 4 nm) displayed higher binding
energies which were attributed to the defects on the nanosurface since thiolates strongly bond in
the defect areas.*

Contrary to thiols, amines (NH,) do not form ordered, stable, packed monolayers on
planar Au surfaces from solution. Bigelow et al. investigated the spontaneous adsorption of
amines onto Au(111) surfaces in ethanol similar to the formation of thiol-based SAMs.>® It was
determined that the Au-N interaction was not strong enough to overcome solvent interactions.
However, amines are able to form SAMs in low polarity®® solvents and the vapor phase. Xu et
al. utilized in situ Fourier transform infrared-external reflectance spectroscopy (FTIR-ERS) and
found that vapor phase SAMs of amines remained stable for hours through Au-N and interchain
van der Waals interactions. A few years later, Leff et al. stabilized gold nanocrystals with
primary alkylamines with diameters ranging from 25-70 A (2.5 nm — 7 nm) in the solution phase.
Through a variety of characterization techniques, they concluded nanocrystal stability was due to

weak covalent bonds between charge-neutral gold/amine interactions and finite size effect.
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1.2.2.4 lonic Liquids as Stabilizers for Gold Nanomaterials

Thiol-functionalized imidazolium-based ILs have been used to form and stabilize

54,55,56 4
d,

gol platinum,® and palladium®” nanoparticles. Stable, monodispersed nanoparticles

ranging from 2 nm to 10 nm were prepared by reducing HAUCI, in the presence of the ILs. The
tailoring advantages of ILs played a role in the preparation of gold nanoparticles, wherein,
nanoparticle size was tuned by changing the Au:S molar ratio,* increasing the amount of thiol

groups on the imidazolium cation,* or exchanging the anion.>>*’

Kim et al. reported other
advantages of ionic liquid stabilization such as the solvation and stabilization of metal ionic
species is more favorable in ionic liquids rather than conventional solvents, and the removal of
ionic liquids is easier because of the difference in solubility.>*>’

1.2.2.5 Optical Properties of Gold Nanoparticles

The optical properties of gold nanoparticles make them useful as facile and economical
sensors in environmental, electrochemical,®® and biological applications. The optical properties
are a result of the localized surface plasmon resonances (LSPR) produced by the particles upon
exposure to light. This phenomenon is unique to metallic nanomaterials involving the free

conduction electrons surrounding the material and an incident electromagnetic wave.> It is

59,60 1 2

strongly dependent on shape,*®® size,® aggregation,®® and surrounding medium.®®*  Upon
irradiation, the electrons oscillate (plasmon resonance) in response to the electromagnetic field.
For smaller nanoparticles, the oscillation frequency is higher which yields a lower wavelength of
absorption, while the larger nanoparticles red shift to longer wavelengths due to electromagnetic
retardation of the oscillation frequency. Hence, for particles ~20 nm, the absorption maximum is
approximately 520 nm and larger particles (~100 nm) absorb at longer wavelengths. In the same

manner, the blue-green absorption of smaller nanoparticles transmit red which gives rise to the
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deep red color of the colloidal solution. The colors of colloidal gold solutions strongly depend

on the sizes of the nanoparticles as illustrated in Figure 1.15.

Figure 1.15: Color changes of gold colloidal solutions with respect to size.

1.2.2.6 Applications of Gold Nanoparticles

The unique properties of gold nanoparticles are suitable for a range of applications in

*836 and medicine.*® Mirkin et al. have extensively studied

fields such as catalysis,®® sensors,
DNA and protein-modified gold nanoparticles.®®  For example, DNA-modified gold
nanoparticles were used to target complementary DNA. Once the complementary DNA was
detected, a polymeric network was formed inducing a subsequent color change of the DNA-
modified gold nanoparticle solution from red to purple as illustrated in Figure 1.16. The color

change also resulted in an absorbance shift from 520 nm to 574 nm suggesting surface

modification induced aggregation.
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Figure 1.16: Gold nanoparticles used as colorimetric biosensor.

El Sayed et al. also utilized the scattering and absorption properties of gold nanoparticles

6586 of cancer cells.

as contrast agents for the in vitro detection® and photothermal treatment
Gold nanoparticles were modified with cancer biomarker epidermal growth factor receptor
(EGFR) antibodies. Dark-field imaging techniques were used to locate anti-EGFR conjugated
gold nanoparticles that attach to cancer cells. Malignant oral cancer cells were distinguished
from adjacent normal cells due to the strong scattering of gold nanoparticles. The same
conjugated gold nanoparticles were also exposed to a visible argon laser for selective in vitro
photothermal therapy, requiring less than half of the laser power in comparison to benign cancer
cells.

A limitation of using gold nanoparticles in biological systems is that the gold
nanoparticles are unable to scatter or absorb beyond the visible region of the electromagnetic

spectrum. On the other hand, wavelengths into the NIR region increase biological applications

since tissues are optically transparent in this region.®” Therefore, in vivo studies through deeper
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layers of the skin the tissues become impossible to investigate. One way researchers have
overcome this limitation has been the use of core-shell nanoparticles.
1.2.3 Core-Shell Nanoparticles

Core-shell nanoparticles are composite nanoparticles composed of two different
materials. One material is the inner core and the other material consists of a thin (~ 1-20 nm)
outer shell. Core-shell nanoparticles can be designed to have multiple properties representative
of the chosen materials for each component. Core-shell combinations can be classified as
organic-organic, organic-inorganic, inorganic-inorganic, inorganic-organic.®®®® Shell layers may
serve purposes such as surface functionalization, increased functionality, stability, and controlled
release of the core.® These composite materials can be synthesized in different morphologies by

coating a core material of a different shape such as rod, tube, or cube. Current applications for

70,71 72,73 74,75

core-shell nanomaterials include catalysis, electronics,"” and medicine.

1.2.3.1 Gold Nanoshells

Gold nanoshells are a type of the core-shell nanomaterial in which a homogenous layer of
gold is adsorbed onto the surface of the core material. Pioneered by Oldenburg et al., the
preparation of silica-gold core-shell particles can be summarized in four steps: 1) synthesis of
amine-functionalized silica particles, 2) synthesis of 2 nm gold seeds,*** 3) attachment of seeds
to silica surface, and 4) growth of gold nanoshells.”® Nanoshell growth occurs in the presence of
K2CO3s/HAUCI, solution with formaldehyde as a reducing agent. The attached seeds grow and
coalesce while excess gold within the solution fills voids to form a complete monolayer around
the core material. This protocol has proven successful for the synthesis of silver, palladium, and

77,78

alloy shells on silica cores,”””® and gold and silver shells on polystyrene cores.”
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An attractive feature of gold nanoshells is the optical sensitivity and tunability they
possess. Unlike gold nanoparticles, gold nanoshells absorb within the NIR region of the
electromagnetic spectrum (700-1100 nm). This characteristic of gold nanoshells overcome the
absorption limitation presented by gold nanoparticles and allows for use in vivo studies. The
optical tunability can be customized by varying the ratio of the shell thickness and core diameter
as illustrated in Figure 1.17. Experimentally, nanoshell thickness can be adjusted by controlling
the relative amounts of gold-seeded silica particles and K,CO3/HAUCI, solution. In this case,
larger core to shell ratios yield absorption maxima that shift to longer wavelengths.
Alternatively, smaller shell to core ratios yield blue-shifted absorption maxima. Similar to gold
nanoparticle suspensions, the colors of nanoshell suspensions occur with varying shell thickness
of a fixed core diameter as shown in Figure 1.18.

Gold nanoshells are useful tools for biomedical applications such as photothermal

therapy®*®!

or drug delivery®® primarily because of the characteristics of gold. Gold is the most
biologically inert metal, rendering it biocompatible and non-cytotoxic. The photothermal
applications of gold are due to its strong absorption cross section as well as its ability to
transform optical irradiation into heat (hyperthermia).®®® When tumor-targeted gold nanoshells
accumulate with the cells, a NIR laser is applied inducing a temperature increase within the cell.
An increase of 30-35 °C is considered significant enough to result in cellular death.®

Photothermal therapy is a non-invasive procedure that is specific to cancerous cells, leaving

healthy tissues unaffected.®*
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Figure 1.17: Spectral profile of silica-gold core-shell nanoparticles with increasing core:shell
ratios inspired by reference 76.
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Figure 1.18: Colors of gold nanoshell solutions with various shell thicknesses inspired by
reference 76.

There are a few reports of gold nanoshells as potential drug delivery vehicles. In most
cases, the gold nanoshells were incorporated within a polymeric hydrogel which undergoes
structural changes as a function of systemic thermal adjustments.”®® For example, Sershen et al.
encapsulated gold nanoshells within a polymer hydrogel, poly(N-isopropylacrylamide-co-

acrylamide) exhibits a lower critical solution temperature (LCST).%* The polymer contracts
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above the LCST and expands below its LCST. The studies demonstrated that upon irradiation
with a NIR, diode laser, the hydrogel-coated gold nanoshells generate heat causing a reduction of
its size. The structural transition is reversible once the irradiation is complete and the heat has
dissipated. In principle, drug release occurs upon the contraction of the hydrogel-coated gold
nanoshells. Berkstein et al. applied this concept by monitoring the release of insulin, methylene
blue, and lysozyme as model drug molecules before and after irradiation.®’

Gel systems have also been utilized for drug delivery applications. The next section will
describe the characteristics of different types of gels and the significance of gels for efficient
drug delivery.

1.3 Gels

Gels are semisolid materials in which a liquid is constrained by a 3D network created by
a solid phase (gelator) which are able to absorb and retain significant amounts of solvent. They
are jelly-like materials that are mostly liquid but have no mobility in the steady state. Gels are
usually named based on the hydrating solvent. Hydrogels are composed of water, organogels
involve the use of organic solvents, ILs form ionogels, and liposome solutions create liposomal
gels. The term “gels” is understood as hydrogels unless otherwise specified. Gelators are
obtained from a class of synthetic or natural polymers.  Synthetic polymers include
polymethylmethacrylate (PMMA), polyacrylic acid (PAA), or polyethylene glycol (PEG).
Chitin/chitosan, starch, pectin, and cellulose are naturally-occurring polymers.  Inorganic
gelators such as carbon nanotubes and silica/silica nanomaterials can also be utilized.
Furthermore, the cross-linking mechanism of the 3D network is classified as physical or
chemical. Physical networks are reversible and occur when the network is held together by

hydrogen bonding, electrostatic interactions, hydrophobic forces, junctions, or entanglements.
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The networks are disrupted when the physical conditions (pH, temperature) of the gel are
changed or when stress is applied. Chemical networks are irreversible and the networks are
covalently cross-linked. Figure 1.19 displays a few of the physical and chemical cross-linking

possibilities within a gel network.

Covalent link

(chemicw \ .
Junction
(physical)
E ?/Ei Entanglement
Hydrogel (physical)

Figure 1.19: Representation of hydrogel system with various chemical and physical interactions.

Gels have been applied to an array of fields such as wound care, dental materials, tissue
engineering, cosmetics, food/agriculture, and drug delivery.®® For drug delivery, gels should be
inert, biocompatible, stable, economical, washable with water, ineffective towards the biological
nature of the drug, and they should maintain their rheological properties.®® The properties of gels
and their release rates can be tuned by the polymer or combination of polymers,® or the nature of
liposomes and 1Ls®" used in gel preparation.

Gels are favored over creams for drug delivery, particularly as topical agents because
they are non-invasive, avoid gastrointestinal complications (pH, absorption, and enzymatic

activity), economical, offer controlled release rates, dosage reduction, and minimal side effects.®*
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The following sections will briefly summarize hydrogels and organogels in drug delivery
systems; however a more detailed discussion on ionogels and liposomal gels is provided since
they are relevant to the work presented in this dissertation.
1.3.1 Hydrogels in Drug Delivery

Hydrogels are the most common gels investigated for drug delivery. The mechanism of
action is based on their physical response (i.e swelling, shrinking) to environmental stimuli such
as pH or temperature. The nature of the polymer determines the type of response for the
hydrogel. Polymers often used in pH-sensitive gels are PMMA, PEG, or PAA. These polymers,
although hydrophobic, respond by swelling according to changes in pH of the external
environment resulting in release of the encapsulated drug.” In cases such as PDEAEMA (poly
dimethylaminoethylmethacrylate), at pH’s above 6.6, the polymer shrinks inducing drug
release.®® Thermo-sensitive gels can be classified as positive or negative thermo-sensitive gels.
Negative thermo-sensitive gels contract or shrink at temperatures above their LCST and swell
below the LCST. Positive thermo-sensitive gels have upper critical solution temperatures
(UCST) and contract when cooled above their UCST.* Poly(N-isopropylacrylamide (PNIAA) is
a polymer responsible for negative thermo-sensitive gels®™ and polymer PAA is used for positive
thermo-sensitive gels.*
1.3.2 Organogels in Drug Delivery

The number of organogels reported as drug delivery tools is low. This scarcity is largely
due to the limited number of gelators capable of gelling organic solvents and toxicology
information on such gelators. Also, there are few pharmaceutically-suitable solvents that can be
used.”®* In contrast to hydrogels which use polymers as gelators, organogels utilize low

molecular weight organogelators. Organogelators that have been investigated for drug delivery
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include lecithin, glyceryl fatty acid esters, poly(ethylene), sorbitan monosterate, N-stearoyl I-
alanine methyl ester, and acrylic acid-based polymers.®%
1.3.3 lonogels in Drug Delivery

lonogels have an advantage over hydrogels and organogels because the use of ILs as the
liquid phase adds a second source of tunability to the system since ILs maintain their
characteristic properties under the constraints of the 3D network. Therefore, thermally stable
and highly conductive ionogels can be synthesized. As a drug delivery system, ionogels are
advantageous since ILs can be designed to solubilize hydrophilic or hydrophobic molecules.
This feature of ILs circumvents a common problem of low solubility among active
pharmaceutical ingredients.” As the interest in ILs in biological applications has increased,
there has been much attention on the development of biocompatible and biodegradable ILs.*
These ILs incorporate a biologically-friendly cation or anion into its structure resulting in an IL
innate to its structure. Viau et al. synthesized an ionogel using an imiadazolium-ibuprofenate 1L
and silica via a one-step sol-gel process and monitored the release of ibuprofen from the ionogels
as well as other non-gel systems.®® The release rates from the ionogel were more controlled than
pure ibuprofen or ibuprofen IL.

1.3.4 Liposomal Gels in Drug Delivery

1.3.4.1 Liposomes

Similar to ILs to ionogels, liposomes add another dimension of tunability to drug delivery
of liposomal gels. Liposomes, or lipid vesicles, are spherical, amphiphilic vesicles composed of
phospholipid bilayers that form in aqueous solution. Phospholipids mimic the cell membrane
and have been used as model drug carrier systems.”” As previously stated, liposomes are made

up of phospholipids. These amphiphilic molecules have two hydrophobic tails per hydrophilic

29



head. The hydrophilic head is comprised of glycerol, phosphate, and choline groups as shown in
the schematic diagram of phosphatidylcholine lipid in Figure 1.20. The choline group may be

substituted for other groups such as ethanolamine, glycerol, or serine.*®

() Choline
O Phosphate

O Glycerol

Fatty Acid Chain

Figure 1.20: Diagram of a phospholipid structure.

The physical properties of phospholipids can be tuned by modifications to the structure
and composition. For example, glycerol head groups result in a net negative charge of the
phospholipid. Additionally, double bonds within the hydrocarbon chain form unsaturated lipids.
Many of these modifications affect the phase transition temperature (T,) of the phospholipid.
The phospholipid hydrocarbon chains are rigid and tightly packed below their T, and transition
to a fluid, liquid-crystalline gel state above its T,. Figure 1.21 illustrates a representation of the
arrangement of the hydrocarbon chains below and above the T,. The T, of alkyl chains with

double bonds, branches, or bulky side groups is dramatically reduced, in some cases, below room
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temperature.”® The tunable capabilities of phospholipids enable liposomes to be tailored for

specific applications.”*

T<<T T>T
p p

o m

Figure 1.21: Representation of lipid bilayers (a) below and (b) above the phase transition
temperature.

In the presence of aqueous medium, phospholipids form spherical structures (liposomes
or vesicles) in which the hydrophobic tails orient tail-to-tail forming lipid bilayers as the
hydrophilic heads are oriented toward the aqueous medium forming an aqueous core. The lipid
bilayer is used for the solubilization of hydrophobic molecules (Figure 1.22). Vesicles are
classified based on their size and number of bilayers. Small unilamellar vesicles (SUVs) have
diameters from 20 nm to 100 nm and large unilamellar vesicles have diameters between 100 nm
and 200 nm. Both SUVs and LUVs consist of a single bilayer. Liposomes with 2 or more
bilayers are called multilamellar vesicles (MLVs) and the diameters range from 100 nm to 500
r]m.100

Several approaches have been developed to prepare liposomes such as lipid film
hydration and emulsion.’® In the hydration procedure, the phospholipid is dissolved in an
organic solvent (i.e. methylene chloride, chloroform or methanol) or mixture of organic solvents.

Thereafter, the solvent is removed by vacuum, evaporation, or lyophilization. The resulting film

is hydrated with aqueous-based medium to produce MLV liposomes. For the emulsion protocol,
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phospholipids are dissolved in an organic solvent or solvent mixture before addition to the

aqueous-based medium under vigorous agitation.

A

BQ%

O
N

Figure 1.22: Diagram of (a) multilamellar vesicles (MLVSs) (b) large unilamellar vesicles
(LUVs) and (c) small unilamellar vesicles (SUVSs).
High pressure vacuum is used to remove the organic solvent from the biphasic phospholipid
mixture with MLVs remaining in aqueous solution. To create LUVs or SUVs from MLVs
techniques such as extrusion, sonication and homogenization are utilized.*'® All mechanical
treatments of liposomal preparation (hydration, sonication, homogenization and extrusion) must
occur above the T, of the higher melting phospholipid comprising the liposome.'®

Liposomes are quite versatile molecules and may be prepared using single or multiple
phospholipids, or additives. Cholesterol is a waxy steroid produced by the liver, and plays an

essential role in cell membrane permeability. In liposomes, cholesterol wedges its hydroxyl
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group within liposome bilayer facing the aqueous pockets while the steroid and alkyl chain
groups lie parallel to the lipid tails. The inclusion of cholesterol has been reported to increase the
stability of liposomes for in vivo drug delivery applications.*” %

The amphiphilic nature of liposomes enables the solubilization of a range of drug
molecules regardless of their polarities. The simplicity in preparing various liposomal vesicles
permits efficient uptake and delivery of drug molecules. The encapsulation of hydrophilic drugs
can be achieved by including the drug in the aqueous component of the preparation procedure.
Likewise, dissolving hydrophobic drugs in the organic phases allow for the drug to permeate the
liposome bilayers upon hydration once the organic solvent is removed. Specific to the lipid film
hydration preparation method of liposomes water-soluble drugs can be dissolved in the aqueous
medium. Upon hydration of the film, the drug will be entrapped within the water pockets of the
bilayers.

Liposomes are biocompatible, can protect the encapsulated drug from the external
environment, increase drug circulation lifetimes, and be designed to be stimuli-responsive (i.e.
pH, temperature) which has a greater impact on the drug delivery and pharmacokinetic properties
of the encapsulated drug. The advantages have rendered liposomes suitable in the areas of
pharmaceuticals, medicine, and cosmetics. However, a disadvantage of using liposomes for drug
delivery is the rapid leakage of the drug. Leakage is problematic because the effectiveness of the
drug dramatically decreases for treatment while drug administration is increased. To compensate
for these limitations, liposomal gels have been investigated.

1.3.4.2 Liposomal Gels for Drug Delivery

Liposomal gels have been developed to improve the effectiveness of liposomal drug

delivery systems by reducing the release rates of drugs from the liposome and increasing drug or
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liposome stability. Liposomes are usually embedded within carbopol or cellulose-based

101

hydrogels. Paveli¢ et al. extensively studied liposomal gels for the treatment of

vaginitis.'®#'%1%  The bacterial vaginosis medications metronidazole, clotrimazole and
chloramphenicol entrapped in phosphatidylcholine-based liposomes were implanted in Carbopol
947P NF gel and studied in vitro for controlled release under vaginal conditions. Liposomal gels
were ideal due to the limitations associated with vaginosis medications. Metronidazole has a
short life time when administered vaginally due to the liquid nature of preparation and produces
severe side-effects. Mitkari et al. prepared liposomal gels with fluconazole, an antifungal agent,
for topical treatments reporting increased skin permeation in gel dispersions versus controls.'%®
1.4 Scope of Dissertation

This dissertation is a discussion of composite materials prepared using nanoGUMBOS
with a gold outer layer. NanoGUMBOS and GUMBOS are materials that have similar
properties and functionalities of ILs, except that GUMBOS have melting limits of 250 °C. The
introduction provides the foundation of the ILs, GUMBOS, nanomaterials, gold nanoparticles,
and gels. The first two-thirds of this dissertation outline the preparation, spectral, morphological,
and electrochemical properties of GUMBOS and gold-coated nanoGUMBOS. Chapter 3 is a
description of OD nanomaterials which were prepared using reprecipitation and reverse micelle
techniques. The reverse micelle method was able to produce nanoparticles of two distinct sizes.
The two particle sizes (21 nm and 157 nm) were used to spectroscopically and morphologically
monitor the gold-coating process. As the gold layer nears completion, the absorbance maximum
red-shifts, followed by a blue shift which is indicative of gold monolayer completion. The

application of gold-coated nanoparticles that is discussed herein is the behavior of particles after

exposure to organic solvents of various polarities. It was determined that the nanoparticles
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spectrally responded to organic solvents based on their densities and boiling points. Chapter 4 is
a description of gold-coated 1D nanoGUMBOS. The optical properties of these nanorods were
greatly increased which has not been noticed for other gold-coated nanorods or gold nanorods.
The electrochemical properties of GUMBOS are also discussed in this chapter since nanorods
have increased electron efficiency for electroanalytical applications.

Chapter 5 is a discussion of liposomal ionogel systems that utilize liposomes are gelators
rather than polymers as in traditional gels. Saturated and unsaturated phospholipids, DPPC and
POPC, respectively, were utilized to investigate the viscoelastic properties of the resulting gels.
The mechanical strength of gels prepared using DPPC was similar to crosslinked polymers;
whereas, unsaturated POPC gels were not as strong. However, POPC is pH responsive and
weakens are low pHs (~4) which is useful for applications such as cancer drug delivery since

cancer cells have acidic environments.
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CHAPTER 2
ANALYTICAL TECHNIQUES
2.1 Ultraviolet-visible Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is a technique which measures the amount of
light an analyte absorbs upon its exposure to a light source. This exposure excites the molecules
within the analyte from a ground state to an excited state. A double beam spectrophotometer,
represented in Figure 2.1 is used to measure the amount of light transmitted through the sample.
The light which does not transmit is absorbed by the analyte. Different types of light sources
produce continuous light over a broad range of wavelengths. Deuterium lamps are utilized for
UV wavelengths, whereas, tungsten-halogen lamps are used for vis and NIR wavelengths." The
arrays of resulting wavelengths are passed through a monochromator which selects the optimal
wavelength for the analyte. The monochromatic beam is split to direct a portion of the beam
through the sample as the other portion of the beam goes through the reference cell, which
consists of all components of the sample cell except the analyte. The intensity of both beams is
measured by detectors which then send the data to a computer with the corresponding
absorbance spectrum.

Equation 2.1 describes the relationship between the intensity of light that is directed
through the reference (lo) and the intensity of light which passes through the sample (I). The
transmittance (T) is related to absorbance by Equation 2.2, where € is the molar absorption
coefficient of the analyte, b represents the path length of the cuvette that holds the sample, and ¢
is the concentration. In a typical UV-vis measurement, a reference solution containing all
components of the sample solution except the analyte is measured as a blank. Therefore, the

reading given by the sample solution is representative of the analyte only. The direct
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relationship between absorbance and concentration is the Beer-Lambert Law (Equation 2.2)

which is used for quantitative determination of analyte concentration.*

Blank

Monochromator

Light Source
Sample

Figure 2.1: Representation of double beam UV-Vis spectrophotometer.

T = IL Equation 2.1

A= —logT = ebc Equation 2.2

2.2 Transmission Electron Microscopy
Transmission electron microscopy (TEM) (Figure 2.2A) uses electrons visualize the
morphology of sub-micron structures. Transmission electron microscopes contain four main
components: light (electron) source, illumination system, sample, and imaging system all of
which are under vacuum. The electron source is usually a tungsten gun which produces a stream
of electrons which are then focused through two condenser lenses. This focused beam is further
restricted by the condenser aperture, which eliminates high angle electrons, and directed toward
the sample. Once the beam reaches the sample, a portion is transmitted and then passed through
an objective lens which converts the electrons into an image. The image is then enlarged by the

projector lens and displayed on the phosphor screen. The interior of the microscope is placed
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under vacuum to minimize scattering of electrons by air molecules. The samples are prepared on
carbon-coated copper grids. The darker structures produced by the microscope represent areas in
which less electrons are transmitted and are more dense, whereas, the lighter areas depict where
more electrons are transmitted and are less dense. Typically, electron sources are accelerated at
80 kV which produces a substantial amount of heat that may damage or melt less rigid materials.
Therefore, there are microscopes with lower accelerating voltages (~ 5 kV) which are more
suitable for low-melting materials such as nanoGUMBOS.
2.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) also uses electrons to produce an image, and
produce three-dimensional morphological images of sub-micron structures. In addition to
providing three dimensional 3D images, SEM offers large depth field and high spatial resolution
which enables for a larger area to be magnified with less than 5 nm resolution.? Conductive
materials are required for SEM samples; therefore, non-conductive samples undergo sputter
coating with a conductive material (i.e platinum or gold) prior to analysis. Samples are then
placed on a metal stub and adhered with conductive tape. A diagram of a scanning electron
microscope is illustrated in Figure 2.2B. An electron gun generates a beam of divergent
electrons that are then focused using a series of condenser and magnetic lenses. Scanning coils
pass the focused beam of electrons along the sample, and the objective lens focuses the beam on
the sample. Once in contact with the sample, the electrons are reflected as secondary electrons
and captured by the photomultiplier tube detector. The secondary electrons produce the image.®
A vacuum is maintained to avoid scattering of electrons by air molecules and contamination of

the electron guns.
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Electron gun Electron gun

Electron beam Electron beam
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Fi_gure 2.2: Diagrams of a (A) transmission electron microscope and (B) scanning electron
microscope.
2.4 Cyclic Voltammetry

Cyclic voltammetry (CV) is a potentiodynamic method used in the determination of
formal potentials that occur during electrochemical reactions. It is the most widely used
electroanalytical technique because of its simplicity and versatility in determining reduction-
oxidation (redox) behavior over a wide potential range.* A cyclic voltammeter is composed of
four major components: electrochemical cell, potentiostat, current-to-voltage converter, and a
data acquisition system as illustrated in Figure 2.3. The electrochemical cell contains the
working, reference, and counter electrodes that are submerged in a supporting electrolyte
solution. The working electrode is typically made of platinum, gold, silver, or glassy carbon.
Common reference electrodes include the normal hydrogen electrode (NHE), Ag/AgCl electrode,

or calomel electrode. The counter (auxiliary) electrode is often a platinum wire responsible for
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conducting current from the signal source through the solution and to the electrodes. The

supporting electrolyte solution contains the analyte and excess non-reactive ions.

Data Current to
Acquisition Voltage
System Converter

Counter Electrode

Electrolyte Solution

Figure 2.3: Diagram of cyclic voltammeter.

In a typical CV experiment, voltage from a signal source is routed to a potentiostat which
maintains a constant potential between the working and reference electrodes while adjusting the
current at the counter electrode. The current is converted to voltage via the aptly named current-
voltage converter and recorded as a function of time by the data acquisition system." The
potential is varied linearly with time between the working electrode and reference electrode
which has a known and constant potential. The potential scan produces a triangular waveform
excitation signal as shown in Figure 2.4. The potential increases to a maximum or switching
potential wherein the analyte obtains sufficient voltage to undergo an oxidation or reduction
process (a to b). A scan in the opposite direction occurs decreasing the potential to the original

value (b to c). The direction of the initial scan can be negative of positive depending on the
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analyte. Scans in the more negative direction are described as forward scans, and scans in the
more positive direction are considered reverse scans." The complete scan (a-c) can be repeated

several times.

Potential, V vs Reference
Electrode

C

Time (s)

Figure 2.4: Representative excitation signal produced from CV reaction.

The current measured between the working electrode and the counter electrode resulting
in a cyclic voltammogram (Figure 2.5). The cyclic voltammogram represents the reversible
electrode reaction of ferrocene. E,. and Ep, are indicative of the cathodic and anodic peak
potentials, respectively. The formal potential for ferrocene electron transfers can be deduced
from the half-reaction potentials by using Equation 2.3.

2.5 Rheology

Rheology studies the changes in flow and strain of a material under an applied stress.
Stress can be described as the force acting per unit area while strain is the change in dimension
per unit length of the material.” More specifically, rheology is dedicated to non-Newtonian
materials such as polymers, biological fluids, food, gels and suspensions which will be discussed

later. Newtonian materials (i.e air, water, ethanol, benzene) abide by Newton’s law of viscosity.
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Figure 2.5: Representative cyclic voltammogram.

Epc+E
E° = % Equation 2.3

There are three basic classifications for materials based on the manner its response to
stresses or strains.. (i.e. elastic solids, viscous liquids, and viscoelastic materials). Elastic solids
experience strain instantaneously and immediately recover to its original structure when the
stress is removed. Elastic materials can be further characterized using Hooke’s Law (Equation
2.4) which states that shear stress (t) is directly proportional to shear strain (y). The
proportionality constant (G) is the storage modulus which measures the stored energy within the
solid.

T =Gy Equation 2.4
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Viscous liquids initially resist strain and do not fully recover to its original shape when a
stress is removed. Liquids are described by Newton’s Law of Viscosity (Equation 2.5) where
shear stress is directly proportional to the shear stress rate. The proportionality constant, p,
represents Newtonian viscosity. Contrary to the ability of an elastic solid to store energy,
viscous materials dissipate or lose energy. The viscosity of liquids is independent of the forces
acting on it, the direction of the stress and the shear rate. As seen in Figure 1.29, for Newtonian
liquids, when shear stress is plotted against shear strain, the slope (viscosity) is linear through the
origin.

T= ug—t Equation 2.5

Shear Stress

Shear Rate

Figure 2.6: Newton’s law of viscosity plot.

Viscoelastic materials are considered non-Newtonian materials and possess elastic and
viscous characteristics. Under an applied stress, these materials initially resist strain, but will
recover to its original shape if given enough time. Two components are used to characterize
viscoelastic materials. The elastic portion (G’) is the storage modulus which represents the
elastic portion of the material, and the viscous portion is represented by the loss modulus (G”).
Viscoelastic materials do not abide by Newton’s Law of Viscosity; therefore, the viscosity

increases or decreases under an applied stress. An increase in viscosity with increasing shear
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rate describes the behavior of a shear thinning material; whereas, a decrease in viscosity with
increasing shear rate is a shear thickening behavior. Viscoelastic materials exhibit non-
Newtonian behaviors.

Rheometers are used to measure the flow behaviors of non-Newtonian materials when
stress is applied. There are several configurations of rheometers; however, for the purposes of
the studies described herein this dissertation, the cone-plate and parallel plate rheometers (Figure
2.7) will be described. Rheometers continually shear the sample between two surfaces in which
either one or both rotate. Measurements can either be strain-controlled where torque is measured
at a particular oscillation rate (strain), or stress-controlled where the oscillation rate remains
constant and the resulting strain is measured. Cone-plate and parallel plate rheometers are
advantageous because only a small amount of sample is required and the instrument is robust to
handle highly viscous samples. The cone-plate configuration is designed with an inverted cone
at a small angle (< 4°) that rotates just above the base surface. Parallel plate rheometers have an

angle of 0° and constrain the sample within a small gap above the base.

A B

Figure 2.7: Depiction of (a) cone-plate and (b) parallel plate geometries of rotational rheometers.

2.6 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) is used to identify the types of thermal

transitions that occur within polymeric materials. By monitoring the heat flow between the
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sample and reference, energy changes such as melting, glass transitions, recrystallization or
decompositions can be characterized. The heat flow is measured as a function of time or
temperature in a controlled atmosphere.! Total heat flow can be written as in Equation 2.6 where

H is the enthalpy, C, is the specific heat capacity and f (T,t) is the kinetic response of the sample.

L=+ f(T,D) Equation 2.6

There are three types of DSC configurations: power-compensated DSC, heat flux DSC,
and modulated DSC. Figure 2.8 illustrates is a schematic of a heat-flux instrument used in the
studies in this dissertation. Heat-flux DSC measures the difference in heat flow between the
sample and reference pans within a single furnace. The pans sit on thermoelectric disks which
are an alloy of copper and nickel. Heat is transferred through the disks to the material either at a
chosen rate (°C/min) or constant temperature. Thermocouples are formed at the Chromel disk
and Chromel wire connection at the base of the pans. The sample temperature is monitored at

the Chromel-alumel junction under the Chromel disk.*

Inert Gas Inlet

O
Reference Pan Sample Pan
>“- Chromel Disk

Thermoelectric J
Disk < Chromel Wire
Thermocouple __/ I | \

. A
Junction |

Heating Block Alumel Wire

Figure 2.8: Diagram of heat-flux differential scanning calorimeter.
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CHAPTER 3

GUMBOS-GOLD CORE-SHELL NANOPARTICLES: SYNTHESIS AND
CHARACTERIZATION

3.1 Introduction

Core-gold nanoshells which consist of a dielectric core with a thin gold outer layer are
known to have absorption and light scattering properties that extend into the NIR region of the
electromagnetic spectrum.**** This feature permits gold nanoshelled particles to be used for
biological applications. Since gold nanoshells are highly absorbing in the NIR region where skin
and tissues are optically transparent,” cancer cells loaded with core-gold shell nanoshells are
selectively irradiated without harming surrounding tissues.®’® These qualities encourage the use
of core-gold nanoshells as bifunctional photothermal/chemotherapeutic delivery vehicles.

Silica and polystyrene nanoparticles are commonly used as core materials; however,
these materials have rigid physical properties which can limit their potential applications
biologically or in other areas. Although silica and polystyrene can be easily functionalized for
biocompatibility,® they have poor solvating properties,™ size-dependent toxicity** and stability in
aqueous media,’® and have the tendency to accumulate within the body which can cause long-
term health effects.® To overcome these disadvantages, we use an approach of involving
nanomaterials that have tunable properties and can solvate a range of compounds with different
polarities, are stable in aqueous environments, and can incorporate biocompatible components
innate to its structure, which reduces the need for additional functionalization. This new class of
nanomaterials is derived from a group of uniform material based on organic salts (GUMBOS).

Herein, we discuss the preparation and characterization of a number of thiol-
functionalized nanoGUMBOS, 1-methyl-3-propylthiol-imidazolium [MImProSH]

tetraphenylborate  [TPB],  1-methyl-4-propylthiol-pyridinium  [PyrProSH][TPB], and
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[MImProSH] bis(trifluoromethylsulfonyl)amide [NTf,] is discussed as proof-of-concept agents
that demonstrate their potential use as thiol-functionalized biocompatible materials or drugs as
core materials. In addition, the sensing capabilities of these agents were investigated in a series
of organic solvents. Two separate techniques were used to prepare nanoGUMBOS prior to
monitoring the optical behaviors of gold nanoshell formation and their sensing capabilities. To
date, ionic liquids have only been used as templates and stabilizers for gold nanoparticles.*>***
To the best of our knowledge, this is the first report of gold acting as an external layer for ionic
liquids/fGUMBOS nanoparticles.
3.2 Materials and Methods
3.2.1 Materials

Reagents were purchased at the highest quality available and used as received. Lithium
bis(trifluoromethylsulfonyl)amide (LiNTf;), sodium tetraphenylborate (NaTPB), potassium
carbonate  (K,CO3), sodium hydroxide (NaOH), 4-picoline, 1-methylimidazole,
tetrakis(hydroxylmethyl)phosphonium chloride (THPC, 80% in water), acetone, formaldehyde
(37 wt. % solution in water), isopropyl alcohol (IPA), cyclohexane, Triton X-100, 3-chloro-1-
propane thiol, 1-methylimidazole, hydrogen tetrachloroaurate trinydrate (HAuCl,), were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water (18.2 MQ - cm) was
obtained using an Elga model PURELAB Ultra water filtration system.
3.2.2 Characterization Techniques

The GUMBOS were characterized using 'H (400 MHz) and *C NMR (100 MHz)
spectroscopies in deuterated dimethylsulfoxide (dg-DMSO) on a Bruker DPX-400 instrument.

The chemical shifts are provided in parts per million (ppm). The elemental compositions were
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quantified by Atlantic MicroLab (Norcross, GA). The melting temperature was obtained using a
DigiMelt MPA 160 capillary melting point system (Stanford Research Systems, Sunnyvale, CA).

Transmission electron micrographs of nanoGUMBOS were obtained with a LVEM5
microscope (Delong America, Montreal, Canada) with an operating accelerating voltage of 5 kV.
A JEOL model 100CX operating at an accelerating voltage of 80 kV was used to collect TEM
micrographs of the Au seeds and Au—coated nanoGUMBOS. Samples for TEM were prepared
on 400 mesh copper grids coated with an ultrathin carbon support film (Ted Pella, Redding, CA).
Specimens were prepared by placing a 2 pLL drop of solution onto the grid and allowed to dry at
room temperature before analysis.

Absorption analyses were measured in agqueous solution at room temperature using a
Perkin Elmer LAMBDA 750 UV/Vis/NIR spectrometer with 10 mm reduced volume quartz cells
(Starna Cells, Inc., Atascadero, CA).

3.2.3 Synthesis of GUMBOS

The synthesis of functionalized GUMBOS involved a quaternization reaction followed by
anion metathesis as shown in Figure 3.1. A 1:1 molar ratio of 4-picoline and 3-chloro-1-propane
thiol were mixed and purged under Ar (g) in the presence of approximately 15 mL of IPA for 20
min. The solution was then refluxed at 80°C for 48 h. Once completely cooled, the solvent was
removed under vacuum leaving a slight yellow, hygroscopic residue. The resulting salt
[PyrProSH][CI] was purified by washing with ethyl acetate in triplicate and dried under vacuum.
Anion methathesis consisted of separately dissolving [PyrProSH][CI] and [Na][TPB] (1:1.1
molar ratio) in deionized water. Upon mixing the two solutions, a white precipitate,
[PyrProSH][TPB], was immediately formed. Contrary to the hydrophilic reactants, exchange

with TPB anion formed a hydrophobic product. The sodium chloride (NaCl) byproduct was
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removed by washing in triplicate with deionized water. The same reaction procedures were
applied for [MImProSH][TPB], replacing 4-picoline with 1-methylimidazole. The ionic

structures of the GUMBOS synthesized in this study are displayed in Figure 3.2.

\\ TP
NZ 80C,48h cr H,0.R.T..2h TPB

Figure 3.1: Synthesis mechanism of [PyrProSH][TPB] GUMBOS.

N @NMSH

Figure 3.2: lonic structures of thiol-functionalized GUMBOS: (A) 1-methyl-4-propylthiol-
pyridinium, (B) 1-methyl-3-propylthiol-I-imidazolium, and (C) tetraphenylborate.
3.2.4 Preparation of NanoGUMBOS

NanoGUMBOS were prepared by two methods: reprecipitation and reverse micelle. In
the reprecipitation procedure, a 100 pL (ImM acetone solution) aliquot of GUMBOS was added
to 5 mL of deionized water under bath sonication for 5 min. NanoGUMBOS remained

undisturbed to equilibrate for 1 hour and were used as prepared for further characterization.
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NanoGUMBOS prepared via the reverse micellar approach (Figure 3.3) were formed in
an oil-in-water microemulsion consisting of of 0.4 M Triton X-100 in cyclohexane. Two
separate solutions of 3.0 M [MImProSH][CI] and equimolar [Li]J[NTf;] were prepared in water.
A 0.040 mL aliquot of aqueous [MImProSH][CI] solution was added to one of the 8 mL Triton
X-100/cyclohexane solutions. Then, a 0.040 mL aliquot of aqueous [Li]J[NTf,] solution was
added to the other 8 mL Triton X-100/cyclohexane solution. The solutions were stirred
separately for approximately 10 min. The two solutions were then combined and stirred for 24 h
at room temperature. The resulting nanoGUMBOS were centrifuged at 3200 rpm for 10 min and
washed twice with cyclohexane followed by a duplicate rinse with deionized water. Finally, the
nanoGUMBOS were resuspended in 5 mL of deionized water for further use. NanoGUMBOS of
smaller diameters were prepared using 1.0 M [MImProSH][CI] and [Li][NTf,].

3.2.5 Preparation of Gold Seeds and Attachment of Gold Seeds to NanoGUMBOS

Gold seeds of approximately 5 nm in diameter were prepared using a modified method of
that previously reported by Duff et al.,"** which describes the reduction of HAuCI, with THPC.
A 1.0 mL aliquot of NaOH (0.06 mmol), 2 mL of THPC solution (24 puL of THPC in 2 mL of
water), and 200 mL of deionized water were mixed in a 250 mL volumetric flask for 15 min. A
4 mL aliquot of 1% (w/v) aqueous HAUCI, solution was added to the mixture and continuously
stirred for an additional 30 min. The color of the reaction mixture immediately changed from
colorless to a dark red-yellow. The solution was aged for at least three days at 4 °C before
further use. After aging, the gold colloid solution was observed as brown. Gold seeds were
attached by stirring 1 mL of the nanoGUMBOS solution with 5 mL of gold seeds for two days.

The mixture was then centrifuged three times and resuspended in water.
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Figure 3.3: Schematic of the reverse micelle procedure for the preparation of
[MImProSH][NTf2] nanoGUMBOS.

3.2.6 Preparation of Gold Nanoshells

Gold nanoshells were prepared following a method previously described by Kim et al.,*®
wherein a gold hydroxide solution was prepared by dissolving 0.05 g of K,COj3 into 200 mL of
water and adding a 4 mL of 1% (w/v) HAuCI, « H,O solution. The color of the mixture changed
from yellow to colorless within 40 min. It was then aged for one day at 4 °C. Varying
volumetric ratios of gold-seeded nanoGUMBOS and gold hydroxide solution were mixed. After
10 min, 0.025 mL of formaldehyde was added. Depending on the shell thickness, the color of

the solutions changed from opaque to dark blue after approximately 40 min. The nanoshells

were then centrifuged using previous conditions and resuspended in water.
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3.2.7 NanoGUMBOS as Organic Solvent Sensors
Gold-coated nanoGUMBOS (1 mL aqueous solution) were separately added to 1 mL of
acetonitrile, methanol, and dimethylsulfoxide (DMSQO). The two solutions were allowed to
equilibrate undisturbed overnight. NanoGUMBOS were separated by centrifugation (2000 rpm
for 5 min) and resuspended in 1 mL of deionized water. The absorbance spectra before and after
interaction with the organic solvents were measured.
3.3 Results and Discussion
3.3.1 Synthesis and Characterization of GUMBOS
The synthesis of thiol-functionalized GUMBOS was performed in two parts:
quaternization of thiol-containing alkyl chain to the pyridinium or imidazolium ring, and anion
exchange. By exchanging the chloride anion with the bulky TPB, a solid, hydrophobic salt was
formed. Below are the structural and physical characterizations of the thiol-functionalized
GUMBOS. The melting points for each GUMBOS are above 100 °C which is in agreement with
the definition of GUMBOS.
e [PyrProSH][TPB], white solid, m.p. 134 °C, *H (400 MHz, dg-DMSO, & (ppm): 8.84-
8.82 (d, 2H); 7.93-7.91 (d, 2H); 7.13 (d, 1H); 6.89-6.86 (t, 1H); 6.76-6.72 (t, 1H); 4.55-
452 (t, 2H); 3.31 (s, 1H); 2.54-2.52 (t, 2H); 2.50-2.39 (m, 2H); 2.16-2.09 (t,2H); **C
(100 MHz, dg-DMSO, 6 (ppm): 163.7, 144.4, 136.2, 129.0, 125.9, 122.1, 59.3, 34.9, 22.0,
20.9. Elemental analysis (%) calculated for [CeH14NS][B(CgHs)4]: C, 81.30; H, 7.03; N,
2.87. Found: C, 80.26; H, 7.08; N, 3.01.
e [MImProSH][TPB], white solid, m.p. 143 °C, *H (400 MHz, dg-DMSO, & (ppm): 8.45
(d, 2H); 7.54 (d, 2H); 6.77 (d, 1H); 6.36-6.53 (t, 1H); 6.36 (t, 1H); 4.15-4.18 (t, 2H); 2.93

(s, 1H); 2.08 (s, 3H); 2.04-2.14 (m, 2H); 1.74-1.77 (p, 2H); *C (100 MHz, dg-DMSO, &
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(ppm): 162.9, 144.3, 136.0, 128.9, 125.8, 122.0, 59.2, 34.8, 21.8, 20.7. Elemental

analysis (%) calculated for [CsH13N,S][B(CeHs)s]: C, 78.14; H, 6.98; N, 5.88. Found: C,

78.50; H, 7.04; N, 6.10.
3.3.2 Preparation and Characterization of Reprecipitation NanoGUMBOS

The reprecipitation method is a facile, additive-free preparation procedure that is
reproducible under set conditions. Representative TEM micrographs of [PyrProSH][TPB]
nanoGUMBOS achieved using the reprecipitation approach is shown in Figure 3.4A. In this
case, spherical and monodisperse nanoGUMBOS were formed with average diameters of 98+11
nm. The absorption spectra of GUMBOS in acetone and nanoGUMBOS suspended in water is
shown in Figure 3.4B. GUMBOS display a sharp absorbance maximum at 209 nm while at the

nanoscale the absorption spectrum broadens and the maximum shifts to 265 nm.
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Figure 3.4: (A) UV-vis absorption spectrum of bulk GUMBOS with a Amax of 209 nm and
nanoGUMBOS with a Amax of 265 nm and (B) TEM micrograph of [PyrProSH][TPB]

nanoGUMBOS formed through the reprecipitation procedure with an average diameter of 98 +
17 nm.

3.3.3 Preparation, Optimization, and Characterization of Reverse Micellar NanoGUMBOS
In the reverse micelle synthesis of nanoGUMBOS, anion metathesis occurs during

nanoparticle preparation. Triton X-100 is a non-ionic surfactant and eliminates the possibility of
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ion exchange of surfactant ions with the GUMBOS, which may occur with ionic surfactants such
as NaAOT. Initial studies were performed using [MImProSH][TPB] at equimolar reactant
(IMImProSH][CI] and [Na][TPB) concentrations of 0.2 M. This concentration resulted in
nanoGUMBOS with average diameters of 53 + 11 nm. Reactant concentrations of 0.5 M
resulted in nanoGUMBOS with average diameters of 74 + 22 nm with a lesser population
density than 0.2 M nanoGUMBOS. Figure 3.5 displays the TEM micrographs of
[MImProSH][TPB] nanoGUMBOS at 0.2 M and 0.5 M reactant concentrations. Increasing the
reactant concentrations by 2.5 times did not show a quantifiable increase in the nanoGUMBOS
size. In addition, concentrations above 0.5 M yielded saturated solutions, which prohibited the
dissolution of additional [Na][TPB], thus limiting the maximum size of [MImProSH][TPB]
nanoGUMBOS within this system to approximately 74 nm. Therefore, a less hydrophobic anion,

[NTf,], was chosen.

A B

Figure 3.5: TEM micrographs of [MImProSH][TPB] nanoGUMBOS prepared using TX-100
reverse micelle procedure.

In contrast to [MImProSH][TPB], [MImProSH][NTf,] formed liquid GUMBOS and thus
droplets upon nanoformulation. Under the described conditions, nanoGUMBOS with average
diameters of 157 + 47 nm were formed as shown in Figure 3.6A. The size of the nanoGUMBOS

can be controlled by adjusting the initial concentrations of the parent compounds
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[MImProSH][CI] and [Li][NTf,]. Reactant concentrations of 1.0 M yielded nanoGUMBOS with
average diameters of 21 + 5 nm as shown in Figure 3.6B. The use of higher reactant
concentrations reduced the polydispersity and the population density of the resulting
nanoGUMBOS which can be observed from the two micrographs in Figure 3.6. The relative
standard deviation (RSD) for nanoGUMBOS prepared with 3.0 M reactant concentrations shown
in Figure 3.6A was over 9 times higher than the RSD for reactant concentration of 1.0 M. This
behavior has been observed previously during reverse micelle preparation of [Bm,Im][BF,] and
[Bm,Im][FeCls] nanoGUMBOS. These observations were attributed to higher diffusion
collision and ion exchange rates of reactants at higher concentrations which shift the coalescence

and decoalescence equilibrium during nanoparticle synthesis.*

Figure 3.6: Representative TEM micrograph of thiol-functionalized nanoGUMBOS prepared
using the reverse micelle methods with average diameters of (A) 157 + 47 nm and (B) 20 £ 5
nm.
3.3.4 Synthesis of Nanoshell Formation

Nanoshell formation was prefaced with the attachment of gold seeds (~5 nm) onto the

surfaces of the thiol-functionalized nanoGUMBOS (Au-seeded nanoGUMBOS) which serve as

nucleation sites for the growth of the nanoshell. Figure 3.7 shows the TEM micrograph and UV
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absorbance spectrum of Au seeds and 15 nm Au nanoparticles. The absorption of Au seeds has
a maximum at 510 nm. There is also a noticeable suppression at 520 nm which is the
characteristic absorbance maximum of Au nanoparticles. This behavior is typical of Au particles
with diameters below 10 nm.'®*" Once the Au seeds are attached to the nanoGUMBOS the
absorbance plasmon is slightly red-shifted from 510 nm to 513 nm which is attributed to partial
aggregation on the surface of the nanoGUMBOS (Figure 3.8)."  This absorbance plasmon
resonance at 513 nm is consistent with Au seeds with 5 nm diameter adsorbed on the surface of

other core nanoparticles.* 132
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Figure 3.7: (A) TEM micrograph and (B) UV absorbance spectrum of gold seeds.
Nanoshell completion and the corresponding optical properties are dependent on the ratio
of the gold hydroxide solution to Au-seeded nanoGUMBOS as explored previously in the

literature.> 42°

Ratios between gold hydroxide solution and Au-seeded nanoGUMBOS were
investigated for both concentrations of [MImProSH][NTf,] nanoGUMBOS. Figure 3.9A shows
the absorption spectra for 1:1, 2:1, 4:1, 8:1, 20:1, 40:1 ratios of gold hydroxide to 157 nm Au-
seeded nanoGUMBOS. Figure 3.9B displays the corresponding TEM micrograph which

illustrates the growth process of the nanoshell formation. In the presence of gold hydroxide
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solution and the “soft” reducing agent formaldehyde, the seeds adsorbed onto the surface grow

and coalesce with adjacent seeds until a partial monolayer of gold covers the nanoGUMBOS.

Absorbance

Wavelength (nm)

Figure 3.8: Absorption spectra of Au seeds before (solid) and after (dotted) attachment to
nanoGUMBOS.

As the amount of gold hydroxide increases, additional gold from the gold hydroxide solution fills
the void areas until a complete monolayer is formed. Figure 3.10 displays the solutions of
nanoGUMBOS through nanoshell completion.

Spectroscopically, the absorption maxima continuously shifts to longer wavelengths and
broadens as excess Au fills the voids on the core surface until coverage is completed. As the
nanoshell thickens, the absorbance plasmons begin to shift to lower wavelengths. In the case of
the 157 nm nanoGUMBOS, the absorbance maxima are as follows 619, 679, 757, 874, 773, and
715 nm for Au hydroxide : Au-seeded nanoGUMBOS ratios 1:1, 2:1, 4:1, 8:1, 20:1, and 40:1,
respectively. This suggests that nanoshells are completely formed at an 8:1 ratio. In addition,
the absorbance profile for the 8:1 ratio demonstrates a pronounced, broad peak from 900 to 1100
nm in comparison to the other ratios. The TEM micrographs in Figure 3.9B depict the

completion of the nanoshell from ratios 1:1 to 8:1. The images are in agreement with the optical
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Figure 3.9: (A) Normalized UV/vis absorption spectrum for growth of (i) gold nanoshell on
157 £ 47 nm nanoGUMBOS, and (ii) magnified absorption maxima (B) Evolution of gold
nanoshell with increasing ratios of Au hydroxide solution to Au-seeded nanoGUMBOS (i) 1:1,
(i) 2:1, (iii) 4:1, (iv) 8:1.
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Figure 3.10: Solutions of nanoGUMBOS with increasing coverage of gold nanoshell.

data showing an increased gold coverage as the ratios increase with complete nanoshells at ratio
8:1.

The absorption profiles and related TEM images for 21 nm nanoGUMBOS are projected
in Figure 2.11. As the ratio of gold hydroxide solution to nanoGUMBOS was increased from
1:1, 2:1, 4:1, 8:1, and 20:1 on 21 nm diameter cores, the absorbance maxima was recorded as
715, 813, 774, 759, and 733 nm, respectively, indicating that nanoshell formation was completed
at the 2:1 ratio. The absorbance plasmon maximum for nanoshell completion on the smaller core
nanoGUMBOS occurred 61 nm lower than that of the larger core size. Rasch et al. investigated
the limitations of Au nanoshell tunability based on various core sizes.?’ It was determined that
absorbance plasmon maximum decreases with decreasing core size based on limitations of the
seeds’ particle diameter. The core to shell ratio determines the absorbance plasmon peaks; thus,
restricting the maxima to lower wavelengths for smaller core sizes. The TEM images for the 1:1
and 2:1 ratio display an agglomeration of the particles which contrasts that seen in larger core

sizes.
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Figure 3.11: (A) Normalized UV/vis spectrum of gold nanoshell growth on (i) 21 + 5 nm
nanoGUMBOQOS, and (ii) magnified absorption maxima (B) TEM micrograph for nanoshell
progression on Au-seeded nanoGUMBOS with increasing ratios from (i) 1:1 (ii) 2:1.
3.3.5 NanoGUMBOS-Gold Core-Shell Nanoparticles as Sensors for Organic Solvents

GUMBOS possess solvating properties that allow them to solubilize or to be solubilized
by various solvents. Additionally, GUMBOS are characteristically more porous than other rigid
materials such as silica. Therefore, they may absorb their surrounding environment and react by
swelling or shrinking. Changes in the core size can be easily monitored by the plasmon

resonances of the gold nanoshell. Methanol, acetonitrile, and DMSO were chosen as model

solvents because of the range of their polarities. Tables 2.1, 2.2, and 2.3 display the absorbance
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shifts observed by 157 nm nanoGUMBOS at various stages in nanoshell formation (2:1, 4:1, and
8:1 gold hydroxide : Au-seeded nanoGUMBOS ratios) after being exposed to the respective
solvents. Note that original maximum wavelengths differ from those reported in section 2.3.2;
however, the trend remains the same as the plasmon resonances red-shift into the NIR region of
the electromagnetic spectrum with increasing ratio. The discrepancies can be attributed to the
minor polydispersities from batch to batch preparation of nanoGUMBOS.

At each ratio, bathochromic shifts were observed from the respective original absorption
maximum in the order of acetonitrile, methanol, and DMSO. This trend is in agreement with
increasing boiling points and densities of the solvents. Furthermore, as the ratios increase to 8:1,
the magnitude of the absorption shifts decrease between ratios (2:1 to 4:1, 4:1 to 8:1, or 2:1 to
8:1). The decrease in magnitude shifts with increasing ratios can be attributed to the completion
of the gold monolayer. At lower ratios, the core nanoGUMBOS is more exposed to the
surrounding and allowed to absorb more of the solvent which causes the nanoparticle to swell
inducing a red shift in the absorption behavior. At larger ratios, the nanoshell nears completion
and prevents the solvent from interacting with the nanoGUMBOS inducing a decrease in the
magnitude of the spectral shifts.

3.4 Conclusion

To the best of our knowledge, this is the first report of core-shell nanoparticles consisting of a
nanoGUMBOS core and a gold shell and their corresponding optical properties. Pyridinium and
imidazolium thiol-functionalized GUMBOS were synthesized and characterized prior to forming
nanoparticles. The reprecipitation technique provided an additive-free, reproducible method for

spherical and relatively monodispersed nanoGUMBOS with sizes of 98 nm in diameter. Tunable
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nanoparticle sizes were achieved with variable reactant concentrations using the reverse micellar
technique.

Table 3.1: Absorption maxima of nanoGUMBOS coated at a 2:1 ratio of Au hydroxide after
exposure to various organic solvents. The third column is the difference between the absorbance

shift values after exposure to the respective organic solvent and nanoGUMBOS in water.
Solvent Amax (NM) Difference Between

nanoGUMBOS Organic Solvent

coated at a 2:1 ratio Shifts and Water
(nm)
Water 541 | e
Acetonitrile 683 142
Methanol 765 224
DMSO 880 339

Table 3.2: Absorption maxima of nanoGUMBOS coated at a 4:1 ratio of Au hydroxide after
exposure to various organic solvents. The third column is the difference between the absorbance

shift values after exposure to the respective organic solvent and nanoGUMBOS in water.
Solvent Amax (M) Difference Between

nanoGUMBOS Organic Solvent

coated at a 4:1 ratio Shifts and Water
(nm)
Water 557 | -
Acetonitrile 700 143
Methanol 760 203
DMSO 780 223
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Table 3.3: Absorption maxima of nanoGUMBOS coated at an 8:1 ratio of Au hydroxide after
exposure to various organic solvents. The third column is the difference between the absorbance

shift values after exposure to the respective organic solvent and nanoGUMBOS in water.
Solvent Amax (NM) Difference Between
nanoGUMBOS Organic Solvent
coated at a 8:1 ratio Shifts and Water
(nm)
Water 722 | e
Acetonitrile 797 75
Methanol 800 78
DMSO 830 108

Gold shell nanoGUMBOS exhibited tunable optical properties relative to particle size and ratio
of Au hydroxide solution and Au-seeded particles. Bathochromic shifts were observed for gold-
coated nanoGUMBOS in different organic solvents ranging in order of increasing boiling points
and densities. In addition, the magnitudes of the shifts decreased as the nanoshell completion
increased due to the nanoshell acting as a protective layer for the absorbent nanoGUMBOS.

These materials are quite versatile and can be composed of an array of combinations.
Although the GUMBOS discussed in this report are based on imidazolium and pyridinium
cations, they can be prepared with multifunctional ions and with pharmaceutically active agents.
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CHAPTER 4
TEMPLATED SYNTHESIS OF GUMBOS-GOLD CORE-SHELL NANORODS FOR
ELECTRONIC APPLICATIONS

4.1 Introduction

Nanomaterials are interesting because of their tunable optical and electronic properties
based on size, shape, and functionalization, especially spherical gold nanoparticles as single or
composite materials. However, one dimensional (1D) gold nanomaterials such as nanowires,
nanorods, and nanotubes have also demonstrated unique properties. Gold nanorods possess
optical profiles that differ from spherical nanoparticles which have been advantageous in
biomedical applications. For example, El Sayed et al. have studied the optical properties of gold
nanorods as effective tools for in vivo photothermal therapy and cellular imaging of cancer cells.
The nanorods are useful for in vivo studies because they absorb in the optically transparent, NIR
region of the electromagnetic spectrum, overcoming the UV-vis absorption limitation of gold
nanoparticles.”® In addition to biological relevance, nanorods have also been attractive for
optoelectronic applications. In particular, semiconducting nanorods offer increased band gaps
and efficient electron transfer.**®

The overall function of composite nanomaterials is the sum of each component; therefore
composite nanomaterials can be designed for simultaneous functionality and determination of
specific properties. A few scientists have studied the magnetic’ and surface® properties of
composite 1D nanomaterials with a gold shell. Bhattacharya et al. reported increased electron
density and resulting efficiency of an electrochemical biosensor using ZnO-gold nanorods.’

There has also been much interest in the preparation and optical properties of silica-gold core-
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shell 1D nanostructures'®*

in response to the changes in the optical properties observed in silica-
gold nanoparticles.

The present work describes the synthesis of novel 1D nanomaterials composed of
[PyrProSH][TPB] GUMBOS with a gold nanoshell. The chemical structure of
[PyrProSH][TPB] is displayed in Figure 4.1. GUMBOS are closely related to ILs having the
same tunable and physiochemical properties, differing by melting point limitations. The relation
to ILs suggests that GUMBOS have conductive properties for which they may be candidates for
electrochemical applications. The combination of inherently tunable and conductive core
materials with the electronic properties of gold may result in the development of nanomaterials
that have properties preferable compared to conventional electronic nanomaterials. The 1D
nanoGUMBOS were prepared following a template method using aluminum oxide (AAQ) discs
previously reported for the synthesis of fluorescent 1D nanoGUMBOS.* In addition to the

morphological and optical properties of gold-coated 1D nanoGUMBOS, electrochemical studies

of GUMBOS in bulk were investigated for subsequent conductivity measurements.

@ OO0

Figure 4.1: Chemical structure of [PyrProSH][TPB].
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4.2 Materials and Methods
4.2.1 Materials

Reagents were purchased at the highest quality available and used as received. Sodium
tetraphenylborate (NaTPB), potassium carbonate (K,COs), sodium hydroxide (NaOH), 4-
picoline, tetrakis(hydroxymethyl)phosphonium chloride (THPC, 80% in water), phosphoric acid,
acetone, formaldehyde (37 wt. % solution in water), isopropyl alcohol (IPA),
tetrabutylammonium potassium hexafluorophosphate (TBAPFs), ferrocene (bis-cyclopentadienyl
iron (1)), acetonitrile, 3-chloro-1-propane thiol, hydrogen tetrachloroaurate trihydrate (HAuUClI,),
were all obtained from Sigma-Aldrich (St. Louis, MO, USA). Anodic aluminum oxide (AAO)
membranes (13 mm disc diameter, 20 um thickness, and 200 nm pore sizes) manufactured by
Whatman were purchased from SPI Supplies and Structure Probe Inc. (West Chester, PA).
Ultrapure water (18.2 MQ - cm) was obtained using an Elga model PURELAB Ultra water
filtration system.
4.2.2 Characterization Techniques

Absorbance measurements were performed using a Perkin Elmer LAMBDA 750
UV/Vis/INIR spectrometer with 10 mm reduced volume quartz cells (Starna Cells, Inc,
Atascadero, CA). SEM was performed using a SM-6610, JSSM-6610LV high and low vacuum
scanning electron microscope. Bare nanorods were sputter-coated with platinum under vacuum
for 2 min to form a conductive layer necessary for imaging. Micrographs (TEM) were obtained
using a JEOL 100CX microscope. Samples were drop cast (2 uL) onto carbon-coated grids and
allowed to completely dry.

Cyclic voltammetric measurements were performed using a computer-controlled Autolab

Potentiostat equipped with GPES software. The electrochemical cell included a silver/silver

77



chloride (Ag/Ag") reference electrode, platinum working electrode, platinum wire counter

electrode, and tetrabutylammonium hexafluorophosphate (TBAPFs) as the supporting electrode.

4.2.3 Preparation of 1D NanoGUMBOS

The synthesis of [PyrProSH][TPB] GUMBOS was performed as previously described in
Chapter 2. Prior to 1D nanoGUMBOS preparation, the AAO discs were cleaned using duplicate
acetone, methanol, and tetrahydrofuran (THF) rinses for 5 min each. A saturated solution of
[PyrProSH][TPB] in acetone was drop cast onto the discs ~20 times allowing each drop to dry
before adding another. The discs were then supported in a vial which was added to a container
of saturated acetone vapor and completely sealed. The container was then heated in an oil bath
at 60 °C for 1 hour. This process ensured complete coverage of GUMBOS within the pores.
Excess [PyrProSH][TPB] which accumulated on top of the discs was removed with 180-Grit fine
sandpaper. The discs were dissolved in 1mM phosphoric acid solution overnight followed by
centrifugation and several deionized water rinses resulting in free nanorods suspended in
aqueous solution. Alternatively, an array of nanorods was obtained by adhering the disc with an
epoxy adhesive to a surface such as glass (0.5” x 0.5”) followed by dissolution in 1 mM
phosphoric acid solution overnight. The resulting array was flushed several times with deionized
water and freeze-dried overnight.
4.2.4 Preparation of Core-Shell 1D NanoGUMBOS

The procedure for forming gold nanoshells on 1D nanoGUMBOS is similar to that
described in Chapter 2. Following the dissolution of the AAO disc, excess gold seeds were
added to free 1D nanoGUMBOS solution (5 mL to 1 mL) and stirred for 48 hours. Gold-seeded

rods were then centrifuged and resuspended in 5 mL of water. A 1 mL aliquot of seeded rods
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was then added to 5 mL of K,COs/HAUCI, solution. After 5 min of stirring, 0.025 mL of
formaldehyde was added inducing a color change to an iridescent hue of blue.

For nanoarray coating, surface supported rods were placed in 5 mL of gold seeds solution
for 48 hours allowing the seeds to self-assemble on the nanorod surface. Gold seeds were then
flushed with deionized water, followed by the addition of 5 mL gold hydroxide solution and
0.025 mL of formaldehyde. After 1 hour, gold-coated rods were flushed with deionized water
and dried under vacuum.

4.2.5 Cyclic Voltammetry

A 0.1 M solution of TBAPFg was used to prepare dilute solutions of ferrocene and 5 mM
[PyrProSH][TPB]. Ferrocene was measured through a potential range of -0.5 to 0.5 V at a scan
rate of 0.1 V-s™. The reduction potentials of GUMBOS were scanned from -2 to 0 V, while
oxidation potentials ranged from 0 to 1 V. Voltammetric measurements of GUMBOS were
recorded at scan rates of 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 V-s™. All measured solutions were
purged with N to eliminate the interference of dissolved oxygen.

4.3 Results and Discussion
4.3.1 Microscopic Characterization of 1D NanoGUMBOS

Figure 4.2 displays SEM micrographs of (a) free and (b) surface-supported 1D
nanoGUMBOS using an AAO template. The resulting nanorods had diameters ranging from 240
to 280 nm. These diameters are a little larger than the 200 nm pore size of the AAO disc.

Similar reports observed this swelling behavior of nanorods once removed from the template.*?
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Figure 4.2: SEM micrographs of (A) free and (B) array 1D nanoGUMBOS.

4.3.2 Morphological and Optical Characterizations of Core-Shell 1D NanoGUMBOS

The evolution of core-shell 1D nanoGUMBOS is exhibited in Figure 4.3. Au-seeded
nanorods (Figure 4.3B) were obtained after 48 hours of immersion in Au seeds and were not
subjected to the gold hydroxide coating process. Figure 4.4 displays the solution of gold-coated
nanorods which change from clear to a mixture of purple and blue. Figure 4.5 illustrates the
optical responses of bare nanorods and coated nanorods. The common peak at 265 nm
represents bare nanorods suspended in aqueous solution. There is a notable increase in
absorption of Au-coated nanorods along the entire measured wavelength range. To our
knowledge, there are no other reports of such intense absorption for other gold-coated nanorods.

B C

OJ um 0.1 um
Figure 4.3: TEM micrographs of (A) bare (B) seeded and (C) coated 1D nanoGUMBOS.
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Figure 4.4 (A) Side and (B) top view of gold-coated 1D nanooGUMBOS.
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Figure 4.5: Absorption spectrum of bare (blue trace) and gold-coated 1D nanoGUMBOS.

4.3.3 Electrochemical Analysis of [PyrProSH][TPB] GUMBOS

Ferrocene is known to undergo a rapid and reversible single-electron transfer, and it is
often used to calibrate reduction and oxidation (redox) potentials of analytes in organic
media.”®*** The cyclic voltammogram of ferrocene is represented by Figure 4.6. The cathodic
peak (Eyc) and anodic peak potentials (Epa) were measured as 0.071 V and 0.154 V, respectively.

The formal potential (E°) of ferrocene corresponds to the average of Epc and Epa.  This value,
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0.112 V is used to standardize peak potentials generated by measurements for [PyrProSH][TPB]
GUMBOS. The cyclic voltammogram of [PyrProSH][TPB] GUMBOS, Figure 4.7, shows an
irreversible transfer of electrons. The corresponding representative reduction and oxidation
scans are presented in Figure 4.8 and Figure 4.9, respectively. The cathodic and anodic peak
potentials of GUMBOS (E,. and Epay were determined from the average minimum and maximum
potentials of the negative and positive scan rates measured, respectively. The Ep, was calculated
as 0.769 V, and the E,c was determined as -1.77 V. Peak potentials calibrated using ferrocene
potentials were determined by subtracting E° from Epa and Epc. The Epa and Epe (ferrocene)

values were equal to 0.657 V and -1.88 V, respectively.
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Figure 4.6: Cyclic voltammogram of ferrocene.

Further analysis of cyclic voltammetry data can be useful in the determination of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energy states of [PyrProSH][TPB] as well as the corresponding band gap. The HOMO and

LUMO energy states were determined following Equations 4.1 and 4.2, respectively.

82



HOMO = —1e[(Epa(ferrocene) + 4.8)] |4 Equation 3.1

LUMO = —1e|(E,.(ferrocene) + 4.8)| V Equation 3.2

The HOMO and LUMO energies were found to be -5.46 and -2.91 eV, respectively. The
difference of the HOMO and LUMO energies provides the band gap. The band gap was valued
as 2.54 eV which categorizes [PyrProSH][TPB] a semi-conductive material suitable for use in
photovoltaic cells, light-emitting diodes, or as transistors.
1.E-04 =
1.E-04 -
8.E-05 4
6.E-05 4
4. E-05 4

2.E-05 +

., Current (A)

a]
%]
]

0.5 1 15

-2.E-05

-4 E-05 A

-6.E-05 A

-8.F-05 4
Potential (V, Ag/Ag™)

Figure 4.7: Cyclic voltammogram of [PyrProSH][TPB] GUMBOS.

Conductive probe AFM studies were performed (data not shown) on the bare and coated
nanorods to determine the conductivity of the nanorods. Based on the cyclic voltammetric data
obtained for [PyrProSH][TPB] GUMBOS, the potential boundaries for the CP-AFM

83



measurements ranged from -0.5 to 0.5 V where no redox activity of the nanoGUMBOS was
observed. The corresponding current-voltage plots were generated as well as morphology

micrographs.

4.4 Conclusion
This is the first report of the synthesis of gold nanoshells on 1D nanoGUMBOS and their
optical properties. NanoGUMBOS with diameters of ~ 240 nm and lengths up to 5 um, were

prepared using a simple AAO templating method, and a seeding procedure was utilized to form

gold nanoshells.
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Figure 4.8: Negative cyclic voltammogram for [PyrProSH][TPB].

The addition of the gold coating greatly increased the absorption profile of the nanorods
beyond the measured window of NIR wavelengths. The cyclic voltammetry measurements
determined that [PyrProSH][TPB] GUMBOS possess semiconductive properties with a band gap

of 2.54 eV and can be used in photovoltaic applications.
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Figure 4.9: Positive cyclic voltammograms for [PyrProSH][TPB].
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CHAPTER 5

SYNTHESIS AND CHARACTERIZATION OF LIPOSOMAL IONOGELS
5.1 Introduction

Gel systems for topical drug delivery are favored over conventional creams because they
are better absorbed by the skin, non-greasy, washable with water, stable, and usually have a high
lipid solubility which increases drug permeability.? Hydrogels,® liposomal gels,* and more
recently, ionogels® have been utilized as topical drug delivery vehicles. Liposomal gels are
formed by embedding drug-encapsulated liposomes within hydrogels. The addition of liposomes
allows for the solubilization of hydrophobic and hydrophilic molecules, regulation of release
rates of drug molecules as they maneuver through the vesicle layers, and reduction of side
effects.® Additionally, liposomes are biocompatible since phospholipids are found within the cell
membrane. Liposomal gels also show a decreased release rate in comparison to liposome
solutions which prolongs the surface retention and decreases the number of applications
necessary for treatment. Liposomal gels have been investigated for drug delivery in the
treatment of bacterial vaginitis,*"® acne,® and fungal infections.™

lonogels consist of ionic liquids (ILs) as the solvent phase of the gel system. lonic
liquids offer its own advantages such as ionic conductivity, negligible vapor pressure, thermal
stability, and biocompatibility.***> The properties of ILs are based on the chosen cation and
anion pair which can be tuned for the desired application. lonogels maintain all the desirable
properties of ILs; expect fluidity, while confined within the gel network which considerably
expands the range of its applications. lonogels have been investigated for use in optics, catalysis,
biocatalysis, and (bio) sensing, and remain new to drug delivery applications.>*?

Conventionally, liposomal gels are injected liposomes into cellulose or polymeric-derivative
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hydrogel gelators, and ionogels percolate through organic or inorganic polymers. However, to
our knowledge, there is no report of the formation of ionogels using liposomes as the gelator.
Herein, we describe the development of liposomal ionogels (LIGs) which are composed of an IL
liquid phase and liposome gelators.

Liposomal ionogels were prepared using dipalmitoyl-phosphatidylcholesteroline (DPPC)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-cholesteroline (POPC) along with an IL which
comprises a choline cation and proline anion ([Cho][Pro]). Dipalmitoyl-phosphatidylcholine is a
saturated, temperature-sensitive lipid and POPC is an unsaturated, pH-sensitive lipid. The
chemical structures of DPPC and POPC are shown in Figure 5.1 and 5.2, respectively. Proline is
an essential amino acid responsible for the production of collagen, cartilage, tissue repair,
regeneration of skin, and prevention of atherosclerosis. Choline is associated with the vitamin B
class.* 1t is important for brain development and memory, especially during the early stages of
life. It also lowers cholesterol and homocysteine levels associated with cardiovascular disease,
and is helpful in the formation of phosphatidylcholine, which is the backbone of most
phospholipids and the primary phospholipid in the cell membrane.

121617 non-cytotoxic and biocompatible™®

There are several reports on the biodegradable,
properties of choline-based ionic liquids. Winther-Jensen et al. reported biocompatible self-
forming gels that form with choline-based ionic liquids and 2-hydroxyethyl methacylate
(HEMA).** The characteristics of the ionic pair render [Cho][Pro] a biologically favorable ionic
liquid. The liposomes and ILs for the reported hybrid LIGs inherently offer multiple layers of
tunability. The LIGs were characterized using rheology, differential scanning calorimetry,

thermal gravitational analysis and fluorescence, and have potential use as stimuli-responsive

drug delivery tools.
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Figure 5.1: Chemical structure of DPPC.

Figure 5.2: Chemical structure of POPC.

5.2 Materials and Methods
5.2.1 Materials

Dipalmitoylphosphatidylcholine (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
cholesteroline (POPC), and cholesterol were purchased from Awvanti Polar Lipids, Inc.
(Alabaster, AL). Choline hydroxide (46 wt% solution in water), and phosphate buffered saline
(PBS) were purchased from Sigma-Aldrich (Milwaukee, WI). Proline (H-Pro-OH) was

purchased from Bachem (Torrance, CA). All chemicals were used as purchased.

5.2.2 Characterization Techniques

Proton NMR spectra were obtained using a Bruker DPX-400 instrument. The chemical
shifts are provided in parts per million (ppm). Fourier transform infrared spectroscopy
measurements were performed on a Bruker Tensor 27 instrument with Opus 6.5 as the data
collection program. An advanced thermal analysis (TA) rheometer was used to determine the
rheological properties of the LIGs with a cone-and-plate geometry (angle = 2 °C, diameter = 40

mm) at 37 °C. Dynamic oscillatory measurements (frequency sweep tests) were performed to
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measure the viscoelastic properties (G’- storage modulus and G”- loss modulus) of the LIGs.
Frequencies ranged from 0.1-100 rad/s with an applied strain of 0.1%. In addition, static (steady
stress sweep) measurements were performed on a parallel plate geometry to determine the shear
viscosity of the gels as a function of shear rates ranging from 0.01-1000 s™. Thermal stability
measurements were performed using a 2950 TGA HR V6 (TA Instruments) by heating samples
under nitrogen at a rate of 10 °C - min™ from 25 to 400 °C. Phase transition temperatures were
measured using a 2920 Modulated DSC (TA Instruments) by cooling 9-13 mg of sample to -20

°C and subsequently heating up to 300 °C at a rate of 10 °C - min™.

5.2.3 Synthesis of Choline Proline

The synthesis of [Cho][Pro] was a neutralization between choline hydroxide with the
amino acid proline (H-Pro-OH) as displayed in Figure 5.3. Briefly, H-Pro-OH (0.035 mol) was
completely dissolved in deionized water by vigorously stirring for 10 min. An equimolar
amount of choline hydroxide was added to the solution. The mixture was covered and continued
to stir at room temperature for 2 hr. Water was removed under vacuum for 48 h resulting in a
light yellow viscous liquid. Due to its hygroscopic nature, [Cho][Pro] was tightly sealed when

not in use.
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Figure 5.3: Synthesis scheme of [Cho][Pro].
5.2.4 Preparation of Liposomal lonogels (LIGS)
Liposomal ionogels were prepared using the lipid film rehydration method in the

presence of [Cho][Pro]. Initially, lipid (DPPC; 20 mg) or lipid/cholesterol (5% or 10% w/w
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cholesterol) mixtures were dissolved in a 2:1 (v/v) ratio of chloroform: methanol. The solvent
was removed under a stream of N, for 24 h resulting in a film of the lipid or lipid/cholesterol
along the base of the vial. A 1 mL aliquot of [Cho][Pro] was added to the lipid film and heated
at 55 °C for ~45 min while sealed and with occasional stirring. The lipid film was hydrated
using phosphate buffered saline (PBS) buffer (pH 7.4) while simultaneously forming the LIGs.
Buffer was added in 200 pL increments for a total of 1 mL. After the addition of 400 pL, the
mixture was heated at 60 °C until liquefied, then allowed to cool to room temperature, reforming
the gel. POPC LIGs were prepared as described above using 5%, 10%, and 25 % (w/w)

cholesterol.

5.3 Results
5.3.1 Synthesis and Characterization of [Cho][Pro]

A one-pot synthesis of equimolar amounts of choline hydroxide and H-Pro-OH vyielded
[Cho][Pro], yellow viscous liquid, *H (400 MHz, dg-DMSO, & (ppm): 3.78-3.77 (t, 2H); 3.52-
3.51 (t, 1H); 3.41-3.40 (t, 1H); 3.1 (s, 3H); 3.01-2.99 (t, 1H); 2.86-2.83 (m, 2H); 2.45-2.45 (m,
2H); 1.78-1.70 (m, 2H); 1.51-1.38 (m, 2H). **C (100 MHz, ds-DMSO, & (ppm): 163.7, 144.4,
136.2, 129.0, 125.9, 122.1, 59.3, 34.9, 22.0, 20.9. FTIR, v (cm™): 3274.90, 3030.81, 2960.21,

2870.07, 1580.98, 1377.11, 1087.89, 954.15.

5.3.2 Liposomal lonogels

Liposomal ionogels were prepared using DPPC, a saturated, temperature-sensitive lipid,
and POPC which is an unsaturated, pH-sensitive lipid. The lipid film method of forming
liposomes was employed in the presence of [Cho][Pro]. As PBS buffer was added, the lipid film
began to dissolve, thus hydrating the liposomes resulting in a final gel with a uniform

composition and no visible lipid particulates. Theoretically, multilamellar vesicles (MLVs) were
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formed upon hydration and dispersed in the gel. Cholesterol concentrations up to 50% (w/w)
were used to investigate the stability of the lipids with increasing cholesterol concentrations.
Concentrations were kept below 50% so as not to have the cholesterol dominating the mixture.
Photographs of DPPC and POPC LIGs are shown in Figure 5.4 and Figure 5.5, respectively.

Cholesterol concentrations greater than 10% with DPPC did not yield stable gels. In the case of

POPC, cholesterol concentrations up to 25% formed stable gels.

Figure 5.5: POPC LIGs with 0, 5, 10, 25, and 50% (w/w) cholesterol concentrations.
5.3.3 Rheological Examination of LIGs

Rheological characterizations determine the rigidity, viscosity, deformability, and
behavior of the gel network under applied stresses. The main parameters that are obtained are

the storage modulus (G’), loss modulus (G”), and the loss tangent (tan 6). The storage modulus
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measures the elastic properties of the gel which is related to energy storage, whereas, the loss
modulus determines the viscous component of the gel, which is associated with dissipation of
energy. The loss tangent refers the damping factor of the gels which is calculated as the ratio
between the viscous and elastic portion during gel deformation (tan & = G”/G’). In the gel state,
tan 6 < 1; liquid state, tan 6 > 1; at gel point, tan 6 = 1.

The gels (without cholesterol) were subjected to increasing percentages of applied strain
in order to determine their linear viscoelastic (LVE) range. Within the viscoelastic range, the G’
values are larger than the G” values and are independent of the strain amplitude. Physically, the
gel network does not undergo any rearrangement or deformations. Outside of the LVE region,
the gels show strain-dependent behavior and cross over resulting in G” > G’. The LVE plots for
DPPC and POPC are displayed in Figures 5.6 and 5.7, respectively. The LVE range for DPPC
was 0.01-0.5% and 0.01-1% for POPC LIGs. It was within these respective regions that
subsequent rheological measurements were performed. In this study, both gels were subjected to

0.1% strain.
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Figure 5.6: Linear viscoelasticity plot for DPPC LIG.
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Figure 5.7: Linear viscoelasticity plot for POPC LIG.

5.3.3.1 Viscoelastic Behavior of LIGs and [Cho][Pro]

The storage (elasticity) and loss (viscous) moduli, or mechanical properties, for the LIGs
with 0, 5, and 10% cholesterol are shown in Figure 5.8 and Figure 5.9. For each concentration of
cholesterol, G’ is higher than their respective G values (tan & < 1), which supports the moduli
behavior for gels. DPPC LIGs (Figure 5.8) exhibit fairly linear plots indicative of relatively
stable gels with elastic solid behavior throughout the measured frequencies. This behavior is
similar to a rigid gel with high degrees of cross-linking.® Therefore, the liposomes generate gels
networks comparable to traditional polymers. The G’ and G” values for 10% cholesterol are
lower than those of 0% and 5% demonstrating the weakest elastic and less viscous material.
Gels with 0% cholesterol are more elastic and viscous than the 5% and 10% cholesterol gels.

In the POPC LIGs (Figure 5.9), the viscoelastic stability decreases for cholesterol
concentrations from 5, 10, 25, and 0%. The curves are not as linear throughout the studied
angular frequency which signifies that the POPC gels are not as stable as the DPPC LIGs. The
viscoelastic properties of gels containing 10% and 25% cholesterol overlap over the measured

angular frequency range. At frequencies higher than 10 rad/sec, both elastic and viscous
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properties of all concentrations of cholesterol weaken, which is indicated by the increase of G’
and G” plots. As the frequency approaches 100 rad/s, the G’ and G” values begin to equal (tan &
=1). It can be assumed that at frequencies greater than 100 rad/s, POPC gels will exhibit liquid
behavior with G” > G’ (tan > 1).

Comparatively, DPPC LIGs are 100 fold stable than POPC since the G values of 0%
DPPC measure up to 10,000 Pa and the most stable POPC LIG (5%) displays elasticity near 100
Pa. Additionally, the inclusion of cholesterol weakens the viscoelasticity of DPPC LIGs,
whereas, POPC LIG without cholesterol has the weakest viscoelastic behavior. These
observations can be attributed to the saturated and unsaturated nature of DPPC and POPC,
respectively. Cholesterol is known to interact with phospholipids based on their gel-fluid state at
room temperature.’’ Phospholipids have phase transition temperatures, (Tp), above which their
hydrocarbon chains become more fluid increasing permeability to aqueous solvent. Below the
T,, the phospholipid is in the gel state and the hydrocarbon chains are more rigid. The gel-fluid
state is largely dependent upon saturation. Saturated phospholipids are usually in the gel state at
room temperature while most saturated phospholipids are in the fluid state. The T, of DPPC and
POPC are 42 °C and -2 °C, respectively. Cholesterol increases fluidity of saturated phospholipid
hydrocarbon chains below its T,. Therefore, as in the case of DPPC which is in its gel state
under ambient conditions, the incorporation of cholesterol interferes with its natural rigid
conformation and results in destabilization of the bilayers. Conversely, cholesterol reduces
fluidity of unsaturated phospholipids above the T,,. Since the hydrocarbon chains of POPC are in
the fluid state above -2 °C, the addition of cholesterol stabilizes the bilayers. This behavior is
observed in the trends of the viscoelastic properties of DPPC and POPC LIGs with increasing

concentrations of cholesterol.
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Figure 5.8: Elasticity (G") (closed symbols) and viscosity (G") (open symbols) for DPPC LIGs.
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Figure 5.9: Elasticity (G’) (closed symbols) and viscosity (G”) (open symbols) for POPC LIGs.
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Viscoelastic properties were also measured for [Cho][Pro] (Figure 5.10) in order to
compare their different behaviors with LIGs. Noticeably for [Cho][Pro], the G” values are
increasingly higher than those of G’ at all frequencies which is typical for liquids, but opposite
from the behaviors of gels. The elasticity component (G’) records values below zero. Therefore,
the logarithmic scale was not a suitable format to present the data.

The loss tangent plots illustrate the degree of gel crosslinking. Tan & values < 1 are
indicative of stable, rigid, highly elastic gels. As the values increase towards 1, the viscous
component of the gels begins to dominate. Liposomal ionogels derived from DPPC (Figure
5.11) show a high degree of crosslinking and elasticity with tan & values less than 0.4. The tan
values of POPC LIGs (Figure 5.12) are increasingly higher than those of DPPC. As the
frequency increases, the tan & values approach 1, which shows a more viscous behavior as

observed from the G’ and G” relationships.
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Figure 5.10: Viscoelastic properties of [Cho][Pro].
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Figure 5.12: Loss tangent plot for POPC LIGs.

5.3.3.2 Viscosity of DPPC and POPC LIGs

The shear viscosity vs. shear rate of LIGs rheogram for [Cho][Pro], DPPC and POPC
LIGs is shown below. All gels demonstrate shear thinning behaviors by decreasing in viscosity

with increasing shear rates. Figure 5.13 illustrates the shear viscosity properties of DPPC LIGs

98



and [Cho][Pro]. The shear viscosity of [Cho][Pro] is linear along the shear rate range which is
typical of (Newtonian) liquids. In the case of DPPC LIGs, the overall viscosities of the gels
decrease with increasing concentrations of cholesterol. Around 90 s™, the viscosities overlap and
demonstrate a reversed behavior where gels with 5 and 10% cholesterol have the same viscosity
which is higher than that of 0% cholesterol. This phenomenon can be attributed to the
weakening of the lipid membrane by the cholesterol which is seen for saturated lipids such as
DPPC. Also, the curves for 5% and 10% begin to plateau demonstrating Newtonian behavior.
Liposomal ionogels with POPC (Figure 5.14) do not display an obvious trend with regard
to cholesterol concentrations. Throughout the measured shear rates, the viscosities of all POPC

LIGs remained relatively the same with 25% cholesterol showing a slightly lower viscosity.
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Figure 5.13: Viscosity rheogram for DPPC LIGs.

5.3.4 Thermal Analyses

Thermal gravitational analyses (TGA) were used to measure the thermal stability by way of the
decomposition temperatures (T4) of [Cho][Pro] and the LIGs. Thermal gravitational analysis

measures the percentage of sample weight that is lost as the temperature applied to the sample is
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increased. The T4 was determined as the temperature extrapolated from the tangent of the onset

of decomposition.
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Figure 5.14: Viscosity rheogram for POPC LIGs.

Figure 5.15 and Figure 5.16 represents the decomposition thermograms of DPPC and POPC
LIGs, respectively. Table 5.1 summarizes the T4 of [Cho][Pro], DPPC LIGs, and POPC LIGs.
Decomposition of [Cho][Pro] occurs at a fast rate of within the first 150 °C. This rapid decrease
could be the loss of water which may have been absorbed by the IL. The DPPC LIG with 0%
cholesterol displayed a sharp decrease at its T4 of 186 °C. Overall, there was no effect of
cholesterol concentrations on the decomposition of DPPC or POPC LIGs. For each gel, the

decomposition temperatures were nearly the same.
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Figure 5.15: Decomposition thermograms for DPPC LIGs.
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Figure 5.16: Decomposition thermograms for POPC LIGs.
The corresponding phase transition temperatures (T,) were measured over a range of -20
to 300 °C. These results are summarized in Table 5.2. In general, the T, of DPPC and POPC

gels decreased with increasing cholesterol concentrations. There was a 25 °C difference between
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0% cholesterol and 10% or 25% cholesterol for DPPC and POPC LIGs, respectively. These
findings suggest that there could be a thermal destabilization of the LIGs with increasing
concentrations of cholesterol.

Table 5.1: Thermal decomposition temperatures of [Cho][Pro] and LIGs.

Sample Cholesterol (%0) T4 (°C)
ChoPro | - 178.17
184.2
DPPC 5 170.96
10 174.7
0 176.95
5 170.53
POPC
10 169.52
25 173.14

5.4 Conclusions

A new type of ionogel with liposomal gelators has been described. Temperature and pH-
sensitive liposomes were used to demonstrate the versatility of the composition and potential
applications of the LIGs. The mechanical and thermal properties of LIGs were characterized as a
function of increasing concentrations of cholesterol. Both gel systems exhibited elastic stability
(G> > G”) although the DPPC has more characteristics of rigid, elastic solids. The overall
viscoelastic properties of DPPC LIGs were 10 fold higher and are completely independent of the
applied frequencies. The tangent values were much lower than 1.0 (< 0.4), which demonstrates
properties of a stable network. The viscoelastic properties of POPC LIGs show frequency

dependent behaviors and begin to favor properties of liquids at higher frequencies.
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Table 5.2: Phase transition temperatures of DPPC and POPC LIGs.

Sample T, (°C) Sample T, (°C)
DPPC ILLG-0% 149.4 POPC ILLG-0% 153.8
DPPC ILLG- 5% 1414 POPC ILLG-5% 130.3
DPPC ILLG-10% 124.0 POPC ILLG-10% 138.9

-------------------- POPC LI1G-25% 128.0

A shear thinning behavior was observed for DPPC and POPC gels, which can be translated as a
better hold of the gel once applied and easier spreading of the gel in topical drug delivery
applications. These LIGs can be tailored for drug delivery based on changes in pH or
temperature based on the liposome, and the stability of the gels can be tuned with the
concentrations of cholesterol. All of the synthesized gels demonstrated high thermal stability at
physiological temperature and the stability is not affected by cholesterol concentrations. In order

to investigate their effectiveness as delivery systems, drug release studies can be performed on

these gels and under various physiological conditions.
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CHAPTER 6
CONCLUSIONS AND FUTURE STUDIES
6.1 Conclusions

In summary, a new class of nanomaterials dubbed a group of uniform materials based on
organic salts, has been utilized as core components of core-gold shell nanomaterials and a novel
gel system, liposomal ionogels (LIGS) was characterized. The GUMBOS are an extension of
ILs. Therefore, the have the same properties as ILs; however, GUMBOS have a higher melting
temperature limit (250 °C) than ILs (100 °C). A brief history of ILs, GUMBOS, and
nanoGUMBOS describe the foundation of this work. The use of gold nanomaterials has been in
existence for some time, yet the possibilities of their applications continue to grow with
emerging materials. The addition of gold nanoshells on nanoGUMBOS has assisted in the
development of a new class of composite materials. The abundance of ionic combinations for
ILs has led to the design of a gel system that can possess multiple tunable properties based on the
functionality of its IL and liposomal components.

Chapter 3 focused on zero-dimensional nanostructures. There were two methods that
were used to prepare nanoparticles. The reprecipitation method resulted in particles with
diameters around 98 nm. The reverse micellar method was able to produce particles of differing
sizes based on concentration of the reactants. Smaller concentrations yielded smaller particle
diameters, while larger concentrations produced larger particles. Gold nanoshells were then
added to the different-sized particles and their corresponding optical properties were
investigated. The completion of gold nanoshells was based on the ratio of gold-plating solution
and precursor nanoparticles. The coverage of gold adsorbed onto the surface of the

nanoGUMBOS increased with increasing ratios. The coverage could also be monitored by the
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absorption profiles. The absorption maximum consistently red-shifted with increasing ratios
until uniform coverage was achieved. Any further addition of gold resulted in a blue shift of the
absorption maximum. There are several applications of the gold-coated nanoGUMBOS. In this
report, we investigated their sensitivity to a range of organic solvents. Once exposed to
acetonitrile, methanol, and chloroform, the nanoGUMBOS, the absorption maximum red-shifted
in relation to the boiling points and densities of the solvents. The magnitude of the absorption
shifts were relative the gold coverage on the nanoGUMBOS surface.

Chapter 4 discussed 1D nanoGUMBOS as composite nanostructures. Nanorods were
prepared using a template method. Gold-coated nanorods were prepared using similar
procedures as nanoparticles. However, the optical properties of nanorods were different than
nanoparticles. The absorption of gold-coated 1D nanoGUMBOS was noticeably higher than
bare nanorods and extended well into the NIR region of the electromagnetic spectrum. Cyclic
voltammetry was used to investigate the electrochemical characteristics of GUMBOS. The
formal, anodic, and cathodic potentials were measured against ferrocene. The potentials were
then used to calculate the HOMO and LUMO energy levels of the GUMBOS which
characterized [PyrProSH][TPB] GUMBOS as semi-conductive materials.

Chapter 5 described a novel LIG system composed of a biocompatible IL and liposome
gelators. Gels were prepared with a temperature-sensitive liposome, DPPC, and a pH-sensitive
liposome, POPC. The mechanical and thermal properties of DPPC and POPC LIGs were
investigated with varying concentrations of cholesterol. The “designer” gels can be prepared
with multi-functionalities in relation to the type and concentration of its constituents. In general,
saturated, DPPC LIGs have 100 times the viscoelasticity properties of POPC LIGs. They also

showed decreasing stability, demonstrated by the G’ and G”, trends with increasing
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concentrations of cholesterol which can be attributed to the weakening of the DPPC bilayers.
Meanwhile, POPC LIGs with 0% cholesterol were reported to be the least viscoelastic of the four
cholesterol concentrations. Liposomal ionogels have the possibility of being tailored for drug

delivery applications dependent on the chosen phospholipid or IL.

6.2 Future Studies

The tunability of GUMBOS broadens the scope of their potential applications. Although
GUMBOS based on conventional pyridinium and imidazolium cations and traditional anions
were used as a proof-of-concept study in this dissertation, there are several other alternative salts
that may be suitable for this work. In order to effectively utilize gold-coated GUMBOS as
photothermal therapy or drug delivery tools, a more biologically friendly approach should be
taken. Biocompatible thiol or amine-functionalized salts can be used as alternative ions. For
example, cysteine is a thiol-functionalized amino acid. Therefore, it can serve as a cationic or
anionic species. Cellular studies would verify the biocompatibility of the GUMBOS and
subsequent nanoGUMBOS. We have shown nanoparticle preparation techniques for solid and
liquid salts, which can be used regardless of the physical state of the final GUMBOS. Our
laboratory has also demonstrated the encapsulation capabilities of nhanoGUMBOS, which is
useful for the encapsulation of drugs in drug delivery applications.

One dimensional nanoGUMBOS can also be studied for effectiveness as therapy agents.
The absorption profile of 1D nanoGUMBOS is more intense and extends to longer wavelengths
in the NIR region of the electromagnetic spectrum in comparison to the spherical
nanoGUMBOS. The electrochemical studies of 1D nanoGUMBOS can be further investigated

in semiconductive applications such as photovoltaics, catalysis, and as energy storage devices.
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The current application of LIGs is drug delivery as topical agents. Drug release studies
will be necessary to monitor the rates at which the various gels release potential drugs. The
studies should also be performed under different physiological conditions to highlight stimuli
tunability. For example, for bacterial vaginosis applications, pHs above 4.5 and at 37 °C would
be relevant, or an acidic range between pH 4.5 and 5.5 is applicable for cancer sites. Other
possible characteristics that can be incorporated into LIGs include: moisturizing and

antibacterial.
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