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ABSTRACT

Nanomaterials, with unique physical and chemical properties, have the
potential to help in the development of drug delivery systems. Some of these
properties can be attributed to the nanoscale dimension of these materials. By
masking, targeting, and release of a therapeutic agent, these nanomaterials can

provide a delivery system that would reduce side effects.

Gold nanoparticles have been studied as a candidate for the drug delivery
system. These materials can be decorated with molecules that have a thermally
responsive reaction (i.e., Diels-Alder). In addition, gold nanoparticles when
irradiated with a right wavelength of light produce heat. Consequently, the
generated heat from nanoparticles causes a retro-Diels-Alder reaction, which
release a segment of molecule (i.e., payload) from gold surfaces. This controlled
release mechanism is a novel method to take advantage of the properties
inherent in gold nanoparticles and have the potential to be used in drug delivery

system.

Keywords: Gold nanoparticles, photothermal release, thermal release
mechanism, retro-Diels-Alder reaction.
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CHAPTER 1: INTRODUCTION TO NANOMATERIALS

1.1 A General Introduction to Nanomaterials in Medical Applications

In recent years, nanotechnology has been expanding rapidly due to the
support from researchers in the academic, industrial and government sectors.’
According to the U.S. National Nanotechnology Initiative, nanotechnology is
defined as: “the understanding and control of matter at dimensions of roughly 1
to 100 nanometer (nm), where unique phenomena enable novel applications.”
Nanotechnology for medical applications is one area of interest that has attracted

the attention of many researchers.?

One of the areas of nanotechnology is drug delivery. The goal is to utilize
nanomaterials in drug delivery systems in order to deliver a non-toxic and
inactive form of a drug to specific organs or tissues and then release the
activated drug only at designated sites of interest. If nanomaterials can facilitate
the masking, targeting and release of therapeutic agents then they can be

considered as drug delivery systems.?

1.2 Nanomaterials as Drug Delivery Systems

Currently, some specific nanomaterials, such as liposomes,* polymeric
micelles,® dendrimers®’ and gold nanoparticles® (NPs) have been utilized in drug

delivery systems to mask drugs by incorporating them either onto the surfaces or



within these nanostructures. These nanomaterials have been demonstrated to be

useful as vehicles to facilitate controlled drug delivery.

The use of nanomaterials as delivery vehicles can also solve the problem
of drug solubility by incorporating the drug inside or onto these nanomaterials
while also masking the drug. The transport of drug molecules by nanomaterials
can also increase the efficiency of the drug by targeted delivery as well as
reducing side effects.® However, there are limitations to the aforementioned
specific to each type of nanomaterials. These limitations help to define a list of
criteria that must be considered when designing nanosystems for drug delivery.
One of the concerns about these nanomaterials is their biocompatibility.’® For
example, dendrimers, which are starburst polymeric complexes that contain a
series of well defined branches in their inner core, can encapsulate a drug in void
spaces within their interiors.”'® However, in some cases, the positively charged
surfaces of dendrimers may lead to increased toxicity and immunogenicity.
These limitations have raised some concerns about the use of dendrimers in
drug delivery systems. Therefore, the first criterion is: the nanomaterial used in

drug delivery systems must be biocompatible.

Another issue is the ability to consistently reproduce these nanomaterials
with reliable sizes. For example, Iiposomes,4 which are defined as vesicles in
which an aqueous volume is surrounded by a phospholipid bilayer, mask the
drug by entrapping it within their aqueous core. The efficiency of trapping the
drug within the liposome and the reproducibility of the size of the vesicle can be

difficult.”® The non-reproducibility of results for encapsulating drugs in liposomes



make them less attractive as drug delivery systems. The second criterion is: the
synthesis of the nanomaterial and the loading of the drug molecules must be

reliable, reproducible, and scalable for production.

One more issue of concern is the stability of some nanomaterials. For
example, polymeric micelles are self-assemblies of amphiphiles that form core-
shell structures in aqueous environments when the concentration of amphiphile
exceeds the critical micelle concentration.” Similar to liposomes, micelles also
encapsulate the drug in their core. These nanomaterials have limited stability for
transport in biological systems, which is caused by degradation of the polymer
due to hydrolysis. Consequently, limited stability leads to undesirable drug
leakage during the transportation.'® The third criterion is: nanomaterials used in
drug delivery systems should be able to deliver their package with minimal

leakages as they travel to their final destinations.

In summary, three major issues have to be addressed when designing

nanostructures as drug delivery systems:
1. the nanomaterial must be biocompatible,

2. the synthesis of the nanomaterials and loading of the drug

molecules must be reliable, reproducible, and scalable, and

3. the nanomaterial should be able to deliver a package with minimal

leakage en route to its target.

These issues are some of the most common challenges that are faced by

researchers, which have been discussed in the introductory section. Even with



their limitations, some of these nanomaterials are currently in clinical trials and
on-going studies in an effort to overcome these limitations and eventually

develop more suitable drug delivery systems.

1.3  Nanomaterials and Targeted Drug Delivery in the Human Body

Once the nanomaterials mask the drug, they can be targeted to specific
sites in the body by passive or active targeting.'® Passive targeting happens due
to the accumulation of nanomaterials at the diseased site. The cause of
accumulation is the leaky microvasculature of the diseased site such as tumor
and inflamed tissues. The leakiness of the tumor vascular is caused by irregular
diameters and branching of capillaries and venulature due to a faster rate of
cellular growth in those areas.’® On the other hand, active targeting is achieved
by conjugating the nanomaterial to biorecognition molecules. For example, NPs
can be decorated with antibodies and peptides to recognize proteins that are
over-expressed on the surface of tumor cells such as the epidermal growth factor
receptor (EGFR)."" The result is the targeting of nanomaterials, which contain the
drug, to a designated location in the body. A combination of both types of

targeting methods can provide ideal targeted delivery for drug delivery systems.

1.4 Nanomaterials and Mechanism to Release Their Payloads

Once the delivery vehicle reaches it final destination, there are two

common methods that have been used to release the therapeutic agent which

9

results in an unmasking of the drug molecule.”®® One method uses

nanomaterials that are responsive to an internal stimulus (within the body or a



specific tissue) such as pH'® or the presence of enzymes™ to release the drug
molecules.™ The former works in the case of cancer cells because the pH value
of the interstitial space of solid is more acidic (about 5-6.4) compared to the rest
of the body (i.e., pH about 7.4).">"® A second method uses an external stimulus,
such as light or localized heating™ to trigger the release of drug molecules from
the nanomaterial. The use of an external trigger has an advantage over internally
triggered release because it provides more control. This control comes from the
fact that externally applied light or heat provides both temporal and spatial
control, an advantage to be discussed in more detail later on in this chapter. On
the other hand, the external method has its own limitations. The major limitation
is the accessibility of the stimulus to different organs due to low tissue
penetration, and the damage that can be caused to healthy tissue in the local

area of exposure.

Numerous examples of a release mechanism for nanomaterials have
been reported.®'® However, the release of payload in a controlled manner
presents a challenge. As a result, a controlled release mechanism needs to be
developed. The purpose of this thesis is to present a novel controlled release
mechanism. To demonstrate this mechanism, gold NPs are chosen as a platform

for developing this new drug delivery system.

1.5 The Advantages of Using Gold NPs for Drug Delivery Systems

Gold NPs have not been given as much attention for drug delivery system

in comparison to liposomes, micelles, and dendrimers.® Gold NPs have unique

properties from both a chemical'’ (i.e., surface functionalization) and physical'®



(i.e., interaction of light with gold NPs) point of view. Although their chemical and

physical properties have been studied extensively for many years,” these

properties could be utilized in drug delivery systems to a greater extent than has

been reported in the literature.

Gold NPs possess distinctive advantages that make them promising

candidates for drug delivery systems. A few of these are outlined below.

1.

They have high level of chemical inertness and they can be

oxidized only under harsh conditions, such as aqua regia."®

They do not cause acute cytotoxicity to human cells when their

surfaces are coated with capping groups, such as citrate.?

They have the ability to be surface-functionalized through Au-S
linkages.17 These functional groups have directed the use of gold in
many applications in the area of diagnostics?' and biosensing®. In
addition, there are numerous examples of bio-conjugated of protein
to gold NPs, to target specific cells.?** Bio-conjugation of protein to
gold NPs can be applied in drug delivery systems to target a

specific site within a biological system before unloading the drug

from the surface of the NPs.

They are easy to synthesize. Their synthesis results in structures
with monodisperse sizes and shapes, such as solid spherical gold
NPs.?* A variety of published synthetic routes can be used to

prepare gold NPs of different shapes and sizes.?® Shape and size



are the two major factors that control the physical properties of gold

NPs.

1.6  Harnessing the Properties of Gold NPs in Medical Applications

Gold NPs are attractive for drug delivery system due to their chemical and
physical properties. The specific physical property relevant to this thesis is the
interaction of light with gold NPs. Light of specific wavelengths are either
scattered or absorbed by the gold NPs. The absorption of specific wavelength
leads to excitation of electrons in the gold NPs."™ This process is known as
surface plasmon resonance (SPR). Chapter 2 explains SPR in more detail. In
addition, the absorption of light at the SPR frequency causes the gold NPs to
generate heat, a phenomena known as the photothermal effect.® It is this effect

that will be used to trigger the release mechanism described in this thesis.

Photothermal effect can increase the temperature of a bulk solution which
contains the NPs.?” There are, however, very few publications that have reported
harnessing the photothermal effect for medical applications.?® El-Sayed et al.,
who are the pioneers in studying the photothermal effect, have demonstrated the
ability to kill cells using both gold NPs and the photothermal effect.”® They were
able to kill cells (epithelial cell line, human keratinocytes) containing the gold NPs
by thermal denaturation of proteins resulting from the photothermal effect.*® In
another approach, it was shown that a polymeric capsule doped with gold NPs
can be used to deliver a payload which has been contained within the polymer.

The release mechanism uses near-infrared (NIR) light to initiate the photothermal



effect, resulting in the production of heat to melt the polymer layer and

consequently releases the payload from the polymer (Figure 1.1).

v N
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gold NPs

polymeric layer

therapeutic agent

Figure 1.1 Releasing an encapsulated material from within a polymer capsule by using
the photothermal effect from gold NPs doped into the polymer to melt the
polymer upon irradiation with light.

Although the photothermal effect has proven to be an effective way to
directly kill cells and melt materials containing the NPs, in all the previously
published studies, the photothermal effect has not been used to release
molecules directly from the surface of gold NPs while keeping the cells alive. The
goal of the research described in this thesis is to harness the photothermal effect

in order to trigger a controlled release of molecules directly from the surface of



gold NPs without heating the environment around the cell, thus keeping the cell

alive.

1.7  The Project Goals

The long-term goals of this research project are to utilize gold NPs to
deliver therapeutic agents to specific cells and release the drug molecules using
the photothermal effect. Numerous tasks must be achieved in order to reach this
goal, many of which are beyond the scope of this thesis. The short-term goal of
this project, which is the main purpose of this thesis, is to demonstrate that the
photothermal effect can be used as a trigger to release molecules from the
surface of gold NPs. This hypothesis can be tested by attaching molecules with
three specific components to the surface of gold NPs (Figure 1.2). These three

components are listed below.

1. A thiol or disulfide functional group. This group can be used to
anchor the molecule through a covalent Au-S bond to the gold

surface.

2. A thermally responsive bond. This is the bond that is cleavable in

the presence of heat.

3. A dye reporter molecule. The role of this molecule is to illustrate
molecular release from the gold surface after the photothermal

effect is initiated as shown in Figure 1.2.

A hybrid organic-NP system such as the one shown in Figure 1.2 will

absorb specific wavelengths of light (by the gold NPs), resulting in localized



heating at the gold surfaces through the photothermal effect. The heat generated
will be harnessed to drive a chemical reaction, which breaks the bonds between
the payload and the group anchoring it to the gold NPs. Consequently, the
payload is released from the gold NPs into the aqueous environment surrounding

the NPs.

release gold NPs

payload mechanism  thiol

E

@

— S —

Figure 1.2 Schematic of decorated gold NPs with a thermally responsive linker before
and after the photothermal effect.

Factors that influence the amount of heat generated from the
photothermal effect (other than the size and shape of the NP as has been briefly
mentioned and will be discussed in more detail in Chapter 2) are the intensity
and the wavelength of the absorbed light. The intensity of light is defined by the
amount of energy in joule (J) per unit of area (cm?) per time (s).>' The intensity
and wavelength of light can be tuned depending on the light source (e.g., laser).

By tuning the intensity, the heat generated through the photothermal effect can

10



be used to trigger the thermally responsive bond as this heat dissipates from gold
surfaces. As a result, the payload (i.e., a dye molecule) will be released from the

surfaces of gold NPs.

1.8  Triggering the Release of Molecules from the Surface of Gold NPs

1.8.1 Release Mechanism from Gold NPs

Until recently, using light as a stimulus to trigger the release from gold
NPs had not been studied. Rotello and co-workers® have demonstrated the
release of molecules from gold NP surfaces using light (Scheme 1.1). However,
in this experiment ultraviolet (UV) light was used to trigger the cleavage of an
ester bond. The disadvantage of this technique in medical applications is the use
of ultraviolet light (A, = 350 nm) as a stimulus to trigger a release, which
penetrates poorly into biological tissues and is harmful to biological tissues. UV
light is harmful to biological tissues due to the fact that it damages DNA bases.*

In addition, Rotello and co-worker did not take advantage of the photothermal

effect in this experiment.
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Scheme 1.1 Schematic of decorated gold NPs with a UV responsive linker before and
after light treatment.

The results presented in this thesis have shown the release of molecules
from gold NPs using the photothermal effect. Lee and co-workers® also
illustrated the use of the photothermal effect with gold NPs as an optical switch
for gene release. In their experiment, Lee and co-workers, have attached double
stranded oligonucleotides to the gold nanorods (through a thiol linkage), and then
used low energy light (A = 800 nm) to induce the photothermal effect in the gold
nanorods (Figure 1.3). When the heat from the gold surfaces reaches the melting
temperature of the short DNA duplex, the double stranded oligonucleotides

denatures. This process releases the antisense oligonucleotides into living cells.
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Figure 1.3 Thiol-modified sense oligonucleotides (shown in blue) are attached to gold
NPs. Antisense oligonucleotides (shown in red) are then hybridized to the
sense oligonucleotides. Using 800 nm wavelength cause the photothermal
effect to heat the gold NPs and cause the double-stranded oligonucleotides
to denature at their melting temperature and the antisense oligonucleotides
to be released from the gold NPs. Reprinted with permission from Lee, S. E;
Liu, G. L.; Kim, F.; Lee, L. P. Nano Letters 2009, 9, 562. Copyright 2009
American Chemical Society.**

1.8.2 The retro-Diels-Alder Reaction and the Release Mechanism

In order to use the heat generated at the surface of the gold NPs during
the photothermal effect, a thermally responsive bond is required to enable the
release mechanism. In the presence of heat, this linkage, which is between the
gold NPs and the payload, can break and cause the release of the payload. A
well-studied thermally responsive reaction is the Diels-Alder reaction. The Diels-
Alder reaction presented in Scheme 1.2 involves the cycloaddition of a diene and
dienophile to form a cyclohexene ring. One benefit of the Diels-Alder reactions is
reversibility. The reverse reaction is known as a retro-Diels-Alder reaction. This
process produces the two products (Scheme 1.2).35 An advantage of using a
retro-Diels-Alder reaction as a release mechanism is that, depending on the
choice of substituent groups on the cyclohexene (Scheme 1.2 R and R,

respectively), the equilibrium rate can be controlled.*>* In particular, a Diels-

13



Alder adduct with substituent groups that allow the reverse process with a
minimal increase in the local temperature is highly desirable. This Diels-Alder
adduct can be incorporated between the gold NPs and the payload which can act
as the thermally activated switch. By increasing the local temperature the Diels-
Alder adduct can be dissociated into diene and dienophile. As a result the
payload attached to the surfaces of gold NPs can be released from these

surfaces.
R R
R' R'
O s €
™

Scheme 1.2 Thermal dissociation of Diels-Alder adduct to form diene and dienophile.

1.8.3 Using the Photothermal Effect to Trigger the retro-Diels-Alder on
Gold NPs

Many chemical reactions require heat as an activator. In most reactions
the heat is provided externally to the bulk solution. However, for chemical
reactions to take place it is not necessary to heat up the bulk material, but only to
heat the local environment where the reaction is taking place. Using low energy
light such as NIR as the stimulus to initiate the photothermal effect, gold NPs
could potentially provide enough heat to cause the reaction to take place on the
gold surfaces. The advantages of using light as a stimulus for triggering
molecular release are spatial and temporal control. For example, comparing light
to heat as a stimulus magnifies these advantages. Diffusion of heat within a

solution is by propagation and spreads throughout the volume of material in
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which it travels. This effect reduces the precision of heat delivered to the targeted
area as well as the intensity of heat. On the other hand, coherent light travels in a
narrow beam and can target, with high precision, a specific area. Targeted drug
delivery using light as a stimulus provides spatial control with higher accuracy
than externally applying heat for the release at the designated site. In addition,
the time that a stimulus takes to reach its target differs depending on the stimuli.
For example, the rate of heat flow is proportional to the thermal conductivity of
materials, which is low (i.e., 0.5-1 W/m.K)*’ in biological tissues. The advantage
of applying light as a stimulus is that light reaches the target almost

instantaneously, which provides temporal control.

By harnessing the properties of gold NPs, such as the photothermal effect
and the ease of surface decoration, gold NPs can be used as a platform for
initiating thermally driven chemical reactions. In addition, by attaching molecules
onto surfaces of gold NPs that contain a thermally responsive (i.e., cyclohexene)
adduct, an on demand molecular release system can be achieved for drug

delivery systems.
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CHAPTER 2: THE PROPERTIES AND SYNTHESIS OF
GOLD NANOPARTICLES

In this chapter, the properties of gold NPs relevant to the research in this
thesis are discussed in more detail. These properties are SPR and photothermal
effect. In addition, the modified synthesis of two different types of gold NPs are
presented in this chapter. One type is a solid spherical gold NP with an average
diameter of 18 nm and the other is a silica/gold core-shell NP with an average
diameter of 204 nm. These two NPs were chosen because each has different
SPR absorption peaks. The silica/gold core-shell NPs were synthesized by
Dennis Hsiao from Dr. Byron D. Gates’ laboratory. These particles will be
discussed in Chapter 4, where they are used as a platform to show the release of

molecules from their surfaces using the photothermal effect.

21 Electron Confinement and Properties of Gold NPs

Electron movement plays a key role in the physical properties (i.e., SPR
and photothermal effect) of gold NPs.*® These properties arise from the
confinement of electrons in space. When electrons are bound to nuclei their
motions become highly quantized and restricted to discrete energy levels. The
quantization of gold NPs takes place when the size of gold particles falls into the
nanometer scale.®® Quantization of gold NPs produce unique physical properties,
which is one of the reasons that their properties have been studied

extensively.'®?
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Physical properties of gold NPs are influenced by their size, shape and
composition.’® From a chemical point of view, the size, shape and composition of
gold NPs can be controlled by the environment in which they are synthesized.*
The concentration of the starting materials, reducing agents and capping groups
each play a significant role in determining the final dimensions of these
particles.?* Synthesis of these NPs can require one or more steps, depending on
the desired dimensions and composition of the final product.*® For example, solid
spherical gold NPs can be prepared in a one step synthesis but silica/gold core-
shell NPs require a multi-step synthesis. Gold NPs can be designed to be
uniform in shape and size, which make their physical properties more

consistent.3%*’

2.2 Surface Plasmon Resonance of Gold NPs

One of the properties of interest of gold NPs is their susceptibility to
SPR.* The SPR phenomenon happens when the frequency of an oscillating
electric field of incident electromagnetic waves (i.e., light) overlap with the
oscillating frequency of electrons in the gold NPs."® The overlapping frequencies
results in the absorption of an electromagnetic wave by electrons in gold NPs.
The absorbed electromagnetic wave causes the displacement of electrons from
the nuclei while coulombic attractions act to restore the electrons with respect to
the nuclei (Figure 2.1). The alternating displacement/restoration process results
in the collective oscillation of the electrons. This collective oscillation of electrons
in the presence of light is known as SPR. The SPR frequency is determined by

the electron density, shape and size of the electron cloud.™
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Figure 2.1 Schematic of surface oscillation for gold NPs indicating the displacement
of electron cloud relative to the gold nuclei.

The SPR absorption of gold NPs (a representative SPR absorption
spectrum shown in Figure 2.2) is a phenomenon that can be observed only for
NPs with nanoscale dimensions (1 to 100 nm).? The SPR phenomenon
disappears in the bulk form of gold. The SPR absorption for gold NPs follows
Beer's law, which states that the absorption is dependent on concentration,
extinction coefficient and path length of a sample.*? The extinction coefficient of
gold NPs consists of two components: i) absorption and ii) scattering.*’ The ratio
of these two components depend on the size, shape and composition of the
nanostructures.*’ Changing any one of these factors (e.g., size), will alter the
SPR absorption peak. For example, changing the size of the NPs could results in
three changes. They are: i) a change in the ratio of absorption to scattering for
the SPR absorption peak, ii) a shift in the peak maximum, or iii) a combination of
former and the latter. Therefore, to have a specific SPR absorption peak for NPs,
each factor (i.e., size, shape, and composition) must be selected to produce the

desirable SPR properties.
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Figure 2.2 UV/Vis absorption spectrum for an aqueous dispersion of solid spherical
gold NPs with diameter of ~18 nm. The SPR absorption peak maxima is at
520 nm.

2.3 Some Medical Applications of Surface Plasmon Resonance of Gold
NPs

In the field of nanobiotechnology, gold NPs offer an effective method for
the development of sensitive diagnostics and tumor targeting.”® Gold NPs

provide a useful method to enhance tumor imaging for several reasons:**

1. gold NPs can be conjugated to antibodies and used to collectively

target a specific tumor,

2. the SPR signals of gold NPs are more intense than any common
dye on the market (about 100,000 times),?® which makes gold NPs

detectable in low concentrations (femtomolar), and

3. compared to most organic dyes, which lose their fluorescence
properties due to photo-bleaching, gold NPs are robust upon

repeated exposure to high intensity light.?®
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An example of using NPs for cell targeting and imaging has been shown
by El-Sayed et al.,*® in which two kinds of gold NPs (solid spherical and rods)
were functionalized with anti-EGFR and incubated with healthy cells (HaCat) and
cancer cells (HSC). The images shown in Figure 2.3 are produced by dark field
microscopy, which is a microscopy method that uses scattered light to image the
sample. Dark field microscopy is a useful method when imaging cells containing
NPs because the light scattering properties of NPs easily differentiate them from
cells due to the fact that cells have a low optical scattering component. Figure 2.3
(left column) indicates that in the case of healthy cells, due to the lack of the
EGFR in those cells, aggregation of solid nanospheres and nanorods are not
observed around the cell. However, Figure 2.3 (right column), indicates the
aggregation of solid gold nanospheres and nanorods in the presence of cancer
cells, which express the EGFR. Hence, this result shows that functionalized NPs

can be used for both cell targeting as well as enhanced cell imaging.
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HaCat healthy cells HSC cancer cells

Figure 2.3 Molecular-specific imaging of cancer cells using solid spherical gold NPs
with and without anti-EGFR conjugates. Dark-field microscopy shows (left
column) HaCat healthy cells have (top) gold nanospheres and (bottom)
gold nanorods randomly dispersed without specific binding, whereas
(right column) HSC cancer cells clearly defined by the strong localized
optical scattering from (top) gold nanospheres and (bottom) gold
nanorods bound specifically to the surfaces of cancer cells. The scattering
color of the nanospheres and nanorods can be clearly distinguished in
these images. Reprinted with permission from Jain, P. K.; Huang, X.; El-
Sayed, I. H.; EI-Sayed, M. A. Accounts of Chemical Research 2008, 41,
1578. Copyright 2008 American Chemical Society.*

2.4 Photothermal Effect of Gold NPs

When gold NPs are irradiated with light corresponding to their SPR
frequencies, the NPs absorb light and transform that energy to heat through a
series of cascading events.*® There are two pathways for oscillating electrons to
lose the absorbed energy, one is through electron-electron collisions, which is

negligible and takes place on a short time scale (~500 fs).*® Another pathway is
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through electron-phonon couplings. Phonons are quantized modes of vibrations
that are allowed in a crystal lattice to transport vibrational motions in the solid
structure (i.e., metals and semiconductors).*> Electron-phonon coupling transfers
the energy to the phonon. Electron-phonon coupling happens in a very short time
interval, which has been measured to be on the order of 1 to 8 ps.*’ Electron-
phonon coupling triggers phonon-phonon coupling, which takes place on a time
scale of 100 to 400 ps.*” The time scale of coupling is dependent on the
composition and size of the nanoscale material as well as its surrounding
environment.?® The phonon-phonon interaction causes quantized vibrations in

the crystal lattice and the generation of heat at the surface of gold NPs.*®

In summary, absorption of light at the SPR frequency of the gold NPs
causes a collective oscillation of electrons. As the electrons go through a
relaxation process, the energy of the electron is transferred to the crystal lattice

causing vibrations. Heat is generated as a result of this vibration.

2.5 Uses of the Photothermal Effect of Gold NPs in Medical Applications

The heat generated by the photothermal effect of gold NPs has been
applied in medical applications. West and co-workers*® have demonstrated the
irreversible photothermal abolition of human breast epithelial carcinoma cells in
vitro. In their study, they showed that cells maintained their viability when
exposed to a NIR laser (7 min, coherent, 820 nm, 35 W), in the absence of
silica/gold core-shell NPs. They also showed that cells incubated with core-shell
NPs maintained their viability in the absence of a laser. However, when cells

were incubated with core-shell NPs; the subsequent laser irradiation produced
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localized cell death which was confined to the laser irradiation region.
Furthermore, similar experiments to that of West et al. have been published with
different NPs, such as solid spherical gold NPs.*® These studies have had similar
results to that of West and co-workers. The technique described by West and co-

workers has the potential to be used as a non-invasive treatment of tumors.

The aforementioned examples that have been discussed from the
literature on the optical properties of gold NPs was used for imaging purposes. In
addition, the photothermal effect of gold NPs was used to kill cells or melt a
polymeric layer. No previous experiment has ever taken advantage of using the
heat generated from gold NPs, following the photothermal effect, to release a
molecule from the gold surfaces. The photothermal release mechanism could

deliver a beneficial payload decorated on the NPs surfaces.

2.6 Synthesis and Characterization of Solid Spherical Gold and
Silica/Gold Core-Shell NPs

We used two different types of gold NPs as a platform to demonstrate the
photothermal release of a molecule from the surface of NPs. One type was a
solid spherical gold NP?* and the other type was silica/gold core-shell NP%.
These types of particles are specifically chosen because each type of particle,
relative to each other, has a unique SPR absorption peak. Using these two types
of NPs can, hypothetically, enable the release of payloads at two different

wavelengths.
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2.6.1 Synthesis of Solid Spherical Gold NPs

Solid spherical gold NPs are one of the most commonly used particles
because of their ease of synthesis.?* In addition, the synthesis of solid gold NPs
produces particles of a uniform size and shape.24 The synthesis of solid
spherical gold NPs starts by adding an aqueous solution of trisodium citrate to a
boiling/stirring aqueous solution of tetrachloroauric (111) acid. The trisodium citrate

acts as a reducing agent and reduces Au (Il1) to Au (0) (Scheme 2.1).%°

O _ 0
100 °C ©
OH — > 2Au+3 o/ +8CI+5H"+3CO,
H,O i
0
O o}

Scheme 2.1 Synthesis scheme of reduction of Au (lll) to Au (0) in the presence of
citrate.

Once the solution is saturated with Au (0), the gold atoms start to form
seeds. More gold atoms are added to these seeds as the reduction reaction
proceeds and the seeds start to form larger solid spheres of gold in the solution.
The growth process of these NPs is regulated by attachment of a citrate capping
group to the exposed surfaces of gold. The capping group also stabilizes the
particles in the aqueous solution due to the solvated negative charges of the
citrate group.”® Since each particle is decorated with negative charges, the
repulsion between each particle prevents aggregation and precipitation of the
NPs. The aqueous solution of solid spherical gold NPs has a burgundy color

(Figure 2.4) and is suspended in water for months without precipitation.
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Figure 2.4 Aqueous solution of solid spherical gold NPs with white light illumination from
behind the sample.

2.6.2 Characterization of Solid Spherical Gold NPs

To characterize the solid spherical gold NPs, two common techniques are
used: i) transmission electron microscopy (TEM),®" and ii) UV/Vis absorption

spectroscopy.

Transmission electron microscopy techniques can image the gold NPs to
characterize their dimensions and crystallinity. In a typical TEM analysis a beam
of electrons pass through a sample holder that contains dried NPs. The electrons
interact with the specimen by scattering and as a result of these interactions an
image is formed. The image can be recorded on phosphorescent screen or a
camera containing a charge-couple device.® The TEM images show the size and
shape of NPs (Figure 2.5A). The preparation of TEM samples was done by
placing a droplet of an aqueous solution of synthesized NPs onto formvar/carbon
coated copper grids at room temperature (~22 °C) and the grid was left on the
bench over night to air dry. (Note: the copper grid was covered with a watch
glass to protect the sample from collecting dust.) This copper grid was then

placed under vacuum to further dry at 20 mmHg for 2 h. Samples for the TEM
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analysis have to be as dry as possible because the electron microscope is under
high vacuum (~10” mbar). The high vacuum is necessary for TEM imaging
because the air molecules will scatter the electrons. If the copper grid that enters
the TEM instrument is wet or contains volatile molecules, it would prevent the
instrument from achieving the high vacuum necessary for high resolution
imaging. As a result, the instrument would require a few hours of pumping to
create the necessary vacuum. In addition, a vacuum failure could damage the
instrument. Once the copper grid is dry, the specimen is inserted into the TEM
instrument. Then TEM images can be recorded for the solid spherical gold NPs.

A representation of such an image is shown in Figure 2.5A.
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Figure 2.5 (A) TEM images of 18 nm diameter solid spherical gold NPs, and (B) a
histogram corresponding to the size distribution of gold NPs counted for a
sample of 100 NPs.

The electron microscopy analysis indicates a uniform shape and size
distribution of spherical gold NPs (Figure 2.5A). To find the average diameter of
the solid spherical gold NPs, the diameter of 100 randomly chosen particles were

measured for comparison. To measure the size of each NPs, digital TEM images
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of the NPs were imported into Adobe Photoshop® and the measuring tool therein
was calibrated and used to measure the diameter of each particle. A histogram
for solid spherical gold NPs was constructed based on this analysis of TEM
image as shown in Figure 2.5B. The average diameter of the solid spherical gold
NPs was found to be 17.8 £ 0.9 nm (one standard deviation, which includes
~68% of the data values). The average diameter is a good estimate of the NPs
dimensions and will be used in Chapter 4 to estimate the concentration of solid

spherical gold NPs in the aqueous solution.

A UV/Vis absorption spectroscopy was used as a second technique to
characterize the SPR of gold NPs. This technique provides a UV/Vis absorption
spectrum of an aqueous suspension of solid spherical gold NPs as shown in

Figure 2.6. The SPR peak for these particles is centred at 520 nm.
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Figure 2.6 UV/Vis absorption spectrum of an aqueous dispersion of solid spherical gold
NPs with diameter of 18 nm. The SPR absorption peak maxima is at 520 nm.

Based on theoretical calculations performed by EI-Sayed and co-

workers,*! the SPR peak at 520 nm for solid spherical gold NPs is mainly due to
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absorption rather than scattering of light. Therefore, most of the light absorbed at
520 nm is converted to heat due to the photothermal effect.

The uniformity in shape and size of the NPs provide consistency in their
SPR absorption frequency. As a result of a decrease in the size uniformity, the
shape of absorption peak would broaden,*® which would lower the efficiency for
absorption of light at a specific frequency. Therefore, the efficiency of heat
generation from the NPs through the photothermal effect decreases as the
uniformity in the size of the NPs also decreases. Factors such as higher SPR
absorption for solid spherical gold NPs and uniformity in the size of NPs should
be considered in detail when it comes to photothermal effect because these
factors contribute greatly to higher efficiency of converting light into heat through

the use of these NPs.

2.6.3 Some Challenges for the Synthesis of Solid Spherical Gold NPs

It is important to mention some of the difficulties and challenges that were
encountered during the preparation of solid spherical gold NPs. The synthetic
procedures for the preparation of these particles was reproduced from the
current literature,?**° but uniform solid spherical gold NPs that were stable in
solution could not be achieved without some modification to the procedure. The
synthesis of solid spherical gold NPs initially followed a procedure obtained from
Plech and co-workers.?* In the synthesis of gold NPs, the size and shape of the
flask and the size of the stir bar can play an important role in the uniformity of the
synthesized NPs?* as these factors have a direct effect on the dynamics of

stirring. Therefore, one needs to repeat and tune the procedures and select ideal
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apparatus to find the optimal conditions for the synthesis of NPs. Other factors
can be important as well, such as the molar ratio of the starting materials.
Following the exact concentration of starting material and reducing agent
reported in the literature had to be modified to produce the described uniformity
in the size of solid spherical gold NPs. To obtain uniformity, the ratio of reducing
agent with respect to starting material was modified (i.e., concentrations of
trisodium citrate to tetrachloroauric (lll) acid were used from: 10:1, 5:1, 4:1, 3:1,
2:1 to 1:1 molar ratio, respectively). Some images of NPs from failed syntheses
are shown in Figures 2.7A and B, which indicate the polydispersity (broad range
of sizes) of size and aggregation of gold NPs due to a lack of stability,
respectively. Even after tuning the procedure to produce uniform solid spherical
gold NPs, the reproducibility is not 100%. Experience has shown that using
glassware that has not been properly cleaned (i.e., with aqua regia and piranha)
before use, results in NPs that are not stable and precipitate from the solution as
black aggregates a few hours after synthesis. The instability could be due to the
presence of impurities, such as organic residue from soap, inadvertently
introduced before or after synthesis, which results in the aggregation of the gold
NPs in the aqueous solution. In summary, the synthesis of gold NPs requires fine

attention to details in order to produce reproducible results of uniform structures.
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Figure 2.7 TEM images of samples from the failed synthesis of stabilized solid
spherical gold NPs: (A) polydisperse gold NPs, and (B) aggregated gold
NPs.

2.7 Synthesis of Silica/Gold Core-Shell NPs

Silica/gold core-shell NPs consist of a silica core (180 nm diameter) and a
layer of gold with a thickness of ~10 nm over the silica particle. Their synthesis

requires four steps:

1. Formation of solid silica particles by addition of tetraethyl orthosilicate to
aqueous ammonia in ethanol, which starts the nucleation and growth of
silica particles (Scheme 2.2A). The reaction is followed by the addition of
(3-aminopropyl) triethoxysilane, which caps the silica particles through a
condensation reaction and functionalizes the particles with amine groups

(Scheme 2.2B).
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Scheme 2.2 (A) Synthesis of silica particles through multiple hydrolysis and
condensation of tetraethyl orthosilicate, and (B) Functionalization of the
surface of the silica particles with amine groups.

2. Preparation of gold seeds by reduction of tetrachloroauric (lll) acid to Au
(0) in presence of tetrakis (hydroxymethyl) phosphonium chloride as a
reducing agent in water. When the solution is saturated with gold atoms,

the solid spherical gold seeds grow to a diameter of 3-6 nm (Scheme 2.3).

2 HAUCI, + 3 (HOCHPCI _N2OH 5 Aue+ 3 (HOCH )P

4 H,0 3
+5H"+11ClI+ 3HCHO

Scheme 2.3 Synthesis for the reduction of Au (lll) to Au (0) in the presence of tetrakis
(hydroxymethyl) phosphonium chloride.>

3. Attachment of the gold seeds onto the surface of silica particles by adding
a solution containing the seeds to the solution of silica particles. Since the

surface of silica particles are decorated with amines, the amine group
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forms a covalent bond with the gold seeds. As a result, the surface of
silica particles is partially decorated by gold seeds. Any un-attached gold
seeds are removed from the solution by centrifugation of the decorated
silica particles followed by re-suspension of these silica spheres in high

purity water.

4. Growth of a gold layer over the decorated silica particles by reduction of
more gold onto the surface of decorated silica particles. In a solution of
seeded silica NPs, tetrachloroauric (1) acid was reduced to Au (0) by
formaldehyde as shown in Scheme 2.4. The reduced gold atoms were
added to the seeded silica to form a layer of gold around the silica

particles.

HCHO +H,0 _Keq=2280,_ H,C(OH),
H,O

2 HAUCI, + 3/2 H.C(OH), — 5 2 Au°+3/2 CO,+8CI +8 H*

Scheme 2.4 Synthesis scheme for the reduction of Au (lll) to Au (0) in the presence of
formaldehyde. >

A solution of silica/gold core-shell NPs has a blue colour as shown in
Figure 2.8. Silica/gold core-shells has blue colour because they absorb and
scatter low energy light (600-1000 nm) and transmit higher energy light (400-500
nm). These NPs can be dispersed into solution for ~2 h and after that they start
to visibly settle to the bottom of the container. These particles can be easily re-

suspended by shaking the glass vial.
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Figure 2.8 Aqueous solution of silica/gold core-shell NPs with white light illumination
from behind the sample.

2.7.1 Characterization of Silica/Gold Core-Shell NPs

To characterize the synthesized silica/gold core-shell NPs, TEM images
were taken of the sample. The preparation of TEM samples of aqueous
dispersions of silica/gold core-shell NPs was identical to that for solid spherical
gold NPs. A representative TEM image of silica/gold core-seeds, which was
produced in the third step of the synthesis of the silica/gold core-shell NPs, is
shown in Figure 2.9A. The image shows a uniform shape and size of silica
particles that are decorated with seeds of solid spherical gold NPs. Further
reduction of tetrachloroauric (lll) acid in the fourth step of the silica/gold core-
shell NPs synthesis, adds more gold atoms to the gold seeds to form a layer of
gold over the silica particles. A complete shell of gold on the silica particles can

be seen in Figure 2.9B.

To find the average diameter of the silica/gold core-shell NPs, the
diameter of 100 randomly chosen particles were measured from the TEM

images. A histogram for silica/gold core-shell NPs was constructed based on

33



these measurements as a representation of size distribution, as shown in Figure

2.9C. The average diameter of NPs was found to be 204 + 9 nm (reported error

of one standard deviation).
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Figure 2.9 TEM images of (A) silica/gold core-seeds with a diameter of ~180 nm

silica particles, and (B) silica/gold core-shell NPs with a ~204 nm
diameter. (C) Histogram corresponding to the size distribution of
silica/gold core-shell NPs, measured from a sample of 100 NPs.

The absorption properties of silica/gold core-shell NPs, were determined

by acquiring a UV/Vis absorption spectrum of aqueous dispersions of these NPs.
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The spectrum (Figure 2.10) shows that NPs have two primary absorption bands
at 650 and 900 nm. The thickness of the gold shell plays a major role in the
observed SPR absorption band. The SPR absorption is tunable depending on
the thickness of the gold shell.® An advantage of using these larger particles in
comparison to solid spherical gold NPs (e.g., 18 nm diameter) is the tunability of
its SPR to the NIR region of the electromagnetic spectrum. These particles seem
to be a better candidate for delivery of a payload in biological systems because
the NIR region of the electromagnetic spectrum has better tissue penetration
than the visible region of the electromagnetic spectrum.?® In addition, NIR light
has a lower energy that than visible light, which makes it less harmful to

biological tissues.
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Figure 2.10 UV/Vis absorption spectra for aqueous dispersions of silica/gold core-shell
NPs with a diameter of ~204 nm. The SPR absorption peak maxima are at
650 and 900 nm.

Other structures such as gold nanorods could be great candidates as well

due to the tunability of the SPR absorption in the visible and NIR regions of the
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electromagnetic spectrum.®” The SPR of gold nanorods can be tuned by
changing the aspect ratio of the rods.*’ This thesis, however, only focuses on the

use of solid gold NPs and core/shells for the photothermal effect.

2.8 Decoration of the Surfaces of Gold NPs

After synthesizing the gold NPs, the surface chemistry of these NPs can
be modified by the introduction of molecules containing thiol or disulfide into a
solution of gold NPs.® Due to the strong affinity between the gold and the sulfur,
a covalent bond forms between gold and sulfur.>® The exact nature of the Au-S
bond has not been understood completely, most likely because of the formation
of multiple bonds between sulfur and surface of gold clusters.®® Due to Au-S
interactions, a variety of functional groups containing thiol can be added to the
surface of gold NPs to make the surface charged, hydrophilic or hydrophobic
(Scheme 2.5).°® The ease of changing the surface chemistry enables these

particles to be dispersed in a variety of solvents, from water to hexane.>®
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Scheme 2.5 Surface modification of negatively charged solid spherical gold NPs by
introduction of (A) 3-mercaptopropionic acid, (B) 3-mercaptopropanol,
and (C) 1-mercaptobutane.

In addition, macro-molecules can be attached onto gold NP surfaces, such
as proteins®' or DNA.™® The coupling of macro-molecules to gold can also be
due to the presence of a thiol or disulfide moiety in the structure of macro-
molecules. The coupling of proteins to gold NPs enables the particles to be
targeted to specific cells, or coupling of DNA to gold NPs enables the particles to

be used for gene and drug delivery.™
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In this thesis, to attach the molecules to the gold NPs surfaces, a disulfide
moiety was incorporated in the proposed molecules to link the molecules of
interest to the gold surfaces. Further discussion about the proposed molecules is

in Chapter 3.

2.9 Conclusions

Gold NPs can be used as a delivery vehicle by conjugation of a payload to
the gold surfaces. Furthermore, harnessing the unique properties of gold NPs,
such as the photothermal effect, as stimuli to trigger the release of payloads,
opens a new direction of research into the use of these materials. Using two
different gold nanostructures provides flexibility of choosing between the different
wavelengths for their SPR properties as well as the different sizes of these
structures. Besides the spatial and temporal control, using both structures

simultaneously can provide sequential release of different payloads.®?
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210 Experimental Section

2.10.1 General Information

Unless otherwise stated, all the chemicals were purchased from Sigma
Aldrich and used without further purification. Water used in the synthesis and
purification of NPs was from a Barnstead NANOpure Diamond water purification
system (18 MQ). The UV/Vis absorption spectra were obtained using Varian Cary
300-Bio and fluorescence spectra were recorded using a Photon Technology
International QuantaMaster spectrometer with a photomultiplier tube as the
detector. TEM images were taken on an FEI| Tecnai G2 STEM. TEM grids were
prepared by spotting a 10 pyL droplet of solution containing gold NPs onto a
copper grid (300 mesh) coated with a carbon/formvar layer. The TEM sample
was dried at room temperature over night followed by 2 h under vacuum (-975
mbar). All the glassware were washed with aqua regia [(3:1 (v/v) hydrochloric
acid (37%):nitric acid (70%)], with high purity water (x3), and piranha [7:2 (v/v)
sulfuric acid (98%):hydrogen peroxide (30%)] each for ~10 min. (Caution:
Piranha solution is highly reactive toward organic material and aqua regia is also
a strong oxidizer. Handle these solutions with extreme care.) Solvent allocations
were measured using VWR Signature single-channel pipettors with variable
volume adjustment (volumes: 0.5-10, 10-100 and 100-1000 pL). The stir bar
used in the synthesis of solid gold NPs was a VWR magnetic stirring bar coated
with Teflon (7/8"x5/16” Catalogue number: 58947-106) and stirring hotplates was

a IKA® RET Basic.
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2.10.2 Synthesis of Solid Spherical Gold NPs

Solid Spherical gold NPs were synthesized according to the Turkevich
method with some modifications.?* A solution of tetrachloroauric (111) acid 99.9%
(0.15 mM) was prepared in water (18 MQ), (60 mL, in a 250 mL round bottom
flask) and heated to boiling. The stirring (VWR magnetic stirring bar coated with
Teflon 7/8’x5/16” Catalogue number: 58947-106, at 1500 rpm) solution of
tetrachloroauric acid was treated with a preheated 5 mL aqueous solution of
trisodium citrate 99% (4.5 mM). During this thermal reduction process, the
appearance of the solution changed from a transparent yellow to a transparent
red coloration. After 20 min of boiling and stirring, the reaction was removed from
the heat and left at room temperature to cool down. To characterize the size and
shape of the synthesized NPs, the TEM images of the sample were recorded
using different magnifications (Figure 2.11A and B). Based on the TEM analysis

of 100 NPs, the average patrticle size was found to be 17.8 £ 0.9 nm.

(A) (B)

Figure 2.11 TEM images of 18 nm diameter solid spherical gold NPs at two different
magnifications.
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2.10.3 Synthesis of Silica/Gold Core-Shell NPs

Silica particles were synthesized according to the Stdber method.®® The
silica NPs were prepared by the addition of tetraethyl orthosilicate 98% (3.6 mL)
to a stirred solution of aqueous ammonia (7.1 mL, 30%) in EtOH (99.9 %, 50 mL)
and the reaction stirred at room temperature overnight. The suspension was
treated with (3-aminopropyl) triethoxysilane 98% (100 uL) and the mixture was
allowed to stir for 2 h at room temperature followed by 1 h of heating at reflux
using a heating mantle.®* Gold NP seeds were prepared according to the method
published by Duff.** Sodium hydroxide 97% (0.2 M, 1.5 mL) was added to high
purity water (45.5 mL) followed by addition of tetrakis (hydroxymethyl)
phosphonium chloride 80% (84 mM, 1 mL) and tetrachloroauric (lll) acid 99.9%

(25 mM, 2 mL). After adding each compound, the solution was stirred for 2 min

before adding the next reagent. Gold NPs seeds (100 uM) were mixed with the

functionalized silica NPs (1 mL) and the solution left for 8 h to attach the seeds
onto the surface of the silica.®® Gold seeds that are not attached to the silica NPs
were removed by centrifugation at 13,500 rpm for 4 min followed by decantation
of supernatant liquid and re-suspension of the collected solids in water. This
purification process was repeated 5 times. The gold shell was grown from the
layer of gold seeds in a solution containing a tetrachloroauric (lll) acid (0.384
mM, 4 mL), gold seeded silica (20 yL) and formaldehyde (10 uL) as a reducing
agent.®® Excess gold salt was removed by a procedure of centrifugation at 4,000
rom for 15 min followed by decanting and re-suspension in water. This

purification process was repeated 3 times. Particles were characterized by TEM
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and the average size of the core-shell particle was determined to be 204 + 9 nm

(Figure 2.12).

(A) (B)

200 nm
]

Figure 2.12 TEM image of 204 + 9 nm diameter silica/gold core-shell NPs at two
different magnifications.
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CHAPTER 3: DESIGN AND SYNTHESIS OF A
THERMALLY RESPONSIVE MOLECULE

3.1 Requirements for the Thermally Responsive Molecule

As mentioned in Chapter 1, the goal of this thesis is to demonstrate the
release of molecules from the surface of gold NPs using low energy light. This
release can be demonstrated in two steps: i) by the attachment of a molecule to
the gold NPs surfaces, and then ii) by the detachment of a segment of this
molecule initiated using the photothermal effect. The aim of this chapter is to
describe the design and synthesis of a molecule that can demonstrate such a
release. From a design perspective, three major features should be included in

the molecule:

1. The molecule must include a functional group that enables
anchoring to the surface of gold NPs. Since gold reacts
spontaneously with sulphur to form a covalent Au-S bond, a thiol or

disulfide moiety should be included in the molecule.'’

2. To confirm molecular release after the photothermal effect, a
monitoring technique is required that can differentiate between the
bound and unbound molecules. This monitoring can be achieved by
integrating a fluorescent dye into the molecule, which allows the

release to be detected by fluorescence spectroscopy.

43



3. A thermal labile bond relative to the rest of the linker, should be
incorporated between the thiol or disulfide and the dye moiety of
the targeted molecule. The purpose of this labile bond is to break
only when adequate heat is released from the gold NPs, thereby

allowing the dye to separate from the surface of the gold NPs.

In this chapter, the discussion will focus on the design and synthesis of a

molecule that includes all the features listed above.

3.2 Requirements for the Thermally Labile Linker

A thermally labile component, which in the presence of heat can act as the
release mechanism, is an essential part of the molecular linker. Selecting an
appropriate reaction with a suitable molecule is the requirement of a successful

release mechanism.

In terms of the long-term goals of this project (which is to use gold NPs as
a drug delivery vehicle in biological systems) the temperature that would activate
the reaction should be above 37 °C (i.e., average body temperature of a human).
In addition, the activation temperature should not be too high (e.g., a few
hundred degrees) to require minimal photothermal energy to activate the reaction
and thus, minimize localized damage due to an increase in the temperature of

the surrounding environment.

Additionally, stability in aqueous solution is crucial because any side

reaction could have detrimental consequences. It is also essential to use a
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compound that is biocompatible and nontoxic to a biological organism in its un-

activated or activated form.

3.3 Exploiting the retro-Diels-Alder Reaction for a Release Application

Most fragmentation reactions require catalysts, high temperature, specific
reagents, or a combination of these factors.®” However, one fragmentation
reaction has been extensively applied to produce thermally reversible polymers,68
thermally remendable cross-linked polymers69 and thermally removable epoxy
adhesives’® at low temperatures. In all the above examples, a retro-Diels-Alder
reaction was used as a thermal trigger. More specifically a retro-Diels-Alder
reaction of bicyclic compound 3.1 (Scheme 3.1) to form furan 3.2 and maleimide

3.3, was used as the release mechanism.

Ri 0 R, o)
A =
N—R2 — @o + QN—RZ
0 0
3.1 3.2 3.3

Scheme 3.1 Furan-maleimide Diels-Alder adduct dissociation and formation.

The Diels-Alder reaction® is a cycloaddition between a diene 3.2 and
dienophile 3.3 to form a cyclohexene 3.1. Often times, in the presence of heat,
Diels-Alder adducts dissociate to reform the diene and dienophile. This process
is called a retro-Diels-Alder reaction. Although the number of reports on Diels-
Alder reactions is much greater than that on retro-Diels-Alder reactions, this does
not reduce the potential applications of retro-Diels-Alder reactions. The Diels-

Alder reaction and, particularly, the bicyclic compound 3.1 is ideal for the
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demonstration of a release mechanism because it does not require a catalyst,

additional reagents, or high temperature for reversibility.

Among all the reported retro-Diels-Alder reactions, there are many that
proceed at relatively low temperatures (i.e., ~50 °C).”""® A Diels-Alder reaction
shows appreciable reversibility when the free energy of the products is similar to
that of the starting materials (Figure 3.1). Another factor that influences the
reactivity of the Diels-Alder reaction is the activation energy. For a Diels-Alder
reaction to be reversible at low temperature both the activation energy and

reaction free energy should be minimal to permit reversibility.

} activation energy

energy .
| reaction free energy

L
L

reaction coordinate

Figure 3.1 Energy profile of a reaction.

3.4 Kinetics versus Thermodynamics of Diels-Alder Reactions

The reaction between furan 3.4 and maleimide 3.5 (Scheme 3.2) results in
the formation of two diastereomers, endo 3.6 and exo 3.7. In this case, the endo
Diels-Alder adduct is the kinetic product and the exo Diels-Alder adduct is the

thermodynamic product.”
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Scheme 3.2 Stereoselectivity of the Diels-Alder adduct synthesized from furan and
maleimide.

The awareness of thermodynamic versus kinetic selectivity was observed
during the 1940’s in different laboratories.” In 1944, Woodward and Baer shed
more light on the principle of kinetics versus thermodynamics of Diels-Alder
reactions. They summarized their proposal in terms of relative activation energies
as illustrated in Figure 3.2.”° Based on relative activation energy in Figure 3.2,
formation of the endo adduct 3.6 involves a lower energy transition state and
thus this compound forms faster than the exo 3.7 adduct. However, the endo

product is less stable.

cnergy endo product

- exo product

R
Ll

reaction coordinate

Figure 3.2 Diagram of energy versus reaction coordinate for the Diels-Alder reaction.

The important difference between the endo and exo adducts is in their

respective activation energies for the retro-Diels-Alder reaction. The energy that
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is required to cause the reverse process is lower for the endo adduct compared
to the exo adduct. Therefore, the endo adduct 3.6 is preferred to the exo adduct
3.7 for our release application. Another criterion for selecting one adduct over the
other, is the rate of reactivity of each adduct at room temperature. For example, if
the retro-Diels-Alder reaction for the endo adduct proceeds at room temperature,
the substrate would be undesirable for our release application because the
measurement for the photothermal release of molecules from NPs depends on
two factors: i) the retro-Diels-Alder reaction due to room temperature, and ii)
retro-Diels-Alder reaction due to the photothermal effect. Therefore, to find a
better understanding about compounds 3.6 and 3.7, an experiment was
performed to determine which one would be a better candidate to be

incorporated in the molecular linker.

3.5 endo versus exo retro-Diels-Alder Adduct

An experiment comparing the rates of the retro-Diels-Alder reaction on
endo and exo Diels-Alder adducts (Figure 3.3A) was conducted by Dr. Guoxia
Jin from Dr. Neil R. Branda’s laboratory. In this experiment, substrates were
specifically chosen to have similar substituent groups to that in the proposed
linker. This similarity in the structure should minimize any substituent effect on

the rate of the retro-Diels-Alder reactions as compared to the target molecule.

The goal of this study was to determine which isomer (Figure 3.3A, 3.8
and 3.9) is best suited to undergo retro-Diels-Alder reaction triggered by a
photothermal effect. The criteria for this evaluation are the stability and reactivity

at both ambient temperatures (~22 °C) and ~60 °C for each isomer. Any retro-
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Diels-Alder reaction at room temperature would be undesirable due to an
unwanted release of dye from the surfaces of the gold NPs when preparing for
the photothermal study. In addition, a study at ~60 °C provides a qualitative rate

of the retro-Diels-Alder reaction for each isomer.

The experiments were conducted by preparing pure samples of 3.8 and
3.9 in deuterated acetonitrile. To determine the stability of these adducts, both
were left at room temperature for a period of 24 h. 'H NMR spectroscopy
confirmed that there was no measurable change in the 'H NMR spectrum of

either isomer after this period.

The samples were then heated in a water bath at 60 °C. During this study
'H NMR spectra of each sample were recorded 5 times at 1 h intervals (except
for the last measurement of exo adduct, which had a 2 h interval). Both 3.8 and
3.9 underwent a retro-Diels-Alder reaction as indicated in Figure 3.3 A, however,
the conversion was different for each isomer. Based on analysis of the '"H NMR
spectra and integration of appropriate peaks, the percentage change of 3.8 was
found to be 63% (Figure 3.3 B, based on molar ratio), compared to only 33% for
3.9 after 5 h. As a result of this experiment the endo Diels-Alder adduct was
chosen to be a better candidate since its reverse process requires less heat.
Therefore, minimizing the thermal impact on the surrounding caused by the

photothermal effect during and after irradiation.
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Figure 3.3 (A) Schematic of the retro-Diels-Alder reaction for the endo 3.8 and exo
3.9 adducts. (B) Change in the molar ratio of the two Diels-Alder isomers
(endo 3.8 and exo 3.9) and 2-methylfuran 3.10 when CD3;CN solutions of

endo 3.8 and exo 3.9 adducts are heated in a water bath at 60 °C. The

relative amount of each component was determined by integration of the
area under the appropriate peaks in the 'H NMR spectra.

3.6 Proposed Linker for Demonstration of the Photothermal Release

The linker 3.12 (Scheme 3.3) was proposed to demonstrate the release

mechanism from gold NPs. The design incorporates a disulfide moiety, a

50



fluorescent dye, and endo Diels-Alder adduct, which should together allow the
photothermal release and monitoring of the fluorescein moiety from gold NPs.
The long alkyl chain in the proposed structure is expected to increase the stability
over the surface of gold NPs compared to shorter alkyl chains.”” This increase in
stability is due to the increasing van der Waals interactions as the chain length

increases.

Scheme 3.3 Structure of proposed molecular linker for the photothermal release studies
using gold NPs.

3.7  Synthesis of the Proposed Molecular Linker

The synthesis and characterization of compound 3.12 (Scheme 3.3) was
conducted in collaboration with Dr. Guoxia Jin from Dr. Neil Branda’s laboratory.
Molecules that are presented in Scheme 3.4 were synthesized and charaterized
by the author of this thesis. According to Scheme 3.4, maleimide 3.13 undergoes
a [4+2] cycloaddition with furan to generate the 3,6-exo-tetrahydrophthalhide
3.14. The sequence of reactions was designed to protect the maleimide from
thiol nucleophilic attack in a later step. Addition of 1,10-dibromodecane to
compound 3.14 under Dbasic conditions  afforded 10-(3,6-exo-

tetrahydrophthalhide)boromodecane 3.15. Further, nucleophilic substitution of
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3.15 by thiourea and subsequent treatment with sodium metabisulfite afforded
10-(3,6-exo-tetrahydrophthalhide)mercaptodecane 3.16. Oxidation of compound

3.16 with iodine effected an oxidative dimerization and the crude product was

heated to 130 °C, resulting in deprotection of the maleimide through a retro-

Diels-Alder reaction. Column chromatography on silica afforded a 22 % yield of

3.17.

o S

2 §\ /; 2 Br{*Br O 1.H2NJJ\NH2’ EtOH
| NH —— ‘a NH ¢> ‘a NHBr >
ether, 90°C K,CO3, acetone 10
0] 0] 0]

2. K,CO3, EtOH

3.13 3.14 3.15
(70%) (70%)
0 0 o)
1) l,, CH,OH
‘a NHSH )2—3> | NHS'SHN |
10 2) anisole, 130°C 10 10
o) o) o)
3.16 3.17
(82%) (22%)

Scheme 3.4 Synthesis scheme for the preparation of 3.17.

Fluorescein furfuryl ester 3.20 was prepared according to Scheme 3.5.
Fluorescein 3.18 was dissolved in dichloromethane and the carboxylate was
activated by treatment with N, N'-dicyclohexylcarbodiimide. The addition of furfuryl
alcohol 3.19 produced compound 3.20. Compound 3.20 was purified by column

chromatography on silica gel.

52



+ HO/\Q DCC DMAP
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Scheme 3.5 Synthesis of fluorescein furfuryl ester 3.20 through DDC coupling.

The last step is the cycloaddition of maleimide 3.17 and furan 3.20 to form
a fluorescein Diels-Alder linker 3.21 (Scheme 3.6). The reaction proceeded over

7 days in methanol at room temperature.

o) 0
CHaOH, r.t.
QNHOS—SHN | —
% i NHS s*")N
Hb 0O
3.17 3-20

3.21
(30%)

Scheme 3.6 Diels-Alder reaction of maleimide 3.17 with furan 3.20 to form the
fluorescein Diels-Alder linker 3.21.

A crude "H NMR spectrum of the reaction is shown in Figure 3.4A, which
contains a mixture of endo and exo adduct of compound 3.21. In the crude
spectrum, two signals are specified at 4.98 ppm for the H,.exo adduct and 5.05 for
the Haengo adduct of compound 3.21 (peak integration 1:1.8, respectively). The
endo and exo adduct can be distinguished by the torsion angle between proton
Ha, and Hp of compound 3.21 (Scheme 3.6). Geometry optimization of both
isomers at the MM2 shows that the torsion angle between H, and Hy, for the endo

product is 37° whereas the angle between the same protons for the exo adduct is
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76°. Therefore, based on Karplus curve a larger coupling is expected for the
endo product. It was concluded that the peak at 5.05 ppm was the H,.engo adduct

since the product show a larger coupling. "
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Figure 3.4 (A)'H NMR spectra (600 MHz) of the crude reaction product of compounds
3.17 and 3.20, the presence of both isomers are indicated at around 5

ppm, and (B) "H NMR spectra of endo fluorescein Diels-Alder linker 3.21.

The peak integration of Hq to H. indicates a 2:1 ratio, respectively.

Furthermore, the "H NMR spectrum of isolated endo adduct is shown in

Figure 3.4 B. The "H NMR confirms that the peak integration of Hq and H. have a
ratio of 2:1, respectively (Scheme 3.6). The presence of Hy indicates that there is
a maleimide moiety in the compound 3.21. Since H. and H. have different
chemical shift, the peak integration of 2:1 ratio of Hy compared to H. (Scheme
3.6) indicates that for every maleimide moiety in compound 3.21 there is a single

Diels-Alder adduct. Hence, the final structure differs from the proposed molecule

in that it has only one fluorescein attached to compound 3.21
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3.8 Conclusions

The isolated molecule 3.21 has only one fluorescein in its structure, in
contrast with the proposed target structure which was a double Diels-Alder
adduct. It nevertheless fulfills all the requirements for our short-term goal, which
is a dye linked through a Diels-Alder adduct to a disulfide. The disadvantage of
the obtained structure is that for every fluorescein linker attached to gold NPs,
one maleimide linker would also be attached to the NPs, thus reducing the

potential amount of fluorescein moiety released from each NP by half.

It should be noted that for the short-term project goal, compound 3.21 can
be used with no concern. However, for the long-term goals of this project any
presence of maleimide could cause complications due to its reactivity in a

biological environment.”

As a result, the release mechanism requires further
modification to incorporate a biocompatible structure. Another method to improve
biocompatibility and systemic circulation of gold NPs is the addition of a
polymeric layer on the surface of the NPs. Thiol-polyethyleneglycol, which is a
non-toxic and hydrophilic polymer, is commonly used as an additional coating on
the gold NPs surfaces in vivo.”*®? By adding this coating on the decorated gold
NPs, the interaction of maleimide with its environment should reduce. For either

route, further follow-up studies are required to determine the biocompatibility of

the gold NPs in vivo before and after photothermal release.
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3.9 Experimental Section

3.9.1 General Information

Unless otherwise stated, all the chemicals were purchased from Sigma
Aldrich and were used without further purification. Thin-layer chromatography
(TLC) was performed on a glass plate pre-coated with 0.25 mm of silica gel with
fluorescent indicator UV254. TLC plates were visualized by exposure to
ultraviolet light. Column chromatography was performed with silica gel 60 (40-63
um, 230—400 mesh). '"H NMR were performed on a Bruker Avance 600 TClI
cryoprobe instrument working at 600.334 MHz or a Varian Inova 500 instrument
working at 499.767 MHz . "*C NMR spectra were recorded on a Bruker Avance
600 TCI cryoprobe instrument working at 150.968 MHz or a Varian Inova 500
instrument working at 125.679 MHz with solvents used as the internal reference.
Data for '"H NMR characterizations are reported as follows: Chemical shift (3,
ppm), multiplicities: s=singlet, d=doublet, t=triplet, g=quartet, m=multiplet.
Infrared (IR) spectra were acquired on a Bomem (Hartmann & Braun, MB-Series)
spectrometer. High resolution mass spectra for the compounds were obtained
using an Agilent 6210 TOF LC/MS (ESI+), and in addition elemental analysis was

obtained using an EA 1110 from CE Instruments.
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3.9.2 Syntheses

0O

NH

)
3.14

Synthesis of 3,6-exo-tetrahydrophthalhide (3.14)
Maleimide 3.13 (1.0 g, 10.3 mmol) and furan (1.05 g, 15.5 mmol) were

dissolved in Et;O (15 mL) in a sealed tube and heated at 90 °C for 12 h. After
cooling the mixture to room temperature a white solid precipitated out of the
solution. The product was filtered and then washed with cold Et,O (3x10 mL) to
remove the un-reacted maleimide and dried by rotary evaporation under reduced

pressure to afford 62% of the product as a white crystalline, m.p. 147-150 °C.

'H NMR (600 MHz, CDCI3) 5 = 8.10 (broad s, 1H), 6.52 (d, J=0.8 Hz, 2H),
5.31 (d, J=0.8 Hz, 2H), 2.89 (s, 2H); *C NMR (600 MHz, CDCl3) & = 175.91,
136.55, 80.95, 48.68; IR (dropcast on NaCl plate, cm™): v 3185, 3089, 3029,
2995, 1705, 1356, 1258, 1189, 856, 822; HRMS (ESI+) m/z Calculated for

[M+Na]" 188.0323, found 188.0318.
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Br

o

0]
3.15

Synthesis of 10-(3,6-exo-tetrahydrophthalhide)bromodecane (3.15)

A mixture of 3,6-exo-tetrahydrophthalhide 3.14 (1.25 g, 7.57 mmol) and
1,10-dibromodecane (6.81 g, 22.7 mmol) dissolved in spectral grade acetone (55
mL) was treated with potassium carbonate (3.14 g, 22.7 mmol). The resulting
mixture was stirred at room temperature for 12 h, at which time the solvent was
removed by rotary evaporation under reduced pressure and the residue
partitioned between CH,Cl, and water. The aqueous layer was removed,
extracted with CH,Cl, (2 x 40 mL), the combined organic layers were dried over
MgSOQ,, fitered and the solvent was removed by rotary evaporation under
reduced pressure. Purification by column chromatography using silica gel (first
with hexane to remove the excess 1,10-dibromodecane,) followed by column
chromatography on silica gel (95:5 v/v CH,Cl,:CH30OH) afforded 2.0 g (70 %) of

the product as a white crystalline solid, m.p. 62-65 °C .

"H NMR (500 MHz, CDCls): & = 6.52 (s, 2H), 5.27 (s, 2H), 3.46 (t, J = 7.5
Hz, 2H), 3.41 (t, J = 7.0, 2H), 2.84 (s, 2H), 1.85 (quintet, J = 7.0 Hz, 2H), 1.55
(quintet, J = 7.7 Hz, 2H), 1.42 (quintet, J = 7.0 Hz, 2H), 1.27 (m, 10H); *C NMR
(500 MHz, CDCls): & = 176.25, 136.49, 80.84, 47.34, 38.95, 34.05, 32.77, 29.25,

29.24, 28.98, 28.65, 28.10, 27.52, 26.57; IR (KBr, cm™): v 3000, 2912, 2848,
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1708, 1407; HRMS (ESI+) m/z calculated for [M+H]" 384.1175, found 384.1187.

D!

(0]

SH

3.16

Synthesis of 10-(3,6-exo-tetrahydrophthalhide)mercaptodecane (3.16)

A solution of 10-(3,6-exo-tetrahydrophthalhide)bromodecane 3.15 (0.5 g,
1.30 mmol) and thiourea (198 mg, 76.1 mmol) in EtOH (15 mL) was heated at 60
°C for 24 h. The solvent was removed under vacuum, the solid residue (the
thiouronium adduct) was dissolved in water (15 mL) and treated with sodium
metabisulfite (0.49 g, 2.57 mmol) followed by CH,Cl, (20 mL). The reaction
mixture was heated at reflux for 4 h until the thiourea derivative had completely
reacted as indicated by TLC. The reaction was cooled to room temperature and
the organic layer was separated from the aqueous layer. The aqueous layer was
further extracted with CH,Cl, (2 x 40 mL), the combined organic phases were
dried over MgSQy, filtered and evaporated under reduced pressure. Purification
by column chromatography on silica gel (95:5 v/v CH,Cl,:CH3;0H) afforded 0.36

g (82%) of the product as a white solid.

"H NMR (500 MHz, CDCls): & = 6.49 (s, 2H), 5.23 (s, 2H), 3.43 (t, J = 7.5
Hz, 2H), 2.80 (s, 2H), 2.48 (q, 7.5 Hz, 2H), 1.56 (quintet, J = 7.0 Hz, 2H), 1.52
(quintet, J = 7.5 Hz, 2H), 1.31 (m, 13H); "*C NMR (500 MHz, CDCls): & = 176.63,
136.77, 81.11, 47.61, 39.22, 34.27,29.56, 29.27, 29.22, 28.57, 27.79, 26.85,
24.89; IR (KBr, cm™): v 3054, 2930, 2856, 2305, 1773, 1700, 1402, 1265; LRMS

(ESI+) m/z calculated for C1gH27NO3S [M+H]" 338.1791, found 338.2.
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3.17

Synthesis of 1,1'<(10,10'-disulfanediylbis(decane-10,1-diyl))bis(1H-pyrrole-
2,5-dione) (3.17)

A solution of 10-(3,6-exo-tetrahydrophthalhide)mercaptodecane 3.16 (0.44
g, 1.30 mmol) in CH3OH (20 mL) was treated with iodine (165 mg, 0.65 mmol)
and stirred for 1 h at room temperature. The resulting mixture was washed with
concentrated aqueous sodium metabisulfite until the colour of the solution
disappeared. The resulting solution was extracted with CH,Cl,, dried over MgSQO4
and filtered. The solvent was removed by rotary evaporation and the residue was
dissolved in anisole (5 mL). The resulting solution was heated at 130-140 °C for
1 h. After cooling the mixture to room temperature, purification by column
chromatography on silica gel (2:1 v/v hexane:EtOAc) afforded 153 mg (22 %) of

the product as a white solid, m.p. 64-67 °C.

"H NMR (500 MHz, CDCl3): & = 6.66 (s, 4H), 3.47 (t, J = 7.0 Hz, 4H), 2.63
(t, J = 7.0 Hz, 4H), 1.65-1.50 (m, 8H), 1.34 (m, 24H); *C NMR (500 MHz,
CDCly): & = 171.14, 134.27, 39.39, 38.16, 29.64, 29.63, 29.45, 29.43, 29.33,
28.78, 28.74, 26.97; IR (KBr, cm™"): v 2919, 2850, 1699; HRMS (ESI+) m/z

calculated for CosH44N204S, [M+H]" 537.2820, found 537.2819.
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Synthesis of the fluorescein furfuryl ester (3.20)
A solution of fluorescein 3.18 (332 mg, 1 mmol) in CH.Cl, (3 mL) and

dimethylformamide (2 mL) was treated with N,N-dicyclohexylcarbodiimide (0.227
g, 1.1 mmol) and then furfuryl alcohol 3.19 (0.259 mL, 2.98 mmol). The reaction
mixture was stirred for 3 days at room temperature at which time the solvent was
removed under vacuum. Purification by column chromatography on silica gel
(10:1 v/v EtOAc:CH30H) afforded 157 mg (38%) of the ester as a yellow solid,

m.p. 210-215 °C.

"H NMR (600 MHz, CD30D/CD,Cl,): 5 = 8.22 (d, J = 7.8 Hz, 1H), 7.79 (t, J
=7.5Hz, 1H), 7.72 (t, J = 7.2 Hz, 1H), 7.35 (d, J = 7.5 Hz, 1H), 7.29 (s, 1H), 6.81
(d, J = 9.3 Hz, 2H), 6.48 (m, 4H), 6.23 (dd, J = 1.9, 3.2 Hz, 1H), 6.05 (d, J = 3.2
Hz, 1H), 4.84 (s, 2H); C NMR (600 MHz, (CDsCOD, CD,Cl)): & = 182.11,
166.80, 159.98, 156.89, 149.45, 144.82, 136.04, 133.70, 131.95, 131.66, 131.62,
131.31, 130.70, 124.19, 113.18, 111.59, 111.33, 104.67, 59.71; IR (KBr, cm™): v
2459, 1726, 1640, 1584, 1459; Fluorescence: hex. = 490 NM, hem = 514 nm;

HRMS (ESI+) m/z calculated for CosH1606 [M+H]" 413.1025, found 413.1027.

62



3.21

Synthesis of fluorescein Diels-Alder linker (3.21)
A solution of 1,1'-(10,10'-disulfanediylbis(decane-10,1-diyl))bis(1H-pyrrole-

2,5-dione) 3.17 (14 mg, 0.03 mmol) and the fluorescein furfuryl ester 3.20 (20
mg, 0.021 mmol) in CD3;0D (0.3 mL) and CD,Cl; (0.3 mL) was stirred at room
temperature for 7 days. At this time, "H NMR spectroscopy indicated a 50%
formation of endo and exo Diels-Alder products. Purification by column
chromatography on silica gel (12:1 v/v EtOAc:CH3;OH) afforded 6 mg (30%) of

the desired endo-isomer.

"H NMR (600 MHz, CD30D/CD,Cl,): 5 = 8.32 (d, J = 7.0 Hz, 1H), 7.82 (t, J
= 7.5 Hz, 1H), 7.77 (t, J = 7.8 Hz, 1H), 7.35 (d, J = 7.5 Hz, 1H), 6.97 (dd, J = 9.3,
10.6 Hz , 2H), 6.77 (s, 1H), 6.71 (dd, J = 1.8, 7.0 Hz , 2H), 6.65 (t, J =, 9.0 Hz,
1H), 6.16 (d, J = 5.6 Hz, 1H), 5.82 (d, J = 5.7 Hz, 1H), 5.02 (dd, J = 1.4, 5.5 Hz,
1H), 4.66 (d, J =12.7 Hz, 1H), 4.47 (broad, 1H), 4.30 (d, J =12.7 Hz, 1H), 3.47 (,
J =7.1 Hz, 2H), 3.41 (dd, J = 5.6, 7.5 Hz, 1H), 3.21 (d, J = 7.3 Hz, 2H), 2.98 (d, J
= 7.6 Hz, 1H), 2.66 (d, J = 7.2 Hz, 4H), 1.65 (quintet, J = 7.4 Hz, 4H), 1.55
(quintet, J = 7.4 Hz, 2H), 1.28 (m, 26H), 1.16 (m, 2H); "*C NMR (600 MHz,
CD3OD/CD,Cly): & = 175.00, 174.80, 171.25, 165.42, 158.15, 154.83, 135.42,
133.97, 132.78, 131.28, 130.59, 130.49, 130.44, 129.97, 129.82, 114.87, 103.08,

88.59, 79.26, 62.92, 46.49, 38.61, 38.11, 37.32, 29.11, 29.07, 28.87, 28.80,
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28.69, 28.17, 28.08, 27.06, 26.47, 26.42; IR (KBr, cm™): v 3054, 2987, 2686,
2305, 1422, 1265; Fluorescence: iex. = 490 Nnm, Aem. = 514 nm; HRMS (ESI+)

m/z calculated for Cs3HgoN2010S, [M+H]" 949.3768, found 949.3757.
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CHAPTER 4: RELEASE OF MOLECULES FROM GOLD
NPS

This chapter demonstrates a photothermal release of molecules from the
surfaces of gold NPs. In addition, characterization and quantification of the
released molecules per NP are presented. The research in this chapter was
published in-part in: A. B. Samsam Bakhtiari, D. Hsiao, G. Jin, B. D. Gates and
N. R. Branda, “An Efficient Method Based on the Photothermal Effect for the
Release of Molecules from Metal Nanoparticle Surfaces” Angew. Chem. Int. Ed.
2009, 48, 4166. The silica/gold core-shells particles were provided by Dennis
Hsiao from Dr. Gates’ laboratory and the fluorescein Diels-Alder linker was

synthesized in collaboration with Guoxia Jin from Dr. Branda’s laboratory

4.1 Monitoring the Release Process from Gold NPs

Fluorescent molecules are good candidates for monitoring when it comes
to analytical measurements because they are detectable at very low

concentrations (e.g., picomolar).®®

In this thesis, fluorescent molecules were used to monitor the release
process from gold NPs surfaces. More specifically, the fluorescein moiety was

chosen because:

1. fluorescein has a high quantum yield of 95%, which is higher than

most dyes,®*
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2. fluorescein has functional groups such as carboxylate and phenol

that can be used to couple fluorescein to other molecules,
3. fluorescein is cheap, and

4. gold NPs quench fluorescein’s fluorescence when the fluorescein

is less than 10 nm away from the NPs.®°

Quenching is due to Foster resonance energy transfer, which transfers the
energy from the excited state of the fluorophore to gold NPs through nonradiative
coupling. However, the quenching effects disappear when the fluorescein
adducts are detached from the surface of the gold NPs. The quenching effect
reduces the experiment time drastically since the release of the fluorescein
adduct can now be directly monitored with respect to the low background
fluorescence of the solution containing decorated gold NPs. Without the
quenching process, the solution would need to be pelleted by centrifugation after
each release of fluorescein adduct in order to remove the decorated gold NPs.
Following this, the fluorescence of the supernatant without the decorated gold
NPs would need to be measured and the decorated gold NPs would have to be
re-suspended back into the solution. Thus, the centrifugation and re-suspension
steps would have added an extra level of inconvenience to the measurement of
each data point. For these reasons, fluorescein was used in the photothermal

release experiment.
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4.2 Decoration of Gold NPs with Fluorescein Diels-Alder Linkers

Fluorescein Diels-Alder linkers, dissolved in methanol, were added in
excess to the aqueous solution of gold NPs (Scheme 4.1). The amount was
confirmed to be in excess through analysis of the supernatant by fluorescence
spectroscopy after removing the decorated gold NPs by centrifugation in order to
detect the presence of unbounded linkers. The fluorescein adducts attached to

the gold surface via Au-S interactions.

Scheme 4.1 Decoration of gold NP with fluorescein Diels-Alder linker.%
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Both the concentration of the fluorescein Diels-Alder linkers and the length
of reaction time play significant roles in the rate of decoration.?” The coverage is
maximized by having an excess amount of the fluorescein Diels-Alder linkers and
a longer incubation time (>8 h). To prepare the sample for further experiments,
unbound fluorescein Diels-Alder linkers (Scheme 4.1) must be removed to

reduce the background fluorescence signal from the solution.

4.3 Purification Method for the Decorated Gold NPs

In order to remove the excess unbound fluorescein Diels-Alder linkers,
centrifugation was used to separate decorated gold NPs from excess fluorescein
Diels-Alder linkers. Due to the higher density of gold NPs compared to aqueous
solution, centrifugation causes the gold NPs to form a pellet at the bottom of a
microcentrifuge tube (1.5 mL). The decorated NPs were purified by centrifugation
and the subsequent removal of supernatant followed by re-suspension in high
purity (18 MQ) water. Solid spherical gold NPs (18 nm diameter) required 8 min
at 10,000 rpm and silica/gold core-shell NPs (204 nm diameter) required 8 min at
3,000 rpm. After three washes, no difference was observed in the fluorescence
emission between samples that had been purified 3 times and 4 times. This
result indicates that the background noise can no longer be significantly reduced
by further purification. Therefore, the sample was ready for the release

experiment.
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4.4 Thermal and Photothermal Release from Solid Spherical Gold NPs
(18 nm diameter)

4.41 Thermal Release of Molecules from Decorated Solid Spherical Gold
NPs

A sample of decorated solid spherical gold NPs was purified as previously
explained in section 4.3. A fluorescence spectrum of the sample was taken to
determine the background fluorescence emission. The background spectrum is
the lowest fluorescence spectrum between 500-600 nm in Figure 4.1A. This
background would later be used to normalize the rest of the data from the same
set of experiments. To examine the release of the thermally induced retro-Diels-
Alder reaction, the sample was placed in a water bath at 80 °C and a
fluorescence spectrum was taken after 20 min. The water bath treatment and
fluorescence measurement were repeated until the fluorescence intensity
reached a maximum as shown in Figure 4.1A. An increase in the fluorescence
intensity of the sample was observed over time. It is important to mention that
gold NPs do not have fluorescent properties.®® Therefore, the increase in the
fluorescence intensity can only come from the molecules released from the gold

NPs, which are no longer quenched by the gold surface.
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Figure 4.1 (A) Representative spectra showing changes in the fluorescence intensity
(excitation at 490 nm) when an aqueous dispersion of decorated solid
spherical gold NPs with the fluorescein Diels-Alder linker is heated in a
water bath at 80 °C. (B) Each fluorescence spectrum (excitation 490 nm)
was normalized by dividing the area of each spectrum by area of
background spectrum (area between 500-600 nm).

Fluorescence emission is also plotted with respect to time (Figure 4.1B).
Data presented in Figure 4.1B are normalized by dividing the area under each
spectrum in Figure 4.1A (between 500—-600 nm) at each point in time, by the area
under the background spectrum. The area was calculated by integrating each
spectrum between 500-600 nm using OriginPro 8. Figure 4.1B indicates that in
the first hour there was a fast initial rate of increase in the fluorescence emission
in the sample. However, in the second hour of immersion in water bath at 80 °C,

this rate decreased and in the last hour of immersion, it nearly plateaus.

The most likely mechanism that can explain the release of molecules is
the retro-Diels-Alder reaction (Scheme 4.2). In the characterization section of this

chapter, this hypothesis will be discussed in more detail.
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Scheme 4.2 Release of fluorescein furfuryl ester 4.1 from the surface of a gold NP
by using heat to induce the retro-Diels-Alder reaction.

4.4.2 Photothermal Release of Molecules from Decorated Solid Spherical
Gold NPs

Interaction of light via gold NPs SPR causes the photothermal effect,

which results in localized heating over the NPs surfaces. Therefore, light can be

used as a stimulus instead of external heat (i.e., water bath at 80 °C) to trigger

the retro-Diels-Alder reaction. The novelty of this project comes from coupling the

heat generated by the photothermal effect to the retro-Diels-Alder reaction.

The samples used in the photothermal release study were prepared the
same way as those used in the thermal release study. In the first attempt,
ambient light was used as a stimulus to trigger the release. However, no increase
in the fluorescence emission was recorded even after 2 h. Thus, a more powerful
light source was needed to cause the photothermal effect of enough magnitude

to trigger the retro-Diels-Alder reaction. In previous publications where the
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photothermal effect was used to cause cell death,*® the primary source of light

was a laser with wavelengths that overlap with the SPR absorption of the NPs.

4.4.3 Using Lasers as a Primary Light Source for the Photothermal
Release

Laser is an acronym for Light Amplification by Stimulated Emission of
Radiation. Laser beam output energy is measured in watts, which is the amount
of energy (joule) of the emitted photons over time (second).®® Using lasers as a
light source provides adjustable output energy. Adjustable energy was desirable
because one can pinpoint the threshold for the photothermal release by adjusting
the energy of the laser output. Finding the threshold for the photothermal release
of decorated NPs is important because the goal was to use the minimal energy to
cause the photothermal release. Furthermore, there are two types of lasers that
provide different operational modes of irradiation: i) continuous wave lasers; and
ii) pulsed lasers. The continuous wave laser emits photons continuously while the
pulsed laser emits photons in short time intervals. Depending on the types of
pulsed laser, the pulse width can vary from a microsecond down to a
femtosecond.®® In our experiment, we used both types of lasers in an attempt to
induce the photothermal effect. Initial experiments were carried out with a

continuous wave laser due to the relatively easy access of this type of laser.

444 Continuous Wave Laser as a Primary Light Source for the
Photothermal Release

In an attempt to release molecules from decorated solid spherical gold

NPs, a continuous wave laser with a set emission wavelength of 532 nm, was
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used as the light source. The wavelength of 532 nm was specifically chosen
since it overlaps with the SPR absorption of the NPs. To find the threshold
energy for the photothermal release, the power of the laser used to irradiate the
sample was increased gradually from 1 W to 2.5 W. A noticeable increase in the
fluorescence of the solution was observed by fluorescence spectroscopy (Figure
4.2A). During irradiation, the temperature of the solution was monitored and was
shown to increase from 23 °C to 43 °C (Figure 4.2B). This change in temperature
was measured using a platinum sensor thermometer with a resolution of 0.01 °C
and an accuracy of + 0.1 % below 200 °C (thermometer range: -50 to 400 °C).
These results indicate that although the fluorescein moiety was released from the
gold NPs, the release may be caused not only by the localized heating of the
surface, but also by the increase in temperature of the aqueous solution upon
irradiation. Increase in the temperature of the bulk solution suggested that the
photothermal effect of NPs have an impact on their environment, which was
contrary to the project goal. To achieve a more localized heating of the gold NPs,

a pulse laser was applied as a light source.
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Figure 4.2 (A) Representative spectra showing changes in the fluorescence intensity
(excitation at 490 nm) when an aqueous dispersion of solid spherical gold
NPs decorated with the fluorescein Diels-Alder linker was irradiated with a
continuous wave laser (A = 532 nm, 2.5 W). (B) Increase in the
temperature of the aqueous dispersion of decorated solid spherical gold
NPs during irradiation with continuous wave laser (A = 532 nm, 2.5 W).

4.4.5 Pulse Laser as a Primary Light Source for Photothermal Release

Unlike the continuous wave lasers, pulsed lasers emit short pulses of light
with a set frequency. The pulse width and frequency of the pulses are dependent
on parameters that are already programmed into the instrument. A pulsed laser
is designed to accumulate the energy of the continuous wave and release that
energy in pulses. Therefore, pulse laser is capable of providing much greater
energy in a short period of time.*® The combination of greater energy and short
period of time should cause localized heating because of greater accumulation of
energy in a short time. In addition, the energy of each pulse is tunable and can

be set to a specific energy.
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To trigger the release of fluorescein adducts from decorated solid
spherical gold NPs, a pulsed laser with a pulse width of 3-6 ns, a frequency of 10
Hz and a wavelength of 532 nm was used. A shorter pulse width, such as the
picosecond pulse laser, would have been more desirable but the nanosecond
pulse laser was readily available. Therefore, the nanosecond laser was used to
find the threshold of photothermal release from decorated solid spherical gold

NPs.

To find the photothermal release threshold, different power outputs (10,
20, 40, 100 mW) of the laser were used (Figure 4.3A to D). At the beginning of
the experiment four samples with identical concentrations were prepared from
the stock solution of decorated gold NPs. Then, the background fluorescence of
the sample was measured. The laser power was set to 10 mW and the sample
was irradiated for a 15 s period, multiple times, and after each irradiation the
fluorescence intensity was monitored (same procedure was used for the other 3
samples). For the first sample (as shown in Figure 4.3A) no change in the
fluorescence intensity was observed after multiple irradiations. The result
suggested that the magnitude of photothermal effect was not enough to trigger
the retro-Diels-Alder reaction. The power output of the laser was increased to 20
mW and the second sample was irradiated. As shown in Figure 4.3B there was
an increase in the fluorescence intensity of the sample. Furthermore, the laser
output was increased to 40 mW and the third sample was irradiated at a 40 mW
output. The fluorescence intensity, for the third sample, increased in greater

magnitude (Figure 4.3C) compared to the second sample. The release observed
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at 20 and 40 mW suggested that the threshold of photothermal release was
between this ranges. Finally the fourth sample was irradiated at 100 mW (Figure
4.3D). The increase in the fluorescence intensity was even greater at 100 mwW

compared to 40 mW.
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Figure 4.3 Representative spectra showing changes in the fluorescence intensity
(excitation at 490 nm) when an aqueous dispersion of solid spherical gold
NPs decorated with the fluorescein Diels-Alder linker was irradiated with a
pulse laser (A = 532 nm, 3-6 ns, 10 Hz) (A) at 10 mW power output, (B) at
20 mW power output, (C) at 40 mW power output, and (D) at 100 mW
power output.
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In Figure 4.4, the fluorescence spectrum for each data point was
normalized with respect to the area of background fluorescence. Figure 4.4
shows that at the 10 and 20 mW power levels, the fluorescence intensity of the
samples had insignificantly changed over multiple irradiations compared to times
when higher power was used. The significant release was found to be at 40 + 3
mW but the release process was slow at this power (Figure 4.4). A faster release
was observed at 100 mW. Therefore, further pulsed laser studies, for decorated
solid spherical gold NPs were conducted at 100 mW. Laser powers >100 mW
released molecules at a greater rate (maximizing the fluorescence intensity in <1
min). The later process was undesirable because the fluorescence intensity
reached a maximum with an inadequate number of data points for monitoring the

release.
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Figure 4.4 Normalized data for the photothermal release of decorated solid spherical
gold NPs at different pulse laser powers (10, 20, 40, 100 mW) (pulse laser A
= 532 nm, 3-6 ns, 10 Hz). Each fluorescence spectrum (excitation 490 nm)
was normalized by dividing the area of each spectrum at time (15, 30, 45,
and 60 s) by area of background spectrum (area between 500-600 nm).
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For the photothermal study, a pulse laser was used and an identical
sample to the thermal study was prepared. The background fluorescence
emission was measured. Then the sample was irradiated repeatedly at 30 s
intervals and in between each interval a fluorescence measurement was
obtained. After each radiation period, an increase in the sample’s fluorescence
intensity was observed (Figure 4.5A). This result was indicative of the release of
fluorescein moieties from the gold surface. The data in Figure 4.5A were
normalized by dividing the area under each spectrum (area between 500-600
nm) by the area under the background spectrum to produce Figure 4.5B. In
Figure 4.5B, there was an initial fast rate of release in the first two minutes of
irradiation, after which, the rate began to decrease over the next two minutes.
The result suggested that most of the attached molecules were released

because of the photothermal effect.
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Figure 4.5 (A) Representative spectra showing changes in the fluorescence

intensity (excitation at 490 nm) when an aqueous dispersion of solid
spherical gold NPs decorated with the fluorescein Diels-Alder linker was
irradiated with a pulse laser (pulse at A = 532 nm, 3-6 ns, 10 Hz, 100
mW). (B) Increase in fluorescence intensity was observed when
aqueous dispersions of solid spherical gold NPs decorated with the
fluorescein Diels-Alder linkers were irradiated with laser (pulse laser A =
532 nm) (excitation at 490 nm). The spectra are normalized by dividing
the area of each spectrum by the background area between 500-600
nm.

During the photothermal release, the temperature of the solution was

monitored and no significant change from 21.5 + 0.5 °C were observed. In

contrast to the results obtained with the continuous wave laser, the results

obtained with the pulsed laser indicated that the photothermal release of

fluorescein moiety could be due to localized heat at the gold NP surfaces.®’

4.4.6 Monitoring for Thermal Release of Decorated Solid Spherical Gold

NPs at 37 °C

The long-term goal of this project is to apply this method of photothermal

release as a drug delivery mechanism. Therefore, an experiment was conducted
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in a water bath at 37 °C, which is the average human body temperature. An
aqueous dispersion of decorated solid spherical gold NPs was heated in a water
bath at 37 °C for more than 200 min. The fluorescence intensity of the sample
was recorded every 20 min (Figure 4.6A). The normalized data obtained from
this experiment were plotted along with those obtained from the experiment using
a thermal release at 80 °C (Figure 4.6B). Thermal treatment of the decorated
gold NPs at 37 °C for over 200 min showed no sign of measurable increase in
the fluorescence emission of the sample. Therefore, from a thermal stability point
of view, the designed Diels-Alder adduct can be used in vivo studies since the
retro-Diels-alder reaction does not take place to any appreciable degree at the

human body temperature.
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Figure 4.6 (A) Representative spectra showing changes in the fluorescence intensity
(excitation at 490 nm) when an aqueous dispersion of decorated solid
spherical gold NPs was heated in water bath at 37 °C. (B) Over lap of
normalized fluorescence emission (excitation at 490 nm) data of
decorated solid sphere gold NPs after water bath treatment at 80 °C and
37 °C.

4.5 Characterization of the Released Molecules

4.5.1 Plausible Release Mechanism of Fluorescein Moiety

The increase in fluorescence emission of the solution after the
photothermal treatment is due to the detachment of the fluorescein moiety from
the gold surfaces.? The dissociation of molecules could happen through several
plausible pathways (Scheme 4.3). The first possible pathway is the retro-Diels-
Alder reaction to generate compound 4.1. The second pathway produces
compound 4.2 by hydrolysis of the ester bond. The third pathway generates
compound 4.3 by breakage of the Au-S bond. Finally, the fourth pathway
produces compound 4.1 and 4.4 by retro-Diels-Alder reaction and by the

breakage of the Au-S bond. To determine which pathway was followed during
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the release, various techniques were applied to characterize the released

molecules.
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Scheme 4.3 Possible released molecules from gold NPs after photothermal
treatment.

4.5.2 Characterization of Released Molecules by Nuclear Magnetic
Resonance Spectroscopy

To characterize the released molecules after the photothermal release,
nuclear magnetic resonance (NMR) spectroscopy was used. To reduce the peak
corresponding to water in the "H NMR spectrum, solid spherical gold NPs were
synthesized in D,0. After synthesizing the NPs, the fluorescein Diels-Alder linker,

previously dissolved in deuterated methanol, was added to the solution of solid
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spherical gold NPs. The solution was incubated at 4 °C for 8 h and the decorated
NPs were purified by centrifugation and the subsequent removal of supernatant
followed by re-suspension in deuterated methanol (4 times at 10,000 rpm) in
order to remove the unbound fluorescein Diels-Alder linkers. The purified solution
of decorated solid spherical gold NPs was divided into two fractions. The first
fraction was pelleted by centrifugation and a '"H NMR study was conducted on
the supernatant. The '"H NMR spectrum of the first fraction showed no specific
peak between 6 and 8.5 ppm, where fluorescein’s protons are expected to
appear (Figure 4.7B). The second fraction was irradiated with pulse laser (pulse
at A =532 nm, 3-6 ns, 10 Hz, 100 mW) for 7 min. After the irradiation the sample
was pelleted by centrifugation and 'H NMR spectroscopic study was conducted
on the supernatant. The '"H NMR spectrum of the irradiated fraction showed
multiple peaks between 6 and 8.5 ppm (Figure 4.7C). Comparing the '"H NMR
spectrum of irradiated sample with '"H NMR spectrum of compound 4.1 (Figure

4.7A) suggested that the released molecules from the NPs was compound 4.1.
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Figure 4.7 (A) "H NMR spectrum (600 MHz, deuterated methanol) of fluorescein furfuryl ester. (B) '"H NMR spectrum (600 MHz,
deuterated methanol) of supernatant of decorated solid spherical gold NPs before irradiation with pulse laser, and

(C) supernatant from decorated solid spherical NPs after irradiation with pulse laser (pulse at A = 532 nm, 3-6 ns, 10
Hz, 100 mW).
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The results from the nuclear magnetic resonance of the released
molecules after irradiation of the decorated NPs suggested that the release
process was through path 1, 4, or a combination of these paths because only
these paths could have produced compound 4.1. Further, the spectrum of the
released molecules was compared to the spectrum for the disulfide form of
compound 4.4 (Figure 4.8A). In the disulfide form of compound 4.4 (Scheme 4.3)
the chemical shift for H, was at 2.7 ppm as shown in Figure 4.8A. (Note that for a
similar alkylthiol the chemical shift for H, would be 2.7+0.2 ppm.) A Comparison
of spectrum (A) in Figure 4.8 to spectrum (B), which is the spectrum of the
released molecules, suggested that the release was through path 1. The
absence of the Hy peak in Figure 4.8B was the evidence for such a claim. In
contrary, the presence of H, in Figure 4.8B suggested that the release was

through a combination of path 1 and 4 (Scheme 4.3).
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Figure 4.8 (A) 'H NMR spectra (600 MHz, deuterated methanol) of compound 4.4. (B)
'H NMR spectra (600 MHz, deuterated methanol) Supernatant of

decorated solid spherical NPs after pulse laser irradiation (pulse at A = 532
nm, 3-6 ns, 10 Hz, 100 mW).
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4.5.3 Characterization of Released Molecules by Mass Spectrometry

In addition to the nuclear magnetic resonance spectroscopy, mass
spectrometry was used to characterize the released molecules from the
decorated solid spherical gold NPs. To conduct this experiment, a solution of
solid spherical gold NPs decorated with a fluorescein Diels-Alder linker was
irradiated with the pulse laser (pulse at A = 532 nm, 3-6 ns, 10 Hz, 100 mW) for 7
min. The sample was pelleted by centrifugation and the supernatant was
analyzed by low resolution mass spectra. As shown in Figure 4.9, two major
peaks were detected at 333.2 and 413.2 m/z that matched the molar mass of
compound 4.2 and 4.1 (Scheme 4.3), respectively. Compound 4.3 has molar
mass of 681.5 g/mol, which was not detected by the mass spectrum. In addition
the molar mass of compound 4.4 (Scheme 4.3), which is 269.4 g/mol, was not
observed. Therefore, the results from mass spectrometry suggest that the
photothermal release of molecules from the decorated solid spherical gold NPs
was the results of a retro-Diels-Alder reaction and hydrolysis of the ester.
Therefore, mass spectrometry analysis suggested that the release mechanisms

were through path 1 and 2.
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Figure 4.9 Mass spectrum analysis of the released molecules from solid spherical gold NPs after 7 min of pulse laser

(pulse at A = 532 nm, 3-6 ns, 10 Hz, 100 mW) irradiation.
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4.5.3 Characterization of Released Molecules by Capillary Electrophoresis

4.5.4 Introduction to Capillary Electrophoresis

Capillary electrophoresis is a technique which separates species based on
their charge to mass ratio.”® The separations of ionic species take place in a
moving conductive eluent (i.e., buffer) under the influence of an electric field.”® A
schematic of the separation technique is shown in Figure 4.10. The instruments
main components are the following: the sample containing ionic species (sample
injection), source vial (anode), destination vial (cathode), capillary field with buffer
solution, and sample detector. To inject the sample, the capillary inlet was placed
in the sample vial and by applying pressure, the sample was introduced into the
capillary. After injection of the sample, the capillary inlet returns back to the
source vial. The migration of the sample begins when one applies high voltage
between the source vial and the destination vial. The applied voltage causes the
electroosmotic flow in the capillary. Electroosmotic flow (EOF) is the movement
of a layer of positive charges from the wall of the capillary towards the cathode
while a high voltage is applied (Figure 4.10). As the positive layer moves toward
the cathode, it drags the rest of the eluent with it, including anions. Another force
acting in the capillary is called the electrophoretic mobility, which is motion of
charged molecules in the fluid under the influence of an electric field. In the case
of positively charged species, the migration is faster because the electrophoretic
mobility and EOF are in the same direction. In the case of negatively charged
species, the electrophoretic mobility is against the EOF; therefore, the migration

is slower as shown in Figure 4.10 for the charge species.
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Figure 4.10 Diagram of the capillary electrophoresis system.

Furthermore, capillary electrophoresis can be modified to what is called
micellar electrokinetic chromatography (MEKC) by adding of surfactants into the
eluent.® When the surfactants are added in concentrations above the critical
micelle concentration, micelles form in the buffer solution. During the separation,
neutral molecules partition into micelles depending on their size and
hydrophobicity. Neutral molecules that partition less or not at all into micelles,
move with the same speed as the eluent. On the other hand, molecules that
partition into the micelles more easily travel at a lower speed since micelles are
highly negatively charged.** As a result, the MEKC method would allow for the
separation of not just charged molecules, but also neutral molecules as well.
Another benefit of this technique is a low detection limit of 10™'® M when coupled

with a laser induced fluorescence detector.®
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4.5.5 Separation of Released Molecules in Capillary Electrophoresis

Characterization based on capillary electrophoresis requires a set of
standards to compare with the molecules released due to the photothermal effect
of decorated gold NPs. From the three fluorescent compounds suggested to
have released after the photothermal treatment of the decorated gold NPs
(Scheme 4.3), compounds 4.1 and 4.2 were readily available and used as the
standards. Compound 4.3 was not available, but the absence of this and other
compounds will be determined by other means and will be explained later on in

this chapter.

A mixture of compounds 4.1 and 4.2 was separated by capillary
electrophoresis (Figure 4.11A). Then, an aliquot of the mixture was spiked with
compound 4.1 and analyzed by capillary electrophoresis. An increase in the peak
intensity at 5.3 min was clearly observable in electropherogram (Figure 4.11B).
Therefore, the peak at 5.3 min was assigned to compound 4.1. Compound 4.2
was added to another aliquot of the mixture, and the solution was run on the
capillary electrophoresis (Figure 4.11C). The electropherogram indicated an
increase in the peak intensity at 6.3 min. Therefore, the peak at 6.3 min was
assigned to compound 4.2. In the coming electropherograms, the migration times
for compound 4.1 and 4.2 are slightly different for each run due to either a

change in the capillary tube or using a new batch of eluent.
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Figure 4.11 (A) Electropherograms (excitation at 488 nm) showing mixture of
compounds 4.1 and 4.2 analyzed by capillary electrophoresis, (B)
electropherogram of mixture A spiked by compound 4.1, and (C)
electropherogram of mixture A spiked by compound 4.2.

4.5.6 Characterization of Thermally Released Molecules from Solid
Spherical Gold NPs

A sample of an aqueous solution containing decorated solid spherical gold
NPs, before the thermal treatment, was pelleted by centrifugation and the
supernatant was analyzed by capillary electrophoresis. The capillary
electrophoresis did not detect any peaks from the sample prior to thermal
treatment. The result from the capillary electrophoresis suggested that prior to
thermal treatment of the sample, the concentration of fluorescein moiety in the
solution was negligible. The same sample was re-suspended and heated in a
water bath at 80 °C for 1 h and was pelleted by centrifugation. The supernatant
was analyzed by the capillary electrophoresis. Two peaks were detected at 5.9
and 7.1 min as shown in Figure 4.12A. To confirm that the detected peaks
correspond to compounds 4.1 and 4.2, the sample was spiked with both

compounds 4.1 and 4.2 and was analyzed by capillary electrophoresis. As shown
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in the electropherogram (Figure 4.12B), there was an increase in the intensity of
both peaks, which concluded that the released molecules from the NPs are
compounds 4.1 and 4.2. This result indicates that the fluorescein adduct 4.1 was
released through the retro-Diels-Alder reaction and the fluorescein adduct 4.2
was released through hydrolysis of the ester bond. No other peaks were detected

after monitoring the capillary electrophoresis signal for a total of 20 min.
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Figure 4.12 Electropherograms (excitation at 488 nm) showing (A) the formation of
compounds through thermal release of decorated gold NPs, and (B)
electropherograms of same sample after spiking it with compound 4.1 and
4.2.

4.5.7 Characterization of Photothermally Released Molecules

A sample of an aqueous solution containing decorated solid spherical gold
NPs was pelleted by centrifugation and the supernatant was analyzed by
capillary electrophoresis. The capillary electrophoresis did not detect any peak
from the sample prior to photothermal treatment. Then the sample was re-
suspended and irradiated with the pulsed laser and pelleted by centrifugation. An

aliquot of the supernatant was injected into the capillary electrophoresis
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instrument. The analysis of the photothermal release detected peaks similar to
the thermal study as shown in Figure 4.13A. Capillary electrophoresis detected
two peaks at 5.9 and 7.1 min. To confirm the identity of these peaks, the sample
was spiked with the standards (i.e., 4.1 and 4.2) and analyzed by capillary
electrophoresis. In Figure 4.13B the electropherogram indicated an increase in
the fluorescence signal for both peaks. This observation confirmed that the
photothermal release mainly took place through the retro-Diels-Alder reaction.
After monitoring the capillary electrophoresis signal for a total of 20 min no other

peaks were detected.
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Figure 4.13 Electropherograms (excitation at 488 nm) showing (A) the formation of
compounds through photothermal release of decorated solid spherical
gold NPs, and (B) electropherograms of the same sample after spiking it
with compounds 4.1 and 4.2.

4.5.8 Quantification of the Released Molecules

The previous results confirmed that during the thermal and photothermal
treatment of decorated gold NPs, compounds 4.1 and 4.2 were the released

molecules from the NPs. However, it is possible that other molecules, such as
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compound 4.3 (Scheme 4.3), were also released but were not detected due to
their decomposition. One way to check for this was to compare the amount of
fluorescence intensity detected by capillary electrophoresis and fluorometer after
the photothermal effect. A fluorometer can detect any fluorescent molecules
released from the decorated NPs. Thus, the fluorescence intensity of the sample
can be measured by a fluorometer. Then the concentration of the sample can be
determined by making a series of standard dilutions of compound 4.1. Once the
concentration of the sample is determined from the fluorometer, a similar
experiment can be performed to determine the concentration of the sample from
the capillary electrophoresis. If the concentration obtained from each instrument
is similar then no other fluorescent molecules can be present in the sample

except compound 4.1 and 4.2.

Therefore, a series of standard dilutions of compound 4.1 were measured
on both a fluorometer and capillary electrophoresis. Dilution curves are provided

in Figure 4.14A and B, respectively.
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Figure 4.14 Series of standard dilutions of compound 4.1 on (A) fluorometer, and (B)
capillary electrophoresis. Each data point is the summation of the
integrated area for each corresponding fluorescence emission spectrum
at the respective concentrations. The emission is integrated from 500 to
600 nm, and the excitation wavelength in (A) is 490 nm and in (B) is 488
nm.

Furthermore, the fluorescence emission of a sample after photothermal
release was measured by both capillary electrophoresis and by a fluorometer.
First, the concentration of the sample was determined based on the standard
dilution curve obtained from the fluorometer (Figure 4.14A). From the equation
obtained for the linear regression analysis in Figure 4.14A, the concentration of
molecules released from the decorated gold NPs after 7 min of irradiation with
pulse laser (pulse at A = 532 nm, 3-6 ns, 10 Hz, 100 mW) was found to be 60 + 3
nM (for further details see the experimental section, Figure 4.20). Then, the same
sample was injected into the capillary electrophoresis and the concentration, with
respect to the capillary electrophoresis linear regression analysis in Figure 4.14B,
was found to be 63 + 6 nM (for further details see the experimental section,

Figure 4.21). In the capillary electrophoresis measurement, the intensity of each
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peak was corrected with respect to measured deviations in the signal for the
internal standard, which accounts for slight variations in the volume injected into

the capillary electrophoresis.

Comparing the concentration of fluorescein moiety in the sample obtained
by the fluorometer (60 + 3 nM) and capillary electrophoresis (63 + 6 nM),
indicates that any fluorescent molecules that were detected by the fluorometer
were also detected by capillary electrophoresis. Therefore, the only fluorescent

molecules released from the NPs were most likely to be compounds 4.1 and 4.2.

In summary, combining the results from nuclear magnetic resonance
spectroscopy, mass spectrometry, and capillary electrophoresis, all suggest that
path 1 (Scheme 4.3) was the most likely mechanism of the release. However,
there was evidence that the other paths such as path 2 and 4 could have

contributed to the released molecules.

4.6 Quantification of Released Molecules per NP

4.6.1 Estimated Number of Dye Molecules Released per Solid Spherical
Gold NP

To measure the number of molecules released from a single solid
spherical gold NP, two parameters are required: i) the concentration of NPs; and
i) the concentration of the released molecules. In the case of the released
molecules, the concentration can be determined using their mass (or moles)
dissolved in the solution. However, in the case of the NPs, this method does not
apply because of the polydispersity of the gold NPs. The size uniformity of the

solid spherical gold NPs is simply an approximation, therefore, the concentration
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calculated using the mass of the NPs dissolved in the solution will also be an

approximation.

4.6.2 Estimated Concentration of Decorated Gold NPs

The common method to determine the concentration of gold NPs in a
solution involves measuring the concentration of gold atoms in the solution and
dividing it by the number of gold atoms in one NP.*? The concentration of gold
atoms in the solution was measured using inductively coupled plasma mass

spectrometry (ICP-MS). The results from the ICP-MS measurement indicated

that the concentration of the decorated solid spherical gold NPs was 2.11 ug/mL.

(Note: the samples used to estimate the concentration of decorated gold NPs
(section 4.6.2), to study the hydrolysis of the ester bond (section 4.6.4), and to
quantify molecules released per gold NP due to thermal and photothermal effect

(section 4.6.5) had identical concentrations of solid spherical gold NPs.)

In order to find the number of gold NPs in the solution, further calculations
are required. The total volume of gold in the solution can be calculated from
Equation (Eq.) 4.1, which is the total concentration of gold atoms in solution,
obtained from the ICP-MS result, divided by the density of gold. The result from
Eq. 4.1 provides the total volume of the gold per 1 mL of sample. The
approximate size distribution of solid gold NPs was indicated in Chapter 2, the
average diameter of solid gold NPs was determined to be 17.8 + 0.9 nm for 100
NPs. Based on the approximate radius of 8.9 nm for a solid spherical gold NP,

the volume of each sphere can be measured from Eq. 4.2. The number of
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particles (Eq. 4.3) in 1 mL of the solution can be obtained by dividing the total
volume of the gold in the solution (Eq. 4.1) by the volume of a single particle (Eq.
4.2).

Density of gold=19.3g / cm’
2.11x10° g

Volume of gold NPs (per mL) = S =109+5x10”cm’ Eq. 4.1
193g/cm

Volume of sphere: 4/3m°

Volume of gold particles= 4/3x 7 x(8.9nm)*= 3.0+£0.3x10*m’ Eq. 4.2

= 3.0+03x10 "% cm’

109%107° cm’

3.0x10 % em? B

Number of particles in 1 mL of water = 36x10° Eq. 4.3

This result offers an approximation with an error margin of 5% relative to
the ICP-MS results.®® Including the error in the average size distribution of
particles, which is 5%, the total number of NPs in 1 mL of water was found to be
36 + 4 x10° (for further details see the experimental section, example derivation

for error calculations).

4.6.3 Estimating the Concentration of Released Molecules from Gold NPs

To measure the number of molecules released per NP, all of the attached
molecules must be released from the surface of the gold NPs in an irreversible
fashion. One method to do this is the use of heat to induce the retro-Diels-Alder
reaction. However, due to the Diels-Alder reactions equilibrium, some of the
released molecules could undergo a Diels-Alder reaction and lose their
fluorescence property due to re-attachment to the gold surfaces. Another method

of release is hydrolysis of the ester bond, which has ~90% yield.®” Hydrolysis of
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the ester bond in the presence of a base and heat has been shown to effectively

convert the ester bond to carboxylic acid and alcohol.?”

4.6.4 Hydrolysis of the Ester Bond in Fluorescein Diels-Alder Linkers
Attached to Gold NPs

Hydrolysis of an ester in the presence of a base or an acid as a catalyst
will facilitate this reaction upon heating. A base catalyst is preferred for two

reasons:

1. fluorescein is pH sensitive and has a higher fluorescence intensity

at a higher pH, and

2. using acid as a catalyst lactonizes the fluorescein into a non-

fluorescence compound (Scheme 4.4), which is undesirable.®
O
(0]

Scheme 4.4 Fluorescein in its lactone form.

Therefore, a base was used as a catalyst to hydrolyze the ester bond
between the fluorescein and the NP (Scheme 4.5). More specifically potassium
hydroxide was the chosen base. A sample of decorated solid spherical gold NPs
was adjusted to pH 12.3 using an aqueous solution of 0.2 M KOH. The
background fluorescence spectrum was taken before heating the sample to 80

°C. The fluorescence spectrum of the sample was taken in 20 min intervals. The
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experiment was stopped when the fluorescence emission began to reach a

maximum (Figure 4.15), indicating the completion of the hydrolysis.

AuNP [—S

AuNP [—S

Scheme 4.5 Hydrolysis of an ester bond in the presence of base to cleave the
fluorescein from the surface of a NP.

emission (counts/sec)

wavelength (nm)

Figure 4.15 Representative spectra showing changes in the fluorescence intensity
(excitation at 490 nm) when an aqueous dispersion of solid spherical gold
NPs decorated with the fluorescein Diels-Alder linker was heated in a
water bath at 80 °C under basic (pH 12.3) conditions.

In addition, to account for the pH dependent fluorescence of fluorescein, a
series of standard solutions were prepared at pH 12.3. The concentration of

fluorescein in the solution was measured by Eq. 4.4, which was obtained from a
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linear regression fit of series of standards (for further details see the experimental

section, Figure 4.22):

x = L7681 Eq. 4.4
274954

where X is the concentration of fluorescein in nM and Y is the area under
fluorescence emission spectrum. After completion of hydrolysis of the ester bond,
Y was measured to be 29844361 by integrating the fluorescence spectrum
between 500-600 nm (Figure 4.15, highest emission spectrum). Insertion of this
number into the Eq. 4.4, gives the total concentration of fluorescein released
from the gold NPs to be 108 + 6 nM in a 1 mL sample. The number of molecules

in a 1 mL sample can be calculated from equation Eq. 4.5:
Number of molecules in 1 mL= 108 (nM) x 0.001 (L) x Na Eq. 4.5

where N is the Avogadro’s number (6.022 x 10% molecules/mole). The number
of released molecules in 1 mL was found to be 6.6 + 0.4 x 10" and the number
of molecules released per gold NP was calculated by dividing this number by the

number of gold NPs (Eq. 4.6):

13
Number of molecules per NP=M =1829 Eq. 4.6

36x10°

Based on the calculations, the estimated number of molecules released
per NP was 1800 = 200. The molecules released from the hydrolysis of
decorated NPs were characterized by the -capillary electrophoresis. The
presence of a single peak in the electropherogram is shown in Figure 4.16A. The

observed peak was fluorescein, confirmed by spiking the sample with a solution
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of fluorescein (Figure 4.16B). The completion of the reaction and characterization
of fluorescein molecules by the capillary electrophoresis indicates that the

hydrolysis of ester bond was successful.

8.0x10°1

4.0x10°-

(B)

emission (counts/sec)

o
(=)

(A)

6 8 10
migration time (min)

i N

Figure 4.16 Electropherograms of the hydrolysis of decorated gold NPs after the
completion of the reaction. (A) The electropherogram shows the release of
fluorescein from gold NPs, and (B) Sample A spiked with fluorescein.

4.6.5 Number of Molecules Released per Gold NP Due to the Thermal and
Photothermal Release

In the previous section, the total concentration of released molecules from
the NPs and the approximate number of NPs in 1 mL were estimated. The
number of particles in the solution was determined to be 36 + 4 x 10°
particles/mL from the ICP-MS analysis. The concentration of fluorescein furfuryl
ester 4.1 after 220 min of thermal treatment was found to be 43 + 4 nM (for
further details see the experimental section, Figure 4.23). The concentration of
fluorescein furfuryl ester 4.1 after 7 min of pulse laser irradiation was found to be

21 + 2 nM (for further details see the experimental section, Figure 4.24). Using
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Eq. 4.7, the number of molecules released after 220 min of thermal treatment

was found to be 2.6 + 0.2 x 10" molecules:
Number of molecules in 1 mL=43 (nM) x 0.001 (L) x Na Eq. 4.7

The number of molecules released per NP after thermal treatment can be

deduced from Eq. 4.8:

2.6x10"
Number of molecules released per NP=3— =722 Eq. 4.8

6x10°

Using Eqg. 4.9, the number of molecules released after 7 min of the

photothermal effect was found to be 1.3 + 0.1 x 10" molecules:
Number of molecules in 1 mL= 21 (nM) x 0.001 (L) x Na Eq. 4.9

The number of molecules released per NP after laser irradiation can be

deduced from Eq. 4.10:

1.3x10"
Number of molecules released per NP=3— =361 Eq. 4.10

6x10°

The total number of molecules released from the decorated solid spherical
gold NPs after 220 min of thermal treatment was 720 + 90 and after 7 min of
laser irradiation was 360 + 50. Comparing the number of molecules released by
the photothermal and thermal treatment to the total number of molecules on NPs
(1800 molecules), the 7 min laser irradiation resulted in ~20% and 220 min of
thermal treatment resulted in ~40% release of molecules from the NP surfaces.
This low percentage of release relative to the thermally driven release in solution

may be due to the anchoring of the molecules onto the gold surfaces, which
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hinders their otherwise free movement. Specifically, during the photothermal
effect the heat is transported away from the surfaces of NPs through the surface
coating of molecules by molecular vibrations.*® This direction dependent
heat transfer in response to the 100 mW laser irradiation may not be as efficient
as the thermal effect when the molecules are suspended freely in solution.
Further studies are needed to address the reasons for the observed decreased

release when the molecules are anchored to the surfaces of the gold NPs.

4.7 Release of Molecules from Silica/Gold Core-Shell NPs

4.7.1 Introduction

As mentioned at the beginning of this chapter, two nanostructures were
prepared to demonstrate the photothermal release of molecules from gold
surfaces. Earlier in the chapter, the photothermal release of molecules from solid
spherical gold NPs was demonstrated. This section demonstrates the release of
molecules using silica/gold core-shell NPs. Silica/gold core-shell NPs have SPR
absorptions at 650-900 nm, which means that an 800 nm light source, rather

than a 532 nm light source, can be used to trigger a photothermal effect.

Because of the similarity in concept of photothermal release between solid
spherical gold NPs and silica/gold core-shell NPs, brevity is employed to reduce
redundancy in the results obtained from the thermal and photothermal release
from decorated silica/gold core-shell particles. In addition, the characterization
and calculations for the concentration of the released molecules that were
presented for solid spherical gold NPs are omitted for the silica/gold core-shell
particles. The absence of capillary electrophoresis characterization and

104



concentration studies is caused by the irreproducibility in the synthesis of
silica/gold core-shell particles with a maximum SPR absorption of 650 nm. Due
to the inconsistency in the SPR of silica/gold core-shell NPs the production was

halted and further study on decorated silica/gold core-shell NPs was not pursued.

4.7.2 Thermal and Photothermal Release of Molecules from Decorated
Silica/Gold Core-Shell NPs

Silica/gold core-shell particles suspended in water, obtained from Dennis
Hsiao, were decorated with the fluorescein Diels-Alder linkers and purified as
previously mentioned in this chapter. A fluorescence spectrum of the sample was
taken and the sample was placed in a 60 °C water bath. Fluorescence spectra of
the heated sample was recorded every 30 min over a period of 3 h. An increase
in the fluorescence intensity of the sample was observed over time (Figure
4.17A). Fluorescence emission is also plotted with respect to time (Figure 4.17B).
Data from Figure 4.17B are normalized by dividing the area under each spectrum
in Figure 4.17A (between 500-600 nm) at each point in time, by the area under
the background spectrum. The increase in the fluorescence emission indicates
the release of the fluorescein moiety from the gold surfaces. Comparing the
thermal release from decorated silica/gold core-shell NPs with decorated solid
spherical gold NPs, one can conclude that the released mechanism is identical
and it should occur through a retro-Diels-Alder reaction and hydrolysis. This
would be a reasonable conclusion without further characterization of the released
molecules because the only factors that have changed are the size and surface

chemistry of the NPs. Since the size and surface chemistry of the NPs are most
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likely irrelevant in the release mechanism, the released molecules should be

identical to the ones released from solid spherical gold NPs.
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Figure 4.17 (A) Representative spectra showing changes in the fluorescence intensity
(excitation at 490 nm) when an aqueous dispersion of 204 nm silica/gold
core-shell NPs decorated with the fluorescein Diels-Alder linker is
heated in a water bath at 60 °C. (B) Increase in fluorescence intensity
with respect to time (excitation at 490 nm) when aqueous dispersions of
silica/gold core-shell NPs decorated with the fluorescein Diels-Alder
linkers were heated at 60 °C. The spectra are normalized by dividing the
area of each spectrum by the background (area between 500-600 nm).

A sample identical to the one used in the thermal experiment was
prepared to demonstrate the photothermal release from silica/gold core-shell
NPs. Fluorescence spectrum for this sample was acquired before laser
irradiation. The sample was irradiated with a pulsed NIR laser (800 nm, 100 fs, 1
kHz, 800 mW) for 2 min and then another fluorescence spectrum was taken. The
irradiation was repeated several times for 2 min durations with a pulsed NIR laser
(Figure 4.18A). Figure 4.18A indicates that there was an increase in the
fluorescence intensity of the decorated silica/gold core-shell NPs, dispersed in an

aqueous solution, after irradiation with the laser. A better representation that
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shows this increase in the fluorescence intensity can be seen in Figure 4.18B
where each spectrum is normalized with respect to the initial background
fluorescence intensity. The increase in the fluorescence intensity during the laser
irradiation suggests that the release of the fluorescein moiety from the gold
surfaces resulted from the photothermal effect. This photothermal release from
the silica/gold core-shell NPs confirms that multiple wavelengths can be used to
release molecules from gold NPs. The advantage of using the silica/gold core-
shell NPs is that they require longer wavelengths of light (A = 800 nm). The use
of NIR light would be useful in potential biological applications for these NPs
because the NIR light has better penetration in biological tissues compared to

visible light.
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Figure 4.18 (A) Representative spectra showing changes in the fluorescence intensity
when an aqueous dispersion of 204 nm silica/gold core-shell NPs
decorated with the fluorescein Diels-Alder linker was irradiated with laser
(A =800 nm, 100 fs, 1 kHz, and 800 mW). (B) Increase in fluorescence
intensity with respect to time when aqueous dispersions of 204 nm
silica/gold core-shell NPs decorated with the fluorescein Diels-Alder
linkers were irradiated with laser (A = 800 nm). The spectra are
normalized by dividing the area of each spectrum by the background
(area between 500-600 nm).

4.8 Conclusion

The novelty of the work presented in this chapter was the use of light as a
stimulus to trigger a release of molecules from the surfaces of gold NPs. In
summary, gold NPs were decorated with fluorescein Diels-Alder linkers. An
aqueous solution of decorated solid spherical gold NPs showed an increase in
fluorescence intensity when the sample was irradiated with a pulsed laser.
Nuclear magnetic resonance spectroscopy, mass spectroscopy, and capillary
electrophoresis analysis suggested that after 7 min of irradiation, the released
molecules were fluorescein furfuryl ester. The released molecule was the product
of a retro-Diels-Alder reaction from attached molecules to the gold NPs. For the
first time, the experiments in this chapter utilized the photothermal effect to
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release molecules from surfaces of gold NPs. The highlight of this result was the
use of surface localized heat during the irradiation of gold NP to release
molecules. In addition, similar photothermal release was demonstrated using
silica/gold core-shell NPs decorated with fluorescein Diels-Alder linkers. The
advantage of core-shell NPs were their NIR SPR absorption. The release from
decorated core-shell particles using 800 nm wavelength pulsed laser confirmed
that NIR can also be used to release molecules. As a result of the above
mentioned experiments, multiple wavelengths were used to demonstrate the

release of molecules from gold NPs.
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4.9 Experimental Section

4.9.1 General Information

Unless otherwise stated, all chemicals were purchased from Sigma
Aldrich and used without further purification. Water used for the synthesis and
purification of NPs was from a Barnstead NANOpure Diamond water purification
system (18 MQ). Purifications of samples were performed using Fisher accuSpin
400 general purpose tabletop centrifuge. All the fluorescence measurements
were taken with the samples in Fisherbrand quartz fluorescence cells (10 mm
path length) using a Photon Technology International QuantaMaster
spectrometer (data acquisition parameters set to an excitation of 490 £ 2 nm
while monitoring emission from 500-600 + 2 nm). Solid gold NPs concentrations
were measured on a Perkin EImer Elan 6000 inductively coupled plasma mass
spectrometry. The samples preparation for ICP-MS: 0.05 mL of the sample was
aliquoted into a 15 mL polypropylene tube and reacted with aqua regia. The
digested solution was then made to final volume of 5 mL with distilled/de-ionized
water. The samples analysis of ICP-MS: The sample was analyzed by
conventional ICP-MS, at a dilution of x1. The element was fully quantified against
a certified standard using single point calibration. The sample analysis and
operation of the ICP-MS was done according to CANTEST in-house standard
operation procedure. For further information on the ICP-MS results contact

Wilson Chan at WChan@cantest.com sample number: AB-4-60 (1)

110


mailto:WChan@cantest.com

High resolution mass spectra for the compounds were obtained using an
Agilent 6210 TOF LC/MS (ESI+). Irradiation of solid gold NPs was done using a
CW laser operating at 532 nm (Coherent, Verdi) and a nanosecond Nd:YAG
(neodymium-doped yttrium aluminium garnet, Nd:Y3Als0¢2) pulse laser from
Continuum, model PL8000 (3-6 ns, 10Hz, 532 nm) with beam radius of 0.7 cm.
Irradiation of silica/gold core-shell NPs with NIR light was accomplished using a
CW laser operating at 532 nm (Coherent, Verdi) to pump a mode-locked
Ti:Sapphire oscillator (Spectra Physics, Tsunami 3960a), which produced a
pulsed train at 82 MHz, with a wavelength tunable from 750 to 850 nm and pulse
duration of 65 fs. This light was then sent through a Ti:Sapphire chirped pulse
regenerative amplifier (Positive Light, Spitfire) for amplification and the amplifier
was pumped by a pulsed intracavity frequency-soluble, Q-switched Nd:YLF
(neodymium-doped yttrium lithium fluoride, Nd:YLiF4) laser (Positive Light,
Merlin), which operated at 1 kHz with pulse duration of 100 fs, pulse energy of 1
mJ and wavelength of 800 nm and beam radius of 0.4 cm. Temperatures were
monitored using an RTD Platinum Thermometer (VWR International, Pt-100Q,
NIST Traceable) with temperature range of -50 to 400 °C and resolution of 0.01
°C with accuracy of +0.1% below 200 °C and resolution of 0.1 °C with accuracy
of £0.15% above 200 °C.. Aqueous solutions of gold particles were irradiated by

laser as shown in Figure 4.19.
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Figure 4.19 Quartz cuvet containing aqueous solution of gold NPs placed in the cuvet
holder during the irradiation time.

4.9.2 Capillary Electrophoresis Apparatus and Procedures

Capillary Electrophoresis data were obtained on a Beckman-Coulter,
PA800 equipped with a laser-induced fluorescence detector (Ar laser 488 nm).
The optimal buffer composition was chosen to be 10 mM boric acid, pH 9.2,
containing 50 mM sodium dodecylsulfate (SDS). The buffer was prepared by
dissolving analytical grade boric acid in 18 MQ water and adjusting the pH with
1.0N NaOH prior to the addition of SDS. The buffer was filtered through a 0.22
pMm vacuum filtration device before use. The fused silica capillary was purchased
from Beckman-Coulter and had an internal diameter of 75 pym, a total length of 60
cm, and the length from injection to detection was 50 cm. The capillary was
conditioned prior to each sample injection by rinsing it for 2 min with 0.1 M NaOH
followed by water (2 min) and then with a buffer for another 2 min with pressure
of 20 psi for each. The samples were injected into the cathode end of the

capillary using hydrodynamic pressure (0.5 psi) for 3 s and electropherograms
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were acquired at a constant voltage of -30 kV at 22 °C. Eletropherograms were
acquired and analyzed using System Gold Software (Beckman-Coulter) and

displayed by plotting them with Origin 8.0.

4.9.3 Supporting Information for Calculations
The area was calculated by integrating each spectrum between 500-600

nm using OriginPro 8.
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Figure 4.20 Representative spectra showing changes in the fluorescence intensity
(excitation at 490 nm) when an aqueous dispersion of solid spherical gold
NPs decorated with the fluorescein Diels-Alder linker was irradiated with
pulse laser (pulse at A = 532 nm, 3-6 ns, 10 Hz, 100 mW) for 7 min. Inset
shows the calculation for the concentration of released molecules based
on the integration of the spectrum and equation deducted from linear
regression (Figure 4.14A).
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Figure 4.21 Electropherograms (excitation at 488 nm) showing the formation of
compounds after laser irradiation of decorated solid spherical gold NPs.
Inset shows the calculation for the concentration of released molecules
based on the integration of the peaks 4.1, 4.2 and equation deducted

from linear regression (Figure 4.14B).
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Figure 4.22 Series of standard dilutions of compound 4.2 at pH 12.3. Each data point is
the summation of the integrated area for each corresponding fluorescence
emission spectrum at the respective concentrations. The emission is
integrated from 500 to 600 nm, and the excitation wavelength is 490 nm.
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Figure 4.23 Representative spectra showing changes in the fluorescence intensity
(excitation at 490 nm) when an aqueous dispersion of decorated solid
spherical gold NPs with the fluorescein Diels-Alder linker was heated in a
water bath at 80 °C for 220 min. Inset shows the calculation for the
concentration of released molecules based on the integration of the
spectrum and equation deducted from linear regression (Figure 4.14A).

1.0x10°
)
'c
=]
_E' 5.0x10°4 concentration = (area - 195000)/188000
S error
g emission area = | 4057305
9, concentration (nM) = 21 2
€
@ 0.0

500 ' 550 ' 600
wavelength (nm)

Figure 4.24 (A) Representative spectra showing changes in the fluorescence intensity
(excitation at 490 nm) when an aqueous dispersion of solid spherical gold
NPs decorated with the fluorescein Diels-Alder linker was irradiated with a
pulse laser (pulse at A = 532 nm, 3-6 ns, 10 Hz, 100 mW) for 7 min. Inset
shows the calculation for the concentration of released molecules based on
the integration of the highest spectrum and equation deducted from linear

regression (Figure 4.14A).
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Example derivation for error calculations:

Given: p=xty Error: op = /(&)* + ()’

Given: p=+=2 Error: & = |P|\/(%)2 ey

Example: Eq. 4.3

109+5%x10° em’
3.0+0.3x10 " em

Number of particles in 1 mL of water = — =36x 10°

Error: &p = \36x109\\/(%)2 +(%)2 =4x10°

Therefore: p+dp =36+4x10°
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CHAPTER 5: CONCLUSIONS AND OUTLOOK

5.1 Conclusions

The lack of effective and efficient methods to deliver a therapeutic agent in
the human body has created a need for a more advanced drug delivery systems.
Nanomaterials, composed of organic, inorganic or hybrid materials with
dimensions on the nanoscale, have the potential to fulfill this need by facilitating
the delivery of drugs in a more effective way. Using nanomaterials in drug
delivery systems can provide a route for the masking, delivering and releasing of
drugs. Each step in the drug delivery systems (i.e., masking, delivering and
releasing) provides a unique advantage for the process. The solubility and
pharmacokinetics, which are some of the problems facing many drugs, can be
solved by attaching the drug onto the surfaces of nanostructures or within the
nanostructures. The systemic toxicity caused by many drugs, can be avoided by
targeted delivery and release on demand of drug molecules using nanomaterials.
Consequently, drug delivery systems have the capability to deliver therapeutic
agents more efficiently and effectively than free administration of the therapeutic

agent.’

Gold NPs are among many nanomaterials that have been studied as a
platform for drug delivery systems. The nanometer dimensions of gold NPs give
rise to some unique physical properties that make them attractive candidates as

drug delivery system. These properties such as SPR and the photothermal effect
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have, respectively, been shown to be useful for bio-sensing and cell abolition.
Furthermore, surface decoration of gold NPs with thiolated molecules provides a
platform for the attachment of therapeutic agents or bio-recognition molecules to
the surfaces of the gold. Attachment of bio-recognition molecules to gold NPs are
helpful for targeted delivery of gold NPs to specific biological tissues or organs.
Combining the physical properties of gold NPs with their surface decoration,

makes them an attractive platform for further studies as drug delivery systems.

Drug delivery systems consist of masking, delivering and releasing of a
drug, the focus of this thesis was on the releasing step. Two types of gold NPs
were synthesized to demonstrate such a release mechanism. The first type of
NPs were solid spherical gold NPs with diameters of 18 nm and a SPR
absorption centred at 520 nm. The second type were silica/gold core-shell NPs
with diameters of 204 nm and SPR absorptions centred at 650 and 900 nm. The
two nanostructures’ independent SPR properties were used to demonstrate that
triggering the release mechanism with light can be tuned across the visible and

NIR region of the electromagnetic spectrum.

The interaction of light with gold NPs at their SPR frequency, which
convert the photon energy to phonon vibrations, was used to trigger the release
mechanism. The release mechanism was demonstrated by attachment of
fluorescein Diels-Alder linkers to the gold NPs’ surfaces. The fluorescein Diels-
Alder linker had three components: i) the thiol group allows the molecular
structure to be anchored to the gold surfaces through Au-S bonds; ii) the

fluorescein segment was used to monitor the release of molecules by
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fluorescence spectroscopy after the photothermal effect; and iii) a Diels-Alder
adduct was incorporated between the thiol segment of the molecule and the
fluorescein dye. By applying heat, the function of the Diels-Alder reaction is to

undergo a reverse reaction and release the fluorescein moiety.

To exhibit the release mechanism, the gold NPs were decorated with
fluorescein Diels-Alder linkers. Both thermal and photothermal treatment of each
of the decorated gold NPs (i.e., solid spherical gold and silica/gold core-shell
NPs) showed an increase in the fluorescein moieties in the aqueous solution.
Further characterization of the released molecules from the solid spherical gold
NPs with nuclear magnetic resonance spectroscopy, mass spectrometry, and
capillary electrophoresis suggested that the released molecules were mainly
fluorescein furfuryl esters. The results from the analysis indicated that the
released molecule was the retro-Diels-Alder product. The quantification of
decorated solid spherical gold NPs, considering some approximations,
suggested that there are ~1800 molecules attached to each gold NP. A
photothermal treatment of the decorated solid spherical gold NPs for 7 min
released ~360 molecules from each NP, which is ~20% of the total surface load
of molecules on the NPs. In addition, similar results were obtained from the
decorated silica/gold core-shell NPs. The aqueous solution of core-shell NPs was
decorated with fluorescein Diels-Alder linkers. The solution was irradiated with
800 nm pulsed laser and the fluorescence spectra of the sample showed a
corresponding increase in emission intensity. Hence, the release of molecules

from two types of NPs with two different wavelengths were demonstrated. For the
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first time, the obtained results demonstrated the controlled release of molecules

by harnessing the photothermal effect from gold NPs.

5.2 Outlook

The short-term goal of our project was to show light can be used to trigger
the release of molecules from gold NPs. It is clear that the next steps are to
demonstrate the photothermal release of fluorescein moiety in vivo and the bio-

conjugation of gold NPs. Both of these studies are currently in progress.

Another on-going project is focused on the different shapes of gold
nanomaterials which were not discussed in this thesis. As mentioned in Chapter
4, silica/gold core-shell NPs with consistent SPR properties are hard to
reproduce. Therefore, other gold nanomaterials are being synthesized such as
gold nanorods® and nanocages,’® for use in future photothermal release
studies. These nanomaterials have an advantage over solid spherical gold NPs
because their SPR absorption is tunable in the NIR region of electromagnetic
spectrum. For example, the SPR absorption of nanorods can be tuned by
changing the radius and length of the rods which can be controlled by synthetic
routes.®” Gold nanorods could be a good substitute for silica/gold core-shell NPs

for applications in drug delivery systems.

In addition to the on going research, there are challenges that should be
addressed for the long-term goals of this project. The challenges can be

categorized in two sections:

1. those concerning the photothermal release mechanism, and
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2. those concerning the use of gold NPs in drug delivery systems.

One of the important challenges facing the release mechanism is the
presence of maleimide moieties after photothermal release. As mentioned in
Chapter 4, a few solutions (i.e., addition of a polymeric layer or the modification
of the Diels-Alder adduct) need to be investigated further to solve this problem.
Another issue to consider is the attachment of drug molecules to the gold NPs,
which requires some modification to the drug molecule. This modification may
have the undesirable results of inactivation or decreased effectiveness of the
drug. In addition, the drug’s modification could face further challenges from
synthetic point of view. As results of these challenges, the number of drugs that
could be used with our release mechanism is limited. Therefore, using gold NPs
in drug delivery systems should not be perceived as the only system, but rather
as one option that could work for delivery of some drug molecules. To specifically
address the second category of challenges, the toxicity of gold NPs and their
stability when decorated with drug molecules in vivo have to be studied in greater
detail before any gold NPs can be used as drug delivery systems. Thus, there
are challenges and needs accompanying this project, which need to be

addressed in the future.
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