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Abstract

The work presented in this dissertation is a composite of experiments in the growth of
gold nanoparticles with specific optical properties of interest. The goal is to synthesize
these gold nanoparticles using soybean extract for not only shape control, but for

propensity as a biocompatible delivery system.

The optical properties of these nanoparticles has found great application in coloring glass
during the Roman empire and, over the centuries, has grown into its own research field in
applications of nanoparticulate materials. Many of the current functions include use in
biological systems as biosensors and therapeutic applications, thus making
biocompatibility a necessity. Current use of cetyltrimethylammonium bromide leads to
rod-shaped gold nanoparticles, however, the stability of these gold nanoparticles does not

endure for extended periods of time in aqueous media.

In my research, two important components were found to be necessary for stable,
anisotropic growth of gold nanoparticles. In the first experiments, it was found that
bromide played a key role in shape control. Bromide exchange on the gold atoms led to
specific packing of the growing crystals, allowing for two-dimensional growth of gold
nanoparticles. It was also discerned that soybean lecithin contained ligands that blocked
specific gold facets leading to prismatic gold nanoparticle growth. These gold nanoprisms
give a near infrared plasmon absorption similar to that of rod-shaped gold nanoparticles.
These gold nanoprisms are discovered to be extremely stable in aqueous media and
remain soluble for extended periods of time, far longer than that of gold nanoparticles

grown using cetyltrimethylammonium bromide.

Since soy lecithin has a plethora of compounds present, it became necessary to discover
which compound was responsible for the shape control of the gold nanoprisms in order to
optimize the synthesis and allow for a maximum yield of the gold nanoprisms. Many of

these components were identified by high performance liquid chromatography and liquid



chromatography—mass spectrometry. However, re-spike of these components into growth

solutions did not enhance the growth of gold nanoprisms.

Upon separating the shapes of the gold nanoparticles using gel electrophoresis, addition
of KCN to the separated gold nanoparticles allowed us to extract the culpable ligands for
shape control. Analysis of these ligands by mass spectrometry elucidated the identity of
PA and upon re-spike of the PA into a growth solution of PCys, the growth of a near-

infrared plasmon absorption was seen.

The stability of these gold nanoparticles was tested with and without the addition of
decane thiol and it was concluded that addition of the thiol allowed for improved stability
of the gold nanoparticles towards cyanide. It was determined that at a concentration of 2
uM decanethiol, spherical gold nanoparticles remained stable to cyanide at the expense of
the prismatic gold nanoparticles. However, at 5 uM decanethiol, both spherical and

prismatic gold nanoparticles retained stability to cyanide in aqueous conditions.
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Introduction

1.1 — Gold nanoparticles in medicine

Gold has been used since ancient times in a plethora of applications, from early uses in
glass staining and as a monetary base, to more recent applications in microcomputing and
medicine.""® The advancements of gold have been tracked as far back as 5000 B.C. for
use in jewelry and art. As the properties of the metal were explored, gold became a
popular use for potions and medicine.” It was believed to contain magical qualities and
its likeness to the sun made gold led to a reverent use of gold by priests, healers and
shaman. Wiegleb documented some of the earliest uses of gold as medicine in Chinese
culture as far back as 2500 B.C.*° another well documented account was of Moses
burning the golden calf, preparing a potion from the ashes, and forcing the Children of

(13

Israel to “... drink of it”, is probably one of the earliest accounts of the practice of

alchemy involving gold.”' The Taoist philosophers of ancient China used gold and silver
coatings on medications to hopefully enhance the quality of their potions in 600 B.C.***
Both Pliny the Elder and Dioscorides, in the first century A.D., record the use of gold as a
medicinal agent.** The great Persian medical schools, initiated by the Nestorian
Christians, write that the pharmacist-physicians Yabir, Avicenna and Rhazes all
supported the use of gold compounds as a panaceae. Yabir is attributed to have
discovered the formulation of aqua-regia, capable of dissolving elemental gold. Medical

knowledge from these Arab based sites of learning eventually spread into Europe and the

British Isles. Philippus Aureleos Paracelsus, considered by some as the founder of



modern therapeutics, is reputed to have first used gold compounds in the treatment of

tuberculosis and advocated the use of gold as a cure-all.

It wasn’t until the early 19th century that the work of Andre-Jean Chrestien and Pierre
Figuier, two professors at the University of Montpellier, laid the groundwork for modern
use of gold compounds in medicine.”> Figuier was a pharmacist who put forth the
formulations for gold salts such as gold sodium chloride. Chrestien then used this as a
treatment of tuberculosis and syphilis in his 1811 publication, De La Methode
Intraleptique. Soon after Chrestien’s work, the nobel laureate Dr. Robert Koch discovered
that gold cyanide was bactericidal in vitro to tubercle bacilli.’* An erroneous but lucky
assumption by Dr. Jacques Forestier that rheumatoid disease was an infectious disease
analogous to tuberculosis led him to use gold thiopropanol sodium sulphonate on 15
patients with inflammatory rheumatoid disease.”” The successful clinical experiment led
researchers over the next 70 years to investigate both the beneficial and the toxic effects

of anti-arthritic gold complexes.

More recent advances in gold therapy have led to potential use of gold nanoparticles
(GNPs) in cancer treatment.19**>” In many applications of GNPs in therapy, their optical
properties are responsible for the therapeutic effects. GNP’s characteristic optical
properties can be manipulated by controlling the shape of the GNP. For instance, in the
case of rod shaped GNPs,293137 two plasmon absorptions are seen in the UV-Visible
spectrometer. The same can be seen in prismatic GNPs.*® Gold “nanoshells” have a long

wavelength absorption.”” In these cases, the wavelength absorption in the near infrared

2



(NIR) emits heat as energy. Using this heat, it has been proposed that GNPs can be
functionalized to target tumors and the tumors can be treated via hyperthermia.31:38:4%4!
Extensive research has been performed to synthesize biocompatible GNPs, which have
absorption peaks in the NIR. These optical properties have been studied extensively for

centuries.

1.2 — Mechanisms in gold colloid synthesis

Anisotropic noble metal nanoparticles have recently found great use in electronics,

catalysis and medicinal applications.**™*

The optical and physical properties from their
size and shape give these nanoparticles widespread applications in these areas. The
synthetic groundwork of noble metal nanoparticles to control their size and shape has
been studied extensively. Arguably, the largest challenge to these syntheses has been
shape control, particularly for GNPs. Shape controlled synthesis of GNPs is dependent on
many factors such as seed mediation, gold source and surface ligand selection. Many
factors leading to shape control have been studied such as halide addition, silver assisted
synthesis, temperature dependence and seed morphology. Seed-mediated synthesis in
particular has led to many shapes such as rods, prisms, cubes, octahedra and plates. It was

found that addition of ions added to these growth solutions can be used to adjust the

shape control.

Some of the first successful experiments done in shape control were performed in 1996

when gold nanoparticles were grown by eletrodeposition in porous aluminum oxide. The

3



resulting rods showed interesting optical properties in the Visible-near-infrared spectra.
Concurrent research found that electrochemical growth of gold nanorods was easily
achieved using an oxidation/reduction method in a two-electrode cell (Pt/Au) when the
reaction was done in an aqueous CTAB solution.® A fairly uniform solution of rods
formed and the aspect ratio could be manipulated by changing the reaction conditions.
Further research into this method found that as the solution temperature increased, the
aspect ratio decreased, giving another method of manipulating shape and size of gold

nanorods.’!

Although the electrochemical method was effective, new research went into finding a
synthetic method to control shape. A seed-mediated synthesis was found to be the most
effective method of shape control of GNPs.”® For anisotropic shapes from the more
ordinary rod and prismatic shaped nanoparticles to the more exotic periwinkle and star-

4>3% The morphology of

shaped nanoparticles, seed-mediated methods are employed.*
the seed was found to be important in the resulting GNP growth.>® It has been found that
different morphologies of rod-shaped GNPs resulted depending on if the seed was single
crystalline or multiply twinned. Seeds with pentatwinned morphology result in twinned

gold nanorods as well as twinned bipyramidal nanoparticles while the single crystalline

seeds result in single crystalline gold nanorods.55-°

Seed size has also been shown to affect GNP morphology.’” The seeds are believed to
provide nucleation points for growth of larger particles and the reactivity of smaller

particles allows for larger growth effects. The smaller seeds also allow for more

4



variability in growth features such as concavity and available facets. Larger seeds (>15

nm) contain larger facets for gold deposition to occur resulting in poor shape control.

Ion doping also has been found to affect GNP morphology. Multiple groups have studied
the catalytic effect of silver ions in the growth solution originally investigated by El-
Sayed.5556°* This was reported as an underpotential deposition of Ag(I) which leads a
strong influence of ordering the ions on the more open (110) face of the crystal. lodide
spiking has also been found to change the resulting crystal shape in GNPs. 387000162 Ag
discussed, silver adsorbs selectively to {110} Au facets by underpotential deposition
(UPD) and inhibits Au deposition on those surfaces but allows Au deposition on {100}
and {111} surfaces, leading to nanorod growth in the [100] direction. However, iodide
has a higher propensity to Au {111} surfaces and prevents nanorod growth by blocking
that surface. By manipulating the concentration of iodode present in growth solutions,

prism, dogbone and ellipsoid shapes can result.61:62

Other factors affecting shape control of GNPs can be pH®® and heat.62 Varying the pH of
a growth solution has been found to affect micelle growth. At low pH, ionic moieties are
protonated and change the intermolecular binding energies causing a different growth
pattern. Also, a higher pH results in negative charge building on the GNP surface,
thereby increasing electrostatic repulsion. As a result, nanoparticle fusion is efficiently
inhibited giving a single modal growth of GNPs. pH effects lead to shapes such as
needle-like nanoparticles, spherical nanoparticles and nanorods. As to heat effects, heat

has been attributed to increased width of gold nanorods. Heating growth solutions to 100

5



°C found that the resulting rods had reduced aspect ratios. The length did not decrease
noticeably in the nanorod solutions, however widths increased significantly. Varying the
heating times and growth solution concentrations result in shapes such as nanocubes and

nanorods.

Surface modification of gold nanoparticles has been studied extensively.®*®® In the use of
GNPs for medicinal applications, cytotoxicity is a large concern for in vivo functionality.
Much focus has been placed on surface ligands and surface exchange is a popular form of
modification. Phospholipids and thiols have been exchanged for CTAB surface ligands in
many cases and found to reduce cytotoxicity in cell uptake. Ligand exchanges are
achieved by centrifuging the GNPs and then redissolving the GNPs in a solution of the
alternate ligand. This modification has been found to lower the cytotoxicity allowing for

the potential to be used in drug delivery and photothermal therapy.

Photothermal therapy has been employed for phase one clinical trials on dogs with cancer
in Ohio. The use of hyperthermia to treat cancer is well-established including
radiofrequency ablation, laser-induced photodynamic therapy, and ultrasound
ablation.3941:°" Gold nanorods coated with polyethyleneglycol polymers take advantage
of NIR light by producing heat. Surface-Enhanced, Resonant Raman Scattering (SERRS)
gives enhanced activity and these SERS-coded NRs are highly stable, are detectable
down to extremely low concentrations. In vivo, SERS-coded nanorods are trapped in
tumor blood vessels following intravenous injection permitting the heating of the

nanorods to high temperatures within the tumor using an externally applied NIR diode
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laser. Solid dog tumors have shown significant reduction in tumor size with little side

effects using this method.

1.3 — History of gold colloids into the 20" century

Even before the nanoscale was realized. It was discovered that transition metal
nanoparticles less than 100 nm in size absorb characteristic colors when they interact
with electromagnetic energy. More recently, it has been discovered that the size and
shape of nanoparticles is important in the interaction with light. Due to these interactions,
GNPs have found uses in drug delivery and plasmonic photothermal therapy.’""

However, there are still some problems associated with the stability and biocompatibility

of these nanoparticles in solution.

The history of GNPs ranges back to Egypt and China in the 5™ century B.C., where it was
found that gold salts added to molten glass produced a “ruby red” color in the glass. It
was also used as a colorant on ceramics, which gave a red tinge to the materials. Wilhelm
Ostwald studied the ancient processes and stated,? “This colloidal gold was prepared even
in the days of the alchemists by the reduction of gold salts by all kinds of organic
substances, including urine.” These gold colloids gave characteristic colors of red and
purple and eventually led to large-scale use in the ancient societies for decorative

purposes.



Colloidal gold became especially popular when it started being used in the staining of
glass. The ruby-red color common with colloidal gold gave a vivid stain to glass and was
very popular among churches and wealthy families. Of the most famous examples is the
Lycurgus Cup. Roman artists crafted it in the 4th century AD.* The cup contains a
dichroic glass made up of silver and gold nanoparticles. The glass reflects green and
transmits red making it “the most spectacular glass of the period, fittingly decorated,

which we know to have existed".>

Ayurveda in the Hindu culture was the first noted use of gold salts in the medicinal
system.3”® Bhasmas are metallic/mineral preparations combined with herbal extracts
from decoctions. They have been widely used to treat a variety of maladies since the 7™
century A.D. These treatments are claimed to be biologically produced nanoparticles and
many of the desired properties of Bhasmas steered away from the metallic characteristics
and aimed more towards the plant properties. It is stated, “Bhasma must be Nischandra
(lusterless) before therapeutic application. Chandratva (luster) is a character of metal.
After proper incineration, luster of metal should not remain.” Preparing these potions in
this way, the ultimate goal of biocompatibility was inadvertently realized. “Bhasma must
be Sukshma [fine or smooth], so that it can be absorbed by the body easily.” Also,
“Slakshna Bhasma can be absorbed and assimilated in the body without producing any

irritation to mucous membrane of gastrointestinal tract.”’”3 The red colloidal solutions



Figure 1.1 — The Lycurgus Cup showing the dicroic nature of the glass. The 300 ppm silver

nanoparticles reflect an opaque green (seen right) while the 50 ppm gold nanoparticles give a

translucent red color when light is shined through the glass (seen left).+™

believed to cure everything from a simple cough to tuberculosis, and the specific color of
the solutions was important in determining if the solutions were prepared properly and

therefore biocompatible.”

It wasn’t until the 1670’s that reproducible color could be produced. German alchemist
Johann Kunckel found evidence in experiments performed by Johann Glauber that salts
of gold chloride added to glass could give the ruby-red color to glass.® Kunckel used this
information to produce many works of gold ruby glass. It was found that charging the
glass with a solution of gold in aqua regia gives an opaque, grey glass, which upon
annealing, produces a ruby-red translucent glass’ (Figure 2). The science of making red

9



glass thus became experimentally possible, but it wasn’t for another two centuries that the

science behind the red color began to be explained.

Figure 1.2 — Examples of ruby-red glassware made by Kunckel’s. Included is a covered goblet

sold from Kunckel’s shop prior to 1691. It is now on display in Hamburg. These are some of the

few surviving pieces from the alchemist’s works.67

Michael Faraday was the first to use gold colloids for scientific purposes.8 In the 19
century, Faraday developed a method of using aqueous gold chloride and phosphorus in
CS; to synthesize a variety of solutions of GNPs. These nanoparticles ranged from 2 —
100 nm in size and had a variety of colors depending on the pressure applied to them
after synthesis. Faraday thus illustrated that the ruby glass was colored so, because of the
presence of finely dispersed gold particles. Faraday did note that in these methods, the
nanoparticles tended to aggregate when electrolytes and non-polar surfactants were

introduced to the solution. His hypothesis that the colors of gold solutions were in fact
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colloids was further supported when he carried out reactions to prove that ‘Purple of
Cassius’ could be obtained by adding tin chloride to gold sol. Though colloids had been
produced for centuries, it was Faraday’s methods that first connected modern science to

GNPs.

Other chemists also contributed to the evolution of nanoparticulate chemistry concerning
gold. When Zsigmondy began his investigations into the color of ruby glass and
formulated a method for preparing colloidal gold (by reducing a dilute, slightly alkaline
solution of gold chloride with boiling formaldehyde), he was unaware of Faraday’s work.
After discovering Faraday’s methods, especially reduction using phosphorus, he
combined both the synthetic techniques to arrive at a two-step synthesis method, referred
to as the seed-mediated method today.?’10 Zsigmondy first described color differences
seen when using polarized light parallel and perpendicular to anisotropic particles.1l He
observed that GNP films on gelatin gave rise to two results: 1) When particles were
observed perpendicular to the longer diameter, then the transmitted light is red and
diffracted green; 2) On the contrary, if the vibrations are parallel to the longer diameter,
then the transmitted light is blue and the diffracted light yellow or brown. These optical

properties led to some of the current technologies we use today.

Ostwald’s contribution to the study presented many key theoretical principles and in his
research he demonstrated the importance of salinity on the growth process of the
nanoparticles. He stated, “In order to obtain [colloidal gold] by condensation, I begin

with a molecularly or ionically dispersed solution of gold chloride to which sodium
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bicarbonate has been added until neutral to litmus. I need now to reduce the gold chloride
to metallic gold, but this must be done in such a way that metallic gold remains so highly
dispersed as not to exceed colloidal dimensions.” He goes on further to explain, “As you
know, gold chloride can be reduced by many different kind of substances, especially
organic ones. You need but dip your finger into the solution when it becomes stained
with bluish violet by the colloid gold produced through the reducing action of the organic
substances contained in the skin.” In this, Ostwald’s remarks demonstrate that the size is
key in keeping particles dispersed. From this, we get the term “Ostwald ripening,”
referring to the equilibria growth of nanoparticles resulting from the surrounding

envoironment.

It wasn’t until 1951 that the stability of GNPs began to be studied. John Turkevich’s
work on synthesis of gold colloids using sodium citrate found that GNPs were stable for
extremely long periods of time, and also produced GNPs which were fairly mono-
disperse by the time period’s standard.”®”” By the end of the 20™ century, many new
methods were being developed in synthesizing GNPs. In 1973, Gerrit Frens refined work
performed by Turkevich in 1951 to give better size control to GNPs using the citrate
synthesis. Wilcoxon developed a two-phase method for synthesis of nanoparticles with
various polar and non-polar ligands.”® Brust used hydrophobic thiols in 1993 to

synthesize hydrophobic nanoparticles, which are more stabile to aggregation.”

More recently, new discoveries in GNP research have led to size and shape control. In
short, Michael Natan developed a seed mediated approach to GNP growth based on

12



patent literature,* which led to a more monodisperse synthesis of nanoparticles.®’ Chris
Wang’s group realized electrochemical methods in synthesizing rod shaped GNPs and
Catherine Murphy and Mustafa El-Sayed used the seed-mediated idea as a basis to
develop a chemical synthesis of shape controlled GNPs.”* However, stability of the
nanoparticles in solution during a shape controlled synthesis still remains a problem. For
the purpose of medicinal use, it is important that these GNPs remain stabile and it has

been proposed that natural extracts could be of use in synthesizing anisotropic GNPs.

1.4 — Short history of Soybeans into the 20" Century

At the same time that gold was being used in Egyptian art and jewelry, China was
developing another essential resource. Soybeans have been important throughout history,
from farming to nutrition, and even to drug delivery.**** Soybeans have been a crucial
tool used in the rotation of food crops, thus providing a method of fixing nitrogen in the
soil. They’ve also served as a source of protein in feed for livestock. And since the
discovery of fermenting, soy has been used as a staple in a multitude of different cuisines
such as Japanese (miso, edamame), Chinese (soy sauce) and has received huge accolades
in the vegetarian diet (tofu, tempeh, soy milk, soy cheese, etc.). Soybeans have even been

used to make milk substitutes for the lactose intolerant.

Soybeans have been around since ancient times. The first records of soybeans were
written in 2853 B.C. when the Chinese Emperor Shennong proclaimed soy a sacred

plant.* It was slowly introduced to other Asian cultures such as Korea and Japan over the
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next millennium and became a key ingredient in the local cuisine. Preserved soybeans
have been found in Korea and date back to 1000 B.C. The beans were used to produce
tofu and soy milk and used on a large scale by the orient. These legumes were consumed
in the typical diet of the Asian population, however, they did not make their way to other

subcontinents until the 18" century.

Around the beginning of the 1% century, fermentation of the soybean was discovered and
allowed for removal of phytoestrogens found in raw soybeans.® This lead to the
introduction of soy sauce and miso into average households and a new revolution of food
was introduced to the world. Due to its popularity and the development of trade routes,
the soybean soon spread to the rest of the Asian continent. However, the soybean was not
introduced to Europe until 1739 when the first plants were cultivated in France. It was
reported that Benjamin Franklin sent seeds of the bean to the Pennsylvania colonies of

the New World to be planted by his botanist friend, John Bartram, in 1770.

Soybeans have become a huge influence in all nations for food stocks and have been
attributed to longevity of life and health.*® The Okinawa Centenarian Study states,
“Okinawan elders eat an average of two servings of flavonoid-rich soy products per day.”
They also report, “This enormously reduced cancer risk arises in part, the study’s authors
say, from the Okinawans large consumption of isoflavones from soy. This is an important
finding.” “Okinawans are at extremely low risk for hormone—dependent cancers,
including cancers of the breast, prostate, ovaries, and colon. Compared to North

Americans, they have a staggering 80 percent less breast cancer and prostate cancer, and
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less than half the ovarian cancer and colon cancer.”

In modern times, the soybean has remained a key food staple in the world diet, however,
it has also evolved into a scientific field. Many books and journals have been introduced
solely dedicated to soybeans and the health and chemical characteristics of the legume.
The chemical content of the soybean makes for a wide variety of topics to be discussed.
The phytoestrogens, isoflavins and Omega-3 fatty acids have made it a hot topic in
medical journals and the phospholipids it contains are a huge source of scientific study
due to their ability to assemble into multilayered isoforms.*”** The liposomal nature of
the phospholipids allows scientists to obtain a cheap source mimicking lipid bilayers, the

backbone of all biological cells and therefore, provide a potential biocompatible element.

More recently, soybean proteins and phospholipids have been proposed in drug delivery
systems.”>”** Use of lipid emulsions and hydrolyzed polymeric lipids have shown great
promise in drug delivery. In every case, the delivery systems were tested for cytotoxicity
and biocompatibility and found that in many cases, the natural product was completely
safe for use in human physiology.93™*® Even more research has been performed to test the
biocompatibility of these substances when encapsulating anisotropic GNPs. The optical
properties of anisoptropic transition metal nanoparticles, especially gold and silver, has
become of considerable interest when being used in biosensors and therapeutics, and for
the use in biological systems, the gold and silver nanoparticles must be biologically

adaptable.
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Theory of Optical Properties of Gold Nanoparticles

2.1 — Physical properties of Gold Nanoparticles

The study of nanotechnology is highly dependent on the ability to create and manipulate
materials in the range of 1 — 100 nm.””'” This will lead to smaller, faster, cheaper
materials for data storage, energy manipulation and medical devices in which the devices
fabricated will approach the size of individual molecules. The nanoscale is put into
context in Figure 2.1, which shows the size change from a soccer ball down to a
buckyball. In downsizing materials to the nanoscale, it has been discovered that the
nanoscale properties of materials are sometimes extremely different from their bulk

counterparts, giving interesting properties.
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Figure 2.1 — Contextual visual scaling down from the size of a soccer ball, through biological oligomers to

nanomaterials such as a buckyball.''’
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Two principal driving forces behind the differing properties are an increase in the surface
area of the material and the size-dependent properties, which dominate in the nanoscale.
This affects the chemical reactivity, electrical, optical and thermal properties of the
material. This can lead to promising uses for the nanomaterials such as catalysis,
photovoltaic and medicinal uses. Gold for example is being studied for medicinal
purposes due to its non-toxic nature and its change in reactivity from bulk to the highly

reactive nanoscale.1617°18

2.2 — Gold Chemistry

Gold has been thoroughly studied by scientists in order to understand the inert nature of
the metal. It is important to understand the redox potentials of gold in order to explain its
nobility. In order for any reaction to occur with gold, it first must be oxidized,

Au=> Au'yg+ € 2.1

The reduction potential can be explained using the Nernst equation:
RT [Au]

£=£°-2303—log,, ==
Va [Au]

where R is the gas constant, F' the Faraday constant, 7" the absolute temperature and E°

the standard electrode potential for the reaction (~ 1.7 V). Solving this gives

E=1.7+0.059 log;o [Au']

Gold has two oxidation states, the +1 and the +3 so solving for the +3 state gives
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Au > Au’'y + 3¢ 2.2
E=1.50+0.0197 log;o [Au*"]
Gold can also react with its environment.
Au + 3H,0 = Au(OH); + 3H" + 3¢’
E=1.46-0.059 pH
Further reaction gives
Au(OH); 5= AuO, + H,O+H" + ¢
E=2.63-0.059 pH
This, of course, can only happen if strong oxidants are present. To discuss the
equilibrium between auric hydroxide and auric ions,''' a constant concentration is used.
At[AU1=10"M

Au’" + 3H,0 = Au(OH); + 3H"
1 3+
pH =-§10g,0[Au 1-0.693

Water’s stability also limits the electrochemistry driven by a voltage to oxidize to oxygen
or reduce to hydrogen. This is shown by
2H,0 5 O, +4H" +4¢
E=1.229-0.059 pH
or
2H,0 + 2¢ = 20H + H,

E=0.0017-0.059 pH

It can be concluded that gold cannot be oxidized in dissolved oxygen with strong acids or
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alkalis. Gold is the only element with this property giving more credit to its nobility.

Gold dissolves in solution containing gold-specific ligands and an oxidizing agent,
however these alone are not adequate. For example, gold does not dissolve in HCI or
HNOs alone, but in aqua regia, HAuCly is formed. Similarly, CN" needs oxygen from air

112
1.

or an oxidizing liquid to dissolve gold metal.” ~ A generalization is written as

Au+2CN = [AuCN,] + ¢

which is further oxidized to Au'™

by

[AUCN,]" + 2CN" > [AuCN,]*" + 2¢
Returning to the standard potentials, it is seen that good ligands with high K values give a
low E° value according to the Nernst equation. It is seen that the ionic gold atoms cannot
exist in solution free, but form complexes with the ligands present. If water is the only
available ligand, it can form the aqua ions form, Au(H,0); and Au(H,O),". Substituting
chloride in gives

Au(H,0), + 2CI'= [AuCL,]” +2H,0

Au(H,0)}" +4Cl" = [AuCl,] +4H,0

2.3 — Gold"™ complexes

The complex HAuCl,; was shown to be made using aqua regia. Substituting HBr for HCI
similarly gives HAuBrs. Evaporation of the solution, followed by washing with the
respective halogenated acids generates hydrated forms of the molecule (i.e. — HAuBry ©
xH,0). The important aspect of this is that the gold complexes of these compunds have a

low-spin 5d" electron configuration, giving a four coordinate square planar stereocenter.
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This allows reaction with the gold center more easily. This can also be seen in other

group 10 and group 11 metals such as platinum.

This leads to the interesting optical properties. Figure 2.2 shows the molecular orbital

diagram for a square planar Au'' complex'"
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Figure 2.2 — Molecular Orbital diagram for square-planar Au™ complex'"

Au"" has a @® electronic configuration in which all of the 5d orbitals are double occupied

except the & PR The energy differences between the occupied d orbitals give weak

ligand to field transitions at low energy. This can be seen in Figure 2.3 showing the
absorption spectra of HAuCl, and HAuBry (both at 10 M in methanol). The difference in

intensity shows that the extinction coefficients are not isolated to the metal d shell, but
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correspond to the ligand to metal charge transition.''> This leads to an increased
absorption at a longer wavelength for the HAuBr4. The shifted absorbance is due to a

lower ionization potential over the chloro-derivative as it gets easier to oxidize the halide.
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Figure 2.3 — Absorption spectra of HAuCly (green trace) and HAuBr, (red trace). Both have concentrations

of 10 M and are dissolved in methanol.!'

2.4 — Colloids

Metal colloids are an example of a lyophobic colloid (as opposed as lyophilic colloids
like proteins). These colloids are thermodynamically unstable unless they are either
kinetically stabilized by a charge (electrostatic stabilization) or separated by adsorbed
ligands preventing their approach to each other (steric stabilization). This prevents
aggregation of the colloids leading to coagulation of the particles out of solution. It is the

steric stabilization that is the most common form of stabilization when using metal
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nanoparticles.

Addition of a soluble lyophilic material, such as amphipathic surfactants, leads to

repulsion of the particles.''” The lyophilic materials usually contain two components, one

that adsorbs to the surface of the metal, while the other is soluble in the dispersion

medium. In order to describe the total potential energy (V) of interaction is calculated:

Vr=Vg+Vs+ Vg

in which Vg is the repulsion potential energy, V, is the attraction potential and Vg is a

structural term. The Van der Waals attractions between particles is relatively small

(Figure 2.4) where the potential barrier for the dispersion is minimal. The less important

Vv

Figure 2.4 — Potential diagram for sterically stabilized particles (V= Vg + V5 + Vg)114

contribution of the Van der Waals attraction in inducing aggregation of sterically

stabilized dispersions is in sharp contrast with its role in causing coagulation in
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electrostatically stabilized dispersions. The steric stabilization thus depends on the
adsorbed ligands and when two of the protected particles approach one another,
thermodynamically the ligating material experiences a loss of entropy and a gain in free
energy. This results in a repulsion of the particles.''® This protects colloids from

aggregation by electrolytes in both aqueous and non-aqueous media.

2.5 — Optical properties of metal nanoparticles

As the synthesis of GNPs developed in the 20" century, physicists began working on
calculations to explain the optical properties of colloidal gold. Mie founded an incredible
breakthrough in this area.''” Motivated to explain the color, he calculated the theoretical
absorption and scattering patterns given off by metal particles. His paper included the
calculation of absorption spectrum for gold sols in water, as well as absorption and

scattering spectra as a function of particle size for spherical gold particles.

Metal colloids, such as silver and gold, with » « A respond to incident electromagnetic
waves as seen in Figure 2.5. This scheme depicts the influence of the external field on the
electrons on the surface of the particles. The electrons are displaced from the positive
charges in the metal and thus provide Mie resonances or surface plasmon resonances.'*’
This term comes from the effect producing the restoring force being the surface

polarization.
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Figure 2.5 — Interaction of spherical particles with external electromagnetic field

The colloid’s color can be described using the dielectric function, &(w). In colloids with a
diameter larger than 10 nm, the function has a value of the bulk metal. When the colloids
have diameters smaller than 10 nm, the dielectric functions vary as a function of particle

size.

The Lorentz-Drude-Sommerfeld Model helps to explain the optical properties by treating

12l Using this model, the

the ions and electrons as simple harmonic oscillators.
understanding of collective oscillations of free electrons is elucidated. In this theory, the

electrons are assigned an m, and a velocity v giving an electric field of

E=FEyexp (-iowt) 2.3

At frequency o, the electron in the metal is accelerated and collides with the lattice, other
electrons and impurities present in the material at a rate proportional to v. When

collisions occur, v is reduced to 0 and the average velocity of a single electron can be
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calculated to eEt/m, where Tt is the time between collisions. If we apply this to a
collection of electrons, the polarization P in an isotropic media connects the dielectric
function defined by

P=ye&kE = ¢g(e-1)E 2.4

where 7 is the electric susceptibility. If we further express the dielectric function in terms
of the electric susceptibility, we get

Ne |me, _1 w; )5
w+iow 0 +iow '

&w)=1-

where &(w) =¢(w)+ 7, (w) and is the dielectric function for free electrons per unit
volume and ®,=(Vé/mzey)"? is the Drude plasma frequency in terms of N

(concentration of free electrons in metal).'?? The dielectric function can then be defined

as
2
0
g(w)=1-——"=
0w +w,
oo 2.6
ad
&(w) = 2p 2
w(w” +w))

This is the Drude model for optical properties for a free-electron metal and can be used to

describe the concentration of electrons on the surface as seen in Figure 2.5.
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Figure 2.6 — The real and imaginary parts of &(w) of a Drude model as a function of frequency (w) in eV.

w,=10eV and wy=1¢eV.114

Figure 2.6 shows that when the applied field shifts the oscillating electrons out of phase,
€1(w) is negative over a wide range. Also, & (w) is negative in the frequency below the
the bulk plasma frequency (w,) of the metal due to the polarization field being larger and

opposite in sign to the applied field.

This model explains the optical response to a collection of free electrons without a
restoring force. Since metal nuceii are shielded by neighboring conduction electrons, a
restoring force is not available except when a small dipole is created by an incident light
wave. This sets up a surface polarization allowing the free electrons to have a restoring
force and oscillate. Since the displacement of electrons is not in phase with the applied
field, the displacement can be written as.4&” (e£/,) with amplitude 4 and phase angle

¢.'** These are defined as
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1
A=
(@2 -0 + 020’]

2.7
p=tan” 7
Wy —

The amplitude can be plotted as a function of frequency (in eV) as seen in Figure 2.7
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Figure 2.7 — Plot of 4 of a one-oscillator (Lorentz) model. wy=6 eV and w, = 1 eV.105

The maximum is seen where w = wy and its height full-width-half-max is inversely

proportional to w,.

When solving for a multi-electron system, the harmonic oscillator equation is expanded

to
Neél
&) =1+— szfo =l+— 20 ,
w; -w’ = iw m w; -w® - iw o -
w,(0; —w®) w0 0 '
=1+ £ ' 5

+7
(w; —0*) +w’w’ (0 -0°) +00
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in which N is the free electron concentration. The real and imaginary dielectric function

are then respectively extrapolated as

2 2 2
w,(w, —w”)
2 2 2
(wy —0°)+ww
2

W50 0
(w; - ) +0’w’

gw)=1+yx=1+

2

2.9

&(w)=x"=

This leads to the Lorenz model for a concentration of electrons in a metal having a

restoring force. The optical amplitude can be plotted versus amplitude to reveal

e{wm)

0 2 4 8 8 10 12 14
ENERGY (sV)

Figure 2.8 - Plot of 4 of a Lorentz model with the real and imaginary parts of the dielectric function of a

harmonic oscillator. w, =10 eV , wy=6 eV and w; =1 eV105

In Figure 2.8, it is seen that £;(w) is negative at wy. The figure helps explain of the effect

of absorption of the surface plasmon resonances for metal nanoparticles as compared the

the bulk metal.

28



2.6 — Nanoparticle Absorption of Light

Loss of intensity of an incident light when interacting with nanoparticles is related to the
nanoparticle’s absorption and scattering cross sections. The intensity loss by absorption
and elastic scattering result in a total extinction cross section

=0, +0 2.10

abs sca

Oext
The Beer-Lambert law can be used to calculate the intensity of transmitted incident light,
I(x) in relation to the extinction cross section using the formula

Ax) = [g"o" 2.11

where [ is the intensity of the attenuation of a parallel beam of incident light and x is the

path length in cm. This can be related to absorbance, 4, by taking the log'*

7 No, . x
A =log, | 22| = LT 2.12
Og“’(/(x)) 2303

Mie theory can be used to expand the fields into partial waves of different spherical
symmetries.m The dielectric function ¢, the extinction cross section of a medium, with
embedded nanoparticles is used in the expansion. The Mie formula can be simplified to

32 &,(w)
" e (@) +2¢, I + &5 (w)

o (@) =92¢ 2.13
14

with ¥V, = 4/3m° the particle volume and &(w) the dielectric function of the particle. The

real part of the dielectric function is defined as
2

o a)l
sl(a))=£ —ﬁ 2.14
0’ +w’,

with £” the high frequency dielectric constant. We can then use this to plot an absorption

model of spherical nanoparticles (Figure 2.9). The damping parameter wj is related to the
29



mean free path of the conduction electrons, Ry, and and the velocity of the electrons at

the Fermi energy Vf124

i 2.15
w , = = .
v R bulk

So as particle size decreases, the damping parameter increases causing the band to

broaden and the intensity to decrease.
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Figure 2.9 — Calculated absorption band for surface plasmon resonance of silver colloids. Mie dipole
approximations show the effect of the damping parameter «,. As the w, increases, the intensity drops. The

damping frequencies in eV are 0.4 (black), 1.4 (red), 2.4 (green) and 3.0 (blue).'**

2.7 — Effect of nanoparticle size on plasmon band

There is no size dependence in the dipole approximation (Equation 2.13) except for the
intensity change from nanoparticle’s volume ¥V, with radius ». The position of the
plasmon absorption max (A,,,) has been seen to have a red or blue shift depending on
size.*!? El Sayed’s group studied the size of colloidal GNPs between 9 and 99 nm and

found that the plasmon band red-shifts with increasing diameter as seen in Figure 2.10.
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The figure shows absorptions from silver nanoparticles ranging from 10 nm to 100 nm

revealing a red-shift with increasing size.

Mie theory does not account for size dependence and the dielectric function must be
altered to account for the diameter of the nanoparticles [[¢ =¢&(w,7)]. This size
dependence is only seen for nanoparticles with a diameter smaller than the mean free path

. 12 . . . . . .
of the conduction electrons.'*® This results in a size-dependent absorption cross section in

120

the dipole approximation, or commonly known as an intrinsic size effect. © The average

electron collision time, 7 (relaxation time), is the average of the 7; which is an effect from

collisions with phonons, lattice defects and impurities.'*>'*°
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Figure 2.10 — Absorption spectra of spherical gold nanoparticles of varying sizes. The spectra are
normalized at their plasmon absorption maxima. The corresponding shifts are 517 nm for a 9 nm particle,

521 nm for a 22 nm particle, 533 nm for a 48 nm particle and 575 nm for a 99 nm particle.'*

The damping constant y is related to the collision time by
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y=1"=Y()" 2.16

The surface of small particles acts as another collision process due to the comparable size
of the particles to the mean free path of electrons, which in very small particles reduces
the effective mean free path. This is dominated by the collision of conduction electrons
with the particle’s surface, therefore the particle radius r requires the damping constant to

125,126
be calculated as

A v,
L4 2.17
7

Y7 =7, +

where yo i1s the bulk damping constant seen in equation 2.16, vy is the velocity of the

conduction electrons at the Fermi energy and 4 is the specific scattering processes.'>

For larger nanoparticles (» > 15 nm), the extinction cross section depends on higher-order
multipole modes within the Mie equation. The extinction spectrum is consequently
dominated by dipole absorption as well as quadrupole and octopole absorption and
scattering processes.'”> The superposition of the multipole oscillations peaking at
different energies contributes to the total plasmon band absorption. Retardation effects
lead to the broadening of the plasmon band though the increase in FWHM can also be
caused by the interaction the dipole and the higher-order oscillatory motions of the
electrons.'”

This leads to an extrinsic size effect, which affects the plasmon resonance when the

complex dielectric function of the bulk material is used in the Mie equation and size is no

longer a factor.
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2.8 — Ansiotropic Nanoparticles and their Light Absorption

Mie’s theory is only applicable to spherical particles. When Mie compared his theoretical
plots to that of the experimental results of his research, Mie observed a deviation in the
spectra in certain cases.11° Mie believed the behavior was from ellipsoidal particles. This
has been explained for rod-shaped nanoparticles, also known as nanorods. For nanorods,
the orientation of the particle axis dictates the plasmon oscillation of electrons with
respect to the oscillating electric field of incident light. The result is two absorption
bands, one being for the transverse resonance and the other for the longitudinal
resonance.'”’ Figure 2.11 shows the electron cloud modes interacting with incident light

in both modes.

L
-

Figure 2.11 — Schematic of two oscillating modes of nanorods. These modes give a transverse oscillation

(figure a) and a longitudinal oscillation.

The properties of the metal nanorods can be explained using Gans theory. Gans extended
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the Mie theory to consider spheroid particles.””® He found that smaller aspherical
particles allowed for plasmon bands at longer wavelengths than spherical particles of
comparable size. It should be noted that in sub-nm sized particles, quantum mechanical
methods don’t allow for continuous density of states. Therefore, very small metal
nanoclusters do not display the plasmon resonances seen for larger free-electron metal
nanoparticles.'””  According to Gans theory, the extinction coefficient (x) for N

nanoparticles with volume ¥ can be expressed in the dipole approximation as'**'*!

1
— e
27V ey (Pf ) 2
K. = 5 2.18
£ + “len | &,
/?/.

in which P; are the depolarization factors used to calculate absorption of nanorods for the
three axes 4, B, and C seen in Figure 2.11. The geometrical factors P; for the nanorods

along the respective axes are

1-&] 1 l+e
P, = —In[— -1 .
7 & 2en(1—€) 219
1-2
P,=F. = 2”" 2.20

with

? 1
=2 = i-— 2.21
¢ (j) 7

where R is the aspect ratio defined by L/d."%'*' El-Sayed’s group calculated the

absorption spectra of gold nanorods using equation 2.18 for a series of aspect ratios with
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measured dielectric functions. This is illustrated in Figure 2.12 where El-Sayed’s group
modeled several sizes of nanorods with aspect ratios from 2.6 to 3.6. Using a medium
dielectric constant of 4, it was shown that longitudinal plasmon band red-shifts 150 nm as
the aspect ratio increases. It is also shown that the red-shift in absorption maxima of the

longitudinal band follows a linear trend.
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Figure 2.12 — Absorpton calculations of nanorods with increasing aspect ratio and increasing dielectric

constants respectively. Both show linear shifts in absorption maxima for the longitudinal plasmon band

(inserts)."°

An equation was then extracted to approximate the /,,x with aspect ratio R and dielectric

constant e,, as'

Ao =(33.34R2-46.31)¢, +472.31 2.22
We can see that both the aspect ratio and the dielectric constant give a linear response to
the incident light. For example, in Figure 2.12, a graph of the Am. versus various

dielectric constants at a constant aspect ratio of 3.3 reveals a linear regression.
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Svynthesis of Gold Nanoparticles in Soy Lecithin

3.1 - CTAB standard versus Soy Lecithin

Introduction

As previously discussed, the electronic and optical properties of nanoparticles are
determined by both their size and shape.?7"109 Chemically influencing the shape of GNPs
has been studied by many methods. A seeded method using cetyltrimethylammonium
bromide (CTAB) is the most popular method for synthesizing anisotropic GNPs.52:130"
138146 Small gold seed particles between 4 and 5 nm are synthesized using a strong
reductant. These seeds allow for a nucleation site for larger gold nanoparticles to grow.
CTAB can then be used as a directing agent, allowing for growth in one or two
dimensions depending on the growth environment.**56:59-62:'3? Jts seen that when using
CTAB with HAuCl, as a growth solution, rod shaped nanoparticles could be synthesized
with great efficiency.132 However, if the growth solution is altered by removing seed and
a competing halide salt is added, such as KI, prismatic nanoparticles are produced. A
difference in seed morphology also produced different shapes of GNPs. Sionnest’s group
showed that multiply twinned seeds added to a growth solution in the presence of AgNO;
(catalyst) gave a bipyramidal shaped GNP while Pérez-Juste et. al. found that using
multiply-twinned seeds with no catalyst produced nanorods containing penta-twinned

facets running the length of the nanorods.'*’

Although CTAB is versatile as a shaping agent in GNP growth, the biocompatibility of

GNPs grown in CTAB have not shown great promise.'** Many methods of manipulation
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have been employed to correct this. One popular method is ligand exchange using natural
extract.65'>> Soybeans have been used as a stabilizing agent against nanoparticle

. : 136,137,138,139
aggregation 1n many instances. =~ "

Soy lecithin has been of considerable interest due to the presence of phospholipids, the
main building block of cell membranes.'**'*> One of the more popular components
present in soybean lecithin for ligand exchange is phosphatidylcholine (PC). PC consists
of a phosphocholine head-group attached to a glycerol linker. Each of the two remaining
oxy groups on the glycerol contains fatty acids. These fatty acids are composed of a long
carbon chain, which are either saturated or contain any number of double bonds (Figure
3.1). However, PC is not the only phosolipid component present in soybeans. Many other
components are present such as phosphatidylethanolamine (PE), lyso-phospholipids in
which one of the fatty acid tails are missing, and phosphatidic acid (PA), which lacks a

carbonyl chain off the phosphate head group.

PC has often been used for multiple reasons.'**152 Its similar structure to CTAB makes it
a possible shape-directing agent. Its makeup in nature gives it viability for
biocompatibility. And its ability to organize into micelles makes it ideal for prevention of
aggregation of GNPs. The lamellar nature of lecithin in aqueous media allows for
possible growth of nanomaterials in the aqueous cavities of the resulting liposomes.
Micelles form when the hydrophobic ends of the phospholipids flock together in the
interior of the sphere while the polar head-groups are exposed to the water. These

nanoreactors can restrict the size of the particle according to the size of the interior of the
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micelle. These droplets are randomly displaced and subjected to Brownian motion,
exchanging their water content and reforming into two different micelles.'*® This allows
for reformation of the micelles giving rise to different products in the nano-scale. This

makes the micelles ideal for materials synthesis.

It has been shown that the bromide ion in CTAB performs an ionic exchange with
chloride ions in the gold compounds. Thus an alternate crystal facet is formed when
stacking of the gold atoms occurs.'”® This in turn causes stacking in a pentafold twinned
crystal facet along the [110] direction. The sections are separated by (111) planes
containing {100} side facets as seen in HRTEM.'"' This anion exchange can be tracked

using UV-Vis spectroscopy.''°

Using soy lecithin, we set out to mimic the CTAB synthesis and make gold nanorods.
What we found was that the plethora of components cause different reactions to take
place and, although PC is a common ligand exchange agent, PC is not ideal for the
synthesis of gold nanorods. We found that PA was a better reagent for anisotropic
growth, and though it produces prismatic shapes, the resulting optical properties followed

those of gold nanorods.
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3.2 — Experimental

L-a-Phosphatidylcholine Type IV-S > 30% TLC (PCsp), cetyltrimethylammonium
bromide (CTAB), potassium cyanide and Agarose Type II Medium EEO, and L-ascorbic
acid were purchased from Aldrich. Hydrogen tetrachloroaurate (III) hydrate and
hydrogen tetrabromoaurate (III) hydrate were purchased from Strem Chemicals Inc.
Potassium bromide was purchased from Acros. Sodium borohydride (98%) was
purchased from J.T. Baker. L-a-Phosphatidylcholine (Soy-95%) and L-a-Phosphatidic
Acid (Egg, Chicken-Monosodium Salt) were purchased from Avanti Polar Lipids.
Centrifugation was performed on a Sorvall RC-6 equipped with a SS-34 rotor. Samples

were run at 3000 rpm (1068 x g) for 20 minutes. Milli-Q H,O was used at 18.1 mQ

resistance.

Preparation of HAuBr4 with CTAB

A 10 mM solution of HAuCl, was prepared by dissolving solid HAuCly (450 mg, 0.132
mmol) in milliQ water (13.2 mL). Diluted solutions were further prepared using milliQ
water (1.25 mM, 0.625 mM, 0.313 mM and 0.156 mM). A 100 mM solution of
cetyltrimethylammonium bromide was prepared by adding CTAB (716.0 mg, 1.96 mmol)
to milliQ water (19.6 mL). This was added to the gold solutions containing 0.313 mM
and 0.156 mM HAuCly and UV-Vis spectra were taken both with and without added

CTAB (1.0 M).
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Preparation of HAuBr, with KBr

A solution of potassium bromide was prepared by adding KBr (119.0 mg, 2.02 mmol) to
milliQ water (1.2 mL). HAuCls solution (10 mM) was diluted to 0.313 mM. Several
solutions were prepared and to each sample of HAuCl; was added KBr,, in varying
amounts [0.5x (Br" to CI') - 6.0x]. UV-Vis spectra were taken of each solution. All

dilutions were made using milliQ water.

Preparation of CTAB gold seed

CTAB seed was prepared fresh prior to each experiment. Briefly, CTAB (100 mM, 5
mL) was stirred vigorously at 30°C and HAuCly - xH,O (10 mM, 125 uL) was added
followed by immediate addition of NaBHy,, (10 mM, 300 pL). The resulting brown seed

solution was allowed to react 45 min to one hour prior to use.

Preparation of CTAB growth solution

To CTAB solution (10 mL, 100 mM) at 30°C was added HAuCls (250 uL, 10 mM),
AgNO; (400 pL, 10 mM) and HCI (100 puL, 1 M). While stirring vigorously, ascorbic
acid (80 uL, 100 mM) was added and when color disappeared completely, CTAB seed

(25 uL) was added and allowed to react 18 h prior to analysis.

Preparation of PCs liposomes

PC5 stock solution was prepared by dissolving PC3 (200 mg, 0.080 mmol) in minimal

cyclohexane, which was immediately dried by rotary evaporation to give a thin film. H,O
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(20 mL) was then added to the vial which was shaken 30 seconds. The cloudy solution

was then sonicated for 15-20 min, upon which the solution became translucent.

Preparation of PA stock solution

A vial was charged with PA (15 mg) and hydrated with milliQ H,O (4.5 mL). The vial

was shaken for 5 minutes.

Preparation of PCos stock solution

For initial GNP growth, PCys stock solution was prepared by dissolving PCos (200 mg,
0.245 mmol) in minimal cyclohexane, which was immediately dried by rotary
evaporation to give a thin film. H,O (20 mL) was then added to the vial which was
shaken 30 seconds. The cloudy solution was then sonicated for 15-20 min.

For PCys solutions used with PA, vials were charged with varying masses of PCos (i.e. - 2
x 6 mg, 12 mg, 18 mg, 24 mg and 2 x 30 mg respectively) and the PC dissolved in
minimal cyclohexane. These were then rotary-evaporated to give thin films and
rehydrated with milliQ H,O (2 mL each). PA (500 pL) was charged into 5 vials of PCos
(1 x 6 mg, 12 mg, 18 mg, 24 mg and 1 x 30 mg respectively). The resulting solutions
were sonicated in a bath sonicator for 15 minutes and all diluted with milliQ H,O (to 17.5

mL each).

Preparation of chloride derived gold seed using PC

Gold chloride seed solution was prepared fresh before prior to each experiment. Briefly,
to PC stock (1 mL) diluted to 5 mL with milliQ H,O was added HAuCly - xH,O (10 mM,
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125 mL), KBr (1.65 M, 7.5 mL) and while stirring vigorously, NaBHa,, (10 mM, 600
mL) was quickly added. The resulting purple seed solution was allowed to react 45 min

to one hour prior to use.

Preparation of bromide derived gold seed using PC

Gold bromide seed solution was also synthesized fresh prior to each experiment. Briefly,
PC stock (1 mL) was diluted to 5 mL with milliQ H,O in a vial and while vigorously
stirring, aqueous HAuBr, - xH,O (10 mM, 125 ul) was added followed by immediate
addition of NaBHa,, (10 mM, 300 uL). The resulting purple seed solution was allowed to

react 5 min prior to use.

Preparation of growth solutions with KBr

A typical chloride growth solution was prepared by diluting PC stock (2 mL) with H,O
(15 mL). To this was added aqueous HAuCl,; - xH,O (10 mM, 400 pL), KBrg) (1.65M,
24.3 uL) and chloride derived lecithin gold seed (40 uL). The resulting orange solution
was vigorously stirred and ascorbic acid (100 mM, 40 pL) was immediately and rapidly
added. The solution immediately became transparent and then began to darken to a darker
red/purple within 5 min. The resulting solution was allowed to react 18 h prior to

analysis.

Preparation of growth solutions with HAuBr4

A typical bromide growth solution was prepared by diluting PC stock (2 mL) with H,O

(15 mL). To this was added aqueous HAuBrs - xH,O (10 mM, 400 pL), bromide derived
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lecithin gold seed (40 uL). The resulting orange solution was vigorously stirred and a
rapid addition of ascorbic acid (100 mM, 40 pL) was immediately performed. The
solution immediately became transparent and then began to darken to a darker red/purple

within 5 min. The resulting solution was allowed to react 18 h prior to analysis.

Centrifugation

Centrifugation was performed on a Sorvall RC-6 equipped with a SS-34 rotor. Samples

were run at 3000 rpm (1068 x g) for 20 minutes and pellets collected and diluted to 1 mL.

Preparation of gel electrophoresis rig

Agarose (500 mg) was added to Tris — Boric Acid — EDTA (TBE) buffer (0.5 X, pH 8.4,
100 mL) and heated until agarose was uniformly dissolved. This was immediately poured
into the chilled gel form and allowed to cool at 4°C for 8-15 hours. The gel form is then
transferred to the rig containing a Spectra/Por® RC Membrane (MWCO: 2-8,000). The
rig was charged with TBE (0.5 X) buffer and the flow column connected to a paristaltic
pump running at ~200 mL/hr. Lipid-coated GNPs were centrifuged to remove excess
unbound lipids and concentrated down to a volume of 1 mL. These solutions were mixed
with glycerol (20 pL) and loaded onto the gel. Gels were run at 300 V and fractions

collected and analyzed by UV-Vis.

Preparation of KCN and sample dissolution

KCN was prepared freshly and used within 24 hours of preparation. KCN (200 mg) was
dissolved in mQ H,O (10 mL) to make a 307 mM solution. KCN (50 uL) was added to
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each fraction of GNP solution off the gel and allowed to react 18 hours. Fractions were
then frozen at -80 °C for 4 hours and lyophilized for 24 hours. A small amount of
cyclohexane was introduced into each fraction to extract organic material from the salt
and filtered and allowed to dry. MeOH (1 mL) was then used to dissolve the extract and

MS analysis performed.

Instruments

Absorbance spectra are obtained on an Agilent 8453 UV-visible Spectrophotometer
with a diode array using a 1.0 cm path length quartz cell. Transmission electron
microscopy (TEM) images are acquired on a Tecnai F-20 FEI microscope. Images are
collected at an acceleration voltage of 200 kV using a CCD detector. Samples are
prepared by drop casting (5 pL) solutions of nanoparticles onto carbon-coated (300
A) Formvar films on copper. Samples are dried for at least 1 h before images were
obtained. For more dilute samples, multiple castings are performed on the same
grid. Nanoparticle size analysis and length to width aspect ratio are performed
using Image] software after applying a band pass filter to the images and adjusting
the threshold. Mass Spectrometry samples were analyzed on a LTQ-Orbitrap mass
spectrometer. The flow rate was set at 0.20 mL/min. Mobile phases consisted of 95:5
MeOH:H;0 and remained constant for each run. The injection volume was 20 pL. The
mass spectrometer was operated under positive electrospray ionization with a voltage
4000 V in positive mode, the heater was set at 300 °C, the curtain gas (N,) was kept
constant at 50 psi. Quantitative analysis was monitored by total ion count and ESI results

were analyzed on Xcalibur analysis software.

44



3.3 — Results and Discussion

HAuCly versus HAuBr, in synthesis

PC contains a trimethylammonium headgroup similar to that of CTAB and long fatty-

acid tail groups (Figure 3.1).
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Figure 3.1 — Schematic of PC and CTAB. PC is depicted above with two tail groups off a glycerol linker

while the PC makes up the head group. Note the similar headgroup to CTAB (bottom)

Using PC as our capping ligand, we started the synthesis using a yellow HAuCly solution
and reducing with ascorbic acid. This resulted in a blue solution of nanoparticles which
immediately began aggregating out of solution. UV-Vis and TEM were taken, and as
seen in Figure 3.2, only one plasmon band was seen in the UV-Vis spectrum. TEM

(Figure 3.2) showed only spheres resulting from this particular synthetic technique.
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Figure 3.2 — UV-Vis spectrum and corresponding TEM of GNPs synthesized using HAuCl, in soybean
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extract. Red trace was taken with GNPs synthesized using HAuCl, in the growth solution and the blue trace

using HAuBr,

The use of HAuClys gave only one plasmon band at 532 nm. The corresponding TEM had
a scattering of anisotropic shapes, but an estimated 98% of the particles were spherical.
This accounts for single plasmon band in the UV-Vis absorption spectrum. As we desired
anisotropic shapes for our nanoparticles, we deduced that the Br" was key in the shape
control of nanoparticles. As CTAB is added to a solution of HAuCly, the solution turns a

bright orange.

We found in previous studies that the shift in A,y is due to bromide exchange.116 It has
been shown that the UV-Vis spectrum for the addition of CTAB to HAuCly red-shifts as
the bromide exchange takes place. This can be seen in Figure 3.1 in which we see the
Amax shifts from 295 nm to 390 nm. This indicates that anion exchange is indeed taking
place. To support this, we added KBr to HAuCly solutions and UV-Vis spectra taken of

each addition (Figure 3.2).
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Figure 3.3 — UV-Vis spectra showing addition of CTAB to HAuCl,

It can be seen that as the molar ratio of Br' to Cl increases, the shift follows the same
trend as that of CTAB addition. The Ay,, red-shifts from 295 nm to 385 nm. We see that
by 4x the molar ratio of KBr to HAuCly, that the An. has shifted to its maximum shift

indicating a propensity of the bromide to coordinate to the gold(III) center.
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Figure 3.4 — UV-Vis spectra showing addition of KBr to HAuCly. Note all amounts are expressed in molar

ratios of KBr to HAuCl, and all spectra are normalized (Find extinction for aucl and aubr)

Using HAuBry4, we repeated the synthesis. The orange solution of HAuBr4 was added to a

lecithin solution and ascorbic acid used to reduce the gold. A red solution resulted and
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UV-Vis and TEM were taken of the GNPs. Again, we see in Figure 3.5, only one
plasmon band results at 532 nm from spherical nanoparticles, as seen in the adjoining
TEM. Also, we see that the width of the plasmon band when performing a synthesis with
HAuCly is broader than that when using HAuBr4. This leads to the color difference
between the two solutions: Synthesis with HAuCls being blue in color whereas a

synthesis with HAuBr1y is red.
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Figure 3.5 — UV-Vis spectrum and corresponding TEM of GNPs synthesized using HAuBr, in soybean

extract

This, however, does not lead to anisotropic growth. It has been shown that seed mediated
synthesis is needed for anisotropic growth.>2 In a typical growth, a seed solution is
prepared using a strong reductant such as NaBH4. The seeds are shown to give a
nucleation point and the surfactant directs the one-dimensional growth.>7 It is believed
the surfactant blocks growth on the {110} facet of the gold crystal giving growth in a
one-dimensional direction.137 This produces a majority of uniformly sized gold nanorods

(Figure 3.7).
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Figure 3.6 — UV-Vis of nanorods using CTAB as the capping agent. The nanorods have an average aspect

ratio of 7. Note the ratio of the red-shifted plasmon to the blue-shifted plasmon.

Therefore we modified our synthesis incorporating a seed mediated method into our
synthesis. Seeds were prepared using lecithin and HAuBrs and reduced using NaBH,.
Seeds were then introduced into our growth solutions and monitored by UV-Vis. Figure
3.7 shows a UV-Vis spectrum of the resulting growth solution. Along with the
characteristic blue-shifted plasmon band at 532 nm, a second plasmon band is seen at 775
nm. This plasmon band is a result of anisotropic growth. This is one aspect that makes
anisotropic growth desirable. Using UV-Vis spectroscopy, the reaction can easily be
monitored. As growth of the longitudinal axis increases, the NIR plasmon band increases
in intensity and red-shifts. As seen in a growth of CTAB (Figure 3.6), the intensity of the
red-shifted plasmon band is much more intense than that of the blue-shifted plasmon

band.
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Figure 3.7 — UV-Vis spectrum of gold nanoparticles grown with HAuBr, and PC capping agent.

The growth of the nanoparticles in one dimension or two dimensions gives rise to the red-
shifted plasmon band. The cross section of the nanoparticles is what is believed to give
the blue-shifted plasmon band. Since rod-shaped GNPs have such a small cross sectional
areca, the oscillation of the electrons in the transverse band is stunted and therefore, a
small absorption band is seen in the blue. Since our spectrum shows a larger blue-shifted
absorption band, one of two (or both) scenarios are possible. We have a mixture of
anisotropic nanoparticles, or we have different shapes than the rod-like nanoparticles. To
confirm this, TEM was taken of the nanoparticles formed in the PC capped growth
solution. As seen in Figure 3.8, a multitude of shapes are present on the TEM grid. A
majority of the nanoparticles are spherical in shape, however, prismatic nanoplates,

hexagonal nanoplates and rods are also dispersed throughout the sample.
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Figure 3.8 — TEM image of crude nanoparticle synthesis using HAuBr4 and PC as a capping agent. Note

the plethora of shapes and sizes.

This synthesis was also compared to a seed mediated synthesis in which HAuCl; and KBr
were substituted in for HAuBr4. As more KBr was added to the growth solution, you see
a rise in intensity of the NIR plasmon band (Figure 3.10). There is also a shift of the
plasmon band towards the red as the concentration of KBr increases from 4x the molar

concentration of HAuCl, to 12x.
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Figure 3.9 — UV-Vis spectra of KBr being added to seed mediated growth solution of PC and HAuCl,.

This is further evidence that the bromide ion is needed for the growth of anisotropic
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nanoparticles. As bromide is introduced to the growth solutions, the NIR (red-shifted)
plasmon band appears and grows. However, as discussed later, the shapes found in the

solution were not rod shaped GNPs as was initially believed.

Capping agent

CTAB is the standard capping agent for use in gold nanorod growth. However, it is not
biocompatible. GNPs synthesized with CTAB therefore must be post-processed by
coating the particles with polymers or ligand exchange performed to make the GNP more
biocompatible.'”*!**!** Soybean PC is from a natural product and forms liposomes in
aqueous media. These have a much higher propensity for compatibility in medicinal

applications.

Thus far, we have discussed synthesis using a 30% PC (PCj;¢) extracted from soybeans.
The idea that PC is a compatible substitute for CTAB from the similar structure of the
ligands has been utilized for surface modification of GNPs.6> We want to attempt shape
controlled synthesis of GNPs from a biocompatible template. However, when we altered

the synthesis to use a more pure form of soybean PC, we found some interesting results.

Using PC;s as the template allowed for a plethora of sizes and shapes of nanoparticles in
the growth solution. In an attempt to narrow the shape distribution, a solution of 95% PC
(PCos) was substituted for PCsp in the synthesis. The resulting nanoparticles were
analyzed by UV-Vis and TEM and compared to the corresponding nanoparticles
synthesized from PCs (Figure 3.11).

52



0.4

0.3

0.2

Absorbance

0.1

400 575 750 925
Wavelength (nm)

b)

0.8 1

e
=)

o
IS

Optical Density

e
)

350 450 550 650 750 850 950
Wavelength (nm)

Figure 3.10 — UV-Vis and corresponding TEM of a) PCys synthesis and b) PC;, synthesis respectively

As can be seen in Figure 3.11, a PCys-GNP gives agglomerates of nanoparticles. The low
intensity and scattering is evidence of aggregate formation in nanoparticles solutions and
the TEM confirms that agglomerates of nanoparticles formed upon synthesis. This was
also seen by the naked eye in the storage vial. Within 24 hours, a thin black precipitate

could be seen in the bottom of the vial.

The single plasmon band absorption indicates that predominately only spherical particles
form using PCoys. The breadth of the band is also broader than that of nanoparticles

synthesized with PCs. This is seen in the color of the growth solution as was also seen
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when using HAuCly in the synthesis above. The color of the solution was purple instead

of red (Figure 3.11).

Figure 3.11 — Picture of vials containing PCs, growth (left) and PCys growth (right). Note

the precipitate in the PCys sample

Due to this result, it is not believed that the PC is the component allowing for shape
control. This will be discussed in a later section. However, this did lead to an added

advantage in our synthetic technique.

Both PCys and CTAB synthesized GNPs fell out of solution within an hour after
synthesis. Using the soybean extract PCsp in the synthesis, however, increased the
lifetime of the nanoparticles in solution up to six months when stored at 4°C. Long shelf-

lives of GNPs is very important when applying the nanoparticles to a medicinal use.

When using an impure natural product such as PCs as a capping ligand for nanoparticles,
it becomes more difficult to discern what materials are on the surface of the nanoparticle

as compared to a synthesis using a pure compound (i.e. CTAB). This becomes especially
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important when you consider shape control. One and two-dimensional growth of
nanoparticles are usually driven by a number of particular components which block
growth on specific crystal facets. CTAB, for example, blocks growth on the {110} facet
allowing for one-dimensional growth of GNPs into rod-shaped nanoparticles.52 Bromide
was found to be required for directed growth, however contaminants such as iodide have

been found to stunt growth of rod-shaped GNPs.61

PCsp contains a plethora of compounds that may have a role in the synthesis of
anisotropic GNPs, particularly the nanoprisms seen above. Though the main components
of PC;p are PC and phosphatidylethanolamine (PE), there are also small amounts of
sterols, tocopherols and other plant byproducts, including dissociated fatty acids other

phospholipids. Isolating the capping ligands is difficult

when solutions of GNPs contain all these compounds and separation is needed to seclude
the specific ligands for identification. Traditionally, nanoparticles are separated using
centrifugation at varying speeds to separate sizes, however shape separation is more

difficult.

Our first thought was to identify the components in PCsy using HPLC-MS. We can then
re-spike these components into growth solutions and test for plasmon absorption
enhancement. We found that PCsy contained mostly lyso-PC and diacyl-PC components
(Table 3.1). We then respiked many of these components into our growth solutions and

monitored the growth by UV-Visible spectroscopy. However in every re-spike
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experiment, we found that the component added degraded any anisotropic growth (Figure
3.12). Other components known to be in PCsy, which didn’t show up on LC-MS such as
cholesterol and sodium linoleate, were also spiked into growth solutions and also lead to
degraded NIR plasmon band growth. Since this method was not proving fruitful, a more
efficient approach to identifying the responsible ligand for anisotropy was employed

using gel electrophoresis.

Table 3.1 — List of mass identities found in PCs,

Identity Mass (m/z) Retention time (min)
Lyso-EPC 578.4 2.2
Lyso-PPC 496.3 2.5

Triarachidicglyceride 947.3 3.5
Di-LPC 782.6 5.8
OLPC 784.6 7.4

POPC 760.6 9.5

SLPC 786.6 10.1

GPPC 788.6 13.1

1.2 j =—PC(30)
Di-LPC

==Lyso-PPC

0.9 1 ==Na Linoleate

==Cholesterol
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Figure 3.12 — UV-Vis spectrum showing resulting GNP traces after
several components are spiked into a growth solution. The black trace is

a normal growth solution without any spike.
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Figure 3.13 shows a slab gel of our nanoparticles run at 200 V. UV-Vis and TEM show
that the nanoprisms move slower through the gel and therefore analysis of the later
fractions are essential in determining the capping ligand leading to the gold nanoprisms.
The nanoparticles were then studied using UV-Vis, TEM and MS. Gel electrophoresis
has previously been utilized to separate shapes of nanoparticles."”*'>> However, this

wasn’t attempted on any samples containing unknown ligands to our knowledge.

Figure 3.13 — Gel electrophoresis of anisotropic GNPs showing size and shape separation. Note the trailing

of the bands as the plate-like nanoprisms are slower to move along the gel.

Discovering that shape separation was possible, we utilized a gel prep column to collect
fractions as they came off the gel and analyzed the fractions using TEM (Figure 3.14). It
was also seen that the nanoprisms were single crystalline and equilateral in geometry

(Figure 3.15). These factors are important in respect to the optical properties of the
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GNPs."*® The resulting plasmon absorptions of each fraction were monitored by UV-Vis
and an NIR plasmon absorption was seen growing as the fractions progressed (Figure
3.15). We found that nanoprisms increase in population leading to an increase in the NIR
plasmon band intensity in later fractions. Upon realizing this, we leached the GNPs from
the capping ligand using KCN and extracted the organic ligands, using LTQ-OrbiTrap

MS to analyze the makeup of these ligands.

A e B :
v "*
L ] - > -
d
& : Yot s v .
50 nm . 250 nm

Figure 3.14 — A. Particles from front of gel band show only GNPs of a semi-uniform size B. Particles from

tail of gel band show a multitude of nanoprisms, though there are still some smaller nanoparticles present
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Figure 3.15 — A. A UV-Vis analysis of several fractions from the column revealing a steady increase of the
NIR absorption band (normalized at 532 nm). B. High resolution TEM showing uniform crystal lattice and

SAED inset showing [111] zone axis with {220} diffraction spots. TEM also allows us to analyze the
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geometry of a gold nanoprism and show that it is equilateral.

Mass spectra show peaks corresponding to phosphatidic acid (PA) at 669.86 m/z (Figure
3.16). This peak can be calculated as a PA ligand containing fatty acid tail groups of C
16:0 and C 18:3. MS? was attempted to confirm these tail groups, however the C 16:0 tail
was the only peak to occur and was never consistent enough for positive identification.
Though positive analysis of the exact ligand escaped us, we incorporated a sample of PA

into our synthesis.
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Figure 3.16 — Mass spectrum of 3 concurrent fractions from a gel prep column showing a

growth of the peak at 669.86 m/z.

PA from egg yolk was spiked into PCjy and PCos stock solutions prior to sonication in

order for it to be incorporated into the liposomes. Although PCs, growth solutions
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produced little difference in the NIR plasmon band when spiked with PA, PCys showed a
steady growth of an NIR plasmon band when PA was added to the system in
consecutively larger amounts (Figure 3.17). In other words, as the ratio of PCys to PA
was decreased, a NIR plasmon band appeared and increased leading us to conclude that
PA is essential in the growth of gold nanoprisms. As seen above, PCos never produced
nanoprisms or an NIR plasmon band. Another observation was the sharpening of the

blue-shifted plasmon band. This indicates decreasing aggregation in the solution.
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Figure 3.17 — UV-Vis of varying ratios of PA to PCys. The higher the ratio of PA to PCys, the larger the

intensity of the NIR plasmon band and the sharper the blue-shifted plasmon band.

The source of the PA lipid is unknown. MS analysis of the original PC;y does not show
any sign of PA, though many other phospholipid compounds are present. The appearance
of PA could be due to a surface reaction occurring in the initial steps of the reaction,

however, this is hypothetical and we have not found the source of the PA appearance.
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3.4 — Conclusion

We have shown that anisotropic nanoparticles can be synthesized using soybean extract
and HAuBr14. The soybean extract has the advantage of being biocompatible as well as
being cheap and readily available. It has also been demonstrated that bromide play a key
role in the anisotropy of GNPs during synthesis. This can be seen when spiking samples
of HAuCls with KBr. Substituting HAuBrs; for HAuCls enhances the synthesis giving
more intense NIR-shifted plasmon bands. The resulting solutions are stable for months at
a time and show promise for use in medicinal applications. However, this is not a result
of the PC as we initially believed. Although, PC;y produces a relatively large population
of prismatic GNPs, PCys shows poor shape control as well as immediate aggregation out
of solution. PA was identified as a critical component of the capping ligands on gold
nanoprisms. Using gel electrophoresis, it was found that we could increase the
nanoprisms population of our GNP solutions and mass spectrometry could be used to
identify PA. Spiking PA into PCys growth solutions revealed an NIR plasmon band
indicative of anisotropic GNPs. As the ratio of PA to PCys increased, so did the intensity
of the red-shifted plasmon band. This is the first instance of the use of PA to grow
anisotropic GNPs that we have seen. More experiments are being performed to discern

the extent of the shape control of PA in seed mediated growth of gold nanoprisms.

Shape-directing agents are of great importance in nanotechnology when considering GNP
use in therapy. However, identifying a specific ligand responsible for shape-control in a
conglomerate of components can be a challenge. Gel electrophoresis is mainly used in

biology and biochemistry to separate biological molecules such as oligonucleotides and
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protein strands.”” These molecules can be digested to break bonds and give the make-up
of the strands in question. Other pre-processing may be required for proteins such as
denaturing the molecule with sodium dodecyl sulfate (SDS) to apply a charge for
carrying the molecule down the gel. When a current is applied to the gel, the molecules
are carried down the gel according to size and charge and separated giving bands that can

be applied to specific sequences allowing for qualitative analysis."’

Using this data, it was theorized that nanoparticles could also be separated according to
size and shape.'® Hanauer et al. separated silver and gold nanoparticles by size and shape
successfully and analyzed the separated particles using UV-Vis and TEM. The bands
elucidated a good separation according to shape and TEM confirmed that shape

separation is possible for rod-shaped and spherical shaped GNPs.

Using a Biorad preparatory gel rig, we performed a separation of GNPs and analyzed our
success using UV-Vis and TEM. We see a large increase in the number of triangular gold
nanoplates after separation. Fractions were taken off the gel and the resulting GNP
fractions were dissoluted with KCN and lyophilized. The fractions were extracted with

organic solvent to remove salts and analyzed using MS.
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Cvanide Permeability of Gold Nanoprism Edges

4.1 — Thiol

Introduction
Cyanide leaching has been used in mining since 1887 for the extraction of gold."’
Cyanide forms a linear gold complex and allows it to become water soluble, giving

feasibility to extracting gold from the ore. The process uses oxygen as well as seen by

4Au + 8NaCN + O; + 2H,0 — 4Na[Au(CN);] + 4NaOH

Nanoparticle synthesis from naturally occurring lipids are fitting due to the diversity of
their chemical structures. The lipids have advantages over other complexes of forming
complex three-dimensional structures, being available from renewable food stocks and
allowing for an inexpensive source of the complexes, such as soy.'**'®® Nanoparticles
synthesized from the natural lipids have the added advantage of acting as models for cell

membrane interactions'®' and are useful as likely biocompatible probes.'*

Stability of GNPs is especially important when using the nanoparticles in biological
systems.'®® Any aggregation of the particles can lead to adverse effects in the bio-system.

1
6 and water-

The stability of GNPs has been studied extensively in both organic-soluble
soluble systems.'*® To improve stability of these GNPs, hybrid capping agents have been

employed such as alkanethiols,'® which act both as an anchor for the lipids and as a

protectorant for areas of high curvature on the GNP. This is similar to the role
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alkanethiols play in two-dimensional hybrid bilayers'® as well as in tethered bilayer lipid

membrane systems.'®’

This makes cyanide ideal for testing the protective capability of capping ligands on GNPs
in aqueous solutions. We report here on the use of cyanide in the stability of soy lecithin

as well as the stability of a soy lecithin/decanethiol hybridized capping agent.

4.2 — Experimental

L-a-Phosphatidylcholine Type IV-S > 30% TLC (PCj;¢), L-ascorbic acid, potassium
cyanide and 1-decanethiol were purchased from Aldrich. Hydrogen tetrabromoaurate (III)
hydrate was purchased from Strem Chemicals Inc. Sodium borohydride (98%) was
purchased from J.T. Baker. Milli-Q H,O was used at 18.1 mQ resistance. Centrifugation
was performed on a Beckman Optima LE-80K Ultracentrifuge equipped with a SW65K

swinging bucket rotor at 4000 rpm (1592 x g RCF).

Preparation of bromide derived gold seed using PCsg

Gold bromide seed solution was also synthesized fresh prior to each experiment. Briefly,
PCj3p stock (I mL) diluted to 5 mL with milliQ H,O was added to a vial and while
vigorously stirring, aqueous HAuBr4 * xH,O (10 mM, 125 uL) was added followed by
immediate addition of NaBHa,, (10 mM, 600 uL). The resulting purple seed solution was

allowed to react 45 min to one hour prior to use.
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Preparation of growth solutions with HAuBr4

A typical bromide growth solution was prepared by diluting PCs stock (2 mL) with H,O
(15 mL). To this was added aqueous HAuBr,s - xH,O (10 mM, 400 uL), bromide derived
lecithin gold seed (40 uL). The resulting orange solution was vigorously stirred and a
rapid addition of ascorbic acid (100 mM, 40 ul) was immediately performed. The
solution immediately became transparent and then began to darken to a darker red/purple

within 5 min. The resulting solution was allowed to react 18 h prior to analysis.

Preparation of decanethiol

Decanethiol was prepared by dissolving 1-decanethiol (20.6 uL) in 95% ethanol (1 mL)
to make a 100 mM solution. A 10 uM solution was prepared similarly. Both
concentrations of 1-Decanethiol were added to separate 1 mL aliquots of GNP growth

solution and UV-Vis taken while stirring gently.

Preparation of KCN

KCN was prepared freshly and used within 24 hours of preparation. KCN (200 mg) was
dissolved in mQ H,O (10 mL) to make a 307 mM solution. 10 uL. was added to each
solution of GNP growth solution and GNP/1-decanethiol hybrid solution respectively (@
1 mL each). The dissociation of gold from the nanoparticle was monitored by UV-Vis

over time. Spectra were taken at t=0 s, t=10 s and t=60 s while stirring gently.
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Instruments
Absorbance spectra are obtained on an Agilent 8453 UV-visible Spectrophotometer with

a diode array using a 1.0 cm path length quartz cell and a magnetic stirring mechanism.

TEM

TEM images are acquired on a Tecnai F-20 FEI microscope. Images are collected at an
acceleration voltage of 200 kV using a CCD detector. Samples are prepared by drop
casting (5 pL) solutions of nanoparticles onto carbon-coated (300 A) Formvar films on
copper. Samples are dried for at least 1 h before images were obtained. For more dilute
samples, multiple castings are performed on the same grid. Nanoparticle size analysis
and length to width aspect ratio are performed using ImageJ software after applying a

band pass filter to the images and adjusting the threshold.

4.3 Results and Discussion

Previous work has been performed on spherical GNPs using several thiols as a stabilizing
agent.'®® Thiols have been shown to improve stability of nanoparticles by coordinating to
any exposed gold surface such as edges and areas of high curvature. These areas of high
curvature allow access to low cone angle detergents such as saturated thiols and this in

turn lowers the strain energy of the PC bilayer around the curvature.'*®'®’

A simplified schematic is shown in Figure 4.1 showing thiol coverage on the surface of

the GNPs while the organic tail groups are protected from the aqueous solution by the
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soy lipid bilayer. Figure 4.1 also gives and example of two substances with differing cone
angles. This affects the ability of the lipid to cover the surface of the nanoparticle due to
ineffective packing of the lipids. High strain energies can be induced if capping agents

with large cone angles are packed on a highly curved surface.
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Figure 4.1 — Schematic of thiol-hybridized liposome and the comparison of cone angle for the thiol versus

the phospholipid component of the lecithin

Using 1-decanethiol as a co-capping agent, we tested several concentrations of thiol to
determine the stability of the GNPs to cyanide leaching. This was monitored by UV-
Visible spectroscopy at several time increments. Figure 4.2 shows a series of spectra
obtained by adding KCN to a simple growth solution. We see that the soy lecithin does
not give full coverage of the surface of the nanoparticles as is demonstrated by the loss of
the red-shifted plasmon absorption signal and the greatly decreased intensity of the blue-

shifted plasmon band within a minute.
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Figure 4.2 — Addition of KCN to 1 mL of our PC growth solution. Time increments are at 0, 10 and 60
seconds. The red-shifted plasmon intensity decreases showing the inability of PC to provide protection to

the anisotropic nanoparticles whereas the blue-shifted intensity does decrease, but never disappears

The blue-shifted plasmon band does not completely disappear, even after 24 hours so
there are some particles that do have complete coverage and are resistant to CN etching.
TEM were taken of the remaining solution of particles and these are seen in Figure 4.3,

which reveals that the nanoparticles are extremely small (< 10 nm).

Figure 4.3 — TEM of particles remaining 4 hours after cyanide etching of the growth solution.

Particle sizes are < 10 nm.
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First, 100 mM 1-decanethiol was added to a gold growth solution until the UV-Vis shows
a slight formation of aggregates (occurred at 9 uL). This creates a saturated thiol solution
with an overall thiol concentration of 890 uM. This ensures that all exposed surface
should be covered in thiol. The aggregation occurring is believed to be due to the
exchange of phospholipid with thiol and causing them to fall out of solution from reduced

solubility. This also causes an initial intensity drop when thiol is added as seen in Figure

4.4,

-
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Figure 4.4 — UV-Vis spectra of PC growth solution with (orange trace) and without (red trace) 1-

decanethiol added

To test the stability of the resulting hybrid nanoparticles, KCN was added and the
solution was monitored by UV-Vis. Figure 4.5 shows the resulting UV-Vis spectral

series.
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Figure 4.5 — Thiol hybridized GNPs before (red) and after addition of KCN.

We can see in Figure 4.5 that no decrease in intensity occurs after the initial addition of
the KCN. The stability of the nanoparticles is such that after 24 hours, the solution still
gives a UV-Vis signal showing both plasmon bands (Figure 4.5, green trace). In order to
test the stability of the different shapes seen in the PC growth solution, we added 20 uL
of 10 mM thiol solution giving a final concentration of 200 uM. When we add cyanide to
this solution, we find that there is an initial drop in intensity that continues for 30
minutes. We see that after 2 minutes, the red-shifted plasmon band disappears completely
and the blue-shifted plasmon band remains even after 30 minutes. As seen with the PC
sample above, this is indicative of spherical particles surviving the leaching process.
Figure 4.6 shows the progression of the An.x for both the red-shifted and blue-shifted

plasmon bands.
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Figure 4.6 — a) UV-Vis showing progression of hybrid nanoparticles after cyanide addition. Each trace is a
I-minute time increment. b) This graph shows the value of the A, for both the red-shifted (red trace) and

blue-shifted (blue trace) plasmon bands

Figure 4.6 shows that the prismatic nanoparticles are much less stable to cyanide etching
than the spherical nanoparticles in our solution. The red-shifted plasmon band disappears
within 2 minutes while the blue-shifted plasmon band remains for multiple days. It is
believed that the high area of curvature on the edge of our prismatic nanoparticles and the
chemical makeup of the lipids on the edge allow easy access for cyanide, even with thiol
addition. High strain energy of the lipids is associated with the high amount of curvature
on the GNPs. This can be alleviated using alkane thiol. In spherical GNPs, we think that
the alkyl group of 1-decanethiol excludes a volume of lipid from the inner leaflet, thereby

reducing the strain energy associated with a highly curved lipid layer.'®® However, in a
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prismatic GNP, the bilayer coverage of the prismatic nanoparticle’s edge does not seem
to be complete and even with thiol as a stabilizing agent, the gold surface remains

exposed (Figure 4.7).
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Figure 4.7 — Schematic showing degree of curvature of lipids on a prism’s edge versus a spherical

nanoparticle’s edge. The degree of curvature of a prism’s edge is much sharper leaving more room between

the lipid’s inner layer for cyanide penetration.

Conclusion

We’ve shown the dependence of 1-decanethiol concentration on the stability of prismatic
and spherical GNPs. It is seen that at lower concentrations, the edges of the prismatic
GNPs are exposed to KCN attack and dissociate within minutes. This can be useful in
explaining the stability and effectiveness of these nanoparticles in when used in the
design of biosensors as well as providing a method of etch resists for gold
micropatterning. Additionally, this data can help contribute to our understanding of how

these systems can be used for drug delivery.
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Conclusions and Recommendations for Future Work

The work presented in my dissertation describes the synthesis, analysis, purification and
modification of a prismatic gold nanoparticle for potential use in biological systems.
Using soybean lecithin and HAuBr4 in a seed mediated synthesis produced a mixed
population of prismatic gold nanoparticles and spherical gold nanoparticles, which could
be separated using gel electrophoresis and analyzed using mass spectrometry.
Phosphatidic acid was found to be responsible in part for the shape control of the GNPs
and the stability of the GNPs in water was achieved and improved upon using thiol
addition. The experiments discussed in this thesis have led to new insights in gold

nanoparticle growth.

Conclusion 1

Growth conditions are important when considering shape control of GNPs in an aqueous
environment. Halide composition showed us that bromide salts of gold were found to be
critical in shape control of GNPs. When titrating bromide salt into a growth solution
containing soy lecithin and HAuCly, the growth of a NIR plasmon band is revealed.
Substituting HAuBr4 enhances the NIR plasmon band to a local maximum absorption.
The ligand source was also shown to be critical in GNP growth. While, PCs, shows
anisotropic growth, PCys reveals the phosphatidylcholine is not the responsible ligand for
shape control. PCys also reduced the stability of GNPs in solution, causing aggregation
almost immediately after synthesis, however, PC;y allows for stability of GNPs for

multiple months following synthesis.
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Conclusion 2

Gel electrophoresis was the most effective means of size and shape separation of GNPs
available to us. Using a gel prep column, we could partially separate our prismatic GNPs
from the larger part of the spherical GNPs. TEM analysis of the prismatic GNPs shows
an average size of 94 nm and that the GNPs are single crystalline. UV-vis shows the final
fractions giving a Am.x at 865 nm. Leaching the gold using KCN and extracting the
ligands allowed analysis using MS and identification of phosphatidic acid as a potential
shape-directing ligand. Upon spiking PCos (known not to give anisotropic GNPs) with
PA, it was indeed found that a NIR plasmon band grows into the UV-Vis. This is also the

first instance of synthesis of anisotropic GNPs using PA that we have found.

Future Work

A more efficient separation of the shapes of GNPs would allow for a more detailed
analysis of the surface ligands found on the prismatic GNPs. This would in turn lead to a
more efficient synthesis of prismatic GNPs and maximize the yield of prismatic GNPs.
Possible solutions to the separation problem would be to increase the length of the gel
column and decrease the voltage to allow more time to separate. Other techniques such as
membrane permeation and nanofiltration were not extensively pursued and are also
viable separation techniques.

More PA titration experiments are currently under way. As the limited time and limited
amount of PA in the lab prevented us from including that work in the dissertation, it is

still being studied for publication.
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Conclusion 3

Stability of GNPs is paramount when considering their use in biological systems. The
biological environment contains a large array of components that could lead to
degradation or aggregation of GNPs in the system. In adding small amounts of
decanethiol to the GNPs, we found that we could study the stability of the GNPs to
cyanide etching. It was found that at 5 uM concentration of decanethiol, both the
spherical and prismatic GNPs were completely impermeable to cyanide. If the
concentration of thiol was lowered to 2 uM, the prismatic GNPs were found to lose their
stability to cyanide while the spherical GNPs retained their protection. This experiment
led to a better understanding of the ligand coverage on the surface of the different shapes
of GNP. It is postulated that the coverage of soy ligand on the edge of the prismatic
GNPs is not sufficient to prevent permeation of cyanide to the gold surface. However, a
sufficient amount of decanethiol prevents this permeation allowing for a possible

protective barrier when introduced into a biological system.

Future work

These experiments were done prior to our work in the separation of the GNPs. A more
uniform population of prismatic GNPs would allow us to get a better idea of what is
occurring at the gold surface and also allow us to compare different shapes and sizes of
GNPs to cyanide etching both with and without thiol. This work also shows potential in
allowing a specific shape to be leached and the ligand content of those shapes to be
analyzed by MS. In other words, if we stabilize only the spherical GNPs to cyanide and

dissolve the prismatic GNPs, the free ligand’s content in solution could be analyzed and
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provide another method for the identity of shape-directing ligands.
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