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There has been growing interest in developing colloidal metal and semiconductor
nanocrystals as biomedical imaging contrast agents and therapeutics, since light
excitation can cause the nanocrystals to fluoresce or heat up. Recent advances in
synthetic chemistry produced fluorescent 2-4 nm diameter silicon and 1-2 nm diaemeter
CulnSSe nanocrystals, as well as 16 nm diameter copper selenide (Cu,.<Se) nanocrystals
exhibiting strong absorbance of near infrared light suitable for biomedical applications.
However, the syntheses yield nanocrystals that are stabilized by an adsorbed layer of
hydrocarbons, making the nanocrystals hydrophobic and non-dispersible in aqueous
solution. Encapsulating these nanocrystals in amphiphilic polymer micelles enables the
nanocrystals to disperse in water. Subsequently, the Si nanocrystals were injected into
tissue to demonstrate fluorescence imaging, the photothermal transduction efficiency of
copper selenide nanocrystals was characterized in water, and the copper selenide
nanocrystals were used enhance the photothermal destruction of cancer cells in vitro.
The polymer-encapsulated copper selenide nanocrystals were found to have higher
photothermal transduction efficiency than 140 nm diameter Au nanoshells, which have

been widely investigated for photothermal therapy.
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Combining the optical properties of metal and semiconductor nanocrystals with
the drug-carrying capability of lipid vesicles has received attention lately since it may
create a nanomaterial capable of performing simultaneous drug delivery, optical contrast
enhancement, and photo-induced therapy. Hydrophobic, dodecanethiol-coated Au
nanocrystals were dispersed in water with phosphatidylcholine lipids and characterized
using cryo transmission electron microscopy. 1.8 nm diameter Au nanocrystals
completely load the bilayer of unsaturated lipid vesicles when the vesicles contain
residual chloroform, and without chloroform the nanocrystals do not incorporate into the
vesicle bilayer. 1.8 nm Au nanocrystals dispersed in water with saturated lipids to form
lipid-coated nanocrystal agglomerates, which sometimes adhered to vesicles, and the
shape of the agglomerates varied from linear nanocrystal chains, to flat sheets, to
spherical clusters as the lipid fatty acid length was increased from 12 to 18 carbons.
Including squalene formed lipid-stabilized emulsion droplets which were fully loaded
with the Au nanocrystals. Results with 4.1 nm Au and 2-3 nm diameter Si nanocrystals
were similar, but these nanocrystals could not completely load the bilayers of unsaturated

lipids.
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Chapter 1: Introduction

1.1 Nanocrystal Specifications for Biomedical Applications

The design, fabrication, and characterization of inorganic nanomaterials has been
researched extensively during the past few decades because nanomaterials have
interesting optical and electronic properties compared to bulk solids of the same
elemental composition.’® These properties combined with their small size make
nanomaterials useful for applications in biomedical imaging and therapy.>®" As
illustrated in Figure 1.1, nanomaterials have spatial dimensions between 1 and 100 nm in
length,® making them suitable for binding to individual biological macromolecules,”®
which have similar dimensions.’® Nanometer-sized inorganic crystals stabilized as

6,11

colloids (nanocrystals) have been shown to enter cells,”" and many researchers have

exploited the optical properties of nanocrystals to label disease markers on cells and

within biological tissues.****
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Figure 1.1. The relative size of nanocrystals in biology. The nanocrystal is drawn with a
red core representing the inorganic atoms, and with black organic ligands coating the
surface. Illustration adapted from the Life Technologies Corporation website and re-

drawn.®®

For biomedical imaging and labeling, nanocrystals must bind to a target and be
detected by imaging equipment.® To detect the nanocrystals during imaging, they must
have some unique measurable property, such as enhanced absorbance or fluorescence
relative to background signal.®® To use nanocrystals for therapy, the nanocrystals must
include a detachable drug payload,® or they must respond to a therapeutic stimulus, such
as by heating in response to electromagnetic radiation.***” Some of the latest
developments have focused on producing nanomaterials that can carry out multiple

functions,**8-2

such as simultaneously responding to multiple imaging techniques (e.g.
MR, light scattering, and fluorescence) while delivering therapy.'®?' Strategies for

producing these complex multi-component nanomaterials require hybridizing distinct



material domains into a single nanometer-sized structure, and this has been accomplished
by linking together separate nanocrystals with chemical bonds,?? encapsulating multiple

16,23,24

types of nanocrystals in surfactant micelles, or growing nanometer-thick inorganic

layers of different materials on top of a nanocrystal core (core/shell particles).**8%%
Regardless of whether the nanomaterial is single- or multi-component, it must
accumulate at the targeted site for effective imaging and site-specific therapy. Binding is
controlled by designing the nanocrystal surface chemistry to ensure that the nanocrystal
attaches to the biological target.***"?

Controlling the nanocrystal surface chemistry is necessary for stabilizing

nanocrystal colloids and directing their binding to specific sites.”®?’

Nanocrystals are
attracted to one another across a medium by van der Waals forces.”® A repulsive force
must exist between nanocrystals in a colloid to counterbalance the attractive force,?® in
order to prevent nanocrystal aggregation and precipitation as outlined in Figure 1.2. A
repulsive force can be produced by either electrostatic or steric stabilization of the
nanocrystal surface. Electrostatic stabilization requires that the nanocrystal surface be
coated with an adsorbed electric double layer of ions, and nanocrystal aggregation is
prevented by the osmotic pressure that builds up when the electric double layers of two
nanocrystals start to overlap.?® Water is an ideal medium for electrostatic stabilization,
since it is a good solvent for the adsorbed ions. In low polarity organic solvents (e.g.
octadecene), which are often used for nanocrystal synthesis at high temperatures

(>100°C), electrostatic stabilization is complicated by the poor solubility of ions, and

therefore steric stabilization using organic molecules is more effective. For steric
3



stabilization, small organic ligands such as fatty acids, alkyl amines, alkenes, or
alkanethiols are bound to the nanocrystal by association of the ligand’s functional group
with the inorganic atoms on the nanocrystal surface. When two ligand-coated
nanocrystals approach one another, a repulsive osmotic pressure builds up due to the
unfavorable entropy of compressing the ligands and forces the nanocrystals apart.?
Steric or electrostatic stabilization alone does not necessarily make the nanocrystals bind
to a biological target such as a cell surface protein — usually the nanocrystal surface must

be coated further with site-specific targeting molecules.®*?
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Figure 1.2. Summary of nanocrystal surface stabilization. The black arrows represent
the direction of the net force per particle at an arbitrary distance greater than about 1 nm.
Nanocrystals that have a bare surface of only inorganic atoms are attracted by van der
Waals forces, and without any repulsive force the nanocrystals will collide and stick
together, forming an aggregate. Nanocrystals stabilized by an electric double layer have
an adsorbed layer of ions, while sterically stabilized nanocrystals are coated with organic

ligands (black lines).

Nanocrystal surfaces stabilized by electrostatic or steric forces are conjugated to
biological molecules (antibodies, peptides, nucleic acid aptamers, etc.)**"2"# py three
possible mechanisms — electrostatic adsorption, hydrophobic assembly, and covalent
grafting. Electrostatic adsorption occurs when a nanocrystal and bio-macromolecule

having opposite surface charges adhere to one another.*® The electrostatic adsorption is



entropically favored, because when the two oppositely charged surfaces make contact,
the numerous counterions on each surface (for example Na* adsorbed to an anionic
surface) are released into solution and become fully solvated.®** Electrostatic adsorption
has been used to link cell-targeting peptides to nanocrystals,*® though this attachment is
reversible and sensitive to pH and ionic strength.®* Hydrophobic assembly is used when
the nanocrystal surface is coated with non-polar ligands,® such as linear alkanes.
Surfactants such as phospholipids, detergents, and amphiphilic polymers can coat the
hydrophobic nanocrystal surface to make the nanocrystal disperse in water, though the
surfactants themselves usually do not have a molecular domain that binds to specific
biological targets.>**® Instead, the surfactant molecules may contain reactive functional
groups (amine, carboxyl, etc.) that can be attached to targeting bio-molecules by covalent
grafting.*” Covalent grafting relies on cross-linking functional groups on bio-molecules
to functional groups on the surface of nanocrystals.?’ For example, nanocrystals coated
with carboxylic acids have been cross-linked to amine groups in the streptavidin protein
after activation by a carbodiimide, producing a streptavidin-nanocrystal conjugate that
can bind to biotin-labeled antibodies adhering to a cell surface.”**" An important concern
when attaching bio-molecules to nanocrystals is whether the bio-molecules lose their
activity when bound to the surface.®®% For example, antibody-nanocrystal conjugates
must be capable of binding to the antibody’s target in order to attain site-specific imaging

and therapy. ™



1.2 Plasmonic Nanocrystals for Photothermal Therapy

Inorganic nanocrystals are being considered for enhancing photothermal therapy.*
Photothermal heating of nanocrystal dispersions occurs when the nanocrystals absorb
light energy and convert the energy into heat, which dissipates to the surroundings.*°
When light strikes a nanocrystal, some photons are absorbed and some are scattered
without absorption. In metal nanocrystals such as Au at room temperature, some of the
energy levels in the conduction band are occupied by electrons, and the electromagnetic
field from the absorbed light will cause the conduction band electrons to oscillate relative
to the position of the atomic nuclei as illustrated in Figure 1.3.***? This collective
oscillation of the conduction band electrons in a metal is called a plasmon, and the
frequency of oscillation corresponds to a maximum in the nanocrystal’s light absorbance
spectrum at a particular wavelength where the light resonates with the plasmon.*** The
oscillating electrons are scattered by the atomic nuclei in the nanocrystal, therefore the

oscillations are damped and the energy lost due to damping is released as heat.****
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Figure 1.3. Illustration of plasmon generation in a spherical metal nanocrystal. The
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electrons occupying the conduction band energy levels are illustrated in yellow, while the
atomic nuclei are blue. The plasmon is the collective oscillation of the conduction band
electrons, and this is induced by light’s oscillation electromagnetic field. The plasmon
oscillation is damped within the metal nanocrystal, and the damping causes the absorbed
light energy to be lost as heat to the surroundings. Illustration adapted from Kelly et al.

and redrawn with modifications.**

Both metal and doped semiconductor nanocrystals can exhibit a plasmon and have
been investigated for photothermal therapy.?***® Photothermal heating of Au metal
nanocrystals has been widely studied,*®*” and some commonly used Au nanomaterials
are illustrated in Figure 1.4. Au nanorods have a plasmon resonance wavelength that can
be tuned from visible to near-infrared wavelengths, depending on the nanorod length,***
which is typically 60-80 nm. Au nanoshells consist of a nanometer-thick layer of Au
deposited on the surface of a silicon dioxide sphere.*® The nanoshells have a plasmon
resonance wavelength that can be tuned throughout the visible to the near-infrared

spectrum by controlling the thickness of the Au shell.**** Most Au nanoshell syntheses

reported in the literature produce nanoshell diameters of 120 nm or larger. In each of



these structures, the plasmon resonance is due to the collective oscillation of conduction

band electrons in Au.

Au SiOy
Au
Nanorod Nanoshell

Figure 1.4. Illustration of Au nanorods and nanoshells. Au nanorods typically have an
aspect ratio (length/width) of 2-5. Both Au nanoshells and nanorods are synthesized in
aqueous solution from water-soluble HAuCl,. The nanoshells are stabilized by electric
double layer forces after synthesis, while nanorods are synthesized using the surfactant

cetyltrimethylammonium bromide (not drawn) to provide steric stabilization.

In contrast to Au, a new type of nanomaterial that has emerged for photothermal
therapy is the degenerately doped semiconductor. For example, 16 nm diameter
nanocrystals made of Cu,.,Se (where x ~ 1.8) contain a few Cu?* nuclei substituted into a
CusSe crystal.*® According to Talapin’s work, a plasmon does not occur in Cu,Se;* it is
a semiconductor, which has an energy barrier (band gap) separating valence band
electrons from the conduction band where electrons have a higher mobility.>* However,
when the nanocrystal is doped with Cu®* ions, these ions create vacancies in the valence
band energy levels (holes) in the crystal structure that exhibit damped oscillations in an
applied electromagnetic field just as do the conduction electrons in Au metal

% making photothermal heating possible.*

nanocrystals,
The motivation for using these nanocrystals to improve photothermal therapy is to

localize the nanocrystals to diseased tissue to achieve enhanced heating at the targeted
9



site under laser irradiation, while minimizing heating of adjacent healthy tissue that is not
loaded with nanocrystals.*® Therefore nanocrystals sensitize the targeted tissue to
photothermal heating by providing improved absorption of laser light, which is important
because often diseased and healthy tissues absorb the same amount of light in the absence
of nanocrystals.> The heat released during photothermal heating with nanocrystals is
intended to kill malignant cells by denaturing proteins essential to their survival.>>*®
Heating above 40°C will cause cell damage, while heating above 45°C is necessary to kill
cells in vitro.”>>" Solid tumors have been grown in nude mice, and it was shown that
regular photothermal treatments over 10 days can cause the tumor to stop growing and
fall off.>® An important design criterion for in vivo applications of the photothermal
nanoparticles is the overall nanoparticle size, since particle diameters between 5-100 nm
are considered ideal for penetrating tissue while avoiding rapid renal clearance from
circulation.®® This issue has prompted interest in developing smaller size Au
nanoshells and the degenerately doped semiconductor nanocrystals for photothermal

therapy.

1.3 Fluorescent Nanocrystals for Imaging and Detection

For biomedical imaging, semiconductor nanocrystals (quantum dots) have been
widely investigated as fluorescent labels.** Fluorescence from semiconductors occurs
after light absorption excites valence electrons into the conduction band.>® Unlike the

electrons in metals that have no band gap separating valence electrons from the

10



conduction band, the electrons in semiconductors do have to overcome the band gap
energy in order to enter the conduction band energy levels, as illustrated in Figure 1.5.
When light strikes a semiconductor nanocrystal, if the photon energy exceeds the band
gap energy then valence electrons will be promoted to the conduction band, thereby
generating a (conduction band electron)-(valence band hole) pair called an exciton.® The
exciton is analogous to the excited state in molecules. Within a few hundred
picoseconds,®° the electron-hole pair collide and recombine, releasing a photon of lower
energy than the incident light as the electron returns to the valence band (ground state).>
The band gap energy, and consequently the wavelength of emitted photons, depends on
the elemental composition and the size of the nanocrystal, the latter being due to quantum
confinement of the exciton to the physical dimensions of the crystal.”*®* Therefore, the
color of fluorescent nanocrystals can be tuned by controlling the elemental composition

and size through synthesis conditions.**

11
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Figure 1.5. Simple energy band diagrams to illustrate the valence and conduction bands
metals and semiconductors. Each band represents very closely spaced electron energy
levels within the nanocrystal, essentially forming a continuum of possible states. The
valence band is the black box, and it is filled with electrons. The conduction band is the
open box, containing available energy levels for electrons. In metals, the amount of
energy separating the conduction and valence bands is close to or equal to zero. In
semiconductors, the valence and conduction bands are separated by the band gap energy.
In semiconductors, valence band electrons can be excited with energy exceeding the band
gap (like photoexcitation) and promoted to the conduction band. In contrast to bulk
solids, nanocrystals contain a discrete number of atoms, and therefore discrete energy

levels will be present at the band edges.®?

For fluorescence-based imaging applications, quantum dots can serve as alternatives
to traditional small molecule organic dyes and fluorescent proteins. A thorough review
of the tradeoffs between using quantum dots versus organic fluorophores was published
recently.®® Organic dye molecules are smaller than quantum dots and often more easily
linked to biological targets. However, quantum dots exhibit more desirable optical
properties than organic dyes such as improved brightness, better photostability, broad

excitation spectra, and narrow, symmetric emission spectra.® The broad excitation
12



spectrum arises because quantum dots just need the light to have energy in excess of the
band gap to generate an exciton, and it is beneficial because multiple colors of quantum
dots often can be excited with light at a single wavelength, simplifying labeling
experiments that use different colors to label distinct targets.**

A key unresolved issue with quantum dots is their poorly characterized toxicity
relative to the organic dyes. The most commonly studied quantum dot materials are the
cadmium chalcogenides (S, Se, Te), and the high toxicity of cadmium metal raises global
health concerns.®® Literature sources on CdSe quantum dot toxicity often contradict one
another though, likely because the toxicity can be influenced by numerous factors
including quantum dot size, charge, concentration, surface coating, mechanical stability,
and stability against oxidation that may differ from one batch of nanocrystals to the
next.®®®” In spite of the fact that the reports are contradictory, many researchers have
begun to investigate the application of cadmium-free semiconductor nanocrystals (Si,
CulnSeS, ZnSe, etc.) for fluorescent labeling in biomedical imaging,®® however progress

so far has been marginal and warrants further study.

1.4 Nanoparticle Vehicles for Drug Delivery and Encapsulation

Drug molecules can be coupled to fluorescent or photothermal nanocrystals,
providing drug-based therapy in addition to the functions of the nanocrystal.*® This

coupling can be accomplished by encapsulating the drug in a matrix such as a porous

13
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solid,”®™ dendrimer,”? emulsion particle,*®" micelle,”*"™ or vesicle,”®”” and then fusing
the encapsulant with the nanocrystal. Developing methods to fuse nanocrystals with such
encapsulants is one focus of this dissertation, particularly using emulsion particles,
micelles, and vesicles.

Micelles and vesicles form by the self-assembly of surfactant molecules in water,
when the surfactant concentration exceeds the critical micelle concentration.”® Common
surfactants include detergents, amphiphilic polymers, and phospholipids, and these
molecules are typically composed of a polar group covalently attached to one or more
non-polar alkane chains. The surfactants self-assemble in water into aggregates in order
to minimize the contact of the alkane chains with water while maximizing hydration of
the polar groups.’®”® Consequently, the molecular shape of the amphiphiles dictates the
whether they will form micelles, vesicles, or other structures.?® The molecular shape is
characterized by the packing factor, P = V/(L*A), where V is the volume of the surfactant
molecule’s hydrocarbon chains, L is the length of the hydrocarbon region, and A is the
area that the polar head group occupies in the aggregate structure.?® The relationship

between packing factor and the structure of pure surfactant aggregates is summarized in

Figure 1.6.
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Figure 1.6. Structure of surfactant aggregates versus the molecular shape, quantified as
the packing parameter P = V/(L*A). For example, surfactants with a large headgroup
area A, short hydrocarbon chain length L and volume V, will pack into spherical

micelles. Adapted from Israelachvili and redrawn, with modifications.?®
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Among the different structures described in Figure 1.6, vesicles are interesting
because they have both a hydrophobic and a hydrophilic compartment, corresponding to
the lipid bilayer interior and the enclosed water cavity respectively. Therefore vesicles
are attractive for drug delivery because they can encapsulate water soluble drugs and
carry hydrophobic drugs, hydrophobic nanocrystals, or proteins in the bilayer as well.
While several studies have featured the use of phospholipid vesicles to disperse

71982 there have been no detailed studies that investigate how varying key

nanocrystals,
parameters — such as nanocrystal size, bilayer thickness, bilayer fluidity, and the presence
of additives — influence the incorporation of hydrophobic nanocrystals into vesicles.
According to recent theoretical calculations, each of those parameters should contribute
to the incorporation of hydrophobic nanocrystals into lipid bilayers.®

Controlling the bilayer fluidity requires careful consideration of the lipid
properties. The fluidity of the lipid bilayer depends on the length and unsaturation of the
fatty acid chains, as well as temperature. The fatty acid chain length and unsaturation
affect the temperature at which the chains transition from an ordered gel phase (Lg) to the
disordered liquid crystalline phase (L,).2*®® Lipid bilayers in the Lg phase are rigid, the
viscosity is very high, and lipid diffusion is slow. Lipid bilayers in the L, phase are
flexible, with lower viscosity and faster lipid diffusion than the Lg phase.?*®® The lipid
bilayer phase behavior is important to consider for processing vesicles — it is much easier
to disperse lipids in water and form vesicles when the lipids are in the L, phase.

Several methods are established for forming aqueous phospholipid vesicles. The

first step involves dispersing dry lipids in water above the critical micelle concentration
16



(usually on the order of nanomolar for phospholipids). There is not a strong
thermodynamic driving force for lipids to self-assemble into vesicles of a particular size,
therefore mechanical shear forces (ultrasonication, extrusion) are used to fragment larger,
micrometer-sized vesicles into smaller ones to obtain vesicles in the 50-200 nm diameter
range.®®" Alternatively, dry lipids can be dispersed in water using a micelle-forming
detergent (octylglucoside, sodium cholate, Triton X-100, etc.). The lipids incorporate
into the detergent micelles, and removal of the detergent by slow dialysis over 24-48
hours causes the lipid mole fraction in the micelles to increase over time until they
aggregate into lipid vesicles.®”® Careful control of the lipid:detergent molar ratio and
dialysis rate can produce vesicles with low polydispersity in the 50-100 nm diameter
range. ® The dialysis technique is often used for incorporating detergent-solubilized
membrane proteins into vesicles,***! however vesicle formation by mechanical agitation
often can be completed much faster (a few minutes) and it avoids the possibility of
residual detergent impurities being retained in the vesicles.

Stabilization of vesicle dispersions has similarities to stabilizing nanocrystal
colloids, but there are some additional considerations. Vesicles with lipid bilayers in the
L, phase are not rigid like hard spheres; rather, they are somewhat elastic and can
compress and deform before restoring to their average spherical shape. When two
vesicles approach one another, the undulation of their lipid bilayers can induce
hydrodynamic forces through the medium that repel the vesicles.”® Even vesicles having
a zwitterionic lipid bilayer and no steric stabilization can remain stably dispersed in

solution due to these undulation forces between vesicles. Though if the lipids are cooled
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to the Lg phase, zwitterionic vesicles without steric stabilization will tend to adhere to one
another and eventually precipitate from solution.

Besides forming micelles and vesicles, phospholipid and detergent surfactants
can stabilize emulsion particles in water for encapsulating hydrophobic drugs. Emulsion
particles consist of a low polarity oil droplet coated by a monolayer of surfactant.”® The
oil typically has a very high oil/water partition coefficient and a very high interfacial
tension with water (y). Coalescence of oil droplets lowers the average Laplace pressure
(IT = 2y/R)* by forming droplets with larger radii (R), so it is thermodynamically
favorable for an emulsified oil phase to separate from water into a bulk liquid.
Surfactants reduce the driving force for coalescence by lowering the interfacial tension of
emulsion particles and providing steric or electrostatic barriers at the droplet surface,
requiring a high activation barrier for droplet coalescence and thereby making the
emulsion particles metastable.” Metastable oil/water emulsions have been used to

% and emulsion

deliver hydrophobic drugs and vaccines to organisms in several studies,’
particles have hosted hydrophobic nanocrystals.'® However, detailed structural studies
are lacking that investigate how hydrophobic nanocrystals associate with emulsion

particles, and whether hydrophobic nanocrystals alter the emulsion particle structure.

1.5 Dissertation Overview

The synthesis of Au nanoshells of different sizes is presented in Chapter 2, showing

that the synthesis chemistry places a limit on the minimum nanoshell size that can be
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obtained. The synthesis and stabilization of Cu,.,Se nanocrystals is presented in Chapter
3, along with photothermal heating studies comparing the heating efficiency of Au
nanoshells, Au nanorods, and Cu,.«Se nanocrystals.

Chapter 4 discusses the encapsulation of various semiconductor nanocrystals in an
amphiphilic polymer coating. Chapters 5-7 are devoted to characterizing how Au
nanocrystals incorporate into phospholipid vesicles and squalene emulsion droplets.
Chapter 8 presents results on how semiconductor nanocrystals incorporate into vesicles
and emulsions. Chapter 9 summarizes the main conclusions of this dissertation and

makes some suggestions for future work.
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Chapter 2: Limitations on the Optical Tunability of Small Diameter Gold
Nanoshells®

2.1 Introduction

Gold (Au) nanoshells are plasmonic materials that strongly absorb and scatter
visible and near-IR light with size-tunable color.'® Au nanoshells are typically made by
coating a nanoparticle of a low dielectric constant material like silica with Au; the
core/shell size ratio determines the nanoshell plasmon resonance frequency.””’ Metal
nanoshells can be conjugated with biological molecules using relatively straightforward
chemistry,*'* and since nanoshells can be made with plasmon resonances at wavelengths
that are particularly transparent for tissue (the near infrared, between 700 nm and 1000

13,14

nm), they have been explored for use as optical scattering contrast agents for tumor

> Additionally, medical therapeutics might also be combined with

cell imaging.®'
imaging, as Au nanoshells could serve as vehicles for drug delivery or for minimally-
invasive photothermal therapy since light excitation leads to local heating that can be
used for targeted cell death.'*'®"

When Au nanoshells with plasmon resonance at near infrared wavelengths (700-
1000 nm) are synthesized, they typically have a diameter between 120 nm to 1 um in
diameter. "™ For in vivo medical applications, Au nanoshells in this size range have

6,14,20,21

limited access to the site of interest from the blood stream, as there are problems

with systemic delivery associated with quick clearance from the blood by liver and

S Portions of this chapter appear in the following publication: Rasch, M.R.; Sokolov, K.; Korgel, B.A.
Langmuir (2009), 25, 11777-11785. M.R. Rasch performed the experiments. All authors contributed to
writing the text. B.A. Korgel and K. Sokolov provided funding through research grants.
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2226 and limited diffusion of such big particles in tissue.”’*° Considering also the

spleen
various molecular coatings, such as polyethylene glycol (PEG) to suppress immune
response and other moieties needed for directed binding to biological targets, such as

16,30-33

antibodies, aptamers or peptide fragments, (which can add another 40 nm or so to

34,35

the bare particle diameter)” > nanoshells with smaller diameters, of 10 to 60 nm prior to

bioconjugation, are better suited for in vivo medical applications.

There are only a few reports of nanoshells with diameters of 10 to 60 nm.**™

Xia, et al.*’

recently reported Au nanoshells on 32 nm diameter silica-coated Au particles.
The optical absorption peak was relatively broad with a maximum wavelength of 681 nm.
Their transmission electron microscopy (TEM) showed that the nanoshells were not
spherical, and the limited optical tunability was attributed in part to rough surfaces and
agglomeration. Alternatives to the use of silica core particles for making smaller
diameter Au nanoshells have also been reported; for instance, Au nanoshells ranging
from 45 to 60 nm in diameter were made by depositing Au on 9 nm diameter iron oxide

nanoparticles.”*®

The plasmon wavelength range for these nanoshells was again
relatively limited, from 535 and 540 nm—comparable to the plasmon resonance
wavelengths of solid Au nanoparticles—because of their small core/shell thickness ratios.
Hollow Au nanoshells have also recently been made by galvanic displacement of silver
or cobalt nanospheres.’® The nanoshells grown from cobalt spheres ranged from 58 nm
to 60 nm in diameter with plasmon peak wavelengths ranging from 530 to 630 nm and

the nanoshells produced from silver spheres were 10-20 nm in diameter with a plasmon

resonances that could be tuned between 550 and 800 nm. These are promising results,
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but the structural stability of such unsupported nanoshells remains to be tested and may
present a problem for in vivo medical applications. Furthermore, a silica core can
incorporate smaller nanocrystals of different materials, like magnets or luminescent
semiconductors within the nanoshell that can provide added functionality, for multimodal
medical imaging contrast with both optical and magnetic signatures for example.?**
Considering the stability, biocompatibility, and potential for development into a
multi-functional material by manipulating the core material composition of the silica-
supported Au nanoshells, we aimed to understand the limitations of this system for
obtaining small diameter (20 to 60 nm diameter) Au nanoshells with size-tunable optical
resonances from visible to NIR frequencies. In this chapter, it is demonstrated that Au
nanoshells can be grown on silica spheres as small as 30 nm in diameter and on 40 nm
diameter silica spheres encapsulating 5 nm diameter magnetic iron oxide nanocrystals.
However, as the nanoshell diameter decreased, the plasmon peak was found to be tunable
out to increasingly shorter wavelengths. As the silica core diameter becomes smaller, the
geometric ratio of the Au shell thickness to the diameter becomes increasingly limited by
the ~2 nm diameter Au nanocrystals used to seed shell growth—the shell simply cannot
be made small enough to shift the plasmon to NIR wavelengths. The smaller diameter
nanoshells are also found to be highly susceptible to aggregation—to a much greater
extent than the larger diameter nanoshells. With model calculations of the size-
dependent inter-particle potential, it is revealed that larger nanoshells are more stable

than smaller nanoshells during synthesis because of more effective charge double-layer
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repulsion. These factors lead to fundamental challenges in the synthesis of smaller
diameter Au nanoshells with NIR plasmon resonances.
2.2 Experimental Details
2.2.1 Chemicals

Octyl ether (99%) and oleic acid (>99%) were purchased from Fluka. Iron
pentacarbonyl (Fe(CO)s, 99.999%), tetraethylorthosilicate (TEOS, 98%), IgePal CO-520
(M, ~ 441), tetrakis(hydroxymethyl)phosphonium chloride (THPC, 80% solution in
water), sodium hydroxide pellets (97+%), tetrachloroauric acid (HAuCl,-3H,0, 99.9+%),
tris(2°2-bipyridyl)dichlororuthenium(Il) hexahydrate (Rubpy, 99.95%), n-hexanol
(anhydrous, >99%), Triton X-100 (97+%), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), and 3-aminopropyltrimethoxysilane (APTS,
97%) were purchased from Sigma Aldrich. Cyclohexane (99.9%), potassium carbonate
(anhydrous, 99.8%), and formaldehyde solution (37% wi/w in water) were obtained from
Fisher Scientific. Ammonium hydroxide (NH4OH, 28% in water) was purchased from
EM Science. Colloidal silica particles (product name Organosilicasol™ IPA-ST-ZL, 30%
w/w SiO; in isopropanol, 70-100 nm particle diameter) were obtained from Nissan
Chemical Company. All chemicals were used as received. Doubly-distilled, deionized
(18 MQ resistance), 0.2-micron filtered water (DI1-H,0) was used for all preparations.
2.2.2 Silica-coated Iron Oxide Nanocrystal Synthesis

Iron oxide nanocrystal synthesis and subsequent silica coating was performed

using published procedures.*'**
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Hydrophobic 5 nm diameter iron oxide nanocrystals were first prepared on a
Schlenk line under nitrogen atmosphere. 10 mL octyl ether and 0.9588 mL oleic acid
were added to a 3-neck flask fitted with a cooling water condenser and two rubber septa.
A thermocouple was fed through one septum and allowed to contact the solution, and the
condenser was connected to a stopcock with Teflon valve. The system was purged of
oxygen by connecting the stopcock to the Schlenk line, closing the stopcock valve and
pulling vacuum, switching to nitrogen flow and opening the stopcock valve for a few
minutes, and repeating these steps for three additional cycles. Subsequently, the solution
was heated to 100°C under magnetic stirring using a heating mantle, which was powered
by a variable autotransformer linked to the thermocouple by an electronic temperature
controller. As soon as the solution temperature stabilized at 100°C for five minutes, 0.2
mL of iron pentacarbonyl was then injected into the flask and the mixture was heated to
297°C.* During heating, the reaction mixture proceeds through a series of color changes
from orange to clear yellow, and finally black at the final temperature setting. The
heating rate is important: the autotransformer was set to 70% power output and the
solution reached its temperature set point after 30-40 minutes. The mixture was refluxed
at 297°C for one hour, then the heating mantel was removed and the mixture was allowed
to cool under nitrogen by equilibrating the flask with room temperature air. When the
solution temperature reached 70°C, the reaction mixture was exposed to oxygen by
disconnecting the open stopcock from the Schlenk line. Once the reaction mixture cooled
to room temperature, it was poured into a centrifuge tube and centrifuged with ethanol

antisolvent (4 mL per 1 mL of reaction product) at 8000 rpm for 5 minutes at 20°C. The
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black precipitate was suspended in 10 mL hexane and re-precipitated with ethanol as just
described at least four times, then finally dispersed in cyclohexane and stored in a
parafilm-sealed glass vial. The iron oxide nanocrystals had a mean diameter of 5.0 + 0.8
nm, determined by TEM. Figure 2.1 shows a typical TEM image of the iron oxide

nanocrystals.

Figure 2.1. TEM image of iron oxide nanocrystals. Average diameter = 5.0 + 0.8 nm.

To coat the iron oxide nanocrystals with silica, 16.2 mL of cyclohexane was first
added to a 20 mL screwcap glass vial. With magnetic stirring, 0.800 mL Igepal, 37.7 uLL
iron oxide nanocrystals (15.5 mg/mL in cyclohexane), 0.130 mL of ammonium
hydroxide (28% in water), and 0.100 mL of TEOS were added to the vial in precisely that
order. The microemulsions were covered and stirred for 2 days. The nanoparticles were
extracted with about 5 mL of methanol. The nanoparticles were purified by adding 20
mL of hexane per 5 mL of extracted methanol dispersion. The solutions were centrifuged

at 2500 rpm for 6 hours. The precipitate was collected and re-dispersed in 5 mL ethanol.
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Hexane was added as an antisolvent to re-precipitate the nanoparticles. This dispersion
was centrifuged again to isolate the precipitated nanoparticles. This purification
procedure was repeated three times to remove unreacted TEOS and excess Igepal. The
final nanoparticle product was re-dispersed in 5 mL of ethanol. High centrifugation
speeds, complete drying (rotary evaporation), and an extensive number of centrifugation
cycles were all seen to make the silica particles very difficult to redisperse in any solvent,
so these actions should be avoided with all of the silica nanoparticle preparations.

2.2.3 Microemulsion-Assisted Synthesis of Silica Colloid Particles

30 nm diameter silica particles were synthesized in microemulsion media using
the published procedures.*® Two mL of Igepal, 0.325 mL of NH,OH (28% w/w) and
0.250 mL of TEOS (0.250 mL) were added sequentially to 41 mL of cyclohexane. After
stirring this cyclohexane solution for two days, the silica particles were extracted from
the organic phase with ~5 mL methanol. The particles were isolated and purified as
described for the silica-coated iron oxide.

Larger diameter (70 nm) silica particles were also made by a microemulsion
method, but required a different surfactant combination.*” The published procedures had
incorporated a fluorescent dye, Rubpy, and therefore this procedure was followed exactly
as described, including the addition of Rubpy, since the silica chemistry is sensitive to
any chemical changes. First, 7.5 mL cyclohexane, 1.8 mL n-hexanol, 1.77 mL Triton X-
100, 0.48 mL Rubpy (20 mM, aq), and 0.20 mL of TEOS were placed under magnetic
stirring for 20 minutes in a conical flask. Next, 0.060 mL of ammonium hydroxide was

added and the reaction was stirred for 24 hours. Subsequently, an equal volume (11.65
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mL) of acetone was added to the completed reaction with vortexing to break the
microemulsion. The dye-doped silica nanoparticles were collected by centrifuging at
3000 rpm for 30 minutes, the supernatant was discarded, and the particles were then
suspended in 5 mL of ethanol. 20 mL of hexane was added, the particles were
centrifuged again at the same parameters, and the supernatant was discarded. The
particles were suspended in 5 mL ethanol, and the centrifugation cycle was repeated two
more times.
2.2.4 Commercial Silica Preparation

The commercial silica colloid IPA-ST-ZL 1is supplied as an isopropanol
dispersion. Prior to gold shell growth, these silica particles need to be purified by size
selective precipitation and suspended in ethanol for surface modification. 20 mL of
hexane was added to 5 mL of ST-ZL isopropanol-based colloid and centrifuged for 1
hour at 2500 rpm. The supernatant was discarded and the white precipitate was re-
dispersed in 5 mL of ethanol with mild sonication. The concentrated sample was further
purified through size selective precipitation to collect the largest silica spheres. Hexane
was added dropwise to the nanoparticles until observing a slight change in turbidity
(typically after adding ~0.5 mL), the particles were centrifuged for 1 hour at 2500 rpm
and the precipitate was collected by pouring off the supernatant. The precipitated
nanoparticles were dispersed in 5 mL ethanol, and the observed average particle diameter

was 118 + 5 nm from TEM measurement.
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2.2.5 Determining Silica Nanoparticle Concentration

The number concentration of silica nanoparticles was important to keep track of
during synthesis, particularly for keeping the total silica surface area constant during Au
nanoparticle attachment and Au shell deposition for the various particle sizes. Mass
concentration of silica colloid (prior to APTS surface passivation) was determined by
drying 1.0 mL of nanoparticle dispersion using a rotary evaporator and measuring the
weight of the dried sample. Nanoparticle number concentration was found by dividing
the mass concentration by the bulk density of silica (2.2 g/cm’) and the average volume
per silica particle determined from TEM measurement. A similar procedure was carried
out for the silica-coated iron oxide sample, including the iron oxide core size and bulk
density (5.24 g/cm’) in the calculation. Note that the un-passivated (hydroxyl terminated)
silica particles dried to a film do not re-disperse well in ethanol or water, and were never
introduced back into the particle dispersion from which they were taken.
2.2.6 Silica Surface Modification with 3-(aminopropyl)trimethoxysilane

Prior to Au shell deposition, the silica particles were functionalized with amines
(APTS) using a modification of the procedures described by Lee for attaching
octyltrimethoxysilane (OTMOS) to silica spheres.** This method was more reproducible
than previously reported methods of refluxing silica spheres in APTS,*” and thus more
effective for reproducibly achieving high surface coverage of Au nanocrystals on the
amine-terminated silica particles in the next step. 0.10 mL of 30% NH4OH (aq) was
added to 10 mL of a 1 mg/mL dispersion of purified silica particles under magnetic

stirring.*® 0.5 mL of 10% v/v of APTS in ethanol was added dropwise to the dispersion.
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The dispersion was stirred for 24 hours. The nanoparticles were then precipitated by
adding 40 mL of hexane and centrifuging at 3000 rpm for one hour. After discarding the
supernatant, the particles were suspended in 5 mL ethanol with sonication. This
precipitation was repeated 2 times, after which the particles were re-dispersed with
sonication in 10 mL DI-H,O (1 mg/mL APTS-silica). The pH of this suspension is
typically ~10, which is above the pK, of the amine. Therefore, to protonate the amine for
better dispersibility, the pH was reduced to ~3 by adding a few drops of concentrated HCI
and sonicating the suspension.
2.2.7 Au Nanocrystal Seed Formation

A few days in advance of shell growth, Au seeds were prepared as previously
described.*’” 45 mL of DI-H,O was poured into a conical flask and stirred. 0.5 mL of IM
NaOH was added, followed by 1 mL of a THPC solution (12 pL of 80% THPC per mL
of DI-H,0O). The mixture was stirred for 5 minutes before adding 2 mL of a fresh 1%
w/w HAuCly (aq) solution. After 15 minutes, the solution turned dark brown, indicating
the formation of small (2-3 nm) gold seed particles. This colloidal Au dispersion was
stored at 4°C for a week until use, as suggested in the literature.'*'®** A TEM image of

the Au nanocrystal seeds is in Figure 2.2.
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Figure 2.2. TEM image of Au nanocrystal seeds. The average diameter is 2.9 + 0.3 nm

from measuring 110 nanocrystals.

2.2.8 Au Nanoshell Formation

Au nanoshells were prepared following the methods developed by Xia.** Shell
growth is carried out on silica nanoparticles that are surface-modified with exposed
amines. A gold nanoparticle seed layer is first adsorbed onto the silica particle surface,
followed then by the addition of a gold salt shell growth solution. Note that shell growth
is extremely sensitive to the details of the procedures and need to be carefully followed.

The gold hydroxide solution for shell deposition was prepared one day prior to
shell deposition. 25 mg of potassium carbonate was dissolved in 100 mL DI-H,O,
followed by the addition of 1.5 mL of a 1.0 % w/w HAuCly solution. After stirring for
~30 minutes, the solution appears colorless, indicating that hydrolysis of AuCls has
occurred.”’ This gold hydroxide solution was then stored for 24 hours in the dark and

used immediately. Storing the gold hydroxide solution for more than 2-3 days leads to a
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faint pink color and a solution that is no longer suitable for gold shell deposition, as
evidenced by formation of a nanoshell reaction product having low optical tunability, and
this is confirmed by other sources.*®

Prior to shell growth, Au seed particles were adsorbed to silica particles.”” The
APTS-treated silica particles were mildly sonicated for 20 minutes to ensure uniform
particle dispersion and then 2.5 mL of the APTS-silica dispersion (~100 cm?® silica
surface area per mL solution) was added to a 15 mL centrifuge tube, followed
immediately by the addition of 5.0 mL of THPC Au colloid.* The pH was re-adjusted (if
necessary) to 3.0 with a few drops of concentrated HCI, and the dispersion was gently
shaken for 2 minutes before storing in the dark overnight at 4°C. The resulting
nanoparticle product was isolated by centrifugation at 2500 rpm for 3 hours. The
supernatant was discarded and the precipitate was re-dispersed with sonication in 2.5 mL
DI-H,0O. This centrifugation and re-dispering cycle was repeated two more times to
remove any unattached gold remaining, as indicated by a colorless supernatant above the
precipitate.

For Au nanoshell growth, 4 mL of the as-prepared gold hydroxide reactant
solution was added to a 20 mL glass vial and placed under magnetic stirring.” After
sonicating for 20 minutes, Au-decorated silica was then added to this reactant solution
with amounts that depended on the desired Au shell thickness, from 0.01 mL to 1.5 mL.
The pH was adjusted from ~6.0 to 8.0 by adding 1-2 pL of NH4OH (aq, 30% w/w), as
recommended by ref 6 to inhibit homogeneous Au particle nucleation. 10 pL of

formaldehyde was then immediately added. The dispersion changes from colorless to
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blue over the course of about 10 minutes. The nanoshell product was isolated by
centrifugation at 2500 rpm for 1 hour. After discarding the supernatant, the precipitate of
Au nanoshells was redispersed in 4 mL of DI-H,O with sonication. As shown in Figures
2.3 and 2.4, the nanoshell dispersions varied in color from blue to red, with the red color
corresponding to the thickest Au shells. The nanoshells would sediment at a rate that
depended on the particle size: the largest diameter nanoshells had much better
dispersibility than the smallest diameter nanoshells. The poorer dispersibility of the

smaller diameter nanoshells is the result of their extensive aggregation.

P.'. .

Figure 2.3. Photograph of aqueous dispersions of Au nanoshells grown on 118 nm
diameter silica spheres. The amount of gold per silica surface area used during the shell
deposition increases from left to right: 26, 35, 56, 110, 430 nmol Au per cm’ silica,

respectively.

Figure 2.4. Photograph of aqueous dispersions of Au nanoshells grown on 38 nm
diameter silica spheres. The amount of gold per silica surface area used during the shell
deposition increases from left to right: 4.3, 26, 35, 56, 110 nmol Au per cm’ silica,

respectively.
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2.2.9 Ionic Strength Calculation of the Gold Hydroxide Solution
An estimate of the ionic strength of the Au nanoshell growth solution was needed
to calculate the electric double layer potential in chapter 2.3. The expression for the ionic

strength (1) for a solution with N charged species is

! :%-ZN:C. .27 (S1)

i
i=1

where C; is the concentration of species i and z; is its charge.”® The gold hydroxide
solution was prepared by stirring 25 mg of potassium carbonate in 100 mL DI water for
10 minutes, then adding 1.5 mL of a 1.0 % w/w HAuCI, solution. When potassium
carbonate is first added, [K*] is 3.6 mM and [COs?] is 1.8 mM, and the ionic strength is
5.4 mM. The carbonate anion equilibrates with water to give hydrogen carbonate and
carbonic acid. The equilibrium expressions, Equations S2 and S4, were used to model

the system, with Kp; = 5 x 10® mM and Ky, = 0.213 mM:>°

KHCO, + H,0«—>H,CO, + KOH (S2)

b = [HZCOS][_()H 7] . ]/Hzco37/OH’ (83)
[HCO;] Y vicos

K,CO, +H,0<«—>KHCO, + KOH (S4)

_[HCO,-[OH ] 7rcosYon- s5)

b _
? [CO3 2] Q/CO:EZ
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The ionic strength of the potassium carbonate solution was determined by iteratively

solving Equations S1, S3, and S5. With an initial guess of 5.4 mM for the ionic strength,

the tabulated activity coefficients arey, = 0.928, 7. .= 0.742, and y_ = 0.926.%

These values of y were used to calculate the concentration of each species based on the
initial mass of potassium carbonate, and then solving for the ionic strength. This process
was repeated until the value for the ionic strength converged. The calculated ionic
strength before adding the 1% w/w HAUCI, is 4.9 mM.

After adding hydrogen tetrachloroaurate to the potassium carbonate solution, Au
atoms associate with hydroxyls. The chemical reactions that take place in this gold salt

solution are:**

HAuCl, + 2K,CO, + H,0 «— Au(OH), + 2CO, + 4KClI

(S6)
2Au(OH), + K,CO, «—2KAuO, +3H,0+CO,
The net chemical reaction is equation S7.
2H" +2AuUCl, +5C0O.” «—>H,0+2Au0, +5CO, +8Cl~ (S7)

As reaction S7 shifts to the right with time, the ionic strength decreases. Consider

if reaction S7 proceeds from left to right in stoichiometric amounts. The -2 charged
carbonate species are oxidized to leave only ions with valences of +1, causing the ionic

strength to drop by about 58%. While we do not have the equilibrium constants for the
expressions in S6, evaluating the ionic strength based on the initial preparation conditions
yields an estimate of the maximum ionic strength attained in the gold salt solution. The

addition of gold chloride initially raises the ionic strength to about 5.3 mM, and then
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decreases over time. A 50-60% reduction in ionic strength will not have a significant
effect on the trends in particle stability versus size discussed in Chapter 2.3; order of
magnitude increases in ionic strength would be needed to change the trend in the stability

of the nanoshells to aggregation.

2.2.10 Materials Characterization

The nanoparticles were characterized using transmission electron microscopy
(TEM) and UV-visible-NIR optical absorbance spectroscopy. TEM samples were
prepared by drop-casting 5 pL of a nanocrystal dispersion on 200 mesh carbon-coated
copper TEM grids (Electron Microscopy Sciences) held at their edge with anti-capillary
tweezers. To create a thin nanocrystal film on the grid, the droplet was drawn off slowly
by touching a clean piece of filter paper to the edge of the grid. Low-resolution TEM
images were taken using a Philips 208 TEM, equipped with an AMT Advantage HR
model CCD camera, at 80 kV accelerating voltage. High resolution TEM images were
acquired with a JEOL 2010F TEM at 200 kV using a Gatan multipole scanning CCD
camera. Absorbance spectra were acquired with a Cary 500 spectrophotometer using

quartz cuvettes with 10 mm optical path lengths.

2.3 Results and Discussion
2.3.1 Au Nanoshell Formation and Morphology
Figure 2.5 shows TEM images of Au nanoshells on silica particles with

decreasing diameter, from 118 nm to 28 nm. The roughness of the Au nanoshells
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increased as the silica particle diameter was decreased and there was much more
aggregation of the smaller diameter nanoshells. A wvariety of different synthetic
parameters were modified to try to eliminate the aggregation and nanoshell roughness,
but it could not be avoided. Aggregation in particular was found to be a major problem

associated with the smaller diameter particles as discussed in more detail below.
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Figure 2.5. TEM images of silica particles with varying size—(A): 118 + 5 nm; (B) 74 +
3 nm; (C) 38 £ 1 nm with 5.0 + 0.8 nm diameter iron oxide core; (D) 28 + 1 nm—coated
with Au nanoshells. Each frame shows the nanoshells at different stages of the
deposition process: (i) bare silica; (ii) Au nanocrystal-decorated silica; (iii) partial Au

shell growth; (iv) complete Au shell formation.
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Figure 2.6 illustrates the nanoshell growth process. Silica spheres are first
decorated with Au nanocrystals that are used to seed the deposition of the Au shell. TEM
images of silica spheres coated with their Au seed layers prior to nanoshell deposition are
shown in Figure 1. The seed layer coverage is relatively sparse, with only 20-30%
coverage (based on TEM images), which is consistent with previous reports.> The
surface coverage of the Au seed particles is most likely limited by their charge double-

54,55

layer repulsion. The Au seed particle surface coverage does not vary significantly

with silica particle diameter.
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Figure 2.6. Illustration of Au nanoshell (yellow) deposition on a silica particle (gray) or
silica-coated iron oxide (brown) particle. Gold hydroxide is reduced in solution with
formaldehyde, which deposits Au onto the nanoparticle (NP) seeds on the silica particle
surface. Nanoshell growth is complete when sufficient gold hydroxide has been added so

that the seeds coalesce into a continuous shell (final step).

In the initial stages of shell growth, Au deposits isotropically on each spherical
seed particle that eventually becomes large enough to fuse with their neighbors into a
semi-continuous film on the silica surface (Figure 2.5, proceeding from panels (ii) to
(iii)). Additional Au deposition fills the voids in the Au film to form a continuous Au
shell (Figure 2.5, panels (iv)). In practice, the amount of Au deposited on the silica
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particles is manipulated by changing the ratio of Au-primed silica cores (Figure 2.5(ii)) to
the amount of the gold reactant solution added for nanoshell growth. There did not
appear to be any core silica particle size dependence on the actual Au deposition itself,
although the smaller diameter Au nanoshells were found to be rougher than the larger
diameter shells. The variation in thickness of the Au seed layer is likely responsible for
the observed roughness of the nanoshells. Since the variation in shell thickness from the
seed layer is the same for all shells, it is more pronounced when the seed has a smaller
diameter, giving an apparently rougher surface. The Au shell roughness appears to be
directly related to the monodispersity of the Au seed colloid and Au clustering on the
silica surface.
2.3.2 Au Nanoshell Optical Properties

The Au nanoshell plasmon absorbance peak shifts to shorter wavelengths as the
size ratio of the core radius/shell thickness decreases.””" Figure 2.7 shows the UV-Vis-
NIR optical absorbance spectra of aqueous dispersions of Au nanoshells grown on silica
particles of varying diameter. The maximum red-shift of the plasmon absorbance peak
decreased as the nanoshell diameter decreased. Since the Au nanoshells are limited to a
minimum thickness by the seed particle diameter, the largest attainable core/shell ratio
decreases as the silica particle diameter decreases; thus, resulting in shorter wavelength
surface plasmon resonances as the silica particle diameter decreased. This is one reason
that the plasmon resonance cannot be tuned as far to the red for nanoshells with
decreasing diameter. The seed particle diameter fixes the lower limit to the Au shell

thickness. If 2 nm diameter Au seeds could somehow be tightly packed on the silica
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particle surface to form a complete Au shell, then the Au nanoshells on 28 nm diameter
silica spheres would have a core radius/shell thickness ratio of 7, which would
correspond to a plasmon peak wavelength at ~790 nm according to Mie theory
calculations (Chapter 2.3.3).°® It is not, however, possible to pack these seed particles
into a complete layer on the surface as a shell, and the final Au shell thickness is larger
than the initial seed particle diameter. The thinnest Au shells that were obtained on the
118 nm diameter silica particles were 11 nm (TEM measurement), corresponding to a
core/shell ratio of 5.4. Based on Mie theory calculations, a core/shell ratio of about 4.5 is
needed to achieve a plasmon resonance at 700 nm, which corresponds to Au shell
thicknesses of 3.1 and 4.2 nm for the 28 and 38 nm diameter silica spheres, respectively.
Uniform Au shells thinner than 10 nm were not experimentally obtainable on any silica
core size.

As discussed previously, the different Au shell thicknesses were deposited by
varying the number of Au-decorated silica seed particles added to the nanoshell solution.
In each spectrum of Figure 2.7, the mole percent of Au added per seed particle is
indicated, relative to the amount of Au used to make the nanoshells with the most red-
shifted plasmon resonance wavelength (100%). The plasmon resonance wavelength
decreases as more Au is deposited on uniform nanoshells, as a result of reducing their
core/shell size ratio. This characteristic shifting of the plasmon resonance is observed for
all Au nanoshells, regardless of the silica particle diameter. Patchy, incomplete Au
nanoshells have plasmon resonance frequencies in-between those of silica spheres with

an adsorbed layer of separated 2 nm Au nanoparticles and those of uniform Au
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nanoshells. The smaller diameter nanoshells also exhibit a flattening of the absorbance
peak at longer wavelengths compared to the larger nanoshells and Mie theory predictions,
which is characteristic of aggregation.®’

Table 2.1 summarizes the lowest energy plasmon peak wavelengths obtained for
the different-sized nanoshells. The largest (118 nm core diameter) nanoshells exhibited
the most red-shifted plasmon peak at 733 nm. For each nanoshell size, the experimentally
measured plasmon peak wavelengths listed in Table 2.1 were used to estimate the
core/shell ratios from Mie theory, as described in Chapter 2.3.3. These estimated
core/shell ratios correspond to a thinner layer of Au deposition per silica particle than
observed by TEM. In the case of the 74 nm diameter nanoshells, Mie theory does not
predict a single plasmon resonance peak at 697 nm for any core/shell ratio, suggesting
that the Au shells may still be incomplete for this sample. The absorbance peaks for the
28, 38, and 118 nm diameter Au nanoshells can all be matched to a core/shell ratio using
Mie theory, but the theory predicts much sharper peaks and long wavelength shoulders
that are not observed experimentally. These features are probably lost to peak
broadening due to aggregation and surface roughness, which are discussed further below.

TEM analysis of the Au shell thickness is difficult for the heavily aggregated 28-
38 nm core diameter nanoshells, and only a few nanoshells can be distinguished on a
typical TEM image for size measurement. However, the TEM estimates and Mie theory
predictions for the core/shell ratios do not agree well for the nanoshells with core
diameters smaller than 100 nm. As seen in Figure 2.5, the 28-74 nm diameter nanoshells

had very rough surfaces and exhibited some aggregation, which likely made the plasmon
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absorbance peak more red-shifted than expected. Rough edges around the nanoshell
surface provide sites for localized electric field enhancements, similar to the more
extreme case of Au nanostars,”® creating plasmon oscillation modes at longer
wavelengths than expected for Au nanoshells with smooth surfaces. Nanoshell
aggregates also possess longer wavelength plasmon resonances due to additional
oscillation modes associated with their complex geometry.””’ Both roughness and
aggregation promote broadened, red-shifted absorbance peaks for the 28-74 nm diameter
nanoshells, causing Mie theory to over-estimate the core/shell ratio when the shells are

assumed to be smooth and monodisperse.
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Figure 2.7. Measured absorbance spectra of silica spheres coated with varying Au shell
thickness. Nanoshells with the most red-shifted plasmon peak are labeled as “100%
complete” as incomplete nanoshells exhibit plasmon peaks at lower wavelength than the
complete shells and the plasmon peak shifts back to the blue as the nanoshell thickness is
further increased. The 100% complete samples for 118, 74, 38, and 28 nm core sizes
correspond to 110, 30, 35, and 14 nmol of Au per cm? of silica used during shell

deposition, respectively. The absorbance axis scale is linear.
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Table 2.1. The lowest energy plasmon peak position (Amax) Observed for each nanoshell

as a function of silica particle size.

Silica Silica Particle  Total Silica  Nanoshell Core/shell  Core/shell

Diameter Concentration* Surface Extinction Ratio Ratio
(nm) during Growth Area Peak, Amax ~ Calculated  Estimate
during (nm) from Amaxt  from TEM
10
(x10°NP/ML) & owth” ;
(cm?/mL)

28 100 25 653 3.1 1.1+0.4

38 30 14 644 1.9 1.0+0.3

74 9 15 697 N/At 3.6+0.7

118 2 9 733 6.6 5.4+1.8

" Refers to the Au-decorated silica spheres added to the Au shell growth solution.

T Ratio is silica core radius divided by Au shell thickness. Mie theory calculations were
performed to match Anax to a core/shell ratio for smooth, non-aggregated nanoshells
(Chapter 2.3.3).

¥ The plasmon absorbance peak for this sample was not within the range of Amax
predicted by Mie theory for this size. See Figure 6 in Chapter 2.3.3.

2.3.3 Mie Theory Calculations of Au Nanoshell Optical Properties

An online Mie Theory Calculator was used to predict the absorbance spectra for
the different silica core sizes with varying Au shell thicknesses.””” For each silica core
size, the Au shell thickness was adjusted in the program until the maximum in the
predicted absorbance spectrum matched the maximum in the experimentally measured
spectrum. The program requires inputs of absorbance wavelength, material complex
refractive indices, and nanoshell dimensions to calculate the absorption of the core/shell
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particle. Producing a full, detailed absorbance spectrum by this approach can be tedious,
since the program allows input of only one wavelength at a time. Instead, the maximum
absorbance was obtained for each nanoshell size by computing the absorbance at 50 nm
intervals, starting at 400 nm wavelength and ending at 800 nm, and then narrowing the
wavelength interval where the absorbance is highest. Examples of full predicted spectra

overlaid with the experimentally measured spectra are shown in Figures 2.8, 2.9, and

2.10.

Experimental
e — wm «= |\lie Theory
02 1 1 1 1 1
400 600 800 1000 1200

Wavelength (nm)
Figure 2.8. Absorbance spectra for 118 nm core diameter nanoshells, determined

experimentally (solid line) and from Mie theory (dashed line). The core/shell ratio taken
from the Mie theory calculation was obtained by matching the plasmon resonance

wavelength with the experimental value.
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Figure 2.9. Absorbance spectra for 38 nm core diameter nanoshells, determined

0.0

experimentally (solid line) and from Mie theory (dashed line). The core/shell ratio taken

from the Mie theory calculation was obtained by matching the plasmon resonance

wavelength with the experimental value.
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Figure 2.10. Mie theory predictions for absorbance spectra of 74 nm core diameter

nanoshells with different core/shell ratios, compared to the spectrum obtained

experimentally (dashed curve) with the most red-shifted plasmon resonance peak.
50



The experimentally measured spectra were typically broader and flatter than the
spectra predicted by Mie theory. The 118 nm diameter nanoshells are predicted to have a
second plasmon resonance peak around 1100 nm, but only the higher energy peak at 730
nm was observed. The calculated absorbance spectra for the 74 nm diameter nanoshells
could not be tuned via the core/shell ratio to exactly match the plasmon resonance
wavelength of the experimentally measured spectrum, as seen in Figure 2.10. The 74 nm
diameter nanoshells may have incomplete Au shells, which would blue-shift the plasmon
absorbance peak relative to Au nanoshells with a complete Au layer of the same
thickness. The Mie theory calculations do not account for nanoshell surface roughness,
incomplete Au shells, or nanoshell aggregation, which are all apparent in these samples

based on TEM imaging.

2.3.4 Diluting the Nanoshell Growth Solution

We tried diluting the nanoshell growth solution to reduce the aggregation that
occurred during Au shell deposition. First, we tested the effect of dilution on Au shell
deposition with the largest silica spheres (118 nm diameter). During dilution the
following parameters were held constant — the pH (~8.0, adjusted with dilute NH,OH and
monitored by pH paper), the concentration of reducing agent, and the ratio of Au ion
concentration to silica particles. The shell growth medium was diluted using one of three
different solutions prior to adding the formaldehyde reducing agent: 1) DI water

(adjusted to pH = 8.0 with 1M aqueous NaOH), 2) aqueous potassium carbonate (1.8
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mM, the same concentration for preparing the gold hydroxide solution), and 3) an
aqueous HEPES buffer (50 mM, pH = 8.0). For the 118 nm nanoshells, dilution of the
shell deposition reaction produced marginal changes in the plasmon resonance
wavelength, as shown in Figure 2.11. This is not surprising, because TEM imaging
(Figure 2.5) showed that the 118 nm nanoshells are not aggregating during growth.
Unfortunately, diluting the small silica spheres (30 nm diameter) with DI water (pH = 8)
yielded a nanoshell product with a very weak, blue-shifted plasmon absorbance peak
relative to the case with no dilution (Figure 2.12). Therefore dilution does not reduce

aggregation of the small Au nanoshells.

Undiluted
[t L 2x Dil. w/ water
_______ 2x Dil. w/ K,CO,
— 2x Dil. w/ HEPES
— — — - 8X Dil. w/ water
8x Dil. w/ K,CO,

Absorbance

300 400 500 600 700 800 900 1000 1100 1200 1300

Wavelength

Figure 2.11. Absorbance spectra of Au nanoshells grown on 118 nm diameter silica
cores. The volume of the Au shell growth solution was diluted by factors of 2 or 8. The

8x diluted HEPES did not work.
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Figure 2.12. Dilution of the small diameter nanoshells (28 nm silica core) during Au

shell growth using deionized water adjusted to pH = 8 using 1M NaOH (aq).

2.3.5 Model for Size-Dependent Nanoshell Aggregation

After many experimental trials to deposit Au nanoshells on silica particles less
than 60 nm in diameter, it became clear that these smaller diameter Au-coated silica
particles were much more prone to aggregation than the larger diameter nanoshells.
Calculation of the interparticle potential energy as a function of nanoshell diameter
reveals why this is the case. Due to their higher surface curvature, the smaller diameter
nanoshells have a more diffuse charge double-layer and as a result are not as well
stabilized from aggregation as the larger diameter particles, despite their weaker van der

Waals attraction compared to the larger diameter nanoshells.
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The pair interparticle potential V,., can be approximated as the sum of an
(attractive) van der Waals V, potential and a (repulsive) double-layer potential V:®
Ve =Va+Ve (2.1)
The next few sections of this chapter describe the derivation of mathematical expressions
for each term in equation 2.1, and subsequently the calculation of Ve for Au nanoshells
and silica spheres decorated with Au nanocrystals as drawn in Figure 2.13. Table 2.2

summarizes the parameters used in the derived equations throughout this chapter.

Figure 2.13. Model geometry of silica particles (material, p; radius, r) covered by a
sheath layer of Au nanocrystals (material, s; thickness, §) that was used to determine the

pair inter-particle potentials. Material s is a composite layer made of Au nanocrystals
covering 30% of the silica surface and separated by solvent. The nanoparticle surfaces

are separated by a distance x across the water medium (material, w). The overall

nanoparticle radius is r + 8.
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Table 2.2. Parameters used to model nanoshell aggregation.

Parameter Description Value Reference
kT Thermal energy 4.04x 102 o1
e Fundamental charge 1.60x 10 C 61
€0 Vacuum permittivity 8.85 x 10™2 C%/N- 61
m2
Erel Solvent relative dielectric 80.1 61
constant
L Avogadro’s number 6.02 x 10% mol™* o1
I Solvent ionic strength ~5 mM See Chapter 2.2.8
¢ Au nanocrystal surface 30% 6,39
coverage
Py Au bulk density 19.3 g/em® o1
Pw Water bulk density 0.997 g/cm® 61
My Au molar mass 196.97 g/mol o1
My Water molar mass 18.02 g/mol 61
N Water viscosity 0.89 cP 61
) Thickness of Au nanocrystal 3nm TEM measurement
layer
Aq Au Hamaker constant in vacuo 48 x 1072 See Chapter
text
Aw Water Hamaker constant in 3.7x10%) 62
vacuo
A Silica Hamaker constant in 14.7x 102 62

vacuo




Magnetic Dipole Potential. For the silica-coated iron oxide nanoparticles, the coupling
between the magnetic dipoles of the iron oxide cores gives a negligible contribution to
equation 2.1 due to the absence of an applied magnetic field and the large thickness of the

silica layer. The interaction potential V,, between two magnetic nanoparticles (labeled 1

and 2) is™
L/—;“_:ﬁ-(z-cosel-cosez—sin6?1-sim92-003a) (2.2)
ﬂo'mf'(Z'DmJZ
TE TR (e 2.1 @3

60; is the angle between the ith nanoparticle’s magnetic dipole moment and a distance
vector connecting the nanoparticle centers, and o is the azimuthal angle between the
magnetic dipole moments. 1 is the magnetic constant (47 x 107 N/A?), x is the distance
between the surfaces of the silica-coated iron oxide nanoparticles, t is the thickness of the
silica layer (~16.5 nm), D, is the diameter of the magnetic nanocrystal core (5.0 nm), and
ms is the specific magnetization of the iron oxide core (3.1 x 10° A/m)*. At room
temperature, » has its maximum value of 0.0035 at zero separation between the silica-
coated iron oxide particles (x = 0 nm). Since the parenthetical term in equation 2.2 can
have a magnitude of at most 2 (61 = 6, = 0), the maximum magnetic attraction between
silica-coated iron oxide nanoparticles is only a very small fraction of kT, 5.6x10™* KT.
The magnetic dipole forces are even smaller for typical inter-particle separations in
solution, and furthermore, are weaker for larger diameter silica particles, and were

therefore neglected from the calculations.
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Derivation of the Electric Double-layer Potential. Vi between two particles of equal

radius r, separated by a distance x as illustrated in Figure 2.13, is®*%

(276, -5,-¢7)-r-In[1+exp(-x-x)]  for x-r>5
V, = 2.4)

2
47[.grel.go.(kT-rYj -exp(—K'X) for K'r<5
X+2-r €

where xis the inverse Debye length and Y is a function,

1000-e?-L-21 |
Kz{ } , (2.5)
grel ' 80 : k T
8tanh(4elf_l_ j
Y = = (2.6)

1{1_(2(/:?—;)1%&”"2(4?& ﬂ

Table 2.2 provides a description of the parameters. In Chapter 2.2.8, the solvent ionic
strength / was estimated to be <5 mM during Au nanoshell growth, and also ~5 mM

during Au nanocrystal attachment to the APTS-silica.

Derivation of the Van der Waals Potential. V, is determined for silica particles coated
with Au seed particles, like those illustrated in Figure 2.13. The Hamaker attractive

potential ¥, of a core/shell particle is®*

VA = _é[Hs '(Asl/2 - A\k/Z)Z +H p '(Atlz - Asllz)z +(H pls2 +H pZSl).(A]F.)IZ - Asllz)'(Asl/Z - A\}vlz)]

2.7)
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The in vacuo Hamaker constants for water (4,,), silica (4,), and gold (4,) are listed in
Table 2.2. The value for the gold in vacuo Hamaker constant (A, = Aj;) is obtained by
solving equation 2.8, using the in vacuo Hamaker constant of water (Ay, = A33 =3.7 x 10

2% 1) and the gold Hamaker constant reported in aqueous medium (Agold-water-gold = 25 X

20 _ .60,65,66
1 0 - A131).

As = A+ Ay — 2 A A, (2.8)
The Hamaker constant A, of the gold/water sheath layer drawn in Figure 2.13 is:**
N N
_ g 1/2 w 1/2

N,’ and Ngo are the number densities of pure water (H,O molecules per cm’) and solid Au
(Au atoms per cm’) respectively, and N,, and N, are the number densities of water and Au
in the sheath layer. The number n of Au nanocrystals on each silica particle is based on
the area of the Au nanocrystals projected onto the silica particle surface, which is given in

simplified form by equation 2.10.

n= 2-¢ (2.10)

[1—cos (sin‘l(;)ﬂ
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It follows that the Au and water concentrations in the sheath layer are represented by
equations 2.11 and 2.12. Note that bare silica spheres can be represented by setting n

equal to zero.

-L . S8
RS ML A @.11)
My 8 [(r+5)°—r’]
L M
N, =P = 1- 2N (2.12)
M, py-L

The Hamaker functions in equation 2.11 for the sheath-sheath (Hj), particle-particle

(H)), and particle-sheath (/) interactions are determined from equations 2.13-2.15.

H=— Y 4 . 2l Y Yy (2.13)
Vi+yz+y Y AyI+y+z Y 4+ Yz +Yy+2
A R,
I S 1 2.14
y 2R, R, (2.14)

i=s, A=X, R=r+d, R,=r+o
i=p, A=x+26, R=r, R, =r

. (2.15)
iI=ps,, A=Xx+06, R=r, R,=r+o

i=p,S, A=X+9, R=r+d, R, =r
In the above equation, i denotes the type of material — s refers to the sheath layer and p
refers to the silica nanoparticle. The parameters x, r, and 6 correspond to the particle

geometry and were illustrated in Figure 2.13.
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Calculation of the Net Inter-particle Potential. Calculations of V , as a function of

silica core diameter are plotted in Figures 2.5 and 2.6. Figure 2.14 represents bare silica
particles (no adsorbed Au), while Figure 2.15 represents the Au-coated silica particles
illustrated in Figure 2.13. For all of the nanoparticle diameters shown in Figure 2.14,

there is a repulsive peak in V, (X), but it is weaker for silica nanoparticles with decreased

diameter. The repulsive peak for the 30 nm diameter silica particles reaches a maximum
at about 10 A7 (260 meV) versus about 25 kT for the 120 nm diameter silica particles.
Since this barrier represents an activation energy for particle aggregation,®’ the 30 nm
diameter particles are more likely to aggregate with each inter-particle collision in
solution than the 120 nm diameter silica particles. The Au-decorated silica spheres also

exhibit this dramatic difference in stability with differing particle diameter.
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Figure 2.14. Pair inter-particle potential (black curves), van der Waals attraction (red
curves) and electrostatic double-layer repulsion (green) calculated using Eqns 2.1-2.15

for silica core diameters noted in the legend. Calculations were performed for silica

spheres coated with APTS at pH of 3: (=42 mV.**%
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Figure 2.15. Pair interparticle potential (black curves), van der Waals attraction (red
lines), and electrostatic double-layer repulsion (green) calculated using Eqns 2.1-2.15 for
silica core diameters shown in the legend. The calculations are for silica spheres

decorated with 3 nm Au nanocrystals (30% coverage) at pH of 7: (= -32.5 mV.%*%

2.4 Conclusions

As their diameter decreases from 120 nm to 30 nm, Au nanoshells are more prone
to aggregation during the Au shell deposition step. Rather extensive aggregation is
observed by TEM and is apparent from their absorbance spectra. Model calculations of
the inter-particle potential revealed that the significant aggregation of smaller diameter
Au nanoshells is related to the more diffuse charge double layer of the smaller particles.

The collisions between 30 nm diameter nanoshells are inhibited by a smaller energy
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barrier, making them more likely to aggregate than the 120 nm diameter nanoshells with
each collision in solution.

The smaller diameter nanoshells also exhibit less optical tunability of their
plasmon absorbance peak to the red than larger diameter nanoshells. The core/shell size
ratio dictates the plasmon peak energy and the size of the gold seeds provides a lower
limit to nanoshell thickness. In practice, the shells are thicker than this as a result of the
shell deposition process, with a minimum thickness of ~10 nm. This limits the plasmon
resonance frequency well into the visible wavelength range for the smallest diameter 30
nm silica spheres.

To obtain small diameter Au nanoshells with strong absorption near the NIR
wavelengths, smaller Au nanoparticle seeds are needed in order to obtain higher
core/shell size ratios. This is a challenge, but perhaps more significantly, a high
nanoshell aggregation rate would still be a problem. Perhaps one approach that might
enable stable small diameter Au nanoshells (20-60 nm in diameter) to be synthesized
would be the use of a surfactant- or microemulsion-based reaction media that provides
steric stabilization of the growing shells, as opposed to charge stabilization. This
chemistry has yet to be developed, but should be possible unless steric stabilization

creates a physical barrier to the deposition of Au.
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Chapter 3: Copper Selenide Nanocrystals for Photothermal Therapy®
3.1 Introduction

Over the last decade, numerous researchers have been investigating the
development of inorganic nanocrystal-based therapeutics to fight cancer.® Nanocrystals
can enhance the heating and destruction of cancer cells under irradiation with near-
infrared (NIR) light, and this is potentially useful for targeting cell death to tumors
without damaging adjacent healthy tissue.”* Importantly, nanocrystals that are useful for
photothermal therapy must have strong light absorption, particularly at wavelengths in
the NIR between 650-950 nm where the absorbance of tissue is at a minimum.®

Several types of gold (Au) nanocrystals have large optical extinction coefficients
at NIR wavelengths, such as Au nanoshells,® nanorods,” and nanocages.®® These Au
nanocrystals have been widely studied for application in optical diagnostic imaging and
therapy, since they can be excited with light at their plasmon resonance frequency to
produce both considerable light scattering and heat. The Au nanocrystals are further
interesting because their plasmon resonance frequency can be tuned by controlling the
nanocrystal size and shape through synthesis parameters.’®** However, Au nanoshells

10,12,13

and nanorods are rather large — nanoshells are over 100 nm in diameter, and

nanorods typically have a 10 nm diameter and 50 nm length.** Ideally nanocrystals

should have a diameter between 10 — 50 nm to increase bloodstream circulation time, >’

$ Portions of this chapter appear in the following publication: Hessel, C.M.; Pattani, V.P.; Rasch, M.;
Panthani, M.G.; Koo, B.; Tunnell, J.W.; Korgel, B.A. Nano Letters (2011), 11, 2560-2566. The
experiments were performed by C.M. Hessel, V.P. Pattani, M. Rasch, M.G. Panthani, and B. Koo. The
publication’s text was written by C.M. Hessel, V.P. Pattani, M. Rasch, J.W. Tunnell, and B.A. Korgel.
Funding was provided by research grants to J.W. Tunnell and B.A. Korgel.
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since larger nanoparticles are removed by the reticuloendothelial system (primarily the
liver and spleen) and smaller particles by the renal system.’®? In addition, Au nanorods
are coated by the cetyltrimethylammonium bromide (CTAB) surfactant, which is
cytotoxic and difficult to remove completely from nanorod dispersions without
compromising the nanorod stability.*®

Besides Au, other nanomaterials such as germanium nanocrystals,?* porous
silicon,?? graphene flakes,?® carbon nanotubes,** copper(l1) sulfide nanocrystals,® and
carbon-coated iron cobalt nanocrystals?® can generate heat and kill cancer cells during
irradiation with NIR light. However there is still a need to develop biocompatible
nanocrystals in the 10 — 50 nm diameter size range for photothermal therapy, and copper-
based semiconductors have been recognized as biocompatible alternatives to Cd-based
nanocrystals as contrast agents for in vivo cancer imaging.>*"* Recently the potential
of copper(I1) sulfide for photothermal therapy was investigated, but the photothermal
transduction efficiency of this nanomaterial was limited.” In this chapter, it is
demonstrated that Cu,.xSe nanocrystals have comparable photothermal transduction
efficiency to Au nanorods and nanoshells. When excited by a NIR laser at 800 nm, the
Cu,.xSe nanocrystals demonstrate significant heating that kills human colorectal cancer
cells.
3.2 Experimental Details
3.2.1 Chemicals

Methanol (Sigma, 99%), ethanol (Sigma, 99%), Poly(isobutylene-alt-maleic

anhydride) (Mw~6000 Da, 39 monomer units per molecule, Sigma), anhydrous
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tetrahydrofuran (Sigma, > 99.9%), anhydrous chloroform (Sigma, > 99 %), sodium
hydroxide pellets (Sigma, > 98%)), boric acid (Sigma, 99%), copper chloride (anhydrous,
beads, > 99.99%), selenourea (ACROS, 99.9+%), oleylamine (Sigma, 70%), 3-
aminopropyltrimethoxysilane (Sigma, 97%), ammonium hydroxide (Sigma, 28%, ACS
reagent grade), ethanol (Sigma, reagent grade), hydrochloric acid (Sigma, 37%, reagent
grade), gold (II) chloride trihydrate (Aldrich, > 99.9%), potassium carbonate (Sigma,
>99.0%, ACS reagent grade), formaldehyde (Sigma, 37 wt. %, ACS reagent grade),
cetyltrimethylammonium bromide (Sigma, > 99%), sodium borohydride (Sigma, 98%),
silver nitrate (Sigma, >99.0%, ACS reagent grade), ascorbic acid (Sigma, >99.0%) and
phosphate-buffered saline powder (Sigma) were purchased and used as received. All
aqueous solutions were prepared using deionized (DI) water having an 18 MQ resistance.
3.2.2 Cu,xSe Nanocrystal Synthesis

All precursor mixtures were prepared in a nitrogen filled glovebox (< 1 ppm O2)
and transferred to a Schlenk line. In a typical synthesis the copper and selenium reactant
mixtures were prepared in parallel and combined by hot injection to induce nucleation
and growth. The copper reactant was prepared by combining 0.198 g (1 mmol) of CuCl
and 10 mL of oleylamine in a 125 mL three neck round bottom flask. The mixture was
heated to 130 °C for 10 minutes under nitrogen and vigorous stirring. CuCl dissolved at ~
90 °C to form a yellow/blue solution. The solution was cooled to 100 °C prior to selenium
injection. The selenium reactant was prepared by combining 0.123 g (1.0 mmol) of
selenourea and 1 mL of oleylamine in a 25 mL 3 neck round bottom flask. The mixture

was heated to 200 °C for 10 min under nitrogen and vigorous stirring. At~ 170 °C the
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selenourea dissolved and the solution became dark brown/red. The solution was cooled to
160 °C, drawn into a syringe, and rapidly injected into the flask containing CuCl and
oleylamine. The solution became black upon injection and was heated to 240 °C for 30
min. The flask was removed from the heating mantle and allowed to cool to room
temperature. The nanocrystals were precipitated by the addition of 20 mL ethanol,
followed by centrifugation at 8000 rpm for 1 min. The blue supernatant was discarded
and the green/black nanocrystals were dispersed in anhydrous chloroform. Prior to
characterization and polymer coating the dispersions were centrifuged at 8000 rpm for 5
min to remove aggregated, poorly-capped nanocrystals. A typical reaction yields about
100 mg of nanocrystals. Several batches of nanocrystals were prepared for this
investigation; some batches were prepared by the author of this dissertation, and some
were prepared by Colin Hessell.
3.2.3 Gold Nanoshell Synthesis

Gold nanoshells were grown around amine-passivated silica core particles as
described in Chapter 2. Briefly, 100 nm diameter colloidal silica spheres (Nissan
Chemical Co.) were reacted with 3-aminopropyltrimethoxysilane and NH4OH in ethanol
for 12 hr. The silica spheres were precipitated by centrifugation and dispersed in
deionized water titrated to pH 4 with 1 mM HCI. The amine-passivated silica spheres
were mixed with an aqueous solution of 2 nm Au nanoparticles to promote Au surface
adsorption. The Au-decorated silica spheres were purified from the excess Au
nanoparticles by centrifugation and dispersed in deionized water. Au nanoshells were

grown by mixing the Au decorated silica spheres with Au plating solution (0.4 mM
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HAuCl4in 1.8 mM K2COs), followed by the addition of 30% formaldehyde solution that
served as the reducing agent. The Au nanoshells were collected by centrifugation at
3000g for 5 minutes and dispersed in deionized water. The Au nanoshell thickness was
tuned to approximately 10 nm by varying the amount of Au-decorated silica spheres
added to the Au plating solution.
3.2.4 Gold Nanorod Synthesis

Gold nanorods passivated with cetyltrimethylammonium bromide (CTAB) were
synthesized as previously described.™ In brief, a 10.6 mL aqueous Au nanocrystal seed
solution was prepared by mixing HAuCl4 (0.24 mM) with NaBH4 (0.57 mM) in the
presence of CTAB (94 mM). The 10.3 mL rod growth solution was prepared by
combining CTAB (98 mM), HAuCl4 (0.49 mM), AgNOs (0.094 mM), and ascorbic acid
(0.54 mM) in deionized water. Nanorod growth was initiated by injecting a 12 uL aliquot
of the seed solution into the growth solution, gently mixing for 2-3 seconds, and then
storing at 27°C for at least 12 hours. The nanorods were collected by centrifuging to a
pellet at 8000g for 10 minutes, and then dispersed in deionized water. The nanorod
dimensions were tuned to 49 x 13 nm (aspect ratio: 3.8) by varying the amounts of
AgNOs or seed solution added to the growth solution.
3.2.5 Commercial Gold Nanorods and Nanoshells

Concentrated Au nanorod and nanoshell solutions were obtained from
Nanospectra Biosciences, Inc. (Houston, TX). The fabrication process for both

nanoparticles has been discussed in detail previously.®*' The Au nanorods are 23 x 7 nm
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(aspect ratio: 3.3). The nanoshells are 145 nm in diameter, with an 8 nm thick Au shell.

The Au nanorods and nanoshells are conjugated with Polyethylene Glycol.

3.2.6 Amphiphilic Polymer Synthesis

The amphiphilic polymer synthesis was adapted from a published protocol.** In a
capped, single neck round bottom flask, 100 mL of anhydrous THF, 15 mmol (3.45 mL)
of oleylamine, and 3.084 g of poly(isobutylene-alt-maleic anhydride) (20 mmol of
monomer units) were added sequentially to form a turbid white solution. The flask was
sonicated for 1 min to suspend the insoluble polymer, and was heated at 60 °C for 3 hr
under vigorous stirring. The suspension became clear after 15 minutes of stirring. After 3
hours, the solution was cooled to room temperature and reduced in volume to 20 mL with
a rotary evaporator. The clear solution was stirred again at 60 °C for 12 hours under
vigorous stirring to ensure complete coupling between the polymer and oleylamine. The
solution was cooled to room temperature and the remaining solvent was removed with a
rotary evaporator, yielding the pale yellow, solid amphiphilic polymer. The solid polymer
was transferred to a nitrogen filled glove box (< 0.1 ppm O2) and dissolved in 25 mL of
anhydrous CHCIz to give a monomer unit concentration of 0.8 M. The amphiphilic
polymer solution was stored in a glass vial within the glovebox until use.
3.2.7 Cu,.xSe Nanocrystal Polymer Coating

The Cu2-xSe nanocrystal polymer coating was adapted from a protocol previously
applied to other hydrophobic nanocrystal materials.®* In a 50 mL round bottom flask, 53

uL of the amphiphilic polymer stock solution (0.8 M monomer units in CHCI3), 0.40 mL
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of the oleylamine passivated nanocrystals (4.0 mg/mL in anhydrous CHCIz3), and 2.55 mL
of anhydrous CHCIs were combined and vortexed with magnetic stirring for 15 minutes
at room temperature. The solvent was removed by rotary evaporation to yield a green
Cu2-xSe-polymer film on the inner wall of the flask. 2.0 mL of aqueous sodium borate
buffer (SBB, 50 mM borate, pH 12) was added to the flask and stirred for 15 minutes at
room temperature to disperse the Cu2-xSe -polymer. Once suspended, 13.0 mL of DI
water was added to the flask to dilute the nanocrystals. The aqueous Cu2-xSe nanocrystal
solution was passed through a 0.2 um-pore syringe filter (Corning, PES membrane),
followed by a 0.1 um-pore syringe filter (Whatman, inorganic membrane). The filtered
nanocrystal solution was placed in an ultracentrifugation filter (Amicon Ultra,
regenerated cellulose membrane, 50 kDa molecular weight cutoff) and centrifuged at
4000g for 4 minutes at room temperature. The colorless filtrate was discarded, and the
concentrated nanocrystal retentate solution was diluted to 15.0 mL with aqueous, sterile-
filtered phosphate buffered saline (PBS, 150 mM, pH 7.4). The ultracentrifugal filtration
process was repeated two more times using PBS to dilute the nanocrystal retentate
solution. The nanocrystal solution was dialyzed against PBS at 150 mM and pH 7.4 for
24 hr. The final aqueous nanocrystal solution was stored in a glass vial under ambient
conditions until use.

3.2.8 Material Characterization

Electron Microscopy. The Cu,Se nanocrystals were examined by low and high
resolution transmission electron microscopy (TEM and HRTEM). TEM images were

acquired with either a Phillips EM208 TEM operated at 80 kV accelerating voltage or a
74



JEOL 2010F TEM operated at 200 kV. The latter was operated by Matthew Panthani.
The nanocrystals were imaged on 200 mesh continuous carbon-coated copper TEM grids
(Electron Microscopy Sciences, catalog # CF200-Cu-50), drop-cast from 5 pL of dilute
chloroform dispersions of the Cu,.xSe nanocrystals. In the case of the aqueous polymer-
coated nanocrystals, a negative staining procedure was used to visualize the polymer
coating. A 5 uL drop of aqueous sample was placed on a carbon-coated copper TEM
grid and incubated under ambient conditions for 1 minute. A torn piece of filter paper
was used to wick off the liquid from the edge of the TEM grid, and the grid was
incubated another minute. Then, 5 uL of a 1.0% w/w aqueous solution of ammonium
molybdate (Electron Microscopy Sciences) was added to the grid. After 5 seconds, the
liquid was carefully wicked off of the grid using a fresh piece of filter paper, and the grid

was allowed to dry in air for over an hour.

Powder X-ray Diffraction. XRD experiments were performed by Colin Hessel. The data
was obtained for 5 mg of Cu,.,Se nanocrystals on quartz substrates using a Bruker-
Nonius D8 Advance diffractometer. Scans of 20° were performed from 10 — 90° in 0.02

(20°) increments at a scan rate of 12.0°/minute for 6 hours.

Thermogravimetric Analysis (TGA). TGA was performed by drying 3 mg of Cu,.xSe
from a chloroform dispersion in a 70 puL alumina crucible at room temperature, loading

the crucible into a Mettler Toledo TGA-1, and heating the crucible from room
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temperature to 800°C under 1 mL/minute N»(g) purge while measure sample mass and

temperature versus time.

Inductive-coupled plasma mass spectrometry (ICP-MS). ICP-MS was performed on the
polymer-coated Cu,.Se nanocrystals by adjusting the absorbance at 800 nm to 1.0 and
then digesting the inorganic material. Digestion was performed in containers cleaned
with trace metal purity nitric acid and deionized water. The trace metal purity nitric acid
(69% v/v) was used in all steps. The nanocrystals were concentrated on a centrifuge filter
(100 kDa molecular weight cutoff) and dispersed in 10 mL deionized water two times, in
order to remove salts from the dispersion. A 0.5 mL sample of agqueous polymer-coated
Cu,.xSe nanocrystals was added to a clean 50 mL round bottom flask, and the water was
removed by rotary evaporation at 20 mbar pressure and 40°C temperature. Next 3.0 mL
of nitric acid (69%) was added to the dry nanocrystal film, the flask was sealed with a
glass stopper and wrapped with parafilm, and then it was stored for 2 days to digest the
nanocrystals. Subsequently, 86 mL of deionized water was added to a clean plastic
bottle, followed by 2.5 mL of the digested nanocrystal solution. The sample was
submitted to the ICP-MS analysis facility in the University of Texas Geology Department
for characterization. In addition, Cu and Se standards were prepared at 200 ppb
concentration by dissolving high purity Cu® and Se® solids in nitric acid and diluting with
nitric acid (2% v/v in deionized water) in a clean plastic bottle. For the Cu standard, ICP-

MS analysis detected that [Cu] = 216 ppb and [Se] = 0.1 ppb. For the Se standard, ICP-
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MS analysis detected [Cu] = 0.2 ppb and [Se] = 204 ppb, verifying correct calibration of

the instrument.

Absorbance Spectroscopy, Light Scattering, and Zeta Potential. Absorbance spectra
were acquired either with a Cary 500 UV/vis spectrophotometer or a Beckman Coulter
DU720 using a quartz cuvette with a 10 mm optical path length. Zeta potential was
measured by laser Doppler anemometry using a Zetasizer Nano ZS instrument (Malvern).
Polymer-coated Cus.,Se nanocrystals dispersed in deionized water (~10*°
nanocrystals/mL) were loaded into a disposable folded capillary cell (Malvern, 1.5 mL
volume) equipped with two electrodes. The cell was placed in the Zetasizer, which
applied an alternating electric field across the cell. Particle mobility in the electric field
was measured with the Zetasizer by recording the phase shift of an incident laser beam.
Particle mobility was then converted to zeta potential by the Zetasizer software using
Smoluchowski theory.®®* The average hydrodynamic diameter of the polymer coated Si
nanocrystals in PBS was measured by dynamic light scattering using the Zetasizer
instrument. The particles were placed in the disposable capillary cell at about 10*°
nanocrystals/mL concentration for light scattering measurements. The Zetasizer detected
the intensity of backscattered photons at a 173° angle from an incident 4 mW He-Ne (633
nm) laser over a time interval of 10 seconds, using a sample time (t) of 0.5 microseconds.
The hydrodynamic diameter was then extracted from the light scattering data using the

method of cumulants.*
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3.2.9 Photothermal Heating and Transduction Efficiency

Photothermal heating experiments were performed with Varun Pattani in
Professor James Tunnell’s research lab in the University of Texas Biomedical
Engineering department. The heating characteristics of all photothermal materials were
measured with an infrared camera (FLIR Systems SC4000, Boston, MA), using an 800
nm diode-laser (Opto Power Corp., Tucson, AZ) focused to 6 mm with a biconvex lens as
the excitation source. All materials were dispersed in deionized water to an optical
density (OD) equal to 1.0 at 800 nm and prior to measurement. Solutions were sonicated
for 1 min and 300 pL aliquots were transferred to a 96-well plate. Deionized water was
used as the control. The laser power was calibrated to a fluence rate of 2 W/cmzwith a
power meter (Newport Corp., Irvine, CA). Measurements were collected by irradiating
each well for 5 min and simultaneously collecting the solution temperature using the
infrared camera and ThermoVision software (FLIR Sys., Boston, MA). All comparisons
and analyses were performed in MATLAB (The Mathworks Inc., Natick, MA).
3.2.10 In Vitro Cytotoxicity Studies

Cytotoxicity studies were performed by Varun Pattani in Professor James
Tunnell’s research lab in the University of Texas Biomedical Engineering department.
Human colorectal carcinoma HCT-116 cells (ATCC, Manassas, VA) were grown in 12-
well plates in McCoy’s SA Modified Medium (ATCC) supplemented with fetal bovine
serum (10% /volume) (Invitrogen, Carlsbad, CA) and penicillin streptomycin (1%
/volume) (Invitrogen). Cells incubated for approximately two days until 80% confluence

was reached. After the desired confluence was reached, the medium was removed and the
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cells rinsed with phosphate buffered saline (PBS) (Thermo Fisher Scientific, Waltham,
MA), and charged a combination of new media (0.375 mL) along with a volume of Cu,-
xSe dispersion (0.125 mL, 157 mg/L) to give a solution concentration of 39 mg/L (2.8 x
1015 NCs/L, equivalent concentration to 0.25 OD by absorbance spectroscopy). Cells
were incubated for 0.5 hr, 1 hr, 3 hr, and 6 hr at 37°C. Control cells received fresh
nanoparticle-free supplemented media and were incubated for 6 hours. After the
incubation the media was replaced to remove all unbound Cu,.«Se nanocrystals. The cells
were exposed to a membrane permeability stain, Trypan blue (Invitrogen), to assess cell
death. Dead cells absorb the dye, exhibiting a blue color, whereas viable cells look clear
and normal under a brightfield microscope. The cells were incubated for 3 min with
Trypan Blue, rinsed with PBS, and quickly imaged. Brightfield images were collected
with a brightfield microscope (Carl Zeiss AG Invertoskop D, Germany) equipped with a
Powershot G12 camera (Canon Inc, Tokyo, Japan).
3.2.11 In Vitro Photothermal Therapy with Cu,.4Se Nanocrystals

Photothermal therapy studies were performed by Varun Pattani in Professor
James Tunnell’s research lab in the University of Texas Biomedical Engineering
department. For the photothermal therapy experiments, cells were cultured by the above
method by adding Cu,.xSe nanocrystals to the supplemented medium at the equivalent
concentration of 0.25 OD. The cells containing Cu,.xSe nanocrystals were incubated 30
min at 37°C. Control cells received fresh nanoparticle-free supplemented medium and
were incubated as well for 30 minutes. After incubation the nanoparticle medium was

replaced to remove all unbound nanoparticles, and added fresh supplemented medium to
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the cells. The cells were placed under the infrared camera and irradiated with the NIR
diode laser (ThorLabs L808P1WJ, Newton, NJ) for 5 minutes at 30 W/cm?and a 1 mm
circular spot. The irradiation was performed on both the cells that received the
nanoparticle medium as well as the control cells. Cells were incubated for one hr at 37°C
to allow any cell death processes to occur. The cells were exposed to the Trypan Blue by
the same method as above to observe cell death. All imaging was performed with a

brightfield microscope equipped with a Canon Powershot G12.

3.3 Results and Discussion

3.3.1 Cu,.xSe Nanocrystal Characterization

Structural Characterization. The Cu,xSe nanocrystals were synthesized by arrested
precipitation in a hot organic solvent. On the basis of a modification of methods

3536 two hot reaction reactant

developed for CulnS; and Cu(InyGa;.x)Se; nanocrystals,
solutions of copper(l) chloride and selenourea in oleylamine are combined to form a dark
green colloidal dispersion of oleylamine-capped Cu,.xSe nanocrystals, as diagrammed in
Figure 3.1. TEM images show that the nanocrystals are predominantly spherical in shape
with crystalline cores having an average diameter of 16 + 1 nm. The crystal structure,
composition (Cu/Se ratio), and the particle shape were found to vary with subtle
differences in reactant purity, supplier, injection temperature, and oxygen content, similar
to what Manna and co-workers also recently observed in their Cu,.4Se nanocrystal

synthesis.®” The Cu/Se ratios in the nanocrystals measured using ICP-MS were found to

vary, with Cu/Se ratios as low as Cuj g7Se in some cases. A collection of XRD patterns
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from Cu,Se nanocrystals synthesized under modified reaction conditions is listed in

Figure 3.2 and Table 2.1. There does not appear to be an obvious correlation between
nanocrystal size, shape, XRD pattern, and An.x. Despite these variations, all of the Cu,.
xSe nanocrystals were found to exhibit qualitatively similar absorbance spectra with an

intense NIR absorbance peak and produced similar photoinduced heating.
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Figure 3.1. (A) Synthesis scheme for the Cu,.«Se nanocrystals, and a vial of the
oleylamine-coated nanocrystals dispersed in chloroform. (B) TEM images of Cu,.4Se
nanocrystals. The average nanocrystals diameter is 16 + 1 nm. Images produced by

Colin Hessel and Matthew Panthani.
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Figure 3.2. X-ray diffraction patterns for Cu,.xSe nanocrystals synthesized using
different reaction times, solvent purity, and temperature. The synthesis conditions
corresponding to each curve (A-L) are listed in Table 3.1. XRD peak positions for
various phases of Cu,.,Se are included for reference. Data collected and graphed by

Colin Hessel.
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Table 3.1. Reaction conditions, solvent purity, nanocrystal diameter and morphology,
and absorbance peak maxima wavelength (Amax) for the copper selenide reactions

corresponding to the data in Figure 3.2.

Reaction Reaction Reaction  Oleylamine Morphology Diameter Amax

Time Temperature Purity (nm) (nm)

(min.) °C)
A 30 220 99.97 sphere 12 1000
B 30 220 99.97 sphere 12 1000
C 60 240 99.97 sphere 12 1100
D 30 240 99.97 sphere 12 1050
E 30 240 99.7 irregular* na* 1100
F 15 240 98 irregular* na* 1150
G 30 240 98 sphere 14 1200
H 30 240 98 disc 10 1250
I 90 240 98 disc, sphere 12 1250
J 60 240 98 disc, sphere 13 1100
K 30 240 98 irregular* na* 1250
L 60 240 99.9 sphere 11 1050

" These batches of nanocrystals were of poor quality — very heterogeneous in size and
shape.

Thermogravimetric Analysis (TGA)
The Cu,-xSe nanocrystals were heated to 800°C in a TGA experiment to vaporize

the oleylamine and determine the mass fraction of oleylamine relative to Cu,.Se in the
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nanocrystals. The TGA heating curves are plotted in Figure 3.3. In spite of purging the
TGA furnace with nitrogen, the nanocrystals still seem to oxidize while heated from
room temperature to about 100°C, based on the increase in mass. Oxidation of Cu,Se in
air has been demonstrated.® It is probable that this oxygen contamination comes from the
nitrogen tank feeding the instrument — high purity nitrogen gas still contains trace
amounts of oxygen because it is prepared by distilling from air.*° In spite of some initial
oxidation, the mass change from 150°C to 600°C is due to vaporization of oleylamine
bound to the copper selenide as well as excess oleylamine (not bound). The vaporization
of excess oleylamine is distinguished from bound oleylamine by comparing to the TGA
curve of pure oleylamine heated at the same rate. The excess oleylamine should be
completely vaporized by 250°C, and the bound oleylamine vaporizes over the
temperature range marked by the arrows in Figure 3.3. The change in sample mass
percentage due to excess plus bound oleylamine is 10%, and this was taken to be the total
oleylamine mass fraction in the sample. Above 600°C, the mass decreases significantly,
and we attribute this to vaporization of selenium from the nanocrystals, given that pure
selenium’s vapor pressure increases from 100 Pa to 10 kPa over the 600 — 800°C
temperature range. The mass loss over 600-800°C is about 25%, while for Cu,Se the
mass fraction of Se is expected to be 38%, so only a portion of the Se vaporizes from the
Cu,-xSe nanocrystals over this temperature range (not surprising, since the Se will have to

diffuse out of the solid nanocrystals to vaporize).
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Figure 3.3. TGA of Cu,Se nanocrystals and pure oleylamine. The arrows indicate the
temperature range over which oleylamine bound to the nanocrystals vaporizes. At
temperatures lower than marked by the left arrow, the copper selenide oxidizes and
excess oleylamine vaporizes. At temperatures greater than the right arrow, selenium
starts to vaporize.

Absorption Coefficient.

The molar extinction coefficient of the Cu,.xSe nanocrystals (&) was determined
by measuring the absorbance spectra for various solutions with different nanocrystal
concentrations, as shown in Figure 3.4. The extinction coefficient in terms of nanocrystal
mass (¢) was obtained by fitting absorbance versus concentration data to the Beer

Lambert Law.

A(1)=¢(1)-L-C (3.1)
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Where A is the absorbance at wavelength A, L is the cuvette pathlength (1 cm), and C is
the nanocrystal concentration (g/L). For Cu,.xSe nanocrystals in toluene, the
concentration of nanocrystals was determined by taking a 1 mL aliquot of the dispersion,
drying it completely on a rotary evaporator in a vial of known mass, and then measuring
the mass of nanocrystals in the vial on a balance. The extinction coefficient (¢ in L/g-cm
units) was determined by evaluating the slope of Absorbance versus Concentration data
at each wavelength in the spectrum, as shown in Figure 3.5. This experimentally
calculated extinction coefficient contains mass contributions from both the Cu,.,Se
nanocrystals and the oleylamine ligands (bound plus excess oleylamine). The mass
fraction of Cu,.xSe in the nanocrystals was determined by TGA to be about 90%, the
diameter of Cu,.xSe is 16 nm from TEM, and the bulk solid density of Cu,.Se is 5.8
g/lcm® % therefore the molar mass of the nanocrystals (Myc, in units of grams per mole of

nanocrystals) and the molar extinction coefficient were calculated using the following

expressions:

T
~ g(le nm)3 .(10-21Cm3]{5.89 Cuz_XSej{lg Nanocrystals]{G.OzxlO”NanocrystaIs

- - i =8.0x10°g / mole
Nanocrystal nm cm 0.99 Cu,_,Se mole

(3.2)

gm(L mol ™ cm‘l)z g(L g cm‘1)~ M (3.3)
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Figure 3.4. Room temperature UV-vis-NIR absorbance spectra for Cu,.«Se nanocrystals

in toluene at various solution concentrations to determine the Cu,.,Se nanocrystal

extinction coefficient.
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Figure 3.5 Plots of linear fits to sets of absorbance versus concentration data at three

different wavelengths for Cu,.4Se nanocrystal dispersions in toluene. The wavelengths

are 800 nm (back, squares), 970 nm (red, circles), and 1100 nm (blue, trianges).
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The molar extinction coefficient versus wavelength measured for Cu,.xSe
nanocrystals in toluene is plotted in Figure 3.6. There is a broad absorbance peak
centered at 970 nm with monotonically rising absorbance at wavelengths below 500 nm.
Similar absorbance features were observed by Manna and co-workers®’ and Garcia and
co-workers** and were assigned to direct and indirect interband transitions for Cus.Se.
Bulk Cu,-«Se has direct and indirect band gap energies of 2.1 to 2.3 eV (540 to 590 nm)
and 1.2 to 1.4 eV (1030 to 880 nm), respectively. We also assign the low wavelength
(less than 600 nm) absorbance to interband optical transitions. However, we assign the
NIR absorbance peak to a surface plasmon resonance. Cu,.Se is a p-type semiconductor
with a relatively high carrier (holes) concentration and exhibits strong free carrier
absorption,** which in the case of the Cus.Se nanocrystals results in a surface plasmon
resonance. Nanocrystals of analogous non-stoichiometric copper sulfides (Cu,S) in
which Cu deficiencies also lead to high densities of holes have also exhibited NIR
absorbance peaks.”***> The NIR absorption band from Cu,.,S was also originally
assigned to an indirect interband transition;**** however, Burda and co-workers have
clarified using Drude theory that the NIR absorption is actually a surface plasmon
resonance.”® Very recently, Luther and co-workers revealed that Cu,.,S nanocrystals
with vacancy concentrations of ~10?* holes/cm?® exhibit surface plasmon resonance
bands, thus confirming that sub-stoichiometric copper(l) chalcogenides have absorption
characteristics similar to those of metals.*® The high molar extinction coefficients

measured for the Cu,.xSe nanocrystals (Table 3.2) are also consistent with plasmon
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absorption®® and are orders of magnitude higher than expected for an indirect optical
transition and considerably higher than strongly absorbing organic dyes or direct band

gap semiconductor quantum dots (Table 3.2).
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Figure 3.6. Absorbance (dotted line) and molar extinction coefficient (solid line) for
Cu,.xSe nanocrystals plotted against wavelength. The molar extinction coefficient was
calculated for Cu,«Se nanocrystals in chloroform as described in the text. The molar
extinction coefficient reaches a maximum of 7.7 x 10’ M cm™ at 970 nm. The
absorbance spectrum is of Cu,.«Se nanocrystals coated with amphiphilic polymer and

dispersed in water. Plot was generated by Colin Hessel.
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Table 3.2. Molar Extinction Coefficients (per mole of Molecules of Nanocrystals) of
Common Photoabsorbers, Including Molecular Dyes, Direct Bandgap Semiconductors,

and Photothermal Materials

Photoabsorber Dimension Molar Extinction Wavelength

(nm) Coefficient (M™*cm™) (nm)

Rhodamine 6G*’ Molecular 1.2 x 10° 530
Malachite Green*’ Molecular 1.5x 10° 617

CdX (X =S, Se, Te)*® R=2 2-5x10° Exciton
maximum

Carbon nanotubes® R=0.6,L =150 7.9 x 10° 808
Copper selenide R=8 7.7 x 10’ 970
Gold nanospheres* R =20 7.7 x 10° 530
Gold nanorods™ R=5,L=27 1.9 x 10° 650
Gold nanoshells™ Ri;=55,R, =65 2 x 10" 800

3.3.2 Cu,Se Nanocrystal Stability and Amphiphilic Polymer Coating

The hydrophobic oleylamine-coated Cu,.,Se nanocrystals were coated with
amphiphilic polymer composed of a poly(maleic anhydride) backbone with hydrophilic
carboxylic acid groups and hydrophobic oleylamine side chains using techniques
described previously.>® For a polymer-coated Cus.,Se dispersion with an absorbance of
1.0 at 800 nm, the concentrations of Cu and Se were determined by ICP-MS analysis to

be 530 uM (34 pg/mL) and 320 uM (25 pg/mL) respectively, so the nanocrystal

90



stoichiometry is Cuy g;Se. A sketch of the polymer coating process is shown in Figure
3.7. The polymer forms micelles in water, which encapsulate the nanocrystals as shown
in the TEM image of Figure 3.8. Either individual nanocrystals or small clusters (2-5 per
cluster) of nanocrystals are encapsulated in micelles — that is, no massive aggregates of
nanocrystals with 100 or more nanocrystals are present (these would be removed by the
filtration process during encapsulation procedure). The amphiphilic polymer coating
enables dispersion of the nanocrystals in aqueous media under physiological conditions
i.e., phosphate buffered saline (PBS) at pH 7.4 and 150 mM ionic strength.>* The
polymer coating does not affect the wavelength of the NIR absorbance peak compared to
the toluene dispersions of nanocrystals, as shown in Figure 3.6. In PBS, the polymer-
coated nanocrystals have a hydrodynamic diameter of 39 nm and a zeta potential of -40
mV according to dynamic light scattering and electrophoretic mobility measurements,
respectively. Therefore, the Cu,.«Se nanocrystals are well stabilized in water by the
anionic polymer coating. Unfortunately, many empty polymer micelles, with size
comparable to the polymer-coated nanocrystals, are retained with the nanocrystals after

filtration.
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Figure 3.7. Amphiphilic polymer encapsulation of Cu,.xSe nanocrystals. Combining
oleylamine-coated Cu,.xSe nanocrystals (green sphere) and the amphiphilic poly(maleic
anhydride)-based polymer leads to encapsulation of the Cu,.xSe nanocrystals within a
hydrophilic, carboxylic acid coated exterior that enables the nanocrystals to disperse in

aqueous media.
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Figure 3.8. Low Resolution TEM at 25°C of amphiphilic polymer-coated Cu,.xSe
nanocrystals dried from water onto a TEM grid. The background was stained with
ammonium molybdate to provide negative contrast to the amphiphilic polymer, showing
that there are empty micelles present alongside the polymer-coated nanocrystals. The

average thickness of the polymer coating is 3.0 £ 0.5 nm.

The stability of the Cu,.xSe nanocrystals within the polymer micelles was
demonstrated by measuring absorbance versus time. The absorbance of the polymer-
coated Cu,..Se nanocrystal dispersion is plotted versus time in Figure 3.9, showing that
the nanocrystals remain well-dispersed in water without destruction or dissolution of the
Cu,.Se core. In comparison, the absorbance versus time also is plotted in Figure 3.9 for
Cu,.xSe dispersed in chloroform by sonication immediately prior to the start of the

measurements. For the chloroform dispersion of just oleylamine-coated Cu,.xSe
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nanocrystals, the absorbance decreases rapidly over 24 hours as the nanocrystals settle

out of solution.
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Figure 3.9. Absorbance of Cu,.xSe nanocrystal dispersions over time. The absorbance is
normalized to the initial absorbance at 0 hours, which was adjusted to be between 0.8 —
1.0 before starting the experiment. The nanocrystal dispersions were left undisturbed in
the absorbance spectrophotometer for the duration of the measurement. The Cu,.xSe
nanocrystals dispersed in chloroform are coated with oleylamine only and there is no

amphiphilic polymer present.

3.3.3 Gold Nanoshell and Nanorod Characterization

Electron Microscopy. TEM characterization of Au nanoshells and nanorods is provided
in Figure 3.10. The synthesized Au nanorods had an average length of 49 nm and
diameter of 13 nm, while the synthesized nanoshells had a 135 nm diameter (Au plus

SiO,) and an approximate shell thickness of 10 nm. The commercial Au nanorods had an
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average length of 23 nm and diameter of 7 nm, while the commercial nanoshells had a

145 nm diameter (Au plus SiO,) and a shell thickness of 7.5 nm.

Figure 3.10. TEM images of Au nanoshells and nanorods. Synthesized Au nanoshells
(A) are 135 nm in diameter with a shell thickness of about 10 nm, while commercially
obtained Au nanoshells (B) are 145 nm in diameter with a 7.5 nm Au shell thickness.
Synthesized Au nanorods (C) have a 49 nm length and 13 nm diameter, while the

commercial nanorods (D) have a 23 nm length and 7 nm diameter.

3.3.4 Photothermal Heating and Transduction Efficiency

A significant amount of heat was evolved when the NIR plasmon resonance of the
nanocrystals was optically excited. Photothermal heating of polymer-coated Cu,.xSe
nanocrystals was measured by irradiating an aqueous dispersion with 800 nm light near
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the plasmon band at low fluence (2 W/cm?) for 5 minutes. The optical density of the
nanocrystal dispersion was adjusted to 1.0 at the excitation wavelength. Figure 3.11
shows the measured temperature of the dispersion as a function of irradiation time. Five
minutes of light exposure raised the temperature by 22°C, which compares quite
favorably with the photothermal heating of the Au nanoshells and Au nanorods that were
synthesized and obtained commercially.’®** As shown in Figure 3.11, under similar
illumination conditions with the optical densities of the Au nanorods and nanoshells also
adjusted to 1.0 at the excitation wavelength of 800 nm to normalize the photothermal
responses of all of the materials, the Au nanoshells increased the temperature by
13°C(synthesized) and 15°C(commercial), and Au nanorods by 20°C (synthesized) and

22°C (commercial) after 5 minutes.
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Figure 3.11. (A) Absorbance spectra of polymer-coated Cu,.,Se nanocrystals (red, solid
squares), commercial Au nanoshells (blue, solid circles) and Au nanorods (blue, solid
triangles), and synthesized Au nanoshells (black, hollow circle) and Au nanorods (black,
hollow triangle) dispersed in deionized water. The nanocrystal concentration in the
dispersions was adjusted to an absorbance equal to 1.0 at 800 nm (green arrow). (B) The
photothermal response of the dispersions in (A) obtained by irradiating 300 pL aliquots
of each solution for 5 minutes with an 800 nm diode laser (6 mm spot size, fluence of 2
W/cm?). The temperature was monitored with an infrared imaging camera. The laser
heating of water (green, solid squares) contributes about 2.5°C to the overall change in

temperature during the 5 minute of irradiation. The data were collected by Varun Pattani
and the plots were sketched by Colin Hessel.

97



&

Temperature Change (C)
= 8
e -
%, >
OE nab\ |
@ %

™
wn

ol
w

s
o

%0 ge
o
o o

ke ]
%1

500 1000 1500 2000 2500 3000 3500
Time (s)

20

Photothermal Transduction Efficiency (%

s

Figure 3.12. (A) Steady state heating data for commercial Au nanoshells (black circles),

&
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commercial Au nanorods (black triangles), and Cu,Se nanocrystals (red squares).
Dispersions of nanocrystals (300 uL) were irradiated with 800 nm light (2 W/cm?, 6 mm
spot size) for 1800 seconds and then the laser was switched off. The heat transfer
coefficient (hA) was determined by fitting the equation 3.8 to the Temperature versus
Time data after 1800 seconds. The photothermal transduction efficiency was then
determined by substituting the steady-state temperature during laser irradiation into
equation 3.10. (B) Plot of the photothermal transduction efficiencies obtained for the
Cu,.xSe nanocrystals, commercial Au nanorods, and commercial Au nanoshells. The data

were collected by Varun Pattani and the plots were sketched by Colin Hessel.
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The photothermal transduction efficiencies of the Cu,.xSe nanocrystals and the
commercial Au-based nanoparticles were also measured and found to be quite similar.
Similar to Roper and co-workers,*® nanoparticle dispersions were illuminated until
reaching a steady-state temperature. The light source was then removed and the
temperature decrease was monitored to determine the rate of heat transfer from the
system. Figure 3.12 shows the typical thermal profiles of the different nanoparticles.
From an energy balance on the system, the photothermal transduction efficiency was

calculated. The total energy balance is equation 3.4,

dT
Z n"IiC p,i E = Qin,np + Qin,surround - Qout (3.4)

The sum in the left hand side of equation 3.4 is over all components of the dispersion,
though the density of water (997 mg/mL at room temperature) is on the order of 10* times
higher than the concentration of Cu and Se atoms (chapter 3.3.2) and about 102 times
higher than the salt concentration (150 mM). So, all components besides water were
considered negligible in equation 3.4. The variables m and C,, in Equation 3.4 are then
the mass and heat capacity of water, and T is the water temperature. Qinnp iS the
photothermal energy input from the nanocrystals, and is described by equation 3.5, where
| is the laser power (in mW), A, is the absorbance at the laser excitation wavelength of
800 nm, and n is the photothermal transduction efficiency — the fraction of absorbed light
energy that is converted into heat. The middle term in parenthesis on the right hand side

of equation 3.5 represents the fraction of light at 800 nm that is absorbed by the solution.
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Qunp = 11107 (3.5)
The term Qo represents the heat lost to the surroundings, and is listed in Equation 3.6
where h is the heat transfer coefficient, A is the surface area of the solution’s container,
and Tsurroung 1S the ambient surrounding temperature.

Qo =hA(T -T (3.6)

surround)
The lumped quantity hA was determined by measuring the rate of temperature drop after

removing the light source. In the absence of laser excitation, equation 3.4 becomes the

following:
me C:j_-lt- = _Qout = _hA(T _Tsurround) (37)
Integrating equation 3.7,
hA
T-T =exp| ———t 3.8
surround Xp[ me J ( )

Equation 3.8 was fit to the data in Figure 3.12A, beginning from when the laser is
switched off at 30 minutes (1800 seconds). The heat transfer coefficients (hA) are
tabulated in Table 3.3 for each type of nanoparticle dispersion. The values are very
similar for the three different nanoparticle dispersions, reflecting the fact that the sample

cell geometry is the same in each case.
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Table 3.3. Heat Transfer Coefficients for Cu,Se, Au Nanorods, and Au Nanoshells
determined from the cooling curves shown in Figure 3.12. Fitting was performed by

Varun Pattani.

Material Heat transfer coefficient
(mW/°C)
Cuz,Se 3.668
Au nanorods 3.389
Au nanoshells 4.306

During heating, when the sample reaches its maximum steady-state temperature
(Tmax), the rate of photothermal heating is then equal to the rate of heat transfer out of the
system.

Qin,np + Qinsurrouna = | (1_1O_A;" )’7 + Qinsurround = hA(Tmax _Tsurround) (3.9)
The term Qin surround 1S the energy absorbed by water in the absence of nanoparticles, and
this is determined from a control experiment — heating pure water to Tnax With the laser,
determining hA from the cooling rate, and then setting » = 0 in equation 3.9 to calculate
Qin.surround (determined to be 25.1 mW). Finally, the photothermal transduction efficiency
for the dispersions with nanocrystals can be computed from equation 3.10 after
measuring the corresponding Trax. Figure 3.12B reports the photothermal transduction
efficiencies measured for the Cu,..Se nanocrystals (22%), and commercial Au nanoshells

(13%) and nanorods (21%).
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hA(Tmax - Tsurround) - Qin,surround
1L-10")

n= (3.10)

The photothermal transduction efficiency of the Cu,.,Se nanocrystals of 22% is
nearly equivalent to Au nanorods (21%) and noticeably higher than Au nanoshells (13%).
Halas and co-workers have reported similar differences in the photothermal transduction
efficiencies between Au nanoshells and nanorods, and have shown the amount of heat
generated experimentally is almost 3-fold less than what is theoretically predicted.>* The
lower # for Au nanoshells compared to the nanorods and Cu,.,Se nanocrystals is due to
the larger contribution of light scattering to the optical cross-section that does not
contribute to heating. Since the nanoparticle dispersions had the same optical density at
the excitation wavelength, the same amount of light was attenuated in each measurement
(Figure 3.11A). However, the Au nanoshells are significantly larger (73 nm radius) than
the Au nanorods (6.0 nm effective radius)® and the Cu,..Se nanocrystals (r = 8 nm). The
size-dependence of the extinction coefficient and the relative amounts of light scattering
and absorption have been extensively studied for Au nanostructures and is well
understood.>®*® El-Sayed and co-workers for example have illustrated how particle size
affects the plasmonic properties of gold nanoparticles by normalizing the extinction
coefficient to the particle volume and considering the relative contributions from light
scattering.*® They observed that Au nanorods have a normalized extinction coefficient
(Mext) OF 1021 um™, which is the sum of normalized absorption (pass = 986 um™) and

scattering (psca = 34 um'l) coefficients, and that Au nanoshells have a normalized

extinction coefficient of 58 um™, which is the sum of normalized absorption and
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scattering coefficients of 36 and 23 pm™, respectively. Therefore, the higher
photothermal efficiency of nanorods compared to nanoshells is consistent with their
higher absorption compared to scattering (96% vs 60%, respectively).* Like the Au
nanorods, the Cu,.xSe nanocrystals are small enough that the majority of optical

extinction is due to light absorption related to the plasmon resonance.

3.3.5 Cu,Se Nanocrystal Biocompatibility

A Trypan blue staining protocol was used to test the effect of polymer-coated Cu,-
xSe nanocrystals on the viability of HCT-116 (human colorectal carcinoma) cells. Cells
were cultured until they were 80% confluent, and then both fresh media and Cu,.xSe
dispersed in PBS were injected. The PBS dispersion of Cu,Se had an absorbance of 1.0
at 800 nm, and it was diluted to one fourth this concentration when mixed with the cells
(about 39 mg/L Cu,Se in the cell culture). Cells were incubated with the nanocrystals
for 0.5, 1, 3, and 6 hours at 37°C. In a control experiment, cells were given fresh
nanoparticle-free media and incubated for 6 hours as well. After the incubation period,
the media was replaced to remove unbound nanoparticles. Subsequently, Trypan blue
dye was added to assess cell viability. The dye is absorbed by dead cells, causing them to
appear blue, while the dye does not penetrate viable cells, and it possible to distinguish
live and dead cells under a bright-field microscope. Figure 3.13 shows bright-field
images of HCT-116 cells after incubation with polymer-coated Cu,.xSe nanocrystals.

The cell viability assay indicates that incubation of HCT-116 cells with the nanocrystals
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show no signs of cytotoxicity up to 6 hours, and only a slight increase in cell death at 6

hours compared to the control.

T 5w o]
2un| 20um [ o ZG0um

Figure 3.13. Bright field optical microscopy images of human colorectal cancer cells
(HCT-116) incubated with 39 mg/L polymer coated Cu,.xSe nanocrystals in PBS for 0.5
(A), 1 (B), 3 (C), and 6 hours (D). A control sample (E) was incubated for 6 hours and

did not receive Cu,.xSe nanocrystals. Cells were incubated for the predetermined time

and stained with Trypan blue to visualize cell death. There is not a significant number of
stained cells in samples treated with the nanocrystals relative to the control, suggesting
that the nanocrystals are not acutely toxic. Light microscopy images were acquired by

Varun Pattani.

3.3.6 Photothermal Therapy with Cu,.,Se Nanocrystals

The polymer-coated Cu,.,Se nanocrystals, dispersed in PBS, were added to HCT-
116 cells and illuminated with 800 nm light to determine if they would promote
photothermal cell death. In photothermal therapy, NIR light is used to excite the
nanocrystals and create local temperature increases to destroy diseased cells. Cells
grown in a 12-well plate were combined with media (0.375 mL) and Cu,.«Se nanocrystals
in PBS (0.125 mL) at a solution concentration of 39 mg/L (2.8 x 10'°> NC/L) and were

incubated for 0.5 hours at 37°C. Cells were irradiated for five minutes with and without
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Cua,Se nanocrystals at 30 W/cm?. Bright-field images were collected, at the same
coordinates on the substrate as the laser spot, of cells stained with Trypan Blue after
irradiation. The imaging showed that all cells within the area of the laser spot exhibited
cell death. Exposure of the cells to the NIR laser in the absence of nanocrystals did not
result in cell death at the area of the laser spot, as shown in Figure 3.14. The power
threshold for nontargeted photothermal cell destruction using an 800 nm laser was 30
W/cm? for 5 minutes. These conditions are slightly more moderate than what is reported
for nontargeted in vitro photothermal destruction of cells with Au nanoshells (35 W/cm?
for 7 minutes) or targeted in vitro photothermal therapy with hollow Au nanoshells (40

W/cm?, 5 minutes).*
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Figure 3.14. Comparison of photothermal destruction of human colorectal cancer cells
(HCT-116) without (top row, A and B) and with (bottom row, C and D) the addition of
2.8 x 10%° Cus,.,Se nanocrystals/L. Cells irradiated at 30 W/cm? with an 800 nm diode
laser for 5 minutes (circular spot size of 1 mm) were stained with Trypan blue dye to
visualize cell death and imaged with an inverted microscope in bright field mode.
Significant cell death is observed with 30 W/cm? irradation in the sample containing

nanocrystals. The light microscopy images were acquired by Varun Pattani.

3.4 Conclusions

Amphiphilic polymer-coated Cu,.xSe nanocrystals exhibit an intense NIR
absorbance peak and significant photothermal heating, comparable to Au nanorods and
Au nanoshells. NIR photoexcitation of the Cu,.xSe nanocrystals in the presence of
human colorectal cancer cells led to significant cell death, verifying that the nanocrystals

have the potential for photothermal therapy. The potential for Cu,.x as an in vivo
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therapeutic is highlighted by its small hydrodynamic diameter that will lead to prolonged
blood circulation times when additional non-immunogenic or cell targeting molecules are
grafted to the carboxyl groups on the amphiphilic polymer coating, in order to achieve
targeted photothermal therapy. However, much work needs to be done with these
nanocrystals to evaluate their chronic toxicity and to develop bio-molecule conjugation

strategies.
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Chapter 4: Encapsulating Semiconductor Nanocrystals in Polymer Micelles
4.1 Introduction
Inorganic nanocrystals have been extensively studied for labeling applications in
biology and medicine.®” Noble metal, metal oxide, and semiconductor nanocrystals 1-
100 nm in diameter have exceptional size-, shape-, and composition-dependent optical or
magnetic properties compared to molecular probes,®™ making these nanocrystals useful

16-22

contrast-enhancing labels for fluorescence-based imaging and cell sorting, magnetic

23-25 26-29

resonance imaging (MRI), or photothermal and photoacoustic imaging.

Advances in organometallic synthesis have led to careful control over nanocrystals

dimensions and composition,***

making it possible to synthesize an entire library of
colloidal nanocrystals that have distinct properties. However, syntheses that provide the
most careful control over the nanocrystal size, size distribution, and crystal structure take
place in non-polar solvents and produce hydrophobic nanocrystals — coated with a
monolayer of C;,-C;g alkane stabilizing molecules — that are not immediately compatible
with aqueous biological systems.®**? Thus a fundamental challenge of utilizing
colloidal nanocrystals for biomedical applications is to develop post-synthesis surface
coatings that not only make the nanocrystals dispersible in aqueous biological media, but
also offer reactive functional groups for interfacing the nanocrystals with biological

targets.>*

$ Portions of this chapter appear in the following publication: Hessel, C.M.; Rasch, M.R.; Hueso, J.L.;
Goodfellow, B.W.; Akhavan, V.A.; Puvanakrishnan, P.; Tunnell, J.W.; Korgel, B.A. Small (2010), 6, 2026-
2034. The experiments were performed by C.M. Hessel, M.R. Rasch, J.L. Hueso, B.W. Goodfellow, V.A.
Akahavan, and P. Puvanakrishnan. The text was written by C.M. Hessel, M.R. Rasch, and B.A. Korgel.
Funding was provided by research grants to J.W. Tunnell and B.A. Korgel.
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In some recent reports using luminescent nanocrystals as biomedical imaging
contrast agents, hydrophobic nanocrystals were coated with bulky surface ligands to
facilitate biocompatibility and make them dispersible in water, but at the expense of
significantly increasing the nanocrystal size. For example, Sailor and coworkers used
fragments of porous Si coated in dextran polymer to image tumors in mouse,* and
Swihart and coworkers incorporated aggregates of hydrophobic Si nanocrystals into
phospholipid micelles conjugated with polyethylene glycol (PEG) to image pancreatic
cancer cells in vitro.** In these cases, the contrast agents are relatively large, with
diameters of more than 100 nm, making them susceptible to rapid clearance from
circulation in the body by the reticuloendothelial system (RES).* The desired particle
size for designing nanocrystals to penetrate into tissue and target cells is about 25-50 nm,
since particles within this range are most efficient at entering cells by receptor-mediated

36-39

endocytosis, particles larger than 100 nm are rapidly cleared from the body by the

RES,* and particles smaller than 5.5 nm are rapidly filtered from blood by the kidneys.*
Encapsulating hydrophobic, alkyl-passivated nanocrystals within amphiphilic polymer
micelles achieves biocompatibility and water-dispersibility without compromising a
small hydrodynamic diameter.*°

Biocompatible polymers that previously have been used to coat hydrophobic
nanocrystals (such as Si) have been synthesized in complicated ultraviolet light
reactors,** or with polymer cross-linking agents like ethyl-3-dimethylaminopropyl
40,42,43

carbodiimide (EDC) that are removed by a slow post-synthesis dialysis procedure.

Recent advances in polymer chemistry have eliminated the need for coupling agents,
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complicated polymerizations, and clean-up processes.** For instance, Lin et al
demonstrated a facile amphiphilic polymer synthesis using a poly(maleic anhydride)
polymer backbone with a high specific reactivity for hydrophobic alkylamine side
chains.*® A two-step synthesis yields a low molecular weight amphiphilic polymer that
spontaneously assembles into micelles in water and encapsulates hydrophobic
nanocrystals, enabling the nanocrystals to disperse in water as well. The polymer
backbone contains exposed carboxyl groups that provide a platform for further
functionalization with cell-targeting biomolecules.*>*

This chapter describes the synthesis of an amphiphilic polymer derived from a
poly(maleic anhydride) backbone, characterization of the polymer, and application to the
coating of hydrophobic nanocrystals. The coating strategy is extended to hydrophobic Si
and CulnS,Se,.x (CIS) nanocrystals, which are promising new types of fluorescent
nanocrystals for potential biomedical imaging applications that are free of toxic elements
like the cadmium contained in commercially available quantum dot formulations. The
fluorescence of Si and CIS nanocrystals is preserved during polymer encapsulation,
which enables the nanocrystals to disperse in water. However, the stability of polymer-
encapsulated nanocrystals is sensitive to pH and ionic strength.

4.2 Experimental Details
4.2.1 Chemicals
Amphiphilic Polymer. Dodecylamine (Sigma, 98%), anhydrous tetrahydrofuran (Sigma,

> 99.9%), anhydrous chloroform (Sigma, > 99%), sodium hydroxide pellets (Sigma, >

98%), boric acid (Sigma, 99%), poly(isobutylene-alt-maleic anhydride) (Mw~6 kDa, 39
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monomer units per molecule, Sigma), and phosphate-buffered saline powder (Sigma)
were used as received. Bovine serum albumin was from Jackson Laboratories. All
aqueous solutions were prepared using deionized (DI) water having an 18 MQ resistance.
CulnS,Se,.« Nanocrystals. 1-dodecanethiol (99%, Sigma), copper(ll) acetylacetonate
(Cu(acac),, 99.99%, Sigma), indium(111) acetylacetonate (In(acac)s, 99.99%, Sigma),
selenium powder (99.99%, Sigma), 1-octadecene (90%), tributylphosphine (TBP, 98%,
Sigma), potassium ethyl xanthogenate (96%, Sigma), zinc(l1) oleate (90%, Sigma),
toluene (99%, Fisher Scientific), and ethanol (99%, Fisher Scientific) were used as
received. A stock solution of 1M tributylphosphine selenide (TBP:Se) was prepared by
dissolving 10 mmol of Se powder (790 mg) in 10 mL TBP inside a N,-filled glovebox.
Si Nanocrystals. Fox17 (Dow Corning Corporation, 17% hydrogen silsesquioxane
(HSQ) by weight in methylisobutylketone), methanol (Sigma, 99%), anhydrous ethanol
(Sigma, > 99%), hydrofluoric acid (Sigma, 48%), 1-dodecene (Acros Organics, 93%),
acetonitrile (Acros Organics, 99%), and Rhodamine 101 (Sigma, 99%) were used as
received.
4.2.2 Amphiphilic Polymer Synthesis and Characterization

The amphiphilic polymer synthesis was adapted from a published protocol.*® In a
capped, single neck round bottom flask, anhydrous THF (100 mL), dodecylamine (15
mmol, 3.45 mL), and poly(isobutylene-alt-maleic anhydride) (20 mmol of monomer
units, 3.084 g) were added sequentially to form a turbid white solution. The flask was
sonicated for 1 minute to suspend the insoluble polymer, and it was heated at 60°C for 3

hours under vigorous stirring. The suspension became clear after 15 minutes of stirring,
114



indicating that the polymer became soluble in THF after covalently coupling to the
hydrophobic dodecylamine molecules. We found that the mole ratio of dodecylamine to
anhydride monomers (0.75 to 1) was important to achieve complete solubility of the
polymer — at ratios of less than 0.6 moles dodecylamine per mole of anhydride, the
polymer was not hydrophobic enough to completely dissolve in THF.*" After 3 hours of
stirring, the solution was cooled to room temperature and reduced in volume to 20 mL
with a rotary evaporator. The clear solution was stirred again at 60°C for 12 hours under
vigorous stirring to ensure complete coupling between the polymer and dodecylamine.
The solution was cooled to room temperature and the remaining solvent was removed
with a rotary evaporator, yielding the pale yellow, solid amphiphilic polymer. The solid
polymer was transferred to a nitrogen filled glove box (< 1.0 ppm O;) and dissolved in
anhydrous CHCI; (25 mL) to give a monomer unit concentration of 0.8 M. The

amphiphilic polymer solution was stored in a glass vial within the glovebox until use.
™ OH Oy, OO0
60 °C o
0
NH
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Figure 4.1. Reaction scheme for the synthesis of the amphiphilic polymer. Primary
amines attack the anhydride rings of the polymer backbone. Each amine molecule forms

one amide bond and one carboxylic acid due to ring opening.

For *H NMR, 0.5 mL of the 0.8 M amphiphilic polymer solution was placed in

glass vial, and the chloroform was removed by rotary evaporation. The vial was stored in
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a vacuum oven at 25°C for over 1 hour to remove residual chloroform in the polymer
film. The dry polymer was dissolved in 1 mL of deuterated chloroform (CDCls3), loaded
into an NMR sample tube, and submitted to the University of Texas NMR facility in the
Chemistry Department. For mass spectrometry, 1 mL of the 0.8 M polymer dissolved in
chloroform was submitted to the University of Texas Mass Spectrometry facility in the
Chemistry Department. The sample was analyzed using Matrix Assisted Laser
Desorption lon (MALDI) mass spectrometry. FTIR was performed in attenuated total
internal reflectance (ATR) mode using a zinc sulfide crystal. First a background scan
was collected by adding a few drops of chloroform to the crystal, letting the FTIR sample
compartment purge for 10 minutes with the ATR crystal inside, and then collecting a
scan. For the polymer sample, 0.1 mL of the 0.8 M sample of polymer was dried on a
zinc sulfide crystal. The ATR crystal with dry polymer was left to purge with nitrogen in
the (closed) FTIR sample compartment for 10 minutes, and then a scan was collected.
4.2.3 Dodecanethiol-coated CIS Nanocrystal Synthesis

The nanocrystals were synthesized by Matthew Panthani. 1.3 g Cu(acac),, 2.5 ¢
In(acac),, 20 mL octadecene, and 10 mL dodecanethiol were placed in a 100 mL 3-neck
round bottom flask. A Teflon magnetic stir bar was added, the flask was connected to a
condenser, and it was sealed with rubber septa. A thermocouple was inserted through
one of the septa. The flask was connected to a Schlenk line and equipped with a heating
mantle. The flask was placed under vacuum (<500 mbar) and heated to 110°C for 1 hour
while stirring. The flask was then heated to 180°C under N»(g) atmosphere, at which

point 10 mL of the 1M TBP:Se solution was injected. The temperature was increased to
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220°C and allowed to react for 15 minutes. A ZnS shell precursor solution was prepared
by combining zinc bis(ethyl xanthogenate) (100 mg), zinc (11) oleate (900 mg). ODE (10
mL), trioctylphosphine (3 mL) and oleylamine (1 mL). The CISS nanocrystals are coated
with ZnS by cooling the reaction solution to 190°C and injecting this solution into the
reaction flask. The mixture is stirred overnight to allow the shell to form. Subsequently,
the heating mantel is removed and the flask is allowed to cool to room temperature. The
nanocrystals are purified by mixing 5 mL of crude reaction solution with 20 mL of an
ethanol/toluene solution (2:1 v/v) and centrifuging at 8000 rpm for 5 minutes. The
precipitated nanocrystals are dispersed in about 1 mL of toluene, mixed with 10 mL
ethanol, and precipitated a second time by centrifuging at 8000 rpm for 5 minutes. The
nanocrystal precipitate is dispersed in toluene and stored in a glass vial. A typical
reaction yield is 200 mg of nanocrystals.
4.2.4 Dodecane-coated Si Nanocrystal Synthesis

The Si nanocrystals were synthesized by Colin Hessel and Yixuan Yu using an
established procedure.®® First, 0.3 g of HSQ is decomposed by heating to 1100°C
(18°C/min.) in a reducing atmosphere (7% H,/93% N;) and maintaining this temperature
for 1 hour, yielding Si nanocrystals approximately 3 nm in diameter embedded in silica.
HSQ is a silicon-rich oxide that disproportionates into SiO, and Si when heated, and at
sufficient temperature, Si nanocrystals nucleate and crystallize within the SiO,
matrix.*>*® The Si nanocrystals are liberated from the silica matrix by first grinding and
shaking the matrix until it is broken up into 200 nm grains, and then the grains are etched

with 10 mL of a hydrofluoric acid solution (1:1:1; 48% HF:H,O:Acetonitrile) for 1.5
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hours while stirring at 250 rpm. HF etches both Si and SiO,, but SiO; etching is much
faster due to the polarity difference between Si-Si and Si-O bonds.>* The Si nanocrystals
were isolated from the etch solution by centrifugation at 8000 rpm for 2 minutes. The
precipitate was rinsed twice with acetonitrile, dispersed in 12 mL of 1-dodecene, and
degassed in a 3 neck round bottom flask by 4 freeze-pump-thaw cycles on a Schlenk line.
The Si nanocrystals and dodecene were mixed at 190°C under nitrogen atmosphere for 3
hours to promote hydrosilylation. Subsequently, the dodecane-coated Si nanocrystals
were washed three times by precipitation with a 2:1 ethanol:methanol mixture (15 mL)
and finall dispersed in anhydrous chloroform. Figure 4.2 provides an illustration

outlining the Si nanocrystal synthesis process.

Thermal
@ Etchmg m Hydrosﬂylatlon

sio,

Figure 4.2. Illustration of Si nanocrystal formation. Si nanocrystals are liberated from a
SiO, matrix by HF etching. The hydride-terminated Si nanocrystals are refluxed in 1-
dodecene to attach a hydrophobic, covalently bonded alkyl monolayer via thermal

hydrosilylation.

4.2.5 Nanocrystal Characterization
Room temperature TEM, absorbance spectroscopy, TGA, light scattering, and zeta

potential measurements were performed as described in Chapter 3.
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Cryo Transmission Electron Microscopy (CryoTEM). CryoTEM was performed at the
Universidad Autonoma de Barcelona with Dr. Jordi Arbiol. A 2 pL aliquot of an
undiluted, aqueous nanoparticle solution was drop cast onto a holey carbon TEM grid,
held with a pair of forceps. The forceps were loaded onto a Leica electron microscopy
cryo preparation chamber (Leica EM CPC), which contained a liquid ethane bath cooled
to between -178 and -180 °C using automated liquid nitrogen flow. The aqueous solution
was quickly wicked off the grid with a piece of filter paper and plunged into the liquid
ethane in one swift motion. The liquid ethane vitrified the aqueous solution trapped in
the holes on the TEM grid. Keeping the grid submerged in a liquid nitrogen bath, the
frozen grid was loaded into a TEM grid holder cooled with a liquid nitrogen reservoir,
which keeps the water on the grid at a low enough temperature (around -196 °C) to
remain amorphous once inside the TEM column. The cooled grid holder was then
inserted into a JEOL 2010 TEM microscope for imaging. Places on the grid where the
amorphous water was not too thick (> 1 micron) could be readily imaged, and the grids
were scanned at low magnification to find these regions of low sample thickness. Rapid
freezing was critical to avoid formation of ice crystals, and wicking off the aqueous
sample before freezing was important to make sure that the sample was not too thick for
the electron beam to pass through once converted to a glass.

Small Angle X-ray Scattering (SAXS). SAXS was performed by Brian Goodfellow. The
nanocrystals were dispersed in toluene (5-10 mg/mL) in order to determine the mean
particle diameter. The dispersions were enclosed in a stainless steel cell with Kapton

windows. Measurements were performed using a Molecular Metrology system with a
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rotating copper anode X-ray generator (Bruker Nonius, A = 1.54 A) operating at 3.0 kW.
The scattered photons were collected on a 2D multiwire gas-filled detector (Molecular
Metrology, Inc.) and the scattering angle was calibrated using a silver behenate standard.
Experimental data were corrected for background scattering by measuring the scattering
from pure toluene. Radial integrations of scattering intensity were performed using

Datasqueeze software, in order to produce an I(q) data set, where q is the scattering wave

vector related to the X-ray wavelength 4 and scattering angle @ as follows:**>°
dr . (6
=—sin| — 4.1
a=— (2) (4.1)

Considering that the nanocrystals are a dilute dispersion of scatterers, the radially-
integrated scattering intensity is modeled as a function of g and the nanocrystal radius (R)

by equation 4.2.

1(q) ocTN(R)P{qR)RGdR 4.2)

In equation 4.2, P(qR) is the form factor. For solid homogeneous spheres,®*>°

P(qR):{Ssin(qR)(;g;cos(qR)} (4.3)

The term N(R) is the number fraction of nanocrystals of radius R in the sample, which is

typically assumed to have a Gaussian distribution with a mean radius R and standard

deviation c:

o [-R-R)
N(R)—Gﬁexp{ 5o } (4.4)
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Equations 4.1 — 4.4 were fit to the experimental data to determine R and o.

Fluorescence Spectroscopy. Photoluminescence spectra were acquired on a Varian Cary
Eclipse Fluorescence spectrophotometer using a quartz cuvette with a 10 mm optical path
length. Nanocrystal quantum yields (QYnc) were measured relative to the Rhodamine
101 dye (QYqye = 100%), using equation 4.5. The nanocrystals were dispersed in
chloroform while the dye was separately dissolved in ethanol. First the absorbance of the
dye (Aaye) Was measured and adjusted to be between 0.01 — 0.10 at the excitation
wavelength, and then the photoluminescence spectrum (intensity | versus photon energy
E) was acquired with an excitation wavelength of 500 nm. The process was repeated
using Si and CIS nanocrystals; for Si the excitation wavelength was 350 nm, while for
CIS the excitation wavelength was 500 nm. In equation 4.5, the terms ncyciz and Neion

are the refractive indexes of chloroform and ethanol respectively.

I
Agye [ - dE
€ n
QY,. = E ( CHCI3

n EtOH

2
N I'tﬂidE J QY40 (4.5)
S =
4.2.6 Coating nanocrystals with polymer
Hydrophobic nanocrystals were coated with polymer following a recently
developed protocol,” an illustration of the assembly is included in Figure 4.3. In a 50
mL round bottom flask, 53 uL of the amphiphilic polymer stock solution (0.8M monomer
units in chloroform) was diluted with 2 mL anhydrous chloroform, and then 3 mg of
nanocrystals was added. The mixture was stirred at room temperature for 15 minutes.

The solvent was removed by rotary evaporation to yield a nanocrystal-polymer film on
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the inner flask wall. 2 mL of aqueous sodium borate buffer (SBB, 50 mM borate, pH 12)
was injected into the flask, and it was stirred for about an hour at room temperature to
disperse the nanocrystals and polymer. Once dispersed, DI water (13 mL) was added to
the flask to dilute the nanocrystals. The nanocrystal dispersion was passed through a 0.2
um-pore syringe filter (Whatman, inorganic membrane). The filtered nanocrystal
solution was placed in an ultracentrifugation filter (Amicon Ultra, regenerated cellulose
membrane, 50 kDa molecular weight cutoff) and centrifuged at 4000g for 4 minutes at
room temperature. The colorless filtrate was discarded, and the concentrated nanocrystal
solution retained on the filter was diluted to 15 mL with aqueous, sterile-filtered
phosphate buffered saline (PBS, 150 mM, pH 7.4). The ultracentrifugal filtration process
was repeated two more times using PBS to dilute the concentrated nanocrystals. The

final aqueous nanocrystal dispersion was stored in a glass vial under ambient conditions

until use.
0 OH
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Figure 4.3. Schematic illustration of hydrophobic nanocrystals dispersing in agueous

buffer solution with an amphiphilic polymer coating.
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4.3 Results and Discussion
4.3.1 Amphiphilic Polymer Characterization

Chemical analyses were performed on the amphiphilic polymer to confirm that
the dodecylamine couples to the anhydrides in the polymer backbone, as diagrammed in
Figure 4.1. Figure 4.4 shows a *H NMR spectrum of the amphiphilic polymer dissolved
in CDCls. In the 'H NMR spectrum, broad magnetic resonance peaks corresponding to
carboxylic acid COOH protons (64 = 14-17 ppm) and amide N-H protons (6y = 6-9 ppm)
are identified, and the integrals of these peaks (minus the chloroform signal) are about
equal in magnitude indicating that the polymer contains approximately the same number
of carboxyl and amide groups as expected. The broad proton resonance peak at 6y =2 —
4 ppm corresponds to protons attached to the anhydride rings and in the methyl group
adjacent to nitrogen. The broad proton resonance peak at 64 = 0 — 2 ppm accounts for the
remaining protons in the dodecyl and isobutyl groups in the polymer. The breadth of the

proton NMR peaks is due to the polydispersity in the polymer structure.
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Figure 4.4. "H NMR characterizauui ur uie amnpipinme puryimer uissolved in CDCls.

The sample contains tetramethylsilane, having a signature peak at 0 ppm. The sample
inevitably contains some contaminant CHCI3, which produces a sharp resonance peak at

about 7-7.5 ppm as expected.
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Figure 4.5. ATR-FTIR characterization of the amphiphilic polymer (bottom image),
compared to reference FTIR spectra of succinic acid, succinic anhydride, and N-Butyl
propionamide.>’ The numbers are used to indicate sets of peaks that can be matched
among the spectra of different compounds. (1) Amide N-H stretch; (2) amide N-H bend
first overtone; (3) O-H stretch; (4) anhydride C=0 stretch; (5) carboxyl C=0 stretch; (6)
amide N-H bend; (7) C-H, bend; (8) anhydride C-O bend. Note that the minimum
wavenumber of the reference spectra is 400 cm™ while the minimum is 500 cm™ for the

polymer spectrum, though all graphs are aligned to precisely match the axes.
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Figure 4.5 shows the ATR-FTIR spectrum of a dry film of amphiphilic polymer,
which is compared to three reference FTIR spectra of simple chemical molecules having
functional groups analogous to the anticipated structure of the amphiphilic polymer. The
IR absorbance peaks in the polymer spectrum can be matched to peaks in the reference
spectra. Importantly, the amide is identified by the N-H stretch (3100 — 3500 cm™) and
the N-H bend (1500 — 1650 cm™).*® The carboxylic acid is identified by the O-H stretch
(2200 — 2700 cm™) and the C=0 stretch (1700 — 1780 cm™).>® Anhydrides are identified
by the characteristic C=0 stretch at 1800 — 1900 cm™ and the C-O bends at 900 — 1100
cm™. Interestingly, the carbonyl stretch of the amide group is not precisely positioned at
1650 cm™ for the polymer, as expected from the reference spectrum of N-butyl
propionamide. The amide carbonyl is conjugated to the backbone of the polymer, and it
is recognized that conjugation will lower the carbonyl stretching frequency by about 50
cm™,*® 5o the amide’s carbonyl stretch must be at 1600 cm™ such that the absorbance
peak appears merged with the peak for the N-H bend.

Mass spectrometry was used to further analyze the polymer structure and the
results are displayed in Figure 4.6. The weight average molecular weight (Mw) of the
poly(maleic anhydride) before reaction with amine is 6000 Da according to the supplier.
After reacting 75% of the anhydride groups with dodecylamine, the polymer’s average
molecular weight should increase to 11560 Da. MALDI is an acceptable mass
spectrometry mode for analyzing molecules larger than 10000 Da, and the polymer was

run in negative ionization mode since the polymer’s carboxyl groups are readily de-
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protonated. However, ions with mass/charge (m/z) ratios larger than 3350 were not
observed when the polymer was analyzed by MALDI. This is surprising, given that the
poly(maleic anhydride) backbone alone should be at least 6000 Da. Looking carefully at
the spacing between the peaks of ions in the mass spectrum, it is obvious that the mass
difference between ions equals the mass of either un-reacted monomer units or monomer
units conjugated to dodecylamine, as diagrammed in Figure 4.6. Therefore, the
polymer’s molecular ion may not be detected in MALDI because the polymer is heavily
fragmented. In addition, the polymer may contain multiple charges since it has about 30
carboxyl groups available for de-protonation in negative-mode mass spectrometry. An
11000 — 12000 Da polymer that has 5 negative charges will have a peak at m/z = 2200 —
2400, which is comparable to the mass range of ions detected during MALDI. So mass
spectrometry has provided further confirmation that the polymer contains a mixture of
anhydride monomers and monomers conjugated to dodecylamine, however more

progress is needed to accurately measure the polymer’s molecular weight.
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Figure 4.6. MALDI mass spectrometry analysis of the amphiphilic polymer. There is
extreme fragmentation of the polymer, but by comparing the difference in m/z between
peaks, it is obvious that the fragments are composed of the anhydride (154 g/mole) and
carboxyl-amide functional groups (339 g/mole). Larger m/z fragments ( > 3500) were

not generated by this technique, so it was not possible to evaluate the m/z of the

molecular ion.

4.3.2 Nanocrystal Characterization

Si Nanocrystals. The diameter of hydrophobic Si nanocrystals after hydrosilylation was
determined by SAXS. Imaging Si nanocrystals in this size range by TEM is very difficult
because there is a very low electron density difference between silicon and carbon, the

typical TEM grid support. Not only is it difficult to resolve the nanocrystals themselves,
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it is even more difficult to determine an accurate diameter from the edge of the
nanocrystal, as needed to obtain a statistically meaningful measure of the nanocrystal size
distribution in the sample. Grazing incidence small angle X-ray scattering (GISAXS)
and transmission SAXS have been used to determine the size distribution of Si
nanocrystals embedded in porous Si,* SiO,,%° and amorphous silicon matrices,™
however, SAXS has not been used before to determine the size distribution of sterically-
stabilized silicon nanocrystals in a solvent dispersion. Figure 4.7 shows SAXS data for
dodecene-coated Si nanocrystals dispersed in toluene. Fitting the scattering intensity 1(q)

to equations 4.1 — 4.4 gave a mean nanocrystal diameter of 2.1 + 0.6 nm.
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Figure 4.7. SAXS characterization of Si nanocrystals dispersed in toluene. (A) Radial

integration of scattering intensity, plotted on a log scale. (B) Porod plot of scattering

data. The scattering intensity is normalized to the maximum in the Porod plot. Fitted

nanocrystal diameter is 2.1 + 0.6 nm. Data collected by Brian Goodfellow.
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The optical properties of the Si nanocrystals were measured before and after
dodecene passivation. Figure 4.8 shows the UV-visible absorbance, photoluminescence
emission (PL), and photoluminescence excitation (PLE) spectra of the nanocrystals
dispersed in chloroform. Before and after dodecene passivation, the Si nanocrystals
exhibit a very large Stokes shift of almost 300 nm between the PLE and PL spectra, and
this is characteristic of most Si nanocrystal samples examined in the literature. Dodecene
passivation caused both the PL and the PLE maximum to shift toward the red by about
+60 nm, producing nanocrystals that fluoresce orange (648 nm PL maximum). Similar
post-hydrosilylation red-shifts in PL spectra have also been observed by other groups,
and it has been attributed to a small amount of surface oxidation during the passivation
process. After dodecene passivation, the nanocrystals had a quantum yield of 8% relative

to Rhodamine 101.
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Figure 4.8. Spectra for Si nanocrystal absorbance (dashed line), photoluminescence
emission (PL, dotted line), and photoluminescence excitation (PLE, solid line). (A) Si
nanocrystals immediately after HF etching; the PL/PLE maxima are 590/320 nm. (B) Si
nanocrystals after hydrosilylation with 1-dodecene; the PL/PLE maxima are 648/380 nm.
Nanocrystals are dispersed in chloroform. Data collected by Colin Hessel.

CIS Nanocrystals. The CIS nanocrystals were imaged using TEM and the results are
displayed in Figure 4.9, however the nanocrystals are difficult to image due to their very
small size. The nanocrystals are more difficult to image than Au because CIS is not as
dense (5.8 glcm®, versus 19.7 g/cm?® for Au)*®, and therefore CIS does not scatter as many
electrons per unit volume as Au, giving CIS lower contrast than Au in TEM. Like Si
nanocrystals, the mean diameter of CIS nanocrystals was determined by performing
SAXS on a dilute dispersion of CIS nanocrystals in toluene, and the diameter was found

tobe 1.9+ 0.6 nm. The photoluminescence spectrum of the CIS nanocrystals is shown
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in Figure 4.10. The CIS nanocrystals have a PL maximum at 720 nm, which is much
further in to the red than the Si nanocrystals. The CIS nanocrystals also have a very
broad PLE spectrum and can be excited between 350 — 600 nm, compared to the Si
nanocrystals that have optimal excitation limited to 350 — 450 nm wavelengths. The
quantum yield of the CIS nanocrystals (with the ZnS surface layer) is about 40% when

excited at 500 nm.

Figure 4.9. TEM characterization of CIS nanocrystals. Nanocrystals form a monolayer
in the top right of the image, and nanocrystals are stacked on top of one another in the
bottom left of the image. The CIS nanocrystals are very small and the size is difficult to

image accurately by TEM.
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Figure 4.10. Spectra for CIS nanocrystal absorbance (dashed line), photoluminescence
emission (PL, dotted line), and photoluminescence excitation (PLE, solid line).

Nanocrystals are dispersed in chloroform.

4.3.3 Nanocrystal Polymer Coating

Si Nanocrystals. As shown in Figure 4.11, the PL emission wavelength of the polymer-
coated Si nanocrystals dispersed in PBS was unchanged from that of the hydrophobic
nanocrystals dispersed in chloroform. The quantum yield of the nanocrystals decreased
only slightly to 3% when transferred to water. The dodecene-passivated nanocrystals do
not disperse in water without the polymer coating — the nanocrystals form aggregates that
are readily trapped within a 200 nm pore size filter (see photograph in Figure 4.11B).
Polymer-coated Si nanocrystals form optically clear dispersions in PBS that easily pass
through a 200 nm pore size filter and maintain their strong PL intensity. The
hydrodynamic diameter was measured to be 17 nm by dynamic light scattering, and the

zeta potential was -31 mV. Increasing the amount of Si nanocrystals per polymer (above
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3 mg nanocrystals per 43 umoles of monomer units) did not allow more nanocrystals to
disperse in PBS — the additional nanocrystals simply formed large aggregates that were
removed during the filtration process.

An aqueous dispersion of polymer-coated Si nanocrystals was vitrified and
imaged using cryoTEM. The cryoTEM images are shown in Figure 4.12. The polymer
micelles appear to be short threads or worm-like structures similar to recent reports on
detergent micelles.®*®® The length of the micelles is around 10-20 nm, while the
thickness is about 5 nm, and these results are consistent with the hydrodynamic diameter
measured by light scattering. Unfortunately the location of the Si nanocrystals in the
dispersion could not be identified, since the nanocrystals have low contrast relative to the
hydrocarbon regions of the micelles where the nanocrystals are expected to reside.

Polymer-coated Si nanocrystals were injected into a model host and then imaged
with a custom-built fluorescence imaging system to determine their potential as contrast
agents for in vivo biological imaging.** Figure 4.13 shows a section of chicken tissue
injected with Si nanocrystals imaged with a custom built wide field fluorescence imaging
system. The fluorescence from the nanocrystals is readily observable in the tissue
illuminated with a 337 nm laser and imaged with a 600 nm long pass filter to remove

reflected light from the excitation source (Figure 4.13B).
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Figure 4.11. Fluorescence of polymer-coated Si. (A) Room temperature PL (red), PLE
(black), and absorbance (blue) of polymer-coated Si nanocrystals dispersed in aqueous
phosphate buffered saline (PBS) solution at pH 7. (B) Photographs of vials containing
(from left to right) alkyl-passivated Si nanocrystals in chloroform, alkyl-passivated Si
nanocrystals sonicated in PBS, and polymer-coated Si nanocrystals in PBS. The aqueous
samples were passed through a 200 nm pore size filter. (C) Photographs of the vials

shown in (B) illuminated by UV (350 nm) light.
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Figure 4.12. CryoTEM imaging of polymer micelles made with Si, dispersed in PBS.
The polymer micelles appear to be thread- or disk-shaped structures.
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1cm

Figure 4.13. Grey-scale CCD images of biological tissue injected with polymer coated
Si nanocrystals in PBS. The tissue is under (A) room light, and (B) UV illumination with
a 337 nm pulsed nitrogen laser. Grey-scale fluorescence images were collected with a
custom-built wide field fluorescence imaging system equipped with a 600 nm long pass
filter to remove the excitation contribution from the image. The location of the injected
Si nanocrystals is outlined in (A) for clarity. 150 pL of a PBS dispersion of polymer
coated Si nanocrystals (10*° nanocrystals/mL) was injected 3 mm below the tissue

surface. Image captured by Priya Puvanakrishnan.

CIS Nanocrystals. As shown in Figure 4.14, the PL emission wavelength of the polymer-
coated CIS nanocrystals dispersed in PBS was unchanged from that of the hydrophobic
nanocrystals dispersed in chloroform. The quantum vyield of the nanocrystals decreased
to 20% when transferred to water. Polymer-coated CIS nanocrystals form optically clear
dispersions in PBS that easily pass through a 200 nm pore size filter and maintain their

strong PL intensity.
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Figure 4.14. Polymer-coated CIS absorbance (dashed line), photoluminescence emission
(PL, dotted line), and photoluminescence excitation (PLE, solid line). The nanocrystals

are dispersed in PBS (aq).

4.3.4 Stability of Polymer Coated Nanocrystals

The PL and dispersion stability of polymer-coated Si nanocrystals were tested at
various ionic strength and pH. For testing ionic strength, the nanocrystal dispersions (20
uL) were loaded into separate wells of a 96-well plate and diluted with 80 uL of
NaCl(aq) solutions ranging from 250 mM — 5 M ionic strength. For testing pH, 20 pL of
nanocrystal dispersion was loaded into separate wells and then diluted with 80 pL of
sodium borate buffer (250 mM) ranging in pH from 7.0 — 12. The results of the ionic
strength test are displayed in Figure 4.15, showing that the nanocrystals maintain their PL
emission intensity up to 4 M, while the dispersion becomes more turbid above 2 M
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indicating that polymer flocculates into larger aggregates. The results of the pH test are
listed in Figure 4.16, showing that increasing pH does not cause flocculation of the
nanocrystals but above pH 10 the emission starts to decline. Therefore, recommended
handling conditions for the amphiphilic polymer coated nanocrystals are pH 7 — 10 and

ionic strength of less than 2 M.
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Figure 4.15. Effect of ionic strength on the photoluminescence intensity (380 nm
excitation) and absorbance (turbidity, 300 nm) of amphiphilic polymer-coated Si

nanocrystals.
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Figure 4.16. Effect of varying pH on the photoluminescence intensity (380 nm
excitation) and absorbance (turbidity, 300 nm) of amphiphilic polymer-coated Si

nanocrystals.

The results of the ionic strength test (Figure 4.15) suggest that the nanocrystals
will flocculate when the electric double layer repulsions between polymer molecules is
reduced by screening the charge on the carboxyl groups.®® Flocculation can also be
induced by cross-linking the carboxyl groups with divalent cations or hydrogen bonding
at low pH. Figure 4.17 shows a confocal microscope image of a dispersion of polymer-
coated CIS nanocrystals that were mixed with calcium chloride (50 mM Ca**, 3 mg/mL
CIS). The dispersion contains fluorescent flocculates of nanocrystals that are around 10
um in diameter. Divalent (and trivalent) cations are known to induce flocculation of
colloid particles having a negative zeta potential — divalent cations adsorb to the colloid
particles and reduce the thickness and density of the adsorbed layer of ions, weakening

the inter-particle repulsive potential.®*®" The polymer coated nanocrystals are also
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flocculated by lowering the pH below 7, which results in protonation and neutralization
of the polymer’s carboxyl groups. The top arrow of Figure 4.18 shows the flocculation
of polymer coated Si nanocrystals when the pH is lowered from 7 to 3 by adding HCI.
However, when a protein like bovine serum albumin (BSA, isoelectric point = 4.7) is
included in the dispersion, the nanocrystals do not flocculate in spite of lowering the pH
to 3. It was shown that BSA can adsorb to Au nanocrystals having a negative zeta

potential,®

therefore we suspect that the BSA adsorbs to the polymer-coated Si
nanocrystals as well at neutral pH. When the pH is lowered to 3, apparently the adsorbed
BSA keeps the polymer-coated nanocrystals from flocculating. Therefore, protein

adsorption seems to provide a means of improving the stabilization of the polymer coated

nanocrystals in aqueous solution.

20 um 20 um
— —

Figure 4.17. Confocal fluorescence microscope image of polymer-coated CIS
nanocrystals flocculated with 50 mM CaCl,. The nanocrystals are excited with a 400 nm
wavelength laser. Left panel: Transmitted light image. Right panel: Red light channel
(650 — 800 nm).
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Figure 4.18. Amphiphilic polymer coated Si nanocrystals. Top: Flocculation induced
by mixing 0.2 mg Si, 50 pmol HCI in 2 mL DI water. Bottom: Mixing 0.2 mg Si, 8 mg

BSA, and 50 umol HCI in 2 mL DI water does not result in Si flocculation.

4.4 Conclusions

The amphiphilic polymer coating enables hydrophobic Si and CIS nanocrystals to
disperse in water, and the nanocrystals remain fluorescent. The nanocrystals are stable in
water over a wide range of pH and ionic strength. The polymer-coated nanocrystals
flocculate when exposed to calcium, or when the pH is lowered below neutral. BSA
protein inhibits the flocculation of the nanocrystals, and therefore protein adsorption on

the polymer-coated nanocrystals is worth further investigation for enhancing the

nanocrystal stability.
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Chapter 5: Chloroform Enhances Incorporation of Hydrophobic Au Nanocrystals
into Unsaturated Phosphatidylcholine Vesicles®

5.1 Introduction

Hybrids of vesicles, or liposomes, and inorganic nanocrystals have interesting
implications for medical imaging, drug delivery, and nanotoxicology." They should
exhibit the well-established properties of vesicles, like the ability to encapsulate drugs for
targeted delivery in the body, while imparting new functionality, such as imaging
contrast for real-time tracking in vivo,* or a therapeutic response to external
electromagnetic stimulation by heating or cooling.®*® Studies of vesicle-nanocrystal
hybrids could also provide fundamental insight about how nanomaterials distribute in live
cells and organisms, with vesicles serving as models of naturally-occurring biological
membranes.**?
Vesicle-nanocrystal hybrids can be created using several strategies." For

13-28

example, nanocrystals can be precipitated in-place within vesicles, or they can be

synthesized and then associated with vesicles, either by electrostatic adsorption®*** or

encapsulation®®’

of hydrophilic nanocrystals, or by insertion of hydrophobic
nanocrystals into the non-polar interior of the lipid bilayer.>>**** Precipitation within the

vesicles limits the nanocrystal chemistry to a relatively narrow range of materials because

8 Portions of this chapter appear in the following two publications: (1) Rasch, M.R.; Rossinyol, E.; Hueso,
J.L.; Goodfellow, B.W.; Arbiol, J.; Korgel, B.A. Nanoletters 2010, 10, 3733-3739; and (2) Rasch, M.R;
Yu, Y.; Bosoy, C.A.; Korgel, B.A. Langmuir 2012, submitted. In the respective publications, the
experiments were performed by M.R. Rasch, E. Rossinyol, J.L. Hueso, B.W. Goodfellow, J. Arbiol, Y. Yu,
and C.A. Bosoy. Both publications were written by M.R. Rasch and B.A. Korgel. Funding was provided
by research grants to J. Arbiol and B.A. Korgel.
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the synthesis must be carried out near room temperature in aqueous media. 1*%3%% The

reliance on hydrophilic nanocrystals is also limiting, as a much wider range of
nanocrystal materials with the highest quality properties are obtained with hydrophobic
capping ligands from synthetic reactions carried out in organic high boiling point
solvents.”> Therefore, the ability to load hydrophobic nanocrystals into the lipid bilayer
of vesicles provides a quite general route to vesicle-nanocrystal hybrids, making available
a wide range of nanocrystal chemistry, including the prospect of loading different
combinations of nanocrystals within each vesicle.

There are many examples in the literature of hydrophobic nanocrystals, including
Au,¥7394344 pg 9546 Crge 338404147 gj 48 and Fe,03,°**° being dispersed in water with
vesicle-forming surfactants. The structures of the resulting lipid-nanocrystal assemblies,
however, are typically not well characterized, leaving fundamental questions about how
hydrophobic nanocrystals really associate with liposomes and affect their stability. It is
known that nanocrystals can disrupt vesicle formation under certain conditions; for
example, hydrophobic nanocrystals larger than about 6 nm in diameter tend to induce
lipid adsorption around the nanocrystals into micelle-like structures instead of
vesicles.®**? Lipid adsorption around smaller nanocrystals on the other hand, leads to too

51,53,54

much curvature of the lipid membrane, and vesicles form instead of micelles,

reportedly with hydrophobic nanocrystals embedded within the lipid bilayer.>>>°
Molecular dynamics simulations have predicted that very small (~1 nm diameter)
hydrophobic fullerenes can disperse in a lipid bilayer without significant distortion of the

lipid bilayer,>” but spherical nanocrystals of slightly larger size (i.e., 2~4 nm diameter)
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should distort the packing of the hydrophobic chains. This is different than alkanes or
membrane-spanning proteins that can simply insert in a bilayer parallel to the lipid
molecules;*®®! nanocrystals should force a molecular “unzipping”****** of the lipid
bilayer that could also disrupt the integrity of the vesicles. Therefore, we sought to study
phosphatidylcholine (PC) vesicles with dodecanethiol-coated Au nanocrystals as a model
system, with the help of cryogenic transmission electron microscopy (cryoTEM)
imaging, to understand in detail how hydrophobic nanocrystals interact with liposomes.
This chapter demonstrates the interaction of hydrophobic Au nanocrystals with
vesicles prepared from two types of unsaturated lipids — PC derived from hen eggs
(eggPC), and pure dioleoylphosphatidylcholine (DOPC). The results indicate that
incorporating Au nanocrystals into these unsaturated lipid vesicles depends on the
nanocrystal size and the presence of residual chloroform. Dodecanethiol-coated Au
nanocrystals were synthesized with diameters of 1.8 nm and 4.0 nm using established
methods.®*®® Au nanocrystals with a 1.8 nm diameter and hexadecanethiol coating were
also synthesized. To form vesicles, the Au nanocrystals were mixed with PC lipids in
chloroform solvent, dried to a film, dispersed in deionized water by ultasonication, and
then extruded through 100 nm diameter pores. The effect of residual chloroform was
studied by controlled exposure of the dry lipid-nanocrystal film to organic solvent vapor
(solvent vapor annealing). CryoTEM was used as the primary tool for structural
characterization because it provides clear visualization of the vesicle-nanocrystal hybrids,
with sufficient resolution to view individual nanocrystals and their location within the

vesicles in their native environment,20:6%:64-68
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5.2 Experimental Details
5.2.1 Chemicals

Hydrogen tetrachloroaurate trihydrate (HAuClI;-3H,0, 99.999%),
tetraoctylammonium bromide (TOAB, 98%), sodium borohydride (NaBH,, 98%), diethyl
ether, 1-dodecanethiol (98%), 1-hexadecanethiol (95%), anhydrous chloroform (99%)
and anhydrous dichloromethane were obtained from Sigma-Aldrich. Toluene,
cyclohexane, hexanes, dichloromethane, acetone, ethanol (EtOH, 200 proof),
isopropanol, and methanol were from Fisher Scientific. Egg-derived L-a-
phosphatidylcholine (99% PC, 760.09 g/mole average molecular weight), and 1,2-
dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC, >99%) was obtained from Avanti
Polar Lipids. Deionized (DI) water was obtained from a Barnstead Nanopure Filtration
System operating at a 17 MQ resistance. Deuterium oxide was from Cambridge Isotope
Laboratory.
5.2.2 Au nanocrystal synthesis

1.8 nm diameter Au nanocrystals capped with dodecanethiol were synthesized
following literature procedures.® In a 125 mL flask, 6.0 g of TOAB was dissolved in 73
mL of toluene by magnetic stirring (600 rpm). An aqueous gold solution (0.300 g
HAuUCI4-3H,0 in 18 mL DI water) was added to the toluene phase and stirring was
continued for 1 hour, resulting in complete phase transfer of the gold ions to the toluene
phase. The toluene phase was extracted, placed in a clean flask, and stirred at 600 rpm.
Next, 2.3 mmol of 1-dodecanethiol was injected into the stirring flask, and the toluene

phase turned from red to colorless. After stirring for 15 minutes, an aqueous sodium
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borohydride solution (0.346 g NaBH, in 18 mL DI water) was quickly poured into the
toluene phase. Stirring was continued for 12 hours, and then the toluene phase was
extracted and distributed into glass centrifuge tubes. Ethanol was added to each tube as
an antisolvent (20 mL EtOH : 5 mL toluene). The tubes were centrifuged at 9000 rpm for
6 minutes, and the colorless supernatant was discarded. The gold nanocrystal precipitates
were dispersed in 2 mL total of toluene, combined into one centrifuge tube, and
centrifuged at 10000 rpm for 3 minutes. The supernatant of well-dispersed nanocrystals
was transferred to a clean glass centrifuge tube. Size selective precipitation was
performed by adding 500 pL of ethanol, centrifuging at 9000 rpm for 6 minutes, and
transferring the supernatant to a new tube. The size selection was repeated 3 times, and
each precipitate was dispersed in 2 mL of toluene.

Au nanocrystals with 4.1 nm diameter coated with dodecanethiol were prepared
by modification of recent protocols.” In a 125 mL flask, 5.4 g of TOAB was dissolved
in 49 mL of toluene by magnetic stirring (600 rpm). An aqueous gold solution (0.760 g
HAUCI;-3H,0 in 72 mL DI water) was added to the toluene phase and stirring was
continued for 1 hour, resulting in complete phase transfer of the gold ions to the toluene
phase. The toluene phase was extracted, placed in a clean flask, and stirred at 600 rpm.
Next, an aqueous sodium borohydride solution (1.0 g sodium borohydride in 60 mL DI
water) was quickly poured into the toluene phase. Stirring was continued for 10 minutes,
the two phase liquid mixture was decanted off of the bulk gold precipitate, and then the
toluene phase was extracted from the mixture, washed with three 20 mL aliquots of DI

water, and collected in a clean flask. Then 2.0 mmoles of dodecanethiol was injected into
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the toluene phase while stirring at 600 rpm. After 3 hours, the toluene phase was
distributed into glass centrifuge tubes, centrifuged at 10000 rpm for 3 minutes, and the
supernatant of well dispersed particles was collected. This dispersion was combined with
ethanol (20 mL EtOH per 5 mL toluene), centrifuged at 8500 rpm for 6 minutes, and the
colorless supernatant was discarded. The total gold precipitate was dispersed in 2 mL of
toluene and then centrifuged at 10000 rpm for 3 minutes. The supernatant was collected
and transferred to a clean glass centrifuge tube. Size selective precipitation was
performed as described above, and the gold precipitates were dispersed and stored in
toluene.

Au nanocrystals capped with 1-hexadecanethiol were prepared as described above
for 1.8 nm nanocrystals with 2.3 mmol of the appropriate thiol. A 50:50 v/v mixture of
acetone and isopropanol was used as the antisolvent to purify the nanocrystals because
hexadecanethiol does not dissolve in ethanol. The particles were washed twice before
carrying out a final precipitation with methanol.

Gold Nanocrystal Characterization. Gold nanocrystals were dried from toluene solvent
onto 200 mesh carbon-coated copper grids (Electron Microscopy Sciences) and imaged
by a FEI Tecnai Biotwin transmission electron microscope (TEM) operating at 80 kV.
Small angle x-ray scattering (SAXS) was used to determine the mean crystalline core
diameter of gold nanocrystals dispersed in toluene as described in Chapter 4.%
Thermogravimetric analysis (TGA) was used to determine the weight fractions of Au and
organic ligand. 1 mg of nanocrystals was placed in a 70 pL alumina crucible (Mettler

Toledo) and the solvent was evaporated. TGA measurements were conducted using a
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Mettler Toledo TGA-1 with heating from 25-800°C at 10°C/minute under 5 mL/minute
nitrogen gas flow.
5.2.3 Vesicle Formation with Egg Phosphatidylcholine (eggPC)

Au nanocrystals were dispersed in anhydrous chloroform at 6.0 mg/mL (120uM
nanocrystals per volume for 1.8 nm diameter, DDT-passivated Au). 10 mg (13 umol) of
eggPC lipid (Figure 5.1) was added to a 50 mL round bottom flask, and enough Au
solution was added to achieve the desired lipid:nanocrystal mole ratio, which was varied
from 5000:1 to 100:1. For example, a lipid:nanocrystal ratio of 100:1 required addition
of 1.0 mL of the 6.0 mg/mL Au nanocrystals dispersed in chloroform. The eggPC and
Au solution in the 50 mL flask was diluted to 1.0 mL total volume using anhydrous
chloroform. The flask was then connected to a rotary evaporator and partially submerged
in a 20 °C water bath to maintain constant temperature. The chloroform was evaporated
by rotating the flask at ~1 revolution per second at about 200 mbar pressure until a dry
film formed on the flask walls. Afterward, the flask was removed from the rotary
evaporator, and the film was blown with a stream of Ar gas to purge the flask of
chloroform vapor, because chloroform would sometimes condense in the flask even after

several minutes under vacuum using an old rotary evaporator.
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Figure 5.1. Structure of the predominant lipid in eggPC, containing 1 saturated 16
carbon fatty acid (palmitoyl, snl position) and 1 mono-unsaturated 18 carbon fatty acid
(oleoyl, sn2 position). EggPC is composed of 99% glycero-3-phosphatidylcholine lipids
that have different fatty acid chains linked to the snl and sn2 positions of the glycero
group. Other less abundant fatty acids found in eggPC lipids at the snl or sn2 position
include 18 carbon saturated chains (stearoyl), 18 carbon di-unsaturated chains (linoleoyl),
and 20 carbon polyunsaturated alkane chains (arachidinoyl).”' The lamellar gel to liquid
crystal phase transition temperature for eggPC is about -15°C, so eggPC will be in the

liquid crystal phase at 25°C."

The lipid-nanocrystal film was hydrated by adding 1.0 mL of DI to the flask, then
gently vortexing by hand for 1-2 minutes. The flask was immersed in a bath sonicator
and sonicated for 2 minutes to disperse the lipid-nanocrystal film. The turbid lipid-
nanocrystal dispersion was transferred to a 20 mL glass scintillation vial and sonicated
further for 10 minutes in the bath sonicator. During this time, the turbid Au-lipid solution
became translucent, indicating the break-up of large Au-lipid aggregates into nanometer-
sized particles smaller than the wavelengths of visible light. For samples with very high
Au concentration (lipid:nanocrystal ratio < 1500:1), the change in turbidity could only be
seen at the water’s meniscus, because the Au makes the color of the solution too dark to
notice the turbidity. After sonication, the aqueous lipid-Au solutions were placed in a 1.5
mL plastic centrifuge tube, and centrifuged with a force of 600g for 5 minutes. The

supernatant was collected and spun again at the 900g for 5 minutes. Au precipitated
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during centrifugation when the lipid:nanocrystal ratio was less than 1500:1. The final
supernatant was collected and used for extrusion.

The final lipid-nanocrystal supernatant was drawn into a 1.0 mL glass syringe,
which was loaded onto an Avanti MiniExtruder (Avanti Polar Lipids, see manufacturer
website for details). The syringe was depressed to pass the Au-lipid aggregates through a
polycarbonate filter (100 nm diameter pore size) 21 times. The extruded Au-lipid
solution was then extruded through a polycarbonate filter with 50 nm diameter pore size
21 more times. For lipid:nanocrystal mole ratios lower than 1500:1, Au fouled the filter
and required that a higher pressure be exerted than when extruding samples with higher
ratios of lipid:nanocrystal. The final aqueous Au-lipid dispersion was stored in a clean

1.5 mL plastic centrifuge tube until cryoTEM imaging.

5.2.4 Vesicle Formation with Dioleoylphosphatidylcholine (DOPC)

Vesicles were formed by dispersing a dry lipid-nanocrystal film in water. Films
were prepared from a 1.0 mL chloroform dispersion containing 30 pmol of DOPC and 3
mg of gold nanocrystals (200 nanocrystals per lipid), illustrated in Figure 5.2. The 1 mL
dispersion was placed in a 50 mL glass round bottom flask (Chemglass) and connected to
a rotary evaporator (Buchi, new equipment purchased in 2011). Chloroform was
evaporated with the rotary evaporator bath temperature at 25°C, 40 rpm rotation, and a
pressure of 200 mbar. After 15 minutes, the flask was removed from the rotary
evaporator, placed in a vacuum chamber for 12 hours (< 50 mbar pressure), and then

subjected to solvent vapor annealing as described below.
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Figure 5.2.

phosphatidylcholine head group at the sn3 position.
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Illustration of DOPC lipid and gold (Au) nanocrystals used for vesicle
formation. DOPC is a glycero-3-phosphatidylcholine lipid with two mono-unsaturated
fatty acid chains located at the snl and sn2 positions, and the hydrophilic
The DOPC molecular weight,
critical micelle concentration (CMC), and lamellar gel to liquid crystal phase transition
temperature (Ty,) are derived from Marsh.”* The lipid bilayer thickness is based on

measurements by Nagle et al.”® The gold nanocrystal diameters are drawn to scale.
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Lipid/nanocrystal films were annealed with chloroform vapor using the
experimental setup illustrated in Figure 5.3A. The flask containing a dried lipid-
nanocrystal film was placed on top of a glass bottle filled with liquid chloroform with the
flask neck inserted into the bottle opening. The flask-bottle contact was wrapped with
parafilm to help maintain constant chloroform vapor pressure. Solvent vapor annealing
was performed for 60 minutes, and during the first 50 minutes of solvent vapor exposure,
the films changed in appearance from opaque to translucent. Immediately after 60
minutes of solvent vapor annealing, the flask was separated from the glass bottle, 1.0 mL
of DI water was added to the lipid/nanocrystal film, the flask opening was covered with
parafilm and the film was sonicated for 10 min (Misonix bath sonicator, 600 mL water

bath, 25-30°C temperature, 30 W power delivered to the sample).”
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Figure 5.3. Sketch of solvent vapor annealing apparatuses, using chloroform as an
example of an organic solvent. A) A glass bottle of liquid CHCI;z is used for
lipid/nanocrystal films prepared in 50 mL glass round-bottom flasks. The liquid level is
typically 2-3 mm below the opening of the round-bottom flask, and the contact between
the glass bottle and flask is sealed by wrapping with parafilm. B) A glass Petri dish
containing 10 mL of liquid chloroform is used for annealing films prepared on glass
cover slides. The cover slide (black) is placed face up on two layers of 5 mm diameter
glass beads (grey), and the level of liquid chloroform is below the cover slide. The Petri
dish is covered with a glass crystallization dish trap chloroform vapor inside.

After 10 min of ultrasonication, the aqueous lipid/nanocrystal dispersions were

loaded into 2 mL plastic centrifuge tubes for purification from poorly dispersed
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nanocrystals and extrusion. The dispersions were centrifuged at 2000g for 10 minutes,
the supernatant was removed with a glass pipette and placed into a clean 2 mL centrifuge
tube, and then it was centrifuged at 2000g a second time. The final supernatant was
transferred to a clean 2 mL centrifuge tube using a glass pipette. Vesicles formation was
completed by extruding the lipid/nanocrystal dispersions through a polycarbonate

membrane with 100 nm diameter pores using a hand-powered MiniExtruder (Avanti).

5.2.5 Light Microscopy.

DOPC/nanocrystal films were imaged using a Leica DM2500 light microscope at
40x magnification in bright field mode. Images were captured using a Leica DFC 320
color camera. The lipid/nanocrystal films were prepared for light microscopy by
dispersing lipids and nanocrystals in liquid chloroform and drop-casting 500 pL onto a
24x50 mm (12 cm?®) cover glass. The liquid chloroform was allowed to evaporate in a
ventilated fume hood at room temperature (23°C) for 15 minutes. Once dry, the films
were transferred to a room temperature vacuum oven and stored under vacuum for 12
hours.

Nanocrystal/lipid films were annealed with solvent vapor as illustrated in Figure
5.3B, using a glass petri dish filled with two complete layers of glass beads and liquid
organic solvent in the dish. The liquid level was below the top layer of the beads. The
cover glass coated with a dry lipid-nanocrystal film was placed face up on the top layer of
glass beads. The Petri dish was covered by a glass crystallization dish, forming a closed

container to trap the solvent vapor. The films were kept in the closed container until the
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film appearance changed from opaque to translucent, typically 5 minutes. Once
annealing was complete, the films were removed from the closed container for light

microscopy imaging.

5.2.6 Centrifugal Separation. An extruded lipid/nanocrystal dispersion was placed in a
plastic centrifuge tube and spun at 10000g for 60 minutes. The gold-loaded vesicles
concentrate at the bottom of the centrifuge tube. The supernatant was transferred to a
clean centrifuge tube using a glass pipette and centrifuged at 10000g for 60 minutes. The
remaining Au-loaded vesicles concentrated at the bottom of the centrifuge tube. A blue-
opalescent supernatant, containing mostly empty vesicles, was transferred by pipette to a
clean centrifuge tube. The concentrated Au-loaded vesicles from both centrifugation

steps were combined and diluted to 0.5 mL with DI water for cryoTEM imaging.

5.2.7 CryoTEM Imaging. CryoTEM imaging for the preliminary experiment with
eggPC vesicles (see Chapter 5.3.2) was performed at the Universidad Autonoma de
Barcelona as described in Chapter 4. Subsequent cryoTEM imaging with eggPC and
DOPC vesicles was performed at the Texas A&M University, described as follows. An
FEI Tecnai F20 transmission electron microscope was used, operating at 200 kV with a
liquid nitrogen cooled stage. Specimens were prepared on C-flat holey carbon film TEM
grids (Protochips, via Electron Microscopy Sciences) having a 1.2 um holes separated by
and a 1.3 um. TEM grids were exposed to glow discharge plasma for 30 sec to improve

wetting of the hydrophobic grids. The TEM samples were vitrified using an automated
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Vitrobot (FEI). A 2.8 pL drop of lipid-nanocrystal dispersions was placed on a C-flat
grid suspended in the Vitrobot chamber maintained at 22°C and 95-100% relative
humidity. The Vitrobot blots the grid with filter paper (1 blot, 3.5 second blot time) and
then plunges the grid into liquid ethane. The vitrified grid was transferred to a cryo grid
storage box (Electron Microscopy Sciences) submerged in liquid nitrogen, where it was
kept until imaging. The vitrified grid was transferred in liquid nitrogen to a Gatan
CT3500 single tilt cryo TEM specimen holder on a cryo workstation (Gatan), followed
by insertion into the microscope. Vesicles are imaged in the holey regions of the carbon

film.

5.2.8 Dynamic Light Scattering (DLS). Clean, disposable, polystyrene, low-volume
microcuvettes (Malvern) were used for DLS. The microcuvettes were cleaned by rinsing
5 times with 500 pL of DI water passed through a 100 nm pore size polyvinylidene
fluoride syringe filter (Millipore). After rinsing, residual water was removed from the
cuvettes by tapping the cuvette upside down on the benchtop. Cuvettes were filled with
50 pL of aqueous lipid/nanocrystal dispersion for DLS characterization.

DLS data were collected using a Zetasizer Nano ZS instrument (Malvern)
operating at 25°C with a laser wavelength A of 630 nm and a scattering angle ¢ of 173°.
The instrument measures the correlation in light scattering intensity over time and reports
the data as the intensity autocorrelation function given by equation 5.1.>"® For each

dispersion, g,(t) was measured in triplicate.
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The intensity autocorrelation function (g) is related to the electric field autocorrelation
function (g;) by the Siegert relationship, equation 5.2.” In equation 5.2, the p term is a

constant.

g, (t) =1+ 5-[g, (V)" (5.2)
Each scattering particle contributes a single exponential decay to the correlation in light

scattering intensity, thus the general form of g; is the following:
g, ()= Ae™ (5.3)
i=1

In Eqn (5.3), each particle size (i) has a constant pre-exponential term A; and a scattering
intensity decay rate /5. Equation 5.4 shows how the decay rate is related to the scattering
vector g and the particle diffusion coefficient D;. Also, equation 5.4 employs the Stokes-
Einstein relationship to relate the decay rate directly to the particle hydrodynamic
diameter d;.” The refractive index n, of water is 1.333, the dynamic viscosity # of water

at 25°C is 0.89 cP, k is Boltzmann’s constant (1.38*10% J/K), and T equals 298 K.

s [ (O (KT
I =q .Di_(ism(zD (377-dJ (5.4)

The particle size is obtained by fitting equations 5.2-5.4 to the experimental data g,(t)
given by equation 5.1. Unfortunately this problem has many solutions when m>3 in
equation 5.3, or if the particles are considered to have a multimodal, polydisperse size
distribution. In this experiment though, we actually found that the DLS data were very
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well represented by simply assuming that there are only two particle sizes, so that m = 2
in equation 5.3.”""® In this case, the two pre-exponentials represent the relative amplitude
of scattering from each particle size, so A; + A, = 1.79%

For each dispersion, equations 5.2-5.4 were fit to the three replicate measurements
of go(t) using non-linear least squares regression, assuming only non-negative solutions
were valid. The regression minimized ¥2 in equation 5.5, the sum of the squared

differences between the experimental correlation function g»(t)|exp (equation 5.1) and the

correlation function calculated by the model ga2(t)|moger (€QuUation 5.3).

7= 0,

For each dispersion, DLS was performed by taking three replicate measurements

exp 9, (t)| model )2 (55)

of the light scattering intensity correlation function (g,), which is related to the intensity
of scattered light I(t) according to Eqn (5.1). DLS data were fit to a light scattering
modeling derived from Eqgns (5.2-5.3) by assuming that the scattering population consists
of two different particle sizes (i = I, 1I) with pre-exponential constants A;, and size-
dependent constants I, that correspond to the relaxation rate of the light scattering

intensity given in Eqn (5.4):"""°

gz(T)_lzﬁ'[Al e><p(—F, 'T)+A|| 'EXp(_ru 'T)]2 (5.6)

5.2.9 NMR Spectroscopy
Pure lipid and lipid/nanocrystal dispersions were prepared as described above, but

using D,O was used as the solvent instead of deionized water. The lipid dispersions were
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pipetted into NMR liquid sample tubes (Wilmad) and submitted to the University of
Texas-Chemistry Department’s NMR facility for analysis. All spectra were collected at
27°C on a Varian Inova-500 spectrometer. The *H NMR spectra with *3C decoupling
were collected at 600 MHz using no spinning, 12.9 kHz spectral width, 4 kHz filter
bandwidth, 3.57 s acquisition time, 0.020 relaxation delay, 64 transients with 32
transients collected before saving, 61 transmitter power, 1.4 kHz transmitter offset, and

11.6 ps pulse width.

5.2.10 Lipid and Nanocrystal Monolayer Compression

Monolayer compression experiments were carried out on a KSV Minitrough
(maximum area=243 cm?) with Teflon barriers, a platinum Wilhelmy plate, and a DI
water sub-phase maintained at 25°C by a recirculating water bath. DOPC lipid and
nanocrystals were dispersed in chloroform and spread on the trough by touching a single
droplet of the dispersion to the surface of the water every 10 seconds. After spreading,
the monolayer was allowed to equilibrate for at least 10 minutes. The barriers were
compressed to an area of 63 cm? at a rate of 3.75 cm?min while recording surface
pressure and area. LB monolayers with 10 mole% nanocrystals or less were prepared
using nanocrystals dispersed in chloroform at 5 uM (0.28 mg/mL) and lipid dissolved
separately in chloroform at 1 mM (0.79 mg DOPC/mL). The nanocrystals were spread
first, followed by 30 nmol of lipid. For 25-100 mole% of nanocrystals, the 5 pM
nanocrystal dispersion was too dilute to form a monolayer during compression on the

Minitrough, so a 25 pM nanocrystal dispersion was prepared. For the monolayer with 50
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mole% nanocrystals, it was difficult to spread the lipid after the gold nanocrystals without
the surface pressure increasing over 1 mN/m before compression, which is detrimental to
forming a monolayer according to the manufacturer. Because of this, the 50 mole%
monolayer data was not included when comparing the experimental data of average area
(nm? per number of moles of DOPC plus nanocrystals added to the trough) versus mole%

to the calculated area for ideal mixing (Aigear)-

5.3 Results and Discussion
5.3.1 Au Nanocrystal Characterization

Three different Au nanocrystal samples were studied: (1) 1.8 nm diameter
particles capped with dodecanethiol, (2) 1.8 nm diameter particles capped with
hexadecanethiol and (3) 4.1 nm diameter nanocrystals capped with dodecanethiol. The
average diameters of the nanocrystals were determined using both TEM and SAXS
(Figure 5.4). Table 5.1 lists the average sizes determined from SAXS. Figure 5.5 shows
the optical absorbance spectra of the gold nanocrystals, which further verify the
nanocrystal sizes measured by TEM and SAXS. The 1.8 nm gold nanocrystal samples
are too small to have a plasmon resonance, and the 4.1 nm nanocrystals have the
characteristic Au nanocrystal plasmon peak at 520 nm.** TGA (Figure 5.6) of the
nanocrystals was used to ensure that each sample was free of unbound ligand and that the
nanocrystals had similar ligand coverage. Table 5.1 lists the mass fraction of ligand
expected for nanocrystals with a complete uniform thiol monolayer compared to the

measured mass fraction, based on the Au nanocrystal size and assuming that each Au-

165



adsorbed thiol molecule occupies 0.16 nm? on the nanocrystal surface.’2%# The
measured ligand content is within experimental error of the expected ligand content from

calculation.

Table 5.1. Size and mass fraction of Au and organic in the nanocrystal samples
measured by SAXS and TGA.

Measured SAXS Thiol Calculated Mass Fraction of
Diameter, D Thiol Mass Ligand Measured
(nm) Percent (%) by TGA (%)}
1.8+0.2 C1oHosSH 26+ 9 27
1.8+0.2 C16H33SH 31+11 33
41+0.8 C1oHosSH 14+9 21

I Quantities extracted from the data in Figure 5.6. The TGA balance has microgram
precision, and the error in this measurement is negligible compared to the error in the
calculated thiol mass percent. The thiol footprint on a Au surface was assumed to be 0.16
+ 0.02 nm?/thiol 2%
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Figure 5.4. TEM and SAXS characterization of the Au nanocrystals used in these
studies. The SAXS data were fit according to Equations 4.1 — 4.4 (Chapter 4) to obtain

the mean nanocrystal diameters (D) and standard deviations (o) listed in Table 1.
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Figure 5.5. Optical absorbance spectra of the Au nanocrystals used in these studies. The
black line is 1.8 nm gold nanocrystals and the red line is 4.1 nm gold nanocrystals. The

spectra for the 1.8 nm gold nanocrystals coated with dodecanethiol and hexadecanethiol
are identical.
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Figure 5.6. TGA of the alkanethiol-capped gold nanocrystals: dodecanethiol-coated 1.8
nm gold nanocrystals (blue), hexadecanethiol-coated 1.8 nm gold nanocrystals (red), and
dodecanethiol-coated 4.1 nm gold nanocrystals (green). TGA of pure dodecanethiol

(black) and hexadecanethiol (grey) Au are also plotted.

168



5.3.2 EggPC Lipid and 1.8 nm Au Nanocrystals

Preliminary Experiments without Rigorous Chloroform Removal. The preliminary
experiments with eggPC and Au nanocrystals were performed while visiting a lab at the
Universidad Autonoma de Barcelona. Figure 5.7 shows images of dispersions of eggPC
vesicles prepared with and without nanocrystals. In Figure 5.7, samples A and B were
prepared by extruding either pure lipid (A) or lipid with nanocrystals (B) through a
membrane with 50 nm diameter pores after sonicating a lipid-nanocrystal film in
deionized water. Both samples exhibit the characteristic opalescence of a vesicle
dispersion, but Sample B has a brown color from the Au nanocrystals. The fact that the
hydrophobic nanocrystals remain dispersed in the aqueous media implies that the lipid is
associated with the nanocrystals. When the vesicles were prepared with lipid:nanocrystal
ratios lower than 1500:1, some Au nanocrystals sedimented from the vesicle dispersion
within a couple of days, though most of the nanocrystals remained dispersed by the lipid
for weeks. Vesicle-nanocrystal hybrids made with higher lipid:nanocrystal ratios were

stable, without any sedimentation, for weeks.
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Figure 5.7. Photograph of aqueous dispersions of (A) pure eggPC vesicles prepared by
extrusion, and (B) eggPC vesicles prepared by co-extrusion with Au nanocrystals (1500

lipid molecules per nanocrystal).

CryoTEM of nanocrystal-vesicle hybrids made by lipid:nanocrystal coextrusion
(i.e., the vial in Figure 5.7B) showed that the vesicles were predominantly unilamellar,
intact, and densely loaded with nanocrystals in the lipid bilayer. For comparison, Figure
5.8A shows cryo-TEM images of eggPC vesicles made without nanocrystals. The
average diameter of the vesicles was similar for those prepared with and without
nanocrystals—60 + 10 nm—uwhich is slightly larger than the 50 nm pores in the
polycarbonate filter used for extrusion. The nanocrystals did not appear to influence the

vesicle diameter.
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Figure 5.8. Cryo-TEM images of eggPC vesicles prepared by extrusion in the (A)
absence and (B-G) presence of Au nanocrystals. Chloroform removal was not thorough
vesicle preparation. Imaging was performed one day after preparing the vesicles. The
samples imaged in (B) and (C) were made with a lipid:nanocrystal ratio of 1500, and the
samples imaged in (D)-(G) were prepared with a lipid:nanocrystal ratio of 100. The
arrows in (C) highlight vesicles that are free of nanocrystals surrounding one nanocrystal-
loaded vesicle. The vesicle in (D) is bi-lamellar with both lipid bilayers loaded with
nanocrystals. In (E), two nanocrystal-loaded vesicles are encapsulated within a lipid
bilayer, labeled by blue arrows. In (F), two Au-loaded vesicles are accompanied by a
nanocrystal agglomerate. The field of vesicles in (G) shows a mixture of nanocrystal
agglomerates, nanocrystal-loaded vesicles, and nanocrystal-free vesicles. Imaging was
performed at the Universidad Autonoma de Barcelona with Dr. Jordi Arbiol.
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The vesicles prepared by co-extrusion with nanocrystals were either loaded with
nanocrystals or were free of nanocrystals. Figures 5.8C and 5.8F show examples of this.
Vesicles having only a few nanocrystals were not observed. A higher fraction of vesicles
could be loaded with Au nanocrystals when the lipid:nanocrystal ratio was decreased, but
empty vesicles were still observed, even when vesicles were extruded with only 100 lipid
molecules per Au nanocrystal. It is possible that the apparent clustering of nanocrystals
is due to incomplete mixing of the starting lipid-nanocrystal film as shown in Figure 5.9;
however, the lipid-nanocrystal dispersion was well-sonicated prior to extrusion. When
high concentrations of nanocrystals were added—with lower than 1500 lipid molecules
per nanocrystal—worm-shaped agglomerates of Au nanocrystals were observed (average
length 100 + 50 nm, average width 30 = 10 nm), as shown in Figure 5.8F. In Figure
5.8G, the nanocrystal-vesicle hybrid population made with a lipid:nanocrystal ratio of
100—the lowest molar ratio used—contains a mixture of nanocrystal agglomerates,
vesicles fully-loaded with Au nanocrystals, and vesicles without any Au nanocrystals in

the bilayer.
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Figure 5.9. TEM images of Au nanocrystals and eggPC lipids dried onto a carbon-
coated Ni grid at room temperature. 5 pL of a chloroform solution containing Au
nanocrystals (3 mg/mL) and eggPC lipid (5 mg/mL) was evaporated onto the grid. There
is clustering of the Au nanocrystals in the lipid film during drying, forming patches in the

film that are nanocrystal-rich and nanocrystal-deficient.
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Other vesicle structures were observed in some instances as well, like the
bilamellar vesicles shown in Figure 5.8D and the two separate nanocrystal-loaded
vesicles in Figure 5.8E that are enveloped in a single lipid bilayer. In the bilamellar
vesicle in Figure 5.8D, the separation between the concentric rings of nanocrystals is
about 3.9 nm, which is near the expected thickness of a PC bilayer.”* The nanocrystals
do not bridge the concentric bilayers of the bilamellar vesicle, which contrasts recent
observations of much larger 8-14 nm diameter hydrophobic iron oxide nanocrystals
spanning membranes when embedded in multilamellar vesicles.*” The enveloped
nanocrystal shells in Figure 5.8D nearly touch, but are separated by about 3.9 nm, which
again corresponds to the thickness of a lipid bilayer, or equivalently, two lipid
monolayers comprising the outer layer of each vesicle bilayer. Clearly, the hydrophobic
nanocrystals are associating with the hydrophobic tails of the lipid and embedding within
the bilayer.

Follow-up Experiments with Careful Control of Chloroform Removal. At first, the results
shown in Figure 5.8 were difficult to reproduce when returning to the University of Texas
at Austin. The experiments with (13 mM) eggPC and 1.8 nm diameter Au nanocrystals
(200 lipids per nanocrystal) were repeated in Austin, but during formation of the eggPC
and Au nanocrystal film, the films were stored under vacuum overnight to ensure
complete removal of residual chloroform. The films were dispersed in deionized water
by sonication and extruded through 50 nm pores, and the samples were imaged within 1
day of preparation at the Texas A&M Microscopy and Imaging Center. However, as

shown in the top row of Figure 5.10, no Au-loaded vesicles were formed. Instead, the Au
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nanocrystals assembled into solid lipid-coated agglomerates, as illustrated in Figure 5.10.
Repeating the experiment again, but without placing the lipid-nanocrystal films under
overnight vacuum to remove residual chloroform, produced the sample imaged in Figure
5.11. The sample that was not extensively dried of chloroform, shown in Figure 5.11,
does form many Au nanocrystal-loaded vesicles, suggesting that chloroform plays some
role in the vesicle loading process. The mechanism may involve a change in the lipid
bilayer fluidity, improved mixing of the separate lipid components of eggPC, or
improved mixing of Au nanocrystals and eggPC in the presence of chloroform. Itis
noteworthy that the eggPC and Au nanocrystals seem to phase separate when dried, as
shown in the TEM image of Figure 5.9 where a Au nanocrystal and eggPC mixture was
allowed to dry from chloroform onto a carbon-coated Ni TEM grid. This observation of
phase separation prompted further investigations into controlling the mixing of lipids and

nanocrystals during vesicle formation.
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Figure 5.10. Dispersion of eggPC and 1.8 nm diameter Au nanocrystals. Prior to
hydration and vesicle formation, the eggPC and nanocrystal film was dried for over 12
hours to remove trace amounts of chloroform. The illustration in the upper right panel is

a Au nanocrystal agglomerate (Au = brown spheres) coated with lipid.
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Figure 5.11. Dispersion of eggPC and 1.8 nm diameter Au nanocrystals. Prior to

hydration and vesicle formation, the eggPC and Au nanocrystal film was only dried for
15 minutes. When the vacuum is removed at 15 minutes, chloroform tends to re-
condense in the flask, and therefore the film contains residual chloroform vapor. The
illustration in the upper right panel is lipid vesicle having a bilayer fully loaded with Au
nanocrystals.
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5.3.3 Chloroform solvent vapor annealing improves nanocrystal incorporation into
DOPC vesicles.

Since the results shown in Chapter 5.3.2 suggest that chloroform influences
incorporation of Au nanocrystals into unsaturated lipid bilayers, a procedure was
developed to deliberately expose lipid-Au nanocrystal films to organic solvent vapor.

The lipid was changed to DOPC to focus specifically on a single-component lipid that
has one double bond in each fatty acid. Au nanocrystals of different diameters were
investigated as well.

To form vesicles, the Au nanocrystals first were dispersed in chloroform with
DOPC lipid and then dried for 12 hours under vacuum. During this drying process, the
nanocrystals and lipid phase separate. Chloroform vapor annealing reverses the phase
separation and re-disperses the nanocrystals in the DOPC lipid film, as shown in Figure
5.12.  Vesicles formed from the phase-separated nanocrystal/DOPC films were
predominantly free of nanocrystals, with a few Au agglomerates coated with lipid
(illustrated in Figure 5.10). In contrast, the chloroform-annealed DOPC/nanocrystal
films formed vesicles with significant incorporation of the 1.8 nm diameter
dodecanethiol-capped nanocrystals, as shown in the middle row of cryo-TEM images in

Figure 5.13.
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Annealed Films

1.8 nm Au NPs

4.1 nm Au NPs

Figure 5.12. Light microscopy images of dried DOPC lipid/Au nanocrystal films after
(a) complete drying followed by (b) exposure to chloroform vapor (i.e., solvent vapor

“annealed” films).
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1.8 nm Gold Nanoparticles

No CHCI3 Anneal

Dodecanethiol,
With CHCI3 Anneal

Hexadecanethiol,
With CHCI3 Anneal

Figure 5.13. CryoTEM images of DOPC vesicles prepared in the presence of
alkanethiol-coated 1.8 nm diameter Au nanocrystals. Only when lipid/nanocrystal films
were annealed with chloroform vapor did the dodecanethiol-coated nanocrystals load the
vesicle bilayers (middle row). Hexadecanethiol-coated nanocrystals caused intra-
lamellar attachments to form between DOPC bilayers when annealed with chloroform

(bottom row).
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Centrifugal purification of nanocrystal-loaded DOPC vesicles. Nanocrystal-loaded and
nanocrystal-free vesicles could be separated by centrifugation. As illustrated in Figure
5.14, vesicles loaded with nanocrystals are about 10-100 times heavier than the vesicles
without nanocrystals (an 80 nm diameter Au-loaded vesicle will contain about 2000
nanocrystals using a nanocrystal area of 10 nm? from Langmuir Blodgett monolayer
compression, see Chapter 5.3.6). Figure 5.14 shows cryo-TEM images of vesicles

enriched with lipid bilayer-embedded nanocrystals obtained by centrifugal separation.
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Figure 5.14. Separation of Au nanocrystal-loaded DOPC vesicles from nanocrystal-free
vesicles. Black curve: pure DOPC vesicles, red curve: DOPC vesicles loaded with 1.8
nm diameter dodecanethiol-coated Au nanocrystals. High speed centrifugation (10,0009
for 60 minutes) precipitates the heavier nanocrystal-loaded vesicles from the nanocrystal-
free vesicles. The vesicle mass was determined by assuming that lipids occupy an area of
0.7 nm? with a 4 nm thick lipid bilayer,”® with nanocrystals residing at the center of the
lipid bilayer and occupying an area of 10 nm?, based on LB nanocrystal monolayers (See
Chapter 5.3.6).2° The nanocrystal molecular weight was taken to be 50 kDa/nanocrystal

based on the TGA measurement of the ligand content (Table 5.1).

182



Influence of ligand chain length and nanocrystal size on vesicle incorporation. Au
nanocrystals with 1.8 nm diameter cores and longer capping ligands of hexadecanethiol
(C16) did not incorporate into the DOPC vesicles after chloroform annealing. They
tended to cluster at the intersection of multiple vesicle bilayers and induce the formation
of lipid particles with many internal, intra-lamellar attachments as shown in the bottom
row of Figure 5.13. Clustering of 6-10 nm diameter hydrophobic iron oxide nanocrystals
between vesicle bilayers has been observed as well.'**® Lipid particles with many
internal, intra-lamellar attachments have also been formed by hydrophobic phytosterols
and polyprenoids in glycerolipid particles.®® The formation of intra-lamellar attachments
suggests that the hexadecanethiol-coated nanocrystals destabilize the DOPC lipid bilayers
when mixed with chloroform. Some lipid particles were 200 nm in diameter or larger,
probably due to the aggregation of vesicles induced by the hexadecanethiol-coated gold
nanocrystals, similar to a mechanism suggested for monoolein lipid.?® According to Efrat
et al., unilamellar monoolein vesicles loaded with phytosterol may fuse into larger
vesicles with a few interlamellar attachments, followed by further fusion of bilayers
within the vesicle to form a complex lipid particle with many interlamellar attachments.®
Hexadecanethiol-capped Au nanocrystals are probably too large to insert in the lipid
bilayer of the DOPC vesicles.?’ >

Even larger 4.1 nm Au nanocrystals capped with dodecanethiol also do not
incorporate into the DOPC lipid bilayer. As the cryoTEM images in Figure 5.15 show,
the nanocrystals tend to agglomerate and fuse to vesicle membranes or lead to fused lipid

bilayers and intra-lamellar attachments within and between vesicles when annealed with
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chloroform. Figure 5.16 summarizes the role of chloroform vapor annealing and the
influence of nanocrystal size on the interaction between DOPC vesicles and the

nanocrystals.

. nm Gold Nanoiles

No CHCI3 Anneal

With CHCI3 Anneal

Figure 5.15. CryoTEM imaging of DOPC vesicles prepared with dodecanethiol-coated
4.1 nm diameter Au nanocrystals. The nanocrystals do not form loaded vesicles, though
chloroform annealing encourages formation of intra-lamellar attachments between DOPC

bilayers.
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+CHCl3(g)

+H20

dmax<6 nm dmax>6 nm

Figure 5.16. lllustration of pathways to vesicle formation and nanocrystal incorporation
that depend on solvent vapor annealing and nanocrystal size. The nanocrystal diameter
dmax, includes the fully extended length of the alkanethiol ligands. DOPC lipid adopts the
inverted hexagonal phase in the anhydrous state after exposure to chloroform, similar to
the lipid’s behavior presence of dodecane at low water content.®® As predicted by Wi,>
Au nanocrystals less than 6 nm incorporate into DOPC vesicle bilayers (with chloroform
annealing), whereas nanocrystals larger than 6 nm de-stabilize DOPC bilayers to form

lipid particles with many inter-lamellar attachments.
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Rehydration and dispersion of lipid/nanocrystal films with chloroform vapor
annealing. Chloroform vapor annealing of lipid/nanocrystal films led to much better
aqueous dispersibility of both the smaller and larger Au nanocrystals. As shown in
Figure 5.12, the 4.1 nm diameter nanocrystals also re-disperse in the lipid film upon
chloroform annealing, as the film changes color from violet to red—a sign of de-
aggregation of Au nanocrystals in the lipid film (Figure 5.12).°°%> Even though the
larger 4.1 nm diameter Au nanocrystals do not incorporate into the lipid membranes, the
chloroform annealing process led to significantly better dispersibility of the nanocrystals
with lipid in water. This was visually observed by the dark color of the dispersions
(Figure 5.17) and DLS measurements of lipid/nanocrystal aggregate size. When the
lipid/nanocrystal films were not annealed with chloroform vapor, there was very poor
dispersibility and the lipid and nanocrystals formed very large aggregates (Figure 5.17).
Chloroform vapor annealing produced DOPC/nanocrystal dispersions that passed easily

through the extruder pores, consistent with their much better dispersibility.
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Figure 5.17. Dynamic light scattering (DLS) of DOPC lipid/nanocrystal dispersions.
Immediately after the lipid/nanocrystal films were dried by rotary evaporation, they were
either annealed with chloroform vapor and then vacuum dried for 12 hours, or vacuum
dried for 12 hours followed by chloroform vapor annealing. One set of lipid/nanocrystal
films were not exposed to chloroform vapor. The lipid/nanocrystal films were then
rehydrated and sonicated (red), centrifuged after sonication (blue), or extruded after
centrifugation (green). The plotted correlation functions are the best fit of Equation 5.6
to triplicate measurements of the scattering correlation function. Numerical values
obtained from the data fits are tabulated in the Appendix.
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Lipid/nanocrystal films exposed to chloroform vapor also took significantly
longer to lift off the glass surface during sonication than films without chloroform
annealing. The exposure to organic solvent leads to inverted hexagonal (H;;) and cubic
(Q) phases of the DOPC lipid.®***** Inverted H,; and Q phases do not disperse in water
without the addition of stabilizing surfactant due to the exposed hydrophobic interfaces.”
Bringing the phospholipids to full hydration requires a transition from the chloroform-

89,96

swollen non-lamellar phase to the vesicle-forming L, phase, which is a relatively

slow process requiring the lipids to rearrange.®”%

Role of solvent vapor annealing in nanocrystal loading of DOPC vesicles. Chloroform
improves mixing of the nanocrystals and DOPC in the dried films and is also retained in
the vesicles. Chloroform influences several properties of lipid membranes, which may
further improve nanocrystal loading. Absorbed chloroform lowers the viscosity of lipid

97,98

bilayers (increasing lipid lateral diffusivity), which should make the bilayers less

resistant to the physical deformation of incorporating a hydrophobic nanocrystal.

98.99 \which

Chloroform has a slight preference to reside at the membrane-water interface,
should lower the pressure at the center of the bilayer and may encourage nanocrystal
incorporation.®®*®*  Simulations of DOPC bilayers showed that chloroform encourages
lipid to align more perpendicular to the membrane-water interface and increase the
bilayer thickness.”® In Figure 5.18, *H NMR spectra of DOPC vesicles prepared in D,O

with and without nanocrystals confirm that chloroform is present in the DOPC/Au

nanocrystal dispersions. The DOPC dispersions prepared with 1.8 nm Au nanocrystals
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and chloroform annealing contained about 1 chloroform molecule per DOPC after the
sonication step and then extrusion lowered the CHCI;:DOPC molar ratio to about 0.2. In
1P NMR spectra, the *'P resonance peak of the DOPC dispersions with chloroform vapor
annealing was much broader when Au nanocrystals were present, even though the size of
the vesicles was about the same with an without Au nanocrystals according to DLS
(Appendix A). This suggests that the diffusion rate of the lipid phosphate groups is
slower when nanocrystals are present — either that the lipids must be more ordered to
support nanocrystals in the bilayer or the nanocrystals slow the lateral diffusivity of lipids

in the bilayer.'%21%
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Figure 5.18. *'P (left) and *H NMR (right) characterization of DOPC dispersions
prepared in D,O with and without dodecanethiol-coated 1.8 nm Au nanoparticles (NPS).
Sample A was not prepared with absorbed chloroform, while samples B-D were prepared
with absorbed chloroform vapor. The full width at half maximum is indicated for the
peak in each *'P spectrum. In the *H NMR spectrum, the resonance peak of chloroform

is identified at 6 = 7.6 ppm.
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5.3.4 Optimum DOPC Concentration.

The optimum concentration of DOPC lipid was determined for dispersing 3 mg of
the 1.8 nm diameter dodecanethiol-coated Au nanocrystals. Dry films were prepared
containing 3 mg of Au nanocrystals and 1 mmol, 10 mmol, 30 mmol, or 60 mmol of
DOPC lipid. The films were annealed with chloroform vapor for 60 minutes, and then
dispersed in 1 mL DI water by sonication. Immediately after dispersing by sonication,
the dispersed DOPC-Au particles were all adjusted to 1 mM DOPC concentration by
dilution with DI water, since the particle diffusion coefficient is concentration-
dependent.’®* Fitting the DLS data reveals that the particle size decreases with increasing
DOPC concentration: 125 nm (1 mM), 91 nm (10 mM), 59 nm (30 mM), 56 nm (60
mM). When the dispersions are centrifuged, most of the Au nanocrystals precipitate from
the 1 mM DOPC sample, while most of the Au nanocrystals remain dispersed in the 30
mM and 60 mM samples as shown in Figure 5.19. Therefore, 30 mM DOPC provides
better dispersibility of the Au nanocrystals than 1 or 10 mM DOPC. The 60 mM DOPC
sample does not provide any significant improvement in dispersibility over the 30 mM

DOPC sample, and so the additional lipid used in the 60 mM sample is unnecessary.

191



Figure 5.19. Dispersions of DOPC and 1.8 nm Au nanocrystals prepared in DI water
after chloroform vapor annealing, with varying lipid concentration. The dispersions
were dispersed by sonicating and centrifuged. The samples all were made with 3 mg
of Au nanocrystals, and the lipid concentration was (from left to right) 1 mM, 10 mM,
30 mM, and 60 mM DOPC.

5.3.5 Solvent vapor annealing of nanocrystal/lipid films under various conditions.

A variety of conditions of solvent evaporation temperature and solvent annealing
were studied. De-mixing of the nanocrystal and lipid occurred regardless of the solvent
evaporation temperature (Figure 5.20). Others have also shown that zwitterionic
phospholipids and nanocrystals tend to de-mix — for instance, hydrophilic silica
nanocrystals have been observed to separate from phospholipids when dried from

105,106
l,

ethano and in Langmuir Blodgett (LB) monolayer films, hydrophobic gold

nanocrystals phase separated from saturated phospholipids.'%’
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Figure 5.20. Light microscopy analysis of varying drying conditions for films of DOPC
and 1.8 nm diameter Au nanocrystals drop cast on glass from a liquid chloroform
dispersion. The drying variables included temperature (T), number of carbon atoms per
thiol ligand (n = 12 for dodecanethiol, n = 16 for hexadecanethiol, n = 18:1 for 9-
octadecene-1-thiol),'® and average film thickness (t). The average film thicknesses
ranged from 1 — 10 pum. The drying temperature was varied by drop-casting the
dispersions in either a cold room (4°C) or an oven (50°C) at atmospheric pressure, after
equilibrating the coverglass and dispersion at the drop-cast temperature for 10 minutes.
Since the lipid molar volume (1.0 mg/mm?®)'® and the substrate area were known, the
film thickness was varied according to the concentration of lipid in the 500 pL
chloroform dispersion — 1 mg lipid (1 pum thickness), 3 mg lipid (3 pum thickness), 10 mg
lipid (10 um thickness). In each case, 0.3 mg of nanocrystals was included per 1 mg of
lipid. For comparison, lipid-nanocrystal films prepared in the glass round bottom flasks
for making vesicles typically have 0.5 mg of lipid per cm?and 0.1 mg of nanocrystals per
1 mg of lipid.
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The nanocrystals and lipid in solvent vapor “annealed” films remained well-
mixed even after drying again under vacuum for 12 hours (Figure 5.21). From visual
observation, the viscosity of the films during annealing remains very high, compared to

when the lipids and nanocrystals are completely dispersed in 1 mL of liquid chloroform.

The viscosity of a dispersion increases with the volume fraction of solid particles,*****

and since the diffusion coefficient of solid particles in a fluid decreases with both

112

increasing viscosity and increasing volume fraction,” the nanocrystals probably diffuse

too slowly in the annealed film to re-arrange into the microscale phase separated

arrangement seen in the top image of Figure 5.21. Other organic solvents, such as

113

dichloromethane and toluene, were found to remix the lipid and nanocrystals,” and

others did not, including carbon tetrachloride, tetrachloroethylene, cyclohexane, hexanes,

diethyl ether, ethanol, and acetone. Chloroform, dichloromethane, and toluene are low

114

polarity molecules that have a non-zero dipole moment,” " and are good solvents for both

15 In fact, dichloromethane can be substituted for chloroform

lipid and nanocrystals.
during the solvent vapor annealing to produce Au-loaded DOPC vesicles, as shown in

Figure 5.22.
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Figure 5.21. Light microscopy analysis showing that chloroform vapor annealed DOPC-
nanocrystal films do not revert to their initial, microphase-separated structure when
placed under vacuum after annealing. At 40x magnification, the annealed films appear

homogeneous before and after vacuum.
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Figure 5.22. CryoTEM images of Au nanocrystal-loaded DOPC vesicles prepared by

annealing with dichloromethane vapor instead of chloroform. Top row: dodecanethiol-
coated 1.8 nm nanocrystals, middle row: hexadecanethiol-coated 1.8 nm nanocrystals,

bottom row: dodecanethiol-coated 4.1 nm nanocrystals.

Chloroform and dichloromethane vapor annealing turned the films from opaque to
glassy and transparent within 5 minutes, and they caused the films to bead up on the glass
surface within 10 minutes. The appearance of the chloroform-annealed films did not
change much in light microscopy after the annealed films were exposed to 12 hour

vacuum, as shown in Figure 5.21. Toluene annealing was performed for 60 minutes
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without causing the film to de-wet, and this is probably because toluene has a much lower
vapor pressure and a lower dipole moment than chloroform and dichloromethane.
Toluene also was not effective at improving the dispersibility of Au nanocrystals in
DOPC vesicles. Other organic solvent vapors tested were allowed to anneal the films for
45-60 minutes, and they did not cause the films to become glassy or de-wet. Figure 5.23
shows that solvent vapor annealing with the other organic solvents only caused marginal
changes in film morphology and did not cause substantial mixing of the separate lipid and
nanocrystal microdomains. Diethyl ether, which also has a non-zero dipole moment, has
a much lower refractive index than chloroform, dichloromethane and toluene, making it a

relatively poor solvent for the nanocrystals.
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Figure 5.23. Light microscopy analysis of dry films of DOPC and dodecanethiol-coated
Au nanocrystals exposed to various solvent vapors. The sketch at the top right illustrates
the solvent vapor annealing apparatus, with purple arrows indicating the diffusion of
solvent vapor to the film from the underlying liquid phase. Only toluene and

dichloromethane vapor exposure led to significant mixing of lipid and nanocrystals.
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5.3.6. Pressure-area isotherms of DOPC/nanocrystal Langmuir Blodgett Films.

LB films of DOPC and the 1.8 nm diameter dodecanethiol-capped Au
nanocrystals were studied. The lipid/nanocrystal films were spread from chloroform
dispersions on the water sub-phase. There was also phase separation between the lipid
and the nanocrystals. The pressure-area isotherms of the LB films are shown in Figure
5.24. An ideal mixture of nanocrystals and lipid should have an area A,.,,, which is

proportional to the mole fractions of lipid ( X,,4) and nanocrystals ( X, ):"***"

Aitear (77) = Xjinia Avipia (77) + Xps A (7) (5.7)
Aiyg and Ay are the areas occupied per lipid molecule and per nanocrystals in a pure

single component monolayer at surface pressure m. Deviations from A, indicate

attractive or repulsive interactions between the nanocrystals and lipid in the film A plot
of LB film area measured at 20 mN/m surface pressure with changing nanocrystal mole
fraction in Figure 5.24B is consistent with equation 5.7, which means that either the
nanocrystal and lipid are completely miscible or are completely immiscible.*’
Furthermore, the buckling pressure did not vary with the amount of nanocrystals in the
film and was always around 45 mN/m, which corresponds to the phase transition pressure
for LB films of pure DOPC. The transition for a pure nanocrystal film is typically at
about 15 mN/m.**® These data are also consistent with recent LB monolayer compression

studies of saturated phospholipids and alkanethiol-capped Au nanocrystals in which

phase separation was observed using microscopy.'%’
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5.4 Conclusions

Dried films of hydrophobic, alkanethiol-coated gold nanocrystals and DOPC
undergo micro-phase separation. Exposure to chloroform vapor, however, leads to
mixing of the nanocrystals and lipid. Without chloroform vapor annealing, the lipid-
nanocrystal films dispersed poorly in water and formed micrometer-size lipid-coated
nanocrystal agglomerates. Lipid-nanocrystal films saturated with chloroform vapor on
the other hand disperse well in water.  Dodecanethiol-coated 1.8 nm diameter Au
nanocrystals did not disrupt vesicle formation and the nanocrystals were observed to
completely load the DOPC vesicle membranes vesicles. The larger hexadecanethiol-
coated 1.8 nm diameter and dodecanethiol-coated 4.1 nm diameter Au nanocrystals,
however, disrupted vesicle formation and tended to disperse as small clusters that fused
multiple lipid bilayers.

These data show that there is a maximum nanocrystal size that can be
incorporated into lipid bilayers,>* consistent with recent theoretical work.>® A recent
study also showed that 2 nm diameter hydrophobic gold nanocrystals only inserted into a
hydrated lamellar phase of sodium dodecyl sulfate and pentanol when swollen with
dodecane solvent.™® The thickness of the swollen lamellae also depends on the amount
of absorbed dodecane, and hydrophobic nanocrystals that were larger than the bilayer
thickness did not incorporate into the membranes.

120-122

In terms of applications, chloroform is toxic and carcinogenic, making these

nanocrystal-loaded vesicles unsuitable for medical applications. Alternative preparative
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conditions must be developed for forming nanocrystal-loaded vesicles with relevance to

medical applications.
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Chapter 6: Au Nanocrystal Assembly with Saturated Lipids and Oil Droplets®
6.1 Introduction
Phosphatidylcholine lipids with saturated fatty acid chains are naturally-
occurring,'>* bio-degradable amphiphiles that aggregate into lipid bilayers when

5-7

. . . 8 . .
dispersed in water’” and form vesicles.* The vesicles can serve as drug carriers by

encapsulating hydrophilic molecules in an aqueous compartment or hosting hydrophobic

10-13

molecules in the lipid bilayer. The lipid bilayer can also host hydrophobic

4,1 S . 17,1 . . .
1,'*1 oxide,'® or semiconductor nanocrystals,'”'® which can give the vesicles new

meta
functionalities for biomedical imaging and therapy.'”?’ Recently, it was reported that
only hydrophobic nanocrystals smaller than about 5 nm diameter can incorporate into

lipid bilayers,'™*'

while larger nanocrystals aggregate and do not associate with the
bilayers.'® However, the role of the lipid chemistry has not yet been considered, i.c.,
changes in lipid chain length and saturation. The fatty acid chain length of saturated
phosphatidylcholine influences the thickness,” elastic bending modulus,”* and melting
temperature of bilayers,' so it seems likely that it would influence the incorporation of
nanocrystals into the lipid bilayer.

This chapter shows that hydrophobic 1.8 nm Au nanocrystals do not fully load the

lipid bilayer of vesicles of phosphatidylcholine lipids with saturated hydrocarbon chains,

including dilauroyl-phosphatidylcholine (DLPC, C,,), dimyristoyl-phosphatidylcholine

$ Portions of this chapter appear in the following publication: Rasch, M.R.; Bosoy, C.B.; Yu, Y.; Korgel,
B.A. Langmuir 2012, submitted. The experiments were performed by M.R. Rasch, C.B. Bosoy, and Y. Yu.
The publication’s text was written by M.R. Rasch and B.A. Korgel. Funding was provided by research
grants to B.A. Korgel.
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(DMPC, Cy4), dipalmitoyl-phosphatidylcholine (DPPC, C¢), and distearoyl-
phosphatidylcholine (DSPC, Cg). The gold nanocrystals formed various lipid-stabilized
agglomerates, sometimes fusing with lipid vesicle bilayers. The nanocrystal assembly
structure depended on the hydrocarbon chain length of the lipid fatty acids. Lipid with
the shortest fatty acid length studied, dilauroyl-phosphatidylcholine, created extended
chains of gold nanocrystals. Lipid with slightly longer fatty acid chains created planar
sheets of nanocrystals. Further increases of the fatty acid chain length led to spherical
agglomerates.

We also tested whether the addition of the liquid hydrocarbon, squalene,
influences the assembly of saturated lipids and dodecanethiol-coated Au nanocrystals. A
recent study reported that 2 nm diameter hydrophobic Au nanocrystals can only
incorporate into surfactant bilayers swollen with n-dodecane.”” Squalene is a natural
precursor to steroids and is frequently used to prepare oil-in-water emulsions for
delivering hydrophobic drugs and vaccines.”**> When squalene and phosphatidylcholine
are dispersed in water, they form a mixture of lipid-coated squalene droplets and lipid
vesicles,”* and squalene does not interpenetrate the fatty acids of lipid monolayers or alter
the lipid melting temperature.’®*’ We find that squalene, saturated phosphatidylcholine
lipid and Au nanocrystals form lipid-stabilized squalene droplets loaded with Au
nanocrystals, similar to the therapeutic vegetable oil emulsions prepared with iron

28-30
d.

nanocrystals and phospholipid stabilizers that others have studie Unique to our

work however, the dodecanethiol-coated Au nanocrystals are located at the squalene-
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water interface, and at low squalene concentration the nanocrystals pack tightly at the
interface.
6.2 Experimental Details
6.2.1 Chemicals

Hydrogen tetrachloroaurate trihydrate (HAuClI;-3H,0, 99.999%),
tetraoctylammonium bromide (TOAB, 98%), sodium borohydride (NaBH,, 98%),
squalene (99%), triolein (99%), and 1-dodecanethiol (98%) were obtained from Sigma-
Aldrich. Chloroform, toluene, and ethanol (EtOH, 200 proof) were from Fisher
Scientific. 1,2-dilauroyl-sn-glycero-3-phosphatidylcholine (DLPC, >99%), 1,2-
dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC, >99%), 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC, >99%), and 1,2-distearoyl-sn-glycero-3-
phosphatidylcholine (DSPC, >99%) were obtained from Avanti Polar Lipids. Deionized
(DI) water was obtained from a Barnstead Nanopure Filtration System operating at a 17
MQ resistance.
6.2.2 Au Nanocrystal Synthesis

The dodecanethiol-coated 1.8 nm and 4.1 nm diameter Au nanocrystals were
synthesized as described in Chapter 5.2.
6.2.3 Saturated Lipid Vesicle Formation

Lipid films were dried from 1.0 mL chloroform dispersions of 30 pmol
phosphatidylcholine (DLPC, DMPC, DPPC, or DSPC) and 3 mg of gold nanocrystals,
corresponding to about 500 lipid molecules per nanocrystal. The 1 mL dispersion was

placed in a 50 mL glass round bottom flask (Chemglass) and connected to a rotary
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evaporator (Buchi). Chloroform was evaporated at different temperatures depending on
the lipid: DLPC and DMPC at 5°C, DPPC at 50°C, DSPC at 60°C. Compared to drying
at room temperature, these temperatures reduced the amount of phase separation between
lipid and nanocrystals observed by light microscopy, producing more uniform films as
shown in Figure 6.1. Once dry, the pressure in the flask was reduced to 50 mbar for 15
minutes. The flask was removed from the rotary evaporator and placed in a vacuum oven

for 12 hours at room temperature to completely remove the chloroform.

Dimyristoyl- Dilauroyl-
Phosphatidylcholine Phosphatidylcholine

Dipalmitoyl-
Phosphatidylcholine

Figure 6.1. Light microscopy images of lipid and Au nanocrystal films prepared on
cover glass by drying from a chloroform dispersion at different temperature. Scale bar:
25 pm.
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Lipid films were hydrated with 1.0 mL of 0.1 pm pore-filtered DI water at the
liquid crystal lamellar phase (L) temperature of each lipid:' DLPC at 25°C; DMPC at
30°C; DPPC at 50°C; and DSPC at 60°C.>! The flasks with the dry lipid-nanocrystal
films were briefly warmed in a circulating water bath to the desired temperature,
followed by addition of water at the same temperature. The film was completely wetted
by gently rotating the flask while held in the water bath. Then, the flask was sealed with
parafilm, transferred to an ultrasonicator bath (Misonix, 600 mL water bath) adjusted to
the hydration temperature for each lipid, and sonicated until the lipid-nanocrystal film
completely lifted off of the glass surface (3 minutes). Subsequently, the dispersion was
transferred by glass pipette to a clean 20 mL scintillation vial warmed to the lipid
hydration temperature.’”> The scintillation vials have thinner walls and a flat bottom,
which are better for transmitting ultrasonic waves than the round bottom flasks for
reducing particle size.”> The vial was sealed with parafilm and sonicated for an
additional 12 minutes. The power delivered by the ultrasonicator was about 30 W,**
calculated from the measured temperature rise of the bath versus time near 25°C
according to Taurozzi et al.*>~°

After sonication, samples were transferred to 2 mL plastic centrifuge tubes,
warmed to the hydration temperature in a water bath, and centrifuged at 1000g for 10
minutes to precipitate poorly dispersed nanocrystals. The supernatant was transferred to
new tubes and maintained at the hydration temperature in a water bath. Samples were
then extruded 10 times through two stacked polycarbonate membranes (100 nm diameter

pores) using a stainless steel Lipex extruder (Northern Lipids), operating at 500 psi and
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equilibrated to the lipid hydration temperature using a water jacket connected to a
circulating water bath. After extrusion, the samples were allowed to cool to room
temperature overnight prior to imaging the next day.
6.2.4 Squalene Emulsions

The vesicle formation process was repeated using 30 pumol of DLPC, DMPC, or
DPPC, in addition to 3 mg of Au nanocrystals. Squalene was added to the chloroform
dispersions of lipid and nanocrystals prior to rotary evaporation in varying amounts from
5, 10, 15, to 45 pL (0.5%, 1.0%, 1.5%, and 4.5% v/v respectively).
6.2.5 Material Characterization

The Au nanocrystals were characterized as described in Chapter 5. The vesicles
were imaged using cryoTEM at Texas A&M Microscopy and Imaging Center, as
described in Chapter 5.
6.3 Results and Discussion
6.3.1 Aggregates of Saturated Phosphatidylcholine and 1.8 nm Au Nanocrystals

Figure 6.2 shows cryoTEM images of saturated phosphatidylcholine lipids with
various fatty acid chain length (C;,-Cig) combined with dodecanethiol-coated 1.8 nm
diameter Au nanocrystals. The lipid forms wvesicles, but the saturated
phosphatidylcholine lipid vesicles are not fully loaded with Au nanocrystals in their lipid

bilayer.'"* The nanocrystals form various aggregated structures coated with lipid.
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Dimyristoyl- Dilauroyl-
Phosphatidylcholine Phosphatidylcholine Phosphatidylcholine

Dipalmitoyl-

Distearoyl-
Phosphatidylcholine

Figure 6.2. CryoTEM images of aggregated 1.8 nm diameter Au nanocrystals formed
with various phosphatidylcholine lipids with saturated hydrocarbon chains. All aqueous
dispersions were vitrified at 25°C. DLPC and DMPC are in the liquid crystal phase,
while DPPC and DSPC are in the gel phase. Red arrows identify nanocrystal aggregates
coated with a thin lipid layer. Photographs of the dispersions are shown in the insets.
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Disetearoyl- and Dipalmitoyl Phosphatidylcholine Aggregates. The morphology of the
lipid-coated gold nanocrystal agglomerates varied with fatty acid length. For DSPC (Cjs)
and DPPC (Cjs), the nanocrystals form lipid-coated agglomerates ranging from 10 to 50
nm in diameter. Both DPPC and DSPC lipid are in the lamellar gel phase (Lg) (at 25°C,
the temperature of cryoTEM sample vitrification)' and the vesicles exhibit planar, faceted
membranes as has been observed previously.’” The lipid-coated nanocrystal aggregates
also had faceted surfaces. About half of the nanocrystal agglomerates in each lipid
sample were found to be fused to vesicle bilayers. This type of structure—of clustered
nanocrystals associated with lipid bilayers—has been proposed as a way to minimize

distortions in lipid packing.'*"’

Dimyristoyl- and Dilauroyl-Phosphatidylcholine Aggregates. The structures of the gold
agglomerates with DMPC (C,4) and DLPC (C);) differed significantly from those with
DPPC and DSPC. DMPC and DLPC are both in the lamellar liquid crystal phase (L) at
25°C,! making their bilayers much more fluid than those of DPPC and DSPC.'*
Accordingly, DLPC and DMPC vesicles are round and spherical, not faceted.*®* The
DMPC-coated nanocrystal agglomerates were either solid spherical agglomerates
(highlighted with red arrows in Figure 6.2) or flat monolayer sheets. When these
structures fuse with the DMPC vesicles, the nanocrystals appear to be budding off the
pure lipid bilayer, as if being forced out of the vesicle membrane. Nanocrystals with
DLPC formed chains. These chains often terminated in pure lipid bilayers or larger

spherical nanocrystal agglomerates. Furthremore, the chains seemed to form an
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interconnected network. The DLPC-stabilized Au nanocrystal chains resemble the
thread-like micelles that form when eggPC vesicles are mixed with
cetyltrimethylammonium chloride surfactant,” yet pure DLPC lipid chains were not
observed (Figure 6.3). Perhaps the interfacial curvature of thread-like micelles of pure
lipid is too significant and the core of Au nanocrystals reduces this to stabilize the

22
structure.

Figure 6.3. Vesicles prepared with only dilauroyl-phosphatidylcholine. There are no

signs of thread-like micelles.

6.3.2 Lipid-Squalene Oil Droplets with Au nanocrystals.

Squalene was added to the dispersions to reduce the rigidity of the lipid bilayers.
Addition of squalene however led to the formation of lipid-coated squalene (oil) droplets,
as shown in Figures 6.4 and 6.5. The Au nanocrysatls were observed to accumulate on
the droplet surface. Figure 6.6 shows DLPC and DPPC lipid and squalene droplets as
well. At high Au nanocrystal concentrations, the Au nanocrystals form a tightly packed

monolayer at the droplet surface. Squalene disrupts the Au nanocrystal chains formed
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with DLPC, although there were rare instances of Au nanocrystal chains still, as in the
top right panel of Figure 6.6. The DPPC-squalene droplets loaded with Au nanocrystals
were spherical and not faceted either above or below the Lg- to L, phase transition
temperature of pure DPPC. This is another indication that the observed droplets are not
vesicles, as squalene does not alter the phase transition temperature of DPPC,* and the

nanocrystal-loaded droplet morphology remains spherical.

No Gold Nanocrystals

N

1 % ‘v/v_Sq'uaIene

o ] /
W /Y\O/EA\O/\/N*\— DlmyrISt0y|-
s ubgig® - 8 Phosphatidylcholine
o
~ ~ X SN ~ SN Squalene

Figure 6.4. CryoTEM images of dimyristoyl-phosphatidylcholine dispersed in water
with squalene in the absence of Au nanocrystals. Squalene droplets have high contrast
throughout the center since they are filled with liquid hydrocarbon, while vesicles have

the highest contrast around the circumference since the hydrocarbon. 50 nm scale bars.
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Figure 6.5. CryoTEM images of squalene/DMPC lipid droplets with dodecanethiol-
coated Au nanocrystals. Each row of images corresponds to a different squalene

concentration.
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Dllauroyl Phosphatldylchollne (Ta_B =-2°C) and Squalene

25°C Vitrification

30°C Vitrification

45°C Vitrification

Figure 6.6. CryoTEM images of squalene emulsion droplets loaded with dodecanethiol-
coated Au nanocrystals and stabilized with either DLPC or DPPC. The bottom right
panel shows Au-loaded squalene droplets deforming when packed together in one region
of the TEM grid. The squalene concentrations are all 1% v/v. The insets show

photographs of the dispersions.
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The partitioning of the hydrophobic nanocrystals to the squalene-water interface
indicates that lipid is coating the droplets.**** Dodecanethiol-coated gold nanocrystals
disperse in pure squalene, but squalene-nanocrystal mixtures did not emulsify in water
without lipid. The positioning of the hydrophobic Au nanocrystals at the squalene-lipid
interface increases the separation between the water and squalene phases, and also
reduces the contact between lipid molecules and squalene, which do not mix according to
recent studies.”®*’ This is comparable to Pickering emulsions, which are stabilized by a
combination of solid particles and surfactant, where the role of the surfactant is to change
the interfacial tension so the particles reside at the oil/water interface to stabilize the
emulsion.***

Figure 6.7 summarizes the various saturated PC lipid-nanocrystal-squalene
assemblies observed by cryoTEM. In each case, the lipid forms a coating around the
assemblies and stabilizes their structure. The lipid chain length plays a determining role,

varying the structure from chain-like aggregates to two-dimensional sheets of

nanocrystals to three-dimensional solid aggregates of nanocrystals.
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1) Lipid-Coated Au Chains IV) Lipid-Coated Au Agglomerates
Adsorped to Vesicles
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Figure 6.7. Lipid/Au nanocrystal assemblies observed by cryoTEM. The PC lipids are
drawn with blue polar headgroups and green fatty acid chains. The gold nanocrystals are

brown circles. Squalene is shown in yellow.
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6.3.3 Buoyancy of 1.8 nm Au nanocrystal-loaded squalene/lipid droplets.
Lipid-coated squalene droplets were observed to cream (negative settling
velocity), particularly when Au nanocrystals were not added. For example, significant
creaming was observed within 24 hours if insufficient sonication power was delivered or
Au nanocrystals were not incorporated into the emulsions. The Au nanocrystals alter the
buoyancy of the squalene droplets. Figure 6.8 shows the settling velocity v, calculated
for the various types of particles observed by cryoTEM. Assuming the particles do not

. 46
Interact,

V= I:drag _ (msqualene+ mlipid +Mpy = Myaer )g (6 1)
3mnD 3mnD '

D is the diameter of the lipid-coated particle, g is 9.8 m/s?, and 7 is the viscosity of water

at 25°C (0.89 mPa-s). M, is the mass of water displaced by the particle, m;;; is the

water

mass of lipid coating the particle, m 1s the mass of squalene in the droplet, and m,,

squalene
is the mass of the Au nanocrystals per droplet. As shown in Figure 6.8, settling rate is
size dependent. The lipid-coated Au agglomerates settle the fastest and the Au
nanocrystals act as a weighting agent in the squalene droplets, preventing creaming until

the droplet diameter exceeds 130 nm.
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Figure 6.8. Settling velocities calculated for the different types of particles observed by
cryoTEM. Positive velocity refers to motion in the direction of gravity and negative
velocity refers to flotation or particle creaming. In the illustrations, lipids have a blue
headgroup and green fatty acid chains, Au nanocrystals are brown circles, and squalene is

yellow.

Derivation of expressions for the masses in equation 6.1, for each type of particle
illustrated in Figure 6.8, proceeds as follows. The mass of water displaced by the particle

is the product of the particle volume and the water density (pwater = 0.997 g/m L):47
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=2 D% P (6.2)

mwater 6

The mass of lipid coating the particles, myipig, is the product of the particle surface area
(zD?) and the lipid molecular weight (Miipia = 677.95 Da for DMPC), divided by the lipid
head group area (oyipia = 3.6*10°° nm? per mole of DMPC lipid)."" We take the lipid head
group area measured in a lipid bilayer as an estimate for the head group area on the

different types of particles.
Miipig = ”Dzanid " Olipid (6.3)
The mass of squalene (Msguaiene) @nd Au nanocrystals (ma,) are specific to the type of

particle. For the squalene droplets drawn in Figure 6.8, the masses of squalene and Au

are expressed as equation 6.4, where psquaiene is the squalene density (0.858 g/cm?)*’:

EDS

msqualene: 6 psqualene , My, =0 (64)

For the Au-loaded squalene droplet, first we estimate the number of Au nanocrystals per
droplet Nay as the total droplet surface area (zD?) divided by the projected area per Au
nanocrystal (Aa, = (7/4)*da.”). Next, we estimate the volume fraction of the droplet
occupied by Au nanocrystals (®ay), Which is used to calculate the mass of squalene per
droplet mgquaiene DY subtracting the volume of Au from the total droplet volume. Finally
the total nanocrystal mass is determined as the product of the number of nanocrystals per
droplet, the volume of Au atoms per nanocrystal, and the bulk density of Au divided by
the weight percent of Au atoms per nanocrystal (wa, = 73% by thermogravimetric

analysis of a dry powder of the nanocrystals, see Chapter 5).
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m,, = NAU(zdf\u 'pAqu 2ﬂ[)Z:OAudAu

6 W, 3W,, 6.8)

In the case of the lipid-coated Au agglomerates, the mass of squalene equals zero. To
estimate the mass of the Au agglomerate versus agglomerate diameter (ma,), first we
assumed that the nanocrystals are randomly packed in the agglomerate so that the volume
packing density of nanocrystals is ¢ = 0.6, defined as the total volume of nanocrystals
in the agglomerate divided by the total agglomerate volume. The volume occupied by a
single nanocrystal in the agglomerate is calculated by assuming each nanocrystal
occupies the volume of a sphere with a diameter equal to the Au core diameter (da,) plus
the d-spacing of the Au nanocrystals measured from grazing incidence small angle x-ray
scattering of the dry DPPC-Au film (dspace = 2.7 nm). The d-spacing is less than the
length of two fully-extended dodecanethiol ligands, which is about 3.3 nm,*® so we

assume that the void space in the Au agglomerate (1-¢) is occupied by the remaining
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amount of dodecanethiol ligand not accounted for by the d-spacing. Therefore, the mass
of nanocrystals in the agglomerate is just the number of Au nanocrystals per agglomerate
multiplied by the mass per Au nanocrystal. It follows that the density of the agglomerate
Pagglomerate 1S the total nanocrystal mass divided by the total agglomerate volume (the total

number of nanocrystals in the numerator and denominator cancel).

D _ @ Z diu 'pAuJ
agglomera¢ —
z(d at dspace)3 0 Wa
6 (6.9)
T ~3
m u =—D Pagglomer
Mg Trosme (6.10)

6.3.4 Saturated Lipids, Oil Droplets, and 4.1 nm Au Nanocrystals

The experiments performed with the 1.8 nm diameter Au nanocrystals were
repeated with 4.1 nm diameter Au nanocrystals. Figure 6.9 shows cryoTEM images of
saturated phosphatidylcholine lipids with various fatty acid chain length (C;-Cis)
combined with dodecanethiol-coated 4.1 nm diameter Au nanocrystals. The lipid forms
vesicles, and the nanocrystals form various aggregated structures coated with lipid. The
results with DMPC, DPPC, and DSPC are similar to the observations with 1.8 nm Au
nanocrystals — some of the lipid-coated 4.1 nm Au nanocrystal agglomerates are stuck to
vesicle membranes, and some are completely dispersed in solution without attaching to
vesicles. With DMPC, there are many irregularly shaped lipid-coated agglomerates with

4.1 nm diameter Au, whereas with 1.8 nm diameter Au the agglomerates are more
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rounded and spherical. The 4.1 nm Au nanocrystals do not disperse well with the DLPC
lipid or form Au chains, and most of the nanocrystals precipitate from solution during the
centrifugation step of vesicle processing. The exact reason why the 4.1 nm nanocrystals
do not form chains with the DLPC lipid is not clear, there are several factors that could
participate: (1) The 4.1 nm diameter Au nanocrystals are much larger than the DLPC
bilayer thickness (3.3 nm)’ compared to the 1.8 nm diameter nanocrystals, and may be
excluded due to their size alone; (2) Since the van der Waals attractive force between
particles increases proportionally to particle size,”® and since both the 4.1 nm and 1.8 nm
nanocrystals have the same ligand coating (dodecanethiol), then the 4.1 nm nanocrystals
will have stronger inter-particle attractive forces and therefore a stronger tendency to
aggregate than the 1.8 nm nanocrystals; (3) Since the inter-particle attractive force is
greater for 4.1 nm than 1.8 nm Au nanocrystals, aggregates of the 4.1 nm nanocrystals
will have a higher Young’s modulus and therefore will be less deformable into thin
chains compared to the 1.8 nm nanocrystals.”’ These considerations, combined with the
fact that DLPC has a higher critical micelle concentration and exchange rate between
monomers and aggregates in bulk solvent (less time spent coating the surface of Au
aggregates), may be responsible for the substantial aggregation and precipitation of 4.1

nm nanocrystals in dispersions of DLPC.
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Figure 6.9. CryoTEM images of aggregated 4.1 nm diameter Au nanocrystals formed
with various phosphatidylcholine lipids with saturated hydrocarbon chains. All aqueous
dispersions were vitrified at 25°C. DLPC and DMPC are in the liquid crystal phase,
while DPPC and DSPC are in the gel phase.
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Similar to the results with 1.8 nm nanocrystals, the 4.1 nm diameter Au
nanocrystals can also incorporate into lipid-coated squalene droplets, as shown in Figure
6.10. The emulsions were prepared with 5% v/v squalene in water and 3 mg of 4.1 nm
diameter Au nanocrystals. Finally, squalene was replaced with triolein, and emulsions
were formed at 5% v/v triolein, showing that Au nanocrystals can load the triolein

droplets as well in Figure 6.11.

Figure 6.10. CryoTEM images of squalene emulsion droplets loaded with
dodecanethiol-coated 4.1 nm diameter Au nanocrystals and stabilized with DPPC. The

squalene concentrations are all 5% v/v.
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Figure 6.11. CryoTEM images of triolein emulsion droplets loaded with dodecanethiol-
coated 4.1 nm diameter Au nanocrystals and stabilized with DPPC. The triolein

concentrations are all 5% v/v.

6.4 Conclusions

Saturated phosphatidylcholine lipids DLPC, DMPC, DPPC, and DSPC assemble
into vesicles, but do not incorporate dodecanethiol-capped (1.8 nm or 4.1 nm diameter)
Au nanocrystals into their lipid bilayers. Instead, lipid/nanocrystal agglomerates form
with different morphologies depending on the fatty acid chain length. DLPC (Cy,) led to
the formation of extended chains of 1.8 nm diameter nanocrystals, while 4.1 nm diameter

nanocrystals did not form a stable dispersion with DLPC. DMPC (C,4) stabilized three-
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dimensional aggregates or thin monolayer sheets of 1.8 nm and 4.1 nm nanocrystals.
DPPC (Cy) and DSPC (Cig) only stabilized three-dimensional agglomerates of
nanocrystals. In many case, the lipid-coated nanocrystal agglomerates partially fused

with vesicles.

The lipids that formed membranes with more mechanical flexibility produced
agglomerates with higher curvature surfaces. The 1.8 nm Au agglomerates made with
DLPC resemble thread-like micelles typically prepared from detergents.** There must be
a synergy between the lipid and 1.8 nm diameter nanocrystals leading to these structures
since thread-like micelles do not form with pure DLPC, and these structures fail to form
with larger nanocrystals. DMPC lipid forms slightly more rigid membranes than DLPC
and stabilized planar sheets of Au nanocrystals. Others have incorporated CdSe

nanocrystals into the bilayer of DMPC vesicles.!"?!

The Au nanocrystals form only
spherical agglomerates with both DPPC and DSPC, which do not have high curvature
edges like the DMPC and DLPC structures, which is consistent with higher bending

elasticity of DPPC and DSPC lipid assemblies at 25°C.

Squalene (or triolein) does not encourage nanocrystals to mix with the lipid
bilayers and incorporate into vesicles. Instead, the squalene forms lipid-coated oil
droplets, and the 1.8 nm Au nanocrystals incorporate into the droplets and assemble at the
oil-water interface. Nanocrystal loaded emulsion particles have been established,” and
so has the interfacial assembly of Au nanocrystals having mixed polar and non-polar

surface functionalities to form Pickering emulsions.* However the assembly of entirely
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hydrophobic Au nanocrystals at a lipid-coated oil-water interface seems to be a new
concept. We predict that the Au nanocrystals alter the density and therefore the settling
velocity of the oil droplets by a small amount, which may be exploited in future efforts to
perform ultracentrifugal fractionation. Furthermore the Au nanocrystals assembled at the

squalene-water interface may be useful as a barrier to controlled release of molecules

20,27

dissolved in the squalene phase, though this remains to be demonstrated. Further

work should be done with the 4.1 nm Au nanocrystals at varying oil:nanocrystal ratios to
determine if they assemble at the interface as densely as do the 1.8 nm diameter Au

nanocrystals.
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Chapter 7: Octylglucoside-Assisted Loading of Au Nanocrystals in
Phosphatidylcholine Vesicles®

7.1 Introduction

Vesicles have been used to host hydrophobic trans-membrane proteins,* and the
hydrophobic proteins are incorporated into vesicles by transfer from a cell membrane to
the vesicle bilayer by detergent micelles.?® Detergents spontaneously form micelles (P <
0.3, Chapter 1) when dissolved in pure water above the critical micelle concentration,’
they partition into lipid bilayers and lower the average molecular packing factor in the
bilayer,®® causing the bilayer to break up and form mixed detergent-lipid micelles when
the detergent:lipid ratio exceeds a critical amount.® This process is diagrammed in Figure
7.1; when this is applied to cell membranes, the membrane-embedded proteins are
incorporated (solubilized) in the mixed detergent-lipid micelles.>> The reverse process,
extracting detergent from mixed detergent-lipid micelles, forms lipid bilayers and has
been used to make vesicles.’®** Detergent removal is often accomplished by dialysis,®**
where the detergent-lipid mixed micelle dispersion is separated from a pure water
reservoir by a semi-permeable membrane, which contains pores that only allow passage
of detergent monomers and water (not whole mixed micelles). Over time, the detergent
diffuses out of the mixed micelle dispersion and into the reservoir, causing the lipids and

any solubilized hydrophobic proteins to aggregate into vesicles (Stages 111-11-1-0

$ Portions of this chapter appear in the following publication: Rasch, M.R.; Rossinyol, E.; Hueso, J.L.;
Goodfellow, B.W.; Arbiol, J.; Korgel, B.A. Nanoletters 2010, 10, 3733-3739. The experiments were
performed by M.R. Rasch, E. Rossinyol, J.L. Hueso, B.W. Goodfellow, and J. Arbiol. The text was written
by M.R. Rasch and B.A. Korgel. Funding was provided by research grants to J. Arbiol and B.A. Korgel.
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consecutively in Figure 7.1).
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\\\g‘\\\&huz//

by

Figure 7.1. Illustration of how detergents influence the structure of lipid molecule
aggregates. The plus and minus signs indicate addition or removal or detergent in the
direction of the arrow, respectively. In stage I, the lipid bilayer fragments can take the
form of cylindrical micelles,** disc micelles,* or planar lipid sheets™® depending on
several factors including the type of detergent, the total lipid concentration, and the rate
of change in detergent concentration, though clarifying these structure-processing
relationships is the subject of many ongoing research efforts.®> Lipid molecules are
drawn with a blue hydrophilic head group and green hydrocarbon tails. Detergent
molecules are drawn with a red hydrophilic head group and purple hydrocarbon tail.
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When hydrophobic nanocrystals are solubilized in detergent micelles, they can be
incorporated into vesicles by detergent dialysis just as with hydrophobic proteins. This
chapter presents results on the formation of agueous phase octyl-glucopyranoside (OCG)
detergent micelles containing 1.8 nm diameter, dodecanethiol-coated Au nanocrystals.
When the detergent is removed by dialysis, the nanocrystals precipitate from solution
unless lipids are present. The lipids stabilize the Au nanocrystals during detergent
dialysis, and cryoTEM imaging reveals that the Au nanocrystals incorporate into lipid
vesicles. The number of Au nanocrystals per vesicle depends on a combination of factors
including the detergent:lipid ratio and the total lipid concentration. Interestingly, the
nanocrystals cluster together in the lipid bilayers, forming nanocrystal rafts in the

vesicles.

7.2 Experimental Details

7.2.1 Chemicals

Hen egg-derived phosphatidylcholine (eggPC, 99%) was from Avanti Polar Lipids. N-
Octyl-B-D-glucopyranoside (OCG, 99%) was from Affymetrix. Regenerated cellulose
dialysis tubing (6-8 kDa molecular weight cut-off) was from Spectrum Labs. All other
materials are listed in Chapters 5.2.1 and 6.2.1.

7.2.2 Au nanocrystal Synthesis

The Au nanocrystal synthesis is detailed in Chapter 5.2.
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7.2.3 Vesicle Formation

Vesicles made purely of eggPC lipid were formed by extrusion. Samples were
prepared in DI water with either 13 mM (10 mg/mL) or 150 mM eggPC (114 mg/mL)
concentration. First, a lipid film was formed by weighing dry eggPC powder and placing
it in a clean 50 mL glass round bottom flask, adding 1.0 mL of chloroform, and
evaporating the chloroform using rotary evaporation at room temperature, 1 revolution
per second rotation speed, and 760 mm Hg vacuum pressure for 1 hour. Then 1.0 mL of
DI water was added, and the lipid was dispersed by magnetic stirring for about 30
minutes. The aqueous lipid dispersion was then extruded 10 times through a filter with
100 nm diameter pores, and 21 more times through a filter with 50 nm diameter pores to
form eggPC vesicles about 50 nm in diameter. The vesicle concentration (vesicles per
liter) is determined by multiplying the lipid concentration by the number of lipid
molecules per vesicle, which equals the vesicle bilayer surface area (2*n*D2, D = vesicle
diameter) divided by the area per lipid head group (0.63 nm? per lipid)*’. For 50 nm
diameter vesicles, there are about 25000 lipid molecules per vesicle.
7.2.4 Au-loaded Detergent Micelles

The detergent micelles were prepared at three different concentrations for this
study: A) 0.75 mg/mL Au nanocrystals, 66 mM OCG; B) 2 mg/mL Au nanocrystals, 300
mM OCG; C) 2 mg/mL Au nanocrystals, 500 mM OCG.
A) 66 mM OCG, 0.75 mg/mL Au nanocrystals. 76 mg (0.26 mmol) of OCG was added to
a 20 mL glass vial and dissolved in 1.0 mL of anhydrous chloroform. 0.22 mL of Au

nanocrystals at 3.0 mg/mL was added to the vial, and the contents were stirred for about 5
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minutes. Then 3.0 mL of DI water was added to the vial, forming a white turbid
microemulsion while continuing to stir for another 5 minutes. Next the un-capped vial
was immersed in a water bath at 60 °C to heat the contents of the stirring vial and
evaporate the chloroform. After 10-15 minutes, the solution became completely
translucent, and a convective air stream was blown over the stirring vial in the water bath
for 3 minutes to help remove traces of chloroform. The final volume of the OCG-Au
solution was adjusted to 3.0 mL with DI water in a 10 mL graduated cylinder, to account
for evaporation of water while heating. The final Au nanocrystal concentration is 15 pM.
B) 300 mM OCG, 2 mg/mL Au nanocrystals. 702 mg (2.45 mmol) of OCG was added to
a 20 mL glass vial and dissolved in 4 mL of anhydrous chloroform. 16 mg of Au
nanocrystals was added to the vial, and the contents were stirred for about 5 minutes.
Then 8.0 mL of DI water was added to the vial, forming a white turbid microemulsion
while continuing to stir for another 5 minutes. Next the un-capped vial was immersed in
a water bath at 60 °C to heat the contents of the stirring vial and evaporate the
chloroform. After 10-15 minutes, the solution became completely translucent. Next, the
sample was placed in a 50 mL round bottom flask, loaded on a rotary evaporator, and
placed under vacuum at 80 mbar pressure for 30 minutes to remove trace amounts of
chloroform. The final volume of the OCG-Au solution was adjusted to 3.0 mL with DI
water in a 10 mL graduated cylinder, to account for evaporation of water while heating.
The final Au nanocrystal concentration is 40 uM.

C) 500 mM OCG, 2 mg/mL Au nanocrystals. Repeat the procedure for B, using 1.17 g of

OCG. The final Au nanocrystal concentration is 40 uM.
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7.2.5 Incorporation of Au Nanocrystals into Vesicles by Detergent Dialysis

In the first experiment, vesicles are mixed with OCG-Au micelles with the OCG
concentration being less than the amount needed to disassemble the vesicles (Stage I in
Figure 7.1), and using low concentrations of nanocrystals (4 uM) and vesicles (0.34 uM
assuming 50 nm diameter). In the second experiment, vesicles are mixed with OCG-Au
micelles at much higher concentrations of nanocrystals (20 uM) and vesicles (1 uM and 3
uM, assuming 50 nm diameter vesicles). Considering the simple case of collisions
between two particles, the collision rate is proportional to the product the particle
concentrations;'® therefore, manipulating the concentration of Au nanocrystals and
vesicles should influence the self-assembly.
Mixing Vesicles with OCG-Au Micelles: Low Concentration and no Vesicle Rupture.
EggPC vesicles were combined with OCG-Au micelles to allow a detergent:lipid mole
ratio of 2.3 and a lipid:nanocrystal mole ratio of 2100. With a detergent:lipid ratio of 2.3
at an eggPC lipid concentration of 8.5 mM, the OCG should not rupture and disassemble
the vesicles.’® ™ In one glass vial, 2.08 mL of the 50 nm diameter eggPC lipid vesicles
(13 mM eggPC) was diluted with 0.15 mL DI water and placed under magnetic stirring.
Then 0.97 mL of the OCG-Au micelle solution (66 mM OCG, 5.6 uM Au nanocrystals)
was injected drop-wise into the vial of vesicles, bringing the concentration of each
species in the vesicle solution to 8.5 mM PC, 20 mM OCG and 4 uM Au nanocrystals.
The eggPC-OCG-Au solution was stirred for 5 minutes, and then loaded into a hydrated 5
cm segment of regenerated cellulose dialysis tubing, which was sealed at both ends with

locking closures. The sealed dialysis bag was immersed in 1 L of DI water under
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magnetic stirring. The 1 L of water was replaced every four hours, and the dialysis was
carried out for 24 hours total. Afterward, the Au-vesicle solution was transferred to a 1.5
mL plastic centrifuge tube for storage. This entire dialysis procedure was repeated using
2.08 mL of DI water in place of the eggPC lipid vesicle solution to show that the Au
nanocrystals aggregate during dialysis in the absence of eggPC vesicles.

Mixing Vesicles with OCG-Au Micelles: High Vesicle and Nanocrystal Concentration.
The 150 mM eggPC vesicle dispersion was added to 4 separate vials, as prescribed
below. Two of the vials were diluted with deionized water to lower the eggPC
concentration to 50 mM. The volume of vesicles in each vial is 800 pL at this point, and
magnetic stirring is initiated. Next, 800 uL of OCG-Au micelle samples B (300 mM
OCG) and C (500 mM OCQG) are injected drop-wise into the vials as prescribed below.
After about 30 seconds, the samples are transferred to dialysis tubing by a glass pipette
and then dialyzed for over 24 hours against 1L of deionized water. The 1L of deionized
water was replaced every 4 hours. Subsequently, the samples were transferred from the
dialysis tubing to a 2 mL plastic centrifuge tube for immediate cryoTEM imaging.

Vial 1: 800 pL (150 mM) egg PC, 800 pL of OCG-Au micelle sample B (300 mM OCG,
40 uM nanocrystals). After combining, [eggPC] = 75 mM, [OCG] = 150 mM,
[nanocrystals] = 20 uM.

Vial 2: 800 pL (150 mM) egg PC, 800 uL of OCG-Au micelle sample C (500 mM OCG,
40 uM nanocrystals). After combining, [eggPC] = 75 mM, [OCG] = 250 mM,

[nanocrystals] = 20 uM.
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Vial 3: 267 pL (150 mM) egg PC, 533 pL DI water, 800 uL of OCG-Au micelle sample
B. After combining, [eggPC] = 25 mM, [OCG] = 150 mM, [nanocrystals] = 20 uM.
Vial 4: 267 pL (150 mM) egg PC, 533 uL DI water, 800 uL of OCG-Au micelle sample

C. After combining, [eggPC] = 25 mM, [OCG] = 250 mM, [nanocrystals] = 20 uM.

7.2.6 Characterization

CryoTEM imaging, dynamic light scattering, and *H NMR measurements were
performed as described in Chapter 5.2. The Rayleigh approximation was used to
determine the most abundant hydrodynamic diameter from the fits to the light scattering
data, which is valid for particles up to at least 150 nm.** Dynamic light scattering data
were not corrected for changes in viscosity or diffusion coefficient with particle

concentration.

7.3 Results and Discussion
7.3.1 EggPC Vesicle Characterization and Detergent Titration

EggPC vesicles were prepared by extrusion the lipids through 50 nm diameter
pores while dispersed in DI water. Figure 7.2 shows a typical cryoTEM image of the
extruded eggPC vesicles dispersed in water. The average diameter of the spherical
vesicles (not those undergoing deformations due to crowding on the TEM grid) is 62 + 16
nm, which agrees well with DLS characterization of vesicle size. The DLS results are

shown in Figure 7.3, indicating that the vesicle hydrodynamic diameter is between 60 —
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70 nm over the lipid concentration range of 25 — 150 mM. The vesicle hydrodynamic
diameter varies slightly with vesicle concentration because this value is obtained from
measuring the vesicle diffusion coefficient, which has approximately a linear dependence

on concentration.?°

Figure 7.2. CryoTEM images of pure, aqueous eggPC vesicles extruded through 50 nm

diameter pores.
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Figure 7.3. Dynamic light scattering of extruded eggPC vesicles dispersed in deionized
water at different concentrations. A 150 mM eggPC sample was prepared and then
diluted consecutively for these measurements. The left series of stacked plots displays
the scattering intensity correlation coefficient versus correlation time, which are fitted to
the vesicle diffusion coefficient according to the DLS equations discussed in Chapter 5.
From top to bottom: 25 mM eggPC, 50 mM eggPC, 150 mM eggPC vesicles. The right
plot displays the hydrodynamic diameters obtained from the vesicle diffusion coefficients

using the Stokes-Einstein equation.

DLS was used to characterize the effect of the OCG detergent on the vesicle
stability over the eggPC concentration range of 12 — 120 mM. Turbidity measurements
are often performed to characterize the amount of OCG required to dissolve vesicles,**°
however this is only useful when the absorbance of the sample is low (i.e. dilute vesicle
solutions less than 10 mM in lipid concentration). For concentrated vesicle solutions (>

20 mM lipid), not enough light is transmitted through the samples for accurate

measurements with our spectrophotometer, so DLS was used instead since it measures
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back-scattered photons (173° scattering angle). DLS can be used to measure changes in
the vesicle diffusion coefficient as detergent is added, however caution should be used in
interpreting information about the hydrodynamic size from the diffusion coefficient.
During vesicle titration with detergent, the vesicles change shape, often bursting and
forming cylindrical micelles or planar sheets,® which we observe to increase the viscosity
of the sample. Therefore due to changes in the particle shape, particle concentration, and
sample viscosity during detergent titration, the Stokes-Einstein equation should not be
considered as an accurate way to correlate the diffusion coefficient measurements with
particle size. Nonetheless, changes in the diffusion coefficient provide information on
what range of OCG concentrations results in the different stages of vesicle dissolution
that are outlined in Figure 7.1 — for example, when the vesicles are being broken up into
mixed detergent-lipid micelles, the diffusion coefficient will increase. This is
exemplified in Figure 7.4, where the diffusion coefficient for each lipid concentration
decreases with OCG concentration until the [OCG]:[lipid] ratio reaches about 3.3, where
most of the vesicles are expected to be ruptured and incorporated into long lipid-
detergent cylindrical micelles or planar sheets that scatter more light than vesicles.®**1°
As the [OCG]:[lipid] ratio increases beyond 3.3, the diffusion coefficient increases
beyond the initial value, corresponding to the formation of small mixed detergent-lipid
micelles. Therefore, the vesicles are considered to be completely ruptured and

disassembled above [OCG]:[lipid] ratios of 3.3.
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Figure 7.4. Dynamic light scattering characterization of titrating vesicles with OCG
detergent. Three different initial lipid concentrations were used, 12 mM (black), 60 mM
(red), and 120 mM (blue). The hydrodynamic diameter was calculated from the
measured diffusion coefficient using the Stokes-Einstein equation, however the diameters

should be interpreted with caution since changes in sample viscosity were not included.

7.3.2 Au-loaded Detergent Micelles

The size of pure OCG micelles was characterized by DLS. The micelle
hydrodynamic diameter remains between 7 — 12 nm over the OCG concentration range of
60 — 500 mM. The OCG critical micelle concentration is about 20 mM at 25°C,*® and
below 20 mM the OCG has negligible light scattering since no micelles exist in solution.
The Au nanocrystals are incorporated into OCG micelles starting from a 2-phase
chloroform/water emulsion followed by evaporation of the chloroform phase. The

hydrodynamic diameter of the micelles is still measured to be around 12 nm for Au
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nanocrystal concentrations ranging from 0.2 — 2 mg/mL. The OCG-Au micelle aqueous
dispersions are stable for months at room temperature. However, aqueous OCG micelle
dispersions prepared from chloroform/water emulsions will retain trace amounts of
chloroform, as indicated in the *H NMR spectra of Figure 7.7. Even after maintaining an
OCG dispersion under vacuum for 30 minutes, the dispersion retains about 3 mmol
chloroform per mol of OCG. Trace amounts of chloroform will likely enhance
incorporation of Au nanocrystals into vesicles as shown in Chapter 5, however the

residual chloroform will present toxicity issues for biological applications.
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Figure 7.5. Dynamic light scattering of pure OCG micelles (no Au nanocrystals). The
left series of stacked plots is the scattering intensity correlation coefficient plotted versus
correlation time for different OCG concentrations, from top to bottom: 60 mM OCG,
125 mM OCG, 250 mM OCG, 500 mM OCG. Diffusion coefficients for each OCG
concentration were obtained by fitting the DLS equations listed in Chapter 5 to the DLS
data plotted in the left graph. The hydrodynamic diameters versus OCG concentration
were obtained from the diffusion coefficients using the Stokes-Einstein equation.
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Figure 7.6. Dynamic light scattering characterization of OCG-Au nanocrystal micelles
prepared at different concentrations. The hydrodynamic size does not vary much from 12
mM OCG with 0.5 mg/mL Au

nm. The vial shows a typical dispersion of 40

nanocrystals.
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Figure 7.7. *H NMR characterization of OCG detergent (300 mM in D,0O). In the top
spectrum, solid OCG was dissolved in D,O with no exposure to chloroform. In the
bottom spectrum, solid OCG was dissolved in chloroform, mixed with D,0O to form an
emulsion, the chloroform was removed on a rotary evaporator at 50°C, and then the

sample was maintained at 25°C and 50 mbar pressure for 30 minutes.
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7.3.3 Au Nanocrystal Incorporation into Vesicles at 8.5 mM EggPC Concentration
(2100 lipid molecules per nanocrystal)

The OCG-Au micelles were mixed with eggPC vesicles and dialyzed to remove
the OCG detergent. Samples for dialysis were loaded into regenerated cellulose tubing
and sealed, as shown in Figure 7.8. Since the eggPC critical micelle concentration is on
the order of nanomolar,?* the eggPC lipids remain in lipid aggregates inside the dialysis
tubing while OCG monomers readily diffuse out of the tubing during dialysis. Similarly,
the dodecanethiol-coated Au nanocrystals are too large to diffuse through the dialysis
tubing. In the absence of eggPC lipids, dialysis of OCG causes aggregation of
hydrophobic Au nanocrystals in the dialysis tubing as shown in Figure 7.8 B1-B3. When
eggPC is included in the OCG-Au micelle dispersion, the Au nanocrystals remain
dispersed during dialysis, suggesting that the Au nanocrystals associate with the lipid

aggregates during detergent removal.
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Figure 7.8. Photographs of dialysis tubings loaded with OCG-stabilized Au
nanocrystals. (Al1-A3) and (B1-B3) show samples obtained after dialyzing OCG-Au
micelles with and without eggPC vesicles, respectively: (Al, B1) are the OCG-Au
solutions in dialysis tubing before dialysis, (A2, B2) are the solutions at the end of
dialysis, and (A3, B3) show the dialysis tubing after removing the solutions in (A2, B2).

In B3, the precipitated Au nanocrystals can be seen on the walls of the dialysis tubing.

CryoTEM imaging shows that the Au nanocrystals load the bilayers of the eggPC
lipids during OCG dialysis. The OCG and eggPC concentrations were 20 mM and 8.5
mM (2.3:1 mole ratio), respectively, at the start of dialysis. This detergent: lipid ratio
was too low to result in complete break up and solubilization of the lipid vesicles by

91418 thus the vesicles simply swell with detergent molecules.

detergent (Figure 7.4),
Removal of the detergent forces the hydrophobic nanocrystals to associate with the
vesicles to remain dispersed in water. Interestingly, the cryoTEM results in Figures 7.9
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and 7.10 show that the Au nanocrystals cluster together in the lipid bilayers of the
vesicles. In many cases, the lipid bilayers are half full of nanocrystals, while the other
half of the vesicle’s lipid bilayer can be clearly imaged and is devoid of nanocrystals.
Many eggPC vesicles are completely empty as well, containing no Au nanocrystals in the
lipid bilayer. The cryoTEM results also support that the vesicles remain intact during
detergent addition and removal — the vesicle diameter remains around 50-70 nm, while
eggPC completely solubilized in OCG micelles forms vesicles around 200 nm diameter

during OCG dialysis.
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Figure 7.9. CryoTEM images of eggPC vesicles after dialysis with OCG-Au micelles.
The eggPC concentration was 8.5 mM and the initial OCG concentration was 20 mM.
The top row of images shows the nanocrystals in focus. The bottom row of images is the
same as the top row, but with the nanocrystals out of focus, which provides better

contrast to the lipid bilayers. Imaging performed with Dr. Jordi Arbiol.
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Figure 7.10. More cryoTEM images of eggPC vesicles after dialysis with OCG-Au
micelles. The eggPC concentration is 8.5 mM and the initial OCG concentration was 20
mM. Imaging performed with Dr. Jordi Arbiol.
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7.3.4 Au Nanocrystal Incorporation into Vesicles at 25-75 mM EggPC
Concentration (1250-3250 lipid molecules per nanocrystal).

Increasing the concentrations of vesicles and OCG-Au micelles was considered as
a means to incorporate more Au nanocrystals into a greater percentage of vesicles during
the dialysis process. The collision rate of two colloid particles is proportional to the
product of the particle concentrations,*® therefore increasing both the vesicle and OCG-
Au micelle concentrations should increase the frequency of vesicle and OCG-Au micelle
collisions. Figure 7.11 shows the cryoTEM results from dialyzing a mixture of 25 mM
eggPC and 150 mM OCG containing 2 mg/mL Au nanocrystals. The lipid:nanocrystal
mole ratio is about 1250, which is lower than the ratio used in Chapter 7.3.3. The
detergent to lipid ratio is 6, which means that the eggPC vesicles rupture when mixed
with the OCG-Au micelles, and the vesicles will re-form when the detergent is removed
by dialysis. The cryoTEM images in Figure 7.11 indicate that the vesicle diameter is
around 200 nm, which is the result of breaking up the vesicles into mixed lipid-OCG
micelles, which tend to form 200 nm diameter vesicles by detergent dialysis as described
in other reports.*? In addition to forming many vesicles that are halfway or completely
loaded with Au nanocrystals, there are also many 200 nm vesicles that contain only a
small cluster of Au nanocrystals in the entire lipid bilayer, indicated by the red arrows in
Figure 7.11. It is not possible to tell whether the nanocrystal clusters are associated with
the lipid bilayer or are OCG-Au micelles trapped inside the eggPC vesicles, since the

TEM images are 2-dimensional projections of the 3-dimensional structure.
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Figure 7.11. CryoTEM images of eggPC vesicles after dialysis with OCG-Au micelles.

The eggPC concentration was 25 mM, the Au nanocrystal concentration was 20 uM, and
the initial OCG concentration was 150 mM. The red arrows point to small clusters of

nanocrystals associating with each lipid membrane.
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Increasing the OCG concentration from 150 mM to 250 mM at the start of
dialysis, while keeping the eggPC and nanocrystal concentrations fixed at 25 mM and 20
uM respectively, resulted in fewer vesicles that have high loading of Au nanocrystals in
the bilayer. The cryoTEM imaging results are shown in Figure 7.12. The detergent to
lipid ratio in this case is 10, so the eggPC lipids are completely solubilized by OCG
micelles at the start of dialysis. Many 200 nm diameter vesicles form as expected, and all
of these vesicles are associated with a cluster of Au nanocrystals. The nanocrystal cluster
appears to be a short chain of Au nanocrystals that forms a closed, flexible loop. In some
cases the OCG detergent was reported to form cylindrical, thread-like micelles with

141622 \nhich is because

eggPC lipids at Stage Il in Figure 7.1 of vesicle solubilization,
the average molecular packing factor in the OCG-eggPC cylindrical micelles is between
0.3—0.5. Itis possible that the OCG-Au micelles assemble into chains as the detergent
is removed, and that these chain micelles simultaneously become encapsulated within the
200 nm diameter vesicles that form by aggregation of OCG-eggPC micelles. Once
encapsulated in vesicles, the vesicle membrane may provide a barrier to complete
detergent removal from the OCG-Au micelles, and a detergent concentration gradient
may persist across the vesicle bilayer. Retention of detergent monomers inside vesicles
has been noted elsewhere as a barrier to complete detergent removal even for forming
pure lipid vesicles,® and it depends on the rate at which the encapsulated detergent can
partition into the inner bilayer leaflet, flip-flop across the bilayer to the outer leaflet, and
then diffuse away from the vesicle.® Normally OCG has a fast rate of bilayer flip-

2324 compared to ionic detergents like sodium cholate,?® however if the OCG
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detergent adsorbs to co-encapsulated hydrophobic nanocrystals then this may slow down

the rate of OCG diffusion out of the vesicles.
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Figure 7.12. CryoTEM images of eggPC vesicles after dialysis with OCG-Au micelles.
The eggPC concentration was 25 mM, the Au nanocrystal concentration was 20 uM, and
the initial OCG concentration was 250 mM. The red arrows point to small clusters of

nanocrystals associating with each lipid membrane.
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Next, the eggPC concentration was increased to 75 mM in the dialysis dispersion.
The results of dialyzing 75 mM eggPC with 150 mM OCG are shown in Figure 7.13.
The detergent to lipid ratio is 2, therefore the vesicles should not break up after being
mixed with the detergent. The vesicle size in most cases is around 50-100 nm, which is
comparable to the initial size of the vesicles before OCG addition. This sample contains
the highest concentrations of eggPC and Au nanocrystals (20 uM), and therefore we
expect that it has the highest collision rate of vesicles and nanocrystals during the dialysis
process, compared to the other samples discussed previously. Every vesicle in the
sample is loaded with a small cluster of about 5-10 Au nanocrystals. No vesicles were
found that had a high loading of Au nanocrystals in the bilayer, as shown in Figures 7.9 —
7.12, and no empty vesicles were observed. Long chains of Au nanocrystals were not
observed inside in the vesicles, and we consider that there was no nanocrystal
encapsulation inside vesicles since the vesicles were not ruptured during detergent

addition.
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Figure 7.13. CryoTEM images of eggPC vesicles after dialysis with OCG-Au micelles.

The eggPC concentration was 75 mM, the Au nanocrystal concentration was 20 uM, and
the initial OCG concentration was 150 mM. The red arrows point to small clusters of
nanocrystals associating with each lipid membrane. Nearly every vesicle has a small
cluster of 4-6 Au nanocrystals.
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Mixing the vesicles and nanocrystals at concentrations of 75 mM eggPC, 20 uM
Au nanocrystals, and 250 mM OCG resulted in encapsulation of very long nanocrystal
chains inside the vesicles. In this sample the detergent to lipid ratio is 3.3, which is at the
point where the vesicles are saturated with enough detergent to begin to rupture and open.
The vesicle size after dialysis is over 200 nm according to cryoTEM, consistent with the
original 50 nm diameter vesicles opening, combining with other lipid bilayers stabilized
by octylglucoside detergent, and then refolding of the larger vesicle bilayers during
detergent removal. Figure7.14 displays cryoTEM images, showing that numerous
vesicles contain long chains of Au nanocrystals, and as mentioned previously, the chains
probably contain OCG detergent. This is further supported by Figure 7.15, showing that
a few freely-dispersed chains of Au nanocrystals, which were not encapsulated in
vesicles, were observed in this sample. Since detergent can partition into the lipid
bilayers and adsorb to the Au nanocrystals, and since this sample had the highest
concentration of lipid as well as detergent, it is likely that detergent removal from this
sample is slower than expected. Figure 7.16 diagrams a possible mechanism showing
how OCG-Au nanocrystal micelles may incorporate into vesicles — the vesicles are
initially ruptured into lipid bilayer fragments, and as detergent is removed, the bilayer

fragments aggregate and enclose the OCG-Au micelle.
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Figure 7.14. CryoTEM images of eggPC vesicles after dialysis with OCG-Au micelles.
The eggPC concentration was 75 mM, the Au nanocrystal concentration was 20 uM, and
the initial OCG concentration was 250 mM. The red arrows point to chains of Au

nanocrystals that seem to be encapsulated within the vesicles.
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Figure 7.15. CryoTEM of Au nanocrystal chains found outside of vesicles after dialysis
of 75 mM eggPC vesicles and OCG-Au micelles (250 mM OCG). The red arrows point
to chains of Au nanocrystals. The chains must be coated with either OCG or and OCG-

eggPC mixture.
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Figure 7.16. Schematic illustration of the encapsulation of OCG-Au nanocrystal
micelles inside eggPC vesicles formed during detergent depletion, which begins with
ruptured vesicles. In the vesicle drawn at the bottom, removing the detergent molecules
adsorbed to the nanocrystal will require that they de-sorb from the nanocrystal,
incorporate into the vesicle membrane, flip-flop across the membrane, and then de-sorb
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7.3.5 Nanocrystal Clustering Mechanism in Lipid Bilayers (Raft Formation)

The observation of vesicles loaded with rafts of hydrophobic nanocrystals is
unprecedented, as far as we know. Since the Au nanocrystals are hydrophobic, there is
indeed a strong thermodynamic driving force for nanocrystal insertion into the bilayer,
but this also creates a mechanical deformation in the bilayer. The free energy change
AGsoly, to place the hydrophobic sphere into the hydrophobic membrane from pure water
is tD%y, where v is the liquid-vapor surface tension of water (72.0 mN/m)® and D is the
nanocrystal diameter including the hydrophobic ligands.?* Fully extended dodecanethiol
ligands should add about 1.8 nm to the particle radius. Therefore, with D=5.5 nm

diameter, AG_,, =1650KkT, where k is Boltzmann’s constant. Wi et al. has calculated the

solv
energy penalty to deform a dioleoylphosphatidylcholine lipid bilayer AGget, When a
hydrophobic sphere that is 5.5 nm in diameter is situated in the center of the bilayer:

AG, = 240KT 56 AGgoy 1s nearly an order of magnitude greater than AGger. HOwever,

the membrane must ‘un-zip’ when the spherical nanocrystal is located at the center of the
bilayer, as illustrated in Figure 7.17C. This un-zipping creates void space around the
nanocrystal within the bilayer (red circles, Figure 7.17C) that draws other nanocrystals
together in the membrane. Clustering of the nanocrystals in the lipid bilayer reduces the
total void space around the nanocrystals. The minimization of AGges may explain the
formation of the Janus-type nanocrystal-vesicle hybrids, as opposed to vesicles with

uniformly dispersed nanocrystals in the membrane.®®
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Figure 7.17. Schematic illustration considering three hypothetical states in which
hydrophobic Au nanocrystals could exist, without considering the presence of detergent.
In state I, the hydrophobic Au nanocrystals are placed in water outside of a lipid bilayer.
In states Il and 111, the nanocrystals are placed inside the lipid bilayer. The insertion of a
hydrophobic nanocrystal into the lipid bilayer leads to a membrane deformation and an
“unzipping” of the bilayer. In the situation where two nanocrystals are present in the
bilayer, as in stage 1, the nanocrystals total membrane curvature is reduced by lateral
aggregation of the nanocrystals, as shown in stage I1l. The strained regions of the lipid

bilayer are circled in red in stage II.
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7.4 Conclusions

The incorporation of hydrophobic Au nanocrystals into vesicles by the detergent
dialysis procedure is sensitive to both the detergent:lipid ratio and the total surfactant
concentration. When the detergent:lipid ratio is below the amount needed to rupture the
vesicles, the vesicle size does not increase much during dialysis, and the incorporation of
Au nanocrystals is affected by the total concentration (vesicles and nanocrystals) — at low
total concentration the nanocrystals form tightly-packed rafts (containing hundreds of
nanocrystals) in some vesicles while other vesicles are completely devoid of
nanocrystals; at high total concentration nearly every vesicle has a small cluster of about
5-10 Au nanocrystals. Increasing the total concentration should increase the collision
rate of vesicles and nanocrystals, which may be responsible for a greater proportion of
vesicles colliding with nanocrystal micelles during dialysis when the concentration is
higher. When the total concentration is low, the nanocrystal assembly may be more
dominated by hydrophobic forces, which are long range,?® causing the nanocrystals to
assemble into much larger agglomerates at the relatively few sites where vesicle-
nanocrystal collision results in nanocrystal incorporation into the vesicle bilayer and
disrupts the lipid packing (Figure 7.17). A problem with this argument, however, is that
increasing the total concentration also increases the viscosity of the dispersion, which
reduces collision frequency of the dispersed particles,'® and a more detailed
understanding of the relationship between vesicle-nanocrystal concentration, viscosity,
and collision frequency is needed as it relates to the formation of the different Au-loaded

vesicle structures demonstrated in this chapter.
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Once the vesicles are allowed to rupture by using a high enough ratio of detergent
to lipid molecules, then the cryoTEM imaging strongly suggests that Au nanocrystal
chains are encapsulated within the vesicles. The fact that a few Au nanocrystal chains are
observed outside of vesicles supports that the OCG-Au micelles likely assembly into
chains during detergent dialysis. The fragmented vesicles gradually re-assemble into
large vesicles over 200 nm in diameter during detergent dialysis, and the nanocrystal
chains become trapped inside these vesicles. The chains likely still contain OCG
detergent after dialysis, since detergents are known to be retained inside vesicles during
dialysis due to slow exchange of vesicle contents with the surrounding medium.

The cryoTEM images of the nanocrystal-vesicle hybrids prepared here provide
new insight into how hydrophobic nanocrystals with size similar to the lipid bilayer
thickness interact with vesicles. The observation of dense monolayers of tightly packed
nanocrystals in the lipid bilayers of vesicles is unprecedented, however, it makes sense
when one considers the significant energy penalty that occurs when nanocrystals insert
into the bilayer and deform the lipid membrane.®®*® The clustering of the nanocrystals,
as in the rather extreme case of the Janus-like nanocrystal-vesicle hybrids, contrasts

3,39,47

previous observations of CdSe and Fe,O3; nanocrystal-loaded vesicles, in which the

nanocrystals were apparently uniformly dispersed in the bilayer. Importantly, the results
of this chapter show that it is possible to control whether vesicles contain few or many
nanocrystals per bilayer by controlling the assembly parameters. It would be useful to

27,28

conduct further studies that include detergent-adsorbing beads (e.g. BioBeads)“ " to try

and remove trace amounts of residual detergent from the vesicle dispersions, in order to
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ensure that the vesicle-nanocrystal structures reach equilibrium rather than a metastable
state. The possible role of trace amounts of chloroform, which was detected by NMR in

the OCG-Au micelles (Figure 7.7), must be investigated as well.
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Chapter 8: Assembling Fluorescent Semiconductor Nanocrystals with
Phosphatidylcholine and Squalene Droplets for Cell Labeling®

8.1 Introduction

There have been many recent studies demonstrating that fluorescent
semiconductor nanocrystals (quantum dots) may incorporate into lipid micelles' and
vesicles.* Several types of quantum dots are synthesized with a hydrophobic surface,””
and incorporating them into amphiphile aggregates renders them hydrophilic and
dispersible in water,>>® which is necessary for labeling cells and macromolecules located
in aqueous biological media.®®™ While lipid micelles are adequate for dispersing
hydrophobic quantum dots in agueous media, combining the fluorescence of the quantum
dots with the drug carrying capability of lipid vesicles may create particles capable of
dual fluorescence imaging and therapy.***°

Recently lipid vesicles loaded with hydrophobic CdSe quantum dots were used to
label mammalian cells.**** The quantum dots were dispersed in water by lipids having a
cationic headgroup, which caused the lipid-nanocrystal aggregates to bind to the cells by
electrostatic adsorption.? Binding of cationic liposomes to cells is possible because cell
membranes (excluding nerve cells) typically have a negative zeta potential.***’
Dispersions of cationic lipids often are used to transfer anionic polynucleic acids into

18-21

cells for non-viral gene delivery,” " and the same transfection protocols using cationic

liposomes were adopted to load fluorescent CdSe nanocrystals in cells as well.?%

Several concerns remain however. First, there has been limited characterization of how

$ Portions of this chapter will appear in an upcoming ACS Journal publication; draft in progress.
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CdSe nanocrystals assemble with lipid vesicles; it is not clear whether the nanocrystals
fully load vesicle membranes, or if they form lipid-coated agglomerates as shown with
Au nanocrystals in Chapter 6. Second, cadmium-containing compounds are known to be
cytotoxic,?* and the safety of CdSe nanocrystals has not been fully characterized.?>? To
create vesicles loaded with fluorescent nanocrystals having less toxic elements, Si-loaded
vesicles were prepared,”” however the structure of these lipid-Si assemblies was not
carefully characterized by cryoTEM. It has not been clear whether Si nanocrystals
actually load lipid bilayers or simply form lipid-coated agglomerates, comparable to the
Si-loaded lipid micelles used by Prasad and coworkers for fluorescent cell and tissue
labeling.?

This chapter extends the vesicle preparation methods developed in Chapters 5-6
to the preparation of phosphatidylcholine lipid dispersions containing hydrophobic CdSe,
Si, and CIS nanocrystals. Squalene emulsions are also prepared with the lipids and
nanocrystals. CryoTEM is used to elucidate the structure of the lipid-nanocrystal
aggregates. The cationic lipid dioleoyltrimethylammonium-propane (DOTAP) is
included in Si-lipid dispersions and mixed with HL-60 cells to investigate whether the
nanocrystals can bind to the cells. In addition, the hydrophobic fluorescent dye Nile Red
was synthesized, incorporated into lipid particles, and mixed with HL-60 cells for
comparison to Si-loaded lipid particles. HL-60 is a continuous human leukemia cell line

28-30

that grows in suspension, and it was chosen for this work because it is simple to

31,32

maintain, " it has a relatively fast doubling time (24-36 hours),*"* its cell membrane has

a negative zeta potential for adsorption of cationic particles,'® and the binding of dye-
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loaded cationic liposomes has been demonstrated.’® However, when cationic vesicles
were used for transfecting actively-dividing HL-60 cells, gene transfer efficiency is
reportedly low because the cells are reluctant to perform endocytosis.** Therefore, the
fluorescent Si nanocrystals and dye molecules are expected to bind to and remain at the
cell membrane by electrostatic and hydrophobic forces, rather than being transported

inside the cell.

8.2 Experimental Details

8.2.1 Chemicals

Nanocrystal and Dye Synthesis. Selenium powder (99.99%), cadmium oxide (99%),
trioctylphosphine (TOP, 90%), trioctylphosphine oxide (TOPO, 99%), Nile Blue chloride
(99%), Trypan Blue (99%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
99%), and squalene (99%) were from Sigma Aldrich. Tetradecylphosphonic acid
(TDPA, 98%) was from Strem Chemical. Dioleoyltrimethylammonium-propane
(DOTAP, 99%), dilauroylphosphatidylcholine (DLPC, 99%),
dimyristoylphosphatidylcholine (DMPC, 99%), dipalmitoylphosphatidylcholine (DPPC,
99%), dipalmitoylphosphatidylglycerol (DPPG, 99%), dimyristoyl-glycero-
ethylphosphocholine (eDMPC, 99%), and PEGq00-dipalmitoylphosphatidylethanolamine
(PEG-DPPE, 99%) were from Avanti Polar Lipids. Sulfuric acid (98%), cyclohexane
(98%), xylenes (98%), toluene (99%), chloroform (99%), and ethanol (99%) were from

Fisher Scientific. All chemicals were used as received. Deionized water was at 17 MQ

resistance and filtered through 0.2 um pores.
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Cell Culture. The HL60 cell line was obtained from the American Type Tissue Culture
Collection (ATCC). Fetal bovine serum (FBS), Iscove’s Modified Dulbecco’s Medium
(IMDM), Hank’s Balanced Salt Solution without Phenol Red (HBSS), and

dimethylsulfoxide were from ATCC. Trypan Blue powder was from Sigma Aldrich.

8.2.2 Nanocrystal Synthesis
Trioctylphosphine-coated CdSe Nanocrystals. The nanocrystal synthesis is adopted from
a recent procedure.® First the precursor solutions are prepared. In a 100 mL 3-neck
round bottom flask, 51.4 mg cadmium oxide, 223 mg TDPA, and 3.7768 g of TOPO are
combined. A glass stir bar is added, and the flask is fitted with a glass condenser-
stopcock assembly and rubber septa. A thermocouple is inserted into the flask through
one of the septa. The flask is connected to a Schlenk line, placed under vacuum, heated
to 100°C, and held at a pressure less than 500 mbar for 3 hours. Meanwhile, ina 25 mL
3-neck round bottom flask, 41.1 mg Se and a Teflon stir bar are added, the flask is
assembled with a glass stopcock and 2 rubber septa, a thermocouple is inserted through
one septum, the flask is transferred to a nitrogen-filled glovebox and loaded with 2.5 mL
TOP, and then the flask is transferred to the Schlenk line while sealed under nitrogen.
Next the reaction is performed. The 100 mL flask is heated to 350°C under low
N> (g) pressure and stirred until it turns colorless. The 25 mL flask is heated to 120°C
low N (g) pressure as well to dissolve the selenium. The 100 mL flask is cooled to
250°C, at which point the TOP-Se solution is drawn up into a syringe and injected into

the 100 mL flask. The nanocrystals are rapidly nucleate and grow over time. Green-
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emitting CdSe nanocrystals are typically formed by 3-5 minutes, while orange-emitting
CdSe nanocrystals require about 45 minutes. When the reaction is complete, the 100 mL
flask is cooled to room temperature in air.

The nanocrystals are purified by mixing the crude reaction solution with about 2
mL of toluene. The dispersion is transferred to glass centrifuge tubes, followed by
addition of 20 mL methanol. The samples are centrifuged at 8000 rpm for 5 minutes to
precipitate the nanocrystals. The precipitate is dispersed in about 1 mL of toluene. Then
10 mL of methanol is added and the dispersion is centrifuged a second time. The
precipitate is dispersed in 1 mL of toluene and centrifuged at 8000 rpm for 3 minutes.
The supernatant of well-dispersed nanocrystals is transferred to a clean glass vial for
storage until use.
Dodecanethiol-coated CulnSeS (CIS) Nanocrystals. CIS nanocrystals were synthesized
by Matthew Panthani using the methods described in Chapter 4. Steps corresponding to
growth of the zinc sulfide shell were omitted, resulting in a quantum yield of 10%.
Dodecane-coated Si Nanocrystals. Si nanocrystals were synthesized by Yixuan Yu using
the methods described in Chapter 4. Different ligands were used during hydrosilylation

as described in the text.

8.2.3 Nile Red Synthesis
The Nile Red fluorescent dye was synthesized according to a literature protocol,*
as diagrammed in Figure 8.1. First, 0.46 grams of Nile Blue chloride was dissolved in

250 mL of 0.5% v/v H,SO, (aq). The solution was boiled for 2 hours at ambient
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pressure, forming a mixture of Nile Blue and Nile Red. The Nile Red was separated by
extracting it using three sequential 250 mL volumes of xylenes. Next, the xylene phase
was mixed three 250 mL volumes of DI water to collect any remaining Nile Blue in the
aqueous phase. Extraction of the xylene phase with DI water was repeated until no blue
material was collected in the aqueous phase, indicating that all of the Nile Blue was
removed from the xylene phase. The xylene phase was placed in a round bottom flask on

a rotary evaporator, and the xylene was evaporated at 80°C and reduced pressure. The

dye was dissolved in chloroform, transferred to a glass vial and stored until use.

/

Nile Blue

l 5o

PO
Nile Red \\

Figure 8.1. Schematic illustration of the synthesis of Nile Red dye by heating Nile Blue

\

dye in sulfuric acid. Photographs of the vials correspond to chloroform solutions of Nile
Blue (top row) and Nile Red (bottom row). The vials show each solution under room
light (left vial) and a handheld ultraviolet lamp at 350 nm wavelength (right vial).
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8.2.4 Formation of Lipid Dispersions and Squalene Emulsions

The dispersions of lipid vesicles and squalene emulsions were prepared as
described in Chapters 5.2 and 6.2, using 4 mg of Si, 4 mg of CIS, and 3 mg of CdSe
nanocrystals. For cryoTEM imaging, the lipid-nanocrystal dispersions were prepared in
an aqueous pH 7.4 buffer solution of 10 mM HEPES and 10 mM NaCl. For cell culture,
the dispersions were prepared in Hank’s Balanced salt solution without phenol red
indicator (150 mM ionic strength, pH 7.4).

With the Nile Red dye, the dye was mixed with lipids in chloroform, and then
dried to a film before dispersing in water. The concentration of dye in the aqueous
vesicle dispersions and emulsions was 50 ug/mL. The lipids were 30 mM DLPC and 7.5
mM DOTAP. In the aqueous Nile Red dye emulsions, the concentration of squalene was
5% by volume. The dispersions were prepared in Hank’s Balanced salt solution for

mixing with cells.

8.2.5 Material Characterization

Characterization of the nanocrystals by TEM, SAXS, and TGA was performed as
described in chapter 4.2. CryoTEM imaging of aqueous dispersions was performed as
described in Chapter 5.2. FTIR of the Nile Red dye was performed as described in
Chapter 4.2. Quantum yield was calculated as described in Chapter 4.2. Dynamic light
scattering was performed as described in Chapter 5, the data were fitted to the equations
in Chapter 5 using non-linear least squares regression to minimize x2 (sum of the squared

residual errors between the model and the data), and the Rayleigh approximation was
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applied, which is valid for lipid particles up to about 200 nm diameter.*® Using this
approximation, the relative number of particles of sizes 1 and 2 (N1, Ny) is related to the
particle diameters (d;, d) and the amplitude of scattering intensities (A1, Az) by equation
8.1. Therefore if d; < d, and A; = Ay, the particles of size d; are much more numerous in
the dispersion than the larger particles.

N _A (d)
N, A (dj &

8.2.6 HL60 Cell Culture

HL60 cells were handled using standard aseptic techniques.®” The cells were
cultured in 20 mL of 20% v/v FBS in IMDM at 37°C, 5% CO;, and 90% relative
humidity using 75 mL vented-cap tissue culture flasks. Cultures were maintained at a
cell density between 10° and 2 x 10 ° cells/mL and passaged when the measured cell
concentration exceeded 1 x 10° cells/mL. Cell concentration was determined by counting
cells on a hemacytometer, and cell viability was checked weekly by staining cells with
0.2% w/w Trypan blue for 1 minute prior to counting.®’
8.2.7 Cell Labeling and Imaging

HL60 cells were cultured to a density of 10° cells per mL. 5 mL of the cell
suspension was placed in a sterile 15 mL centrifuge tube and centrifuged at 150g for 6
minutes. The supernatant was discarded and the cell pellet was dispersed in 5 mL of

HBSS. The cells were maintained at 37°C and 5% CO, atmosphere for a few minutes

before imaging. Prior to imaging, 50 uL of the cell suspension was added to a 2 mL
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plastic centrifuge tube. Subsequently, 50 pL of the stain solution (lipid/nanocrystals,
lipid/dye, or HBSS as a control) was injected into the cell suspension, the tube was then
closed and gently shaken by hand to mix the contents. After about 2 minutes, the 100 uL
suspension was pipetted into the 100 uL well of a Coverwell perfusion chamber (Sigma
Aldrich) assembled on cover glass (number 1 thickness, autoclaved). After 1 minute, the
cells were immediately imaged by placing the imaging chamber on the stage of a Leica
SP2 AOBS Confocal Laser Scanning Microscope. The excitation and emission filters

and detector voltages were adjusted depending on the sample.

8.3 Results and Discussion
8.3.1 Nile Red Dye Synthesis

The synthesis of the Nile Red dye is straightforward. Once the Nile Red was
extracted into organic solvent, the dye exhibited orange fluorescence. The optical spectra
of the dye are displayed in Figure 8.2. The photoluminescence quantum yield of the Nile
Red dye was measured to be about 70% at an excitation wavelength of 500 nm, using
Rhodamine 101 dye as a reference. The FTIR analysis of Nile Red, shown in Figure 8.3,
confirms the formation of the carbonyl group based on the absorbance peak at 1770 cm™.
Nile red is very soluble in low polarity solvents like chloroform, and it is insoluble in

water.
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Figure 8.2. Photoluminescence (PL) spectra and molar absorption coefficient of the Nile
Red dye dissolved in chloroform. The PL emission with 500 nm excitation wavelength is
the red curve, the PL excitation with 620 nm emission is the blue curve, and the black
dashed curve is the molar absorption coefficient determined using the Beer Lambert law

and successive dilutions of the dye (Chapter 3).
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Figure 8.3. FTIR spectra of Nile Red and Nile Blue dyes. The Nile Blue spectrum (top)
is from the SDBS of organic compounds.®® The Nile red spectrum (bottom) was
measured by ATR-FTIR. The carbonyl group of Nile Red is detected by an absorbance
maximum at 1770 cm™, while Nile Blue does not have an absorbance peak between 1700

— 1800 cm™ indicating the absence of a carbonyl group in this molecule.*
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8.3.2 CdSe Nanocrystal Synthesis

The CdSe nanocrystals were grown for 5 minutes to yield nanocrystals that emit
green light when excited at blue to UV wavelengths (Figure 8.4). The nanocrystals are
coated with TOPO and TDPA ligands and are therefore hydrophobic. The stability of the
nanocrystals is highly dependent on the solvent used to disperse them — toluene keeps the
nanocrystals stable over many months, while the nanocrystals typically aggregate when
dispersed in chloroform for a few hours, because chloroform is a better solvent than
toluene for the ligands and results in rapid ligand de-sorption from the CdSe surface. The
optical spectra of the CdSe nanocrystals are displayed in Figure 8.4. The nanocrystal
photoluminescence quantum yield is 14%, relative to the Rhodamine 101 dye as a
reference. From TEM characterization in Figure 8.5, the CdSe diameter is 4.3 +/- 0.5

nm.
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Figure 8.4. Photoluminescence (PL) and absorbance spectra of CdSe nanocrystals (5
ug/mL concentration). The insets show vials of the nanocrystals dispersed in toluene

under room light (left vial) and ultraviolet light (right vial, 350 nm excitation).

Figure 8.5. TEM image of CdSe nanocrystals coated with TOPO and TDPA ligands.
The average CdSe diameter is 4.3 £ 0.5 nm.
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8.3.3 Vesicles and Emulsion Particles Loaded with Nile Red Dye

Dry films of lipid and Nile Red dye readily dispersed in the aqueous buffer
solution to form vesicles. Without squalene, the hydrodynamic diameter of the dispersed
lipid-squalene particles was 32 nm from dynamic light scattering (x2 = 0.0008 from
fitting). The Nile Red dye emits orange-red fluorescence when dispersed in the aqueous
vesicles as shown in Figure 8.6, whereas Nile Red cannot disperse in water on its own
(without lipid) to make a fluorescent aqueous dispersion. The zeta potential of the
samples is +20 mV. A fluorescent aqueous dispersion was also obtained when squalene
was included to form an emulsion with the lipid and Nile Red dye, and the zeta potential

was also +20 mV, however the particle size was 80 nm according to DLS.

u

Figure 8.6. Photographs of a dispersion of vesicles loaded with Nile Red dye in Hank’s
Balanced salt solution without phenol red indicator. Left tube: dispersion under room
light. Right tube: dispersion under UV light (350 nm excitation), showing the orange

emission characteristic of Nile Red.

8.3.4 Vesicles and Emulsion Particles Loaded with CdSe
The green-fluorescent CdSe nanocrystals were dispersed in aqueous HEPES/NaCl
buffer solution at pH 7.4 using DMPC, DPPC, DPPC plus squalene, and DOPC. The

DOPC sample was annealed with chloroform prior to dispersing in water, since the
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results of Chapter 5 indicate that this annealing improves the dispersibility of
nanocrystals with the DOPC lipid. The CdSe nanocrystals dispersed in aqueous lipid
particles (DMPC, DPPC, DOPC) were not fluorescent, as shown in Figure 8.7. The
fluorescence of the DPPC-SQE emulsion was practically negligible. The loss of
fluorescence suggests that the CdSe nanocrystal surface probably is oxidizing when
transferred from organic solvent to water, in spite of the lipid coating. CdSe nanocrystals
are known to oxidize in the presence of water and oxygen,*° resulting in a loss of
fluorescence. Since the CdSe-lipid dispersions are not fluorescent, they are not suitable

to label cells for fluorescent imaging.

o
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Figure 8.7. CdSe nanocrystals dispersed at 3 mg/mL concentration in aqueous vesicles
and emulsion particles. Top row: aqueous dispersions under room light. Bottom row:
the aqueous dispersions excited with a 350 nm ultraviolet lamp. The vesicle dispersions
with DMPC, DPPC, and DOPC lipid are not fluorescent. The emulsion of DPPC lipid
and squalene (SQE) has a very faint green fluorescence, and the squalene concentration is

5% by volume.
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CryoTEM images of the CdSe nanocrystals dispersed in the lipid particles are
displayed in Figures 8.8 — 8.11. The DMPC-CdSe dispersion, Figure 8.8, had the
nanocrystals dispersed as small clusters adhering to the vesicle bilayers. No flat
nanocrystal sheets of CdSe are observed as seen with the 1.8 nm Au nanocrystals in
Chapter 6. Since the nanocrystals adhere to the lipid bilayer, they must remain
somewhat hydrophobic even if they have oxidized a little based on the loss of
fluorescence. The same results are observed with both DPPC and DOPC lipids. The
CdSe nanocrystals form small clusters adhering to the faceted DPPC vesicles, shown in
Figure 8.9. With DOPC, the CdSe forms clusters adhering to the vesicles as well, in spite
of annealing with chloroform. The DOPC results with CdSe are comparable to results of
dispersing hexadecaenthiol-coated 1.8 nm Au and dodecanethiol-coated 4.1 nm Au
nanocrystals with DOPC after chloroform annealing — the nanocrystals do not completely
load the bilayers of the vesicles. Figure 8.11 shows the results with using DPPC and
squalene to form an emulsion. The CdSe nanocrystals incorporate into the squalene
droplets, and some of the nanocrystals are found to extend beyond the edge of the
squalene droplet (bottom row, Figure 8.11), suggesting that the CdSe nanocrystals are
somewhat hydrophilic, which may be the result of nanocrystal surface oxidation to form

selenium oxides.*
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Figure 8.8. CryoTEM images of CdSe nanocrystals dispersed with DMPC lipid in
water. The nanocrystals form small agglomerates adhering to the lipid bilayers.
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Figure 8.9. CryoTEM of CdSe nanocrystals dispersed with DPPC lipid in water. The
red arrows point to CdSe nanocrystals. The sample was vitrified at 25°C, and the lipid

melting temperature is 41°C.*
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Figure 8.11. CryoTEM images of CdSe nanocrystals incorporated into squalene
emulsion droplets, stabilized by DPPC lipid. The red arrows point at single CdSe

nanocrystals. The squalene concentration is 5% by volume in water.
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8.3.5 Vesicles and Emulsion Particles Loaded with CIS Nanocrystals

The CIS nanocrystals maintained their red luminescence when dispersed in water
by lipids and squalene, as shown in Figure 8.12. CryoTEM images of the dispersions are
shown in Figures 8.13 — 8.17. With DLPC lipid and 1% v/v squalene concentration, the
CIS nanocrystals load the squalene droplets, but there is no obvious localization of
nanocrystals at the squalene-water interface as observed with the 1.8 nm Au nanocrystals
in Chapter 6. This result is surprising, given that the CIS is about the same size as the 1.8
nm Au nanocrystals and has the same capping ligand (dodecanethiol). The results with
DMPC lipid and 1% v/v squalene compare more favorably to 1.8 nm Au, since some 50
nm diameter squalene droplets are fully-loaded with CIS nanocrystals and the
nanocrystals are concentrated into a shell around the droplet surface (Figure 8.14).
Numerous 10-20 nm diameter squalene droplets are also found in cryoTEM to contain a
few CIS nanocrystals, and empty DMPC vesicles are also found. Using DSPC lipid, the
shape of the CIS-lipid agglomerates is temperature-sensitive. Figure 8.15 shows the
DSPC lipids vitrified at 25°C contain the CIS nanocrystals in faceted structures that
adhere to the faceted lipid vesicles. At 58°C (Figure 8.16), the vesicles and CIS
structures are spherical since the lipid is now in the liquid crystal phase, but the
nanocrystals do not appear to be concentrated at the water interface of squalene droplets.
Finally, Figure 8.17 shows the CIS nanocrystals dispersed with DOPC lipid after
chloroform annealing. Surprisingly, the CIS nanocrystals only form aggregates adhering
to a few lipid bilayers, and the CIS nanocrystals do not completely load the vesicle

bilayers as observed with the 1.8 nm dodecanethiol-coated Au nanocrystals in Chapter 5.
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Many of the CIS nanocrystals are located in complex lipid particles containing many
internal, inter-lamellar attachments, suggesting that the CIS nanocrystals may de-stabilize
the DOPC vesicles as observed with the hexadecanethiol-coated 1.8 nm Au and

dodecanethiol-coated 4.1 nm Au nanocrystals.
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Figure 8.12. Photograph of dodecanethiol-coated CIS nanocrystals dispersed in aqueous
vesicles and squalene emulsions at 4 mg/mL concentration. The squalene concentration
in each of the emulsions is 1% by volume. The DOPC sample was annealed with
chloroform vapor prior to dispersing in water. The solvent is deionized water. The top
row shows the samples under room light, the bottom row shows the samples under an

ultraviolet lamp (350 nm excitation).
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Figure 8.13. CryoTEM images of CIS nanocrystals loaded in squalene droplets,
stabilized by DLPC lipid.
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Figure 8.14. CryoTEM images of CIS nanocrystals loaded in squalene droplets,

stabilized by DMPC lipid.
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Figure 8.15. CryoTEM images of CIS nanocrystals dispersed with squalene and DSPC
lipid. The sample was vitrified at 25°C. DSPC vesicles are faceted because the lipid’s

gel to liquid crystal phase transition temperature is 55°C.**
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Figure 8.16. CryoTEM images of CIS nanocrystals dispersed with squalene and DSPC
lipid. The sample was vitrified at 58°C, above the phase transition temperature of DSPC

(55°C)™*, causing the vesicles to be rounded rather than faceted.
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Figure 8.17. CryoTEM images of CIS nanocrystals dispersed with DOPC lipids after
annealing a dry CIS/DOPC film with chloroform vapor. The arrows point to clusters of
CIS nanocrystals.
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8.3.6 Vesicles and Emulsion Particles Loaded with Si

The Si nanocrystals dispersed well in water with the lipids, and subsequently the
nanocrystals maintained their orange fluorescence as shown in Figure 8.18. CryoTEM
images of the different Si-lipid dispersions are shown in Figures 8.19 — 8.27. Figure 8.19
shows the Si nanocrystals dispersed in water with DOPC after chloroform annealing.
The results are the same as with dodecanethiol-coated CIS, hexadecanethiol-coated 1.8
nm Au, and dodecanethiol-coated 4.1 nm Au nanocrystals. The Si nanocrystals form
clusters adhering to multiple lipid bilayers and can be found within the complex lipid
particles having multiple internal inter-lamellar attachments. The hydrodynamic

diameter obtained from DLS is 85 nm (x2 = 0.0005).
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Figure 8.18. Photograph of aqueous dispersions of dodecane-coated Si nanocrystals (4
mg/mL) and different lipids. The solvent is 10 mM HEPES, 10 mM NacCl in water at pH
7.4. The DOPC sample was annealed with chloroform prior to dispersing in water. The
DPPC/Si-COOH sample contains silicon nanocrystals passivated with a 100:1 mixture of

dodecane and undecanoic acid.
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Figure 8.19. CryoTEM images of dodecane-coated Si nanocrystals dispersed in water
with DOPC lipid after chloroform annealing.
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The cryoTEM images of Si nanocrystals dispersed in water with different
saturated lipids show that the nanocrystals form lipid-coated clusters just like the
dodecanethiol-coated Au nanocrystals. In Figure 8.20, the Si nanocrystasl are coated by
DLPC, and no long nanocrystal chains are observed as with the 1.8 nm diameter
dodecanethiol-coated Au nanocrystals. The hydrodynamic diameter in the DLPC-Si
dispersion is 63 nm from DLS (x2 = 0.005). Unlike the DLPC, many Si nanocrystal
clusters associate with DPPC vesicles, as shown in Figure 8.21, and the hydrodynamic
radius is 74 nm. Adhesion of the hydrophobic Si nanocrystals does not appear to affect
the size or shape of the DPPC vesicles, compared to the empty vesicles having no
nanocrystals observed in Figure 8.21. Imaging of the DSPC-Si dispersions also revealed
that some lipid-coated Si clusters adhere to vesicles (Figure 8.22). The hydrodynamic
diameter of the DSPC dispersion is 103 nm, which is larger than the DLPC and DPPC
samples.

Next, we considered whether introducing a hydrophilic carboxylic acid onto the
surface of the Si nanocrystals would encourage the nanocrystals to distribute throughout
the vesicle bilayer to favor hydrogen bonding between the nanocrystal carboxylic acid
and the ester and phosphate groups of the lipids. The ratio of 100:1 dodecane to
undecanoic acid in this sample is based on the mole ratio of dodecene to undecenoic acid
used during the hydrosilylation reaction used to attach the ligands to the Si nanocrystals
(see Chapter 4), and it was chosen because it should allow most of the Si nanocrystal
surface to be hydrophobic for insertion into the lipid bilayer. The results of the

incorporating the mixed ligand Si into DPPC vesicles is shown in Figure 8.23, and the
301



results essentially look the same as Si nanocrystals coated with just dodecane. Also, the
hydrodynamic diameter measured by DLS was 74 nm, which is the same as the sample
prepared from Si having 100% dodecane on the surface. Therefore the small amount of
carboxylic acid on the silicon surface does not improve nanocrystal incorporation into the

lipid bilayers.

Figure 8.20. CryoTEM images of dodecane-coated Si nanocrystals dispersed in water
with DLPC lipid. The red arrows point to the lipid-coated nanocrystal agglomerates.
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Figure 8.21. CryoTEM images of dodecane-coated Si nanocrystals dispersed in DPPC
vesicles in water. The red arrows point to clusters of Si nanocrystals adhering to the
vesicle bilayer. The sample was vitrified at 25°C, and the lipid melting temperature is

41°c.
303



Figure 8.22. Dodecane-coated Si nanocrystals dispersed in water with DSPC lipid. The
sample is vitrified at 25°C, and the lipid melting temperature is 55°C.* The red arrows

point to small clusters of Si nanocrystals that seem to stick to a vesicle bilayer.
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Figure 8.23. Si nanocrystals coated with a 100:1 mixture of dodecane and undecanoic
acid and dispersed in DPPC vesicles. The red arrows point to Si nanocrystal clusters.

The sample was vitrified at 25°C, and the lipid melting temperature is 41°C.**
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Next, the dodecane-coated Si nanocrystals were dispersed in water using a
mixture of DPPC and either DPPG (anionic lipid) or eDMPC (cationic lipid). Practically
all of the Si nanocrystals are dispersed as nanocrystal clusters coated by lipid, but the
clusters do not associate with the vesicles. The cryoTEM imaging results are shown in
Figures 8.24 — 8.25. The lipid-coated Si clusters have irregular shapes. The
hydrodynamic diameters of the samples were 55 nm for DPPG/DPPC and 42 nm for

eDMPC/DPPC, which agrees well with the cryoTEM imaging results.

Figure 8.24. Dodecane-coated Si nanocrystals dispersed in water with a 4:1 mixture of
DPPC and DPPG lipids.
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Figure 8.25. Dodecane-coated Si nanocrystals dispersed in water with a 4:1 mixture of
DPPC and eDMPC lipids.

The Si nanocrystals were also incorporated into squalene emulsion droplets
coated by DMPC and DPPC lipids, and the nanocrystals do not localize at the squalene-
water interface. In Figure 8.26, the red arrows indicate one place in the cryoTEM
imaging where the edge of the squalene droplet can be seen, showing that the Si
nanocrystals are not located there. The Si-squalene emulsion particles, as well as the

empty vesicles, are between 25-100 nm diameter, indicating that many small (25 nm)
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diameter squalene droplets form during the processing. Figure 8.27 shows Si-lipid
particles prepared with 5% squalene by volume, and the squalene droplets are still loaded
with nanocrystals though the droplets do not appear to be as densely loaded with Si as in
Figure 8.26 (1% squalene). The hydrodynamic diameter measured for the 5% squalene
sample was 97 nm, which is a bit larger than the droplet sizes observed in cryoTEM. The
smaller droplets will scatter less light than larger particles, so the scattering signal from
the smaller droplets may be overwhelmed by the scattering from particles around 100 nm

diameter.
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Figure 8.26. Dodecane-coated Si nanocrystals dispersed in water with DMPC lipid and
1% squalene by volume. The red arrows point to the edge of the squalene droplet, which

does not seem to be occupied by nanocrystals.
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Figure 8.27. Dodecane-coated Si nanocrystals dispersed in water with DPPC lipid and
5% squalene by volume. Red arrows point to squalene droplets loaded with silicon

nanocrystals.
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8.3.7 HL60 Cell Labeling with Fluorescent Lipid Aggregates and Emulsion Particles

The HL-60 cells were imaged live by suspending them in a chamber sealed
between two glass cover slides and a rubber gasket. The cells were exposed to a 514 nm
laser, and both transmitted white light as well as the fluorescent orange light (600 — 700
nm) were detected. As the first step in imaging, the normal HL-60 cells were viewed
under the microscope without mixing with any of the lipid particles (Figure 8.28).
Varying the detector voltage revealed the voltage (about 700 nm) at which the detection
of cell sutofluorescence becomes significant in the orange detector, indicating that the
detector is too sensitive at this voltage for distinguishing the probe fluorescence from
autofluorescence. Cell autofluorescence at 600 — 700 nm is largely due to flavin
molecules naturally found in HL-60 cells.*** At a detector voltage less than 600 V, no
autofluorescence is detected by the orange detector.

The HL-60 cells mixed with the lipid particles containing Nile Red dye were
imaged by confocal microscopy, and the results are shown in Figure 8.29. The lipid
particles were made of squalene (5% by volume), DLPC lipid, DOTAP, and Nile Red
dye. The voltage of the orange detector is 430 V, which is well below the threshold for
detecting cell autofluorescence. The cell membrane has bright orange contrast relative to
the surrounding medium and the inside of the cell, suggesting that Nile Red dye
accumulates in the cell membrane. This suggests that the lipid particles may fuse with
the cell membrane, or they may simply bind to the membrane surface and allow the Nile
Red dye to escape and enter the cell membrane. No fluorescence accumulates inside the

cells, which indicates that endocytosis of the lipid particles and dye does not take place.
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Previous reports found that the HL-60 cells are reluctant to endocytose cationic lipid
particles as well.** Figure 8.30 shows confocal imaging taken of a dispersion of only the
cationic lipid particles containing Nile Red, without including the cells. No fluorescent

structures were observed that resembled the cells in Figure 8.29.
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Figure 8.28. Live HL-60 cells imaged with confocal fluorescence microscopy. The
photomultiplier voltage of the Orange-Red detector was varied. The left column shows
transmitted light images, while the right column shows images of light detected at
wavelengths between 600 — 700 nm. The excitation laser had a 514 nm wavelength and

was set to 55% power. The cells were dispersed in HBSS without phenol red indicator.
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Orange-Red Channel

Orange-Red Channel

Figure 8.29. Confocal fluorescence microscopy images of live HL-60 cells mixed with
Nile Red-loaded squalene droplets coated by a mixture of cationic and zwitterionic lipids.
The left column shows transmitted light images, while the right column shows images of
light detected at wavelengths between 600 — 700 nm. The cells were dispersed in HBSS
without phenol red indicator. The excitation laser had a 514 nm wavelength and was set
to 55% power. The orange-red detector’s photomultiplier voltage was set to 430V, which
is below the detection limit for autofluorescence observed in Figure 8.28.
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No Cells

Orange-Red Channel

Figure 8.30. Confocal fluorescence microscopy of Nile Red-loaded squalene emulsion
droplets coated by a mixture of cationic and zwitterionic lipids. The left column shows
transmitted light images, while the right column shows images of light detected at
wavelengths between 600 — 700 nm. The particles were dispersed in HBSS without
phenol red indicator. The excitation laser had a 514 nm wavelength and was set to 55%
power. The orange-red detector’s photomultiplier voltage was set to 430V, which is

below the detection limit for autofluorescence observed in Figure 8.28.

The Si-loaded cationic lipid particles did not give the cells enhanced fluorescence,
as shown in Figure 8.31. The cationic lipid particles were prepared with dodecane-coated
Si nanocrystals, DLPC, DOTAP, and 5% squalene by volume. After mixing with the Si-
lipid particles, the cells are not fluorescent even up to a photomultiplier voltage of 600 V
for the orange-red channel. At 760 V, the cells are autofluorescent just as observed for
the cells imaged without Si (Figure 8.28). A complication that could be preventing

successful cell labeling is that the cryoTEM imaging for all the Si-lipid samples showed
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that the samples contain many empty lipid particles (no Si), and these empty particles

could saturate the surface of the cell membranes resulting in very few Si actually sticking

to the cells.
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Figure 8.31. Confocal fluorescence microscopy images of live HL-60 cells mixed with
squalene droplets loaded with Si nanocrystals and coated by a mixture of cationic and
zwitterionic lipids. The left column shows transmitted light images, while the right
column shows images of light detected at wavelengths between 600 — 700 nm. The
excitation laser had a 405 nm wavelength and was set to 55% power. The orange-red

detector’s photomultiplier voltage was varied.
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8.4 Conclusions

The hydrophobic semiconductor nanocrystals investigated in this chapter, CdSe,
CIS, and Si, did not incorporate into DOPC vesicles very well, unlike the 1.8 nm
diameter dodecanethiol-coated Au nanocrystals studied in Chapter 5. With the 1.8 nm
Au, the chloroform annealing method using DOPC produced vesicles having lipid
bilayers fully-loaded with Au nanocrystals, while the semiconductor nanocrystals did not
form any fully loaded vesicles by the same procedure. The CIS nanocrystals have about
the same size (1-2 nm diameter) and the same ligand coating (dodecanethiol) as the 1.8
nm Au, yet the CIS nanocrystals do not load DOPC bilayers following chloroform
annealing. Besides just the nanocrystal size and lipid composition, the nanocrystal
composition also seems to be important for incorporating the nanocrystals into vesicles.
Changing the nanocrystal composition from Au to another material alters the van der
Waals attractive potential between particles,* and it may also affect the density and
stability of ligands packed on the nanocrystal surface. The density of the ligands will
affect the steric repulsive force between nanocrystals,*® and if ligands easily de-sorb then
the ligand density will decrease and the nanocrystals will aggregate.

The hydrophobic CdSe and Si nanocrystals formed lipid-coated agglomerates
when dispersed in water with saturated lipids. In this case, the results were similar to the
1.8 nm Au nanocrystals — some of the CdSe and Si nanocrystals were in lipid-coated
agglomerates adsorbed to vesicles, and some of the nanocrystal agglomerates were not

adsorbed to vesicles. For the agglomerates adsorbed to vesicles, the nanocrystals did not
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diffuse throughout the cell membrane, instead the semiconductor nanocrystals remained
segregated into an agglomerate. Importantly, the CdSe nanocrystals lost their
fluorescence when transferred to water by the lipid, which is a sign of oxidation.** In
contrast the Si nanocrystals remained totally luminescent when dispersed in the aqueous
lipid structures. The Si and CdSe incorporate into lipid-coated squalene droplets. The
CdSe nanocrystals can extend beyond the edge of the liquid squalene into the water
phase, suggesting that the CdSe is somewhat hydrophilic. The Si nanocrystals actually
seem to pull away from the squalene water interface (Figure 8.26), suggesting that these
nanocrystals may be more hydrophobic than CdSe. Nanocrystal hydrophobicity will
affect how much of the nanocrystal is in contact with an oil-water interface, based on the
oil-water contact angle, unfortunately the contact angle is difficult to determine for the
nanocrystals since this type of measurement is done on a macroscopic planar surface (i.e.
a contact angle goniometer).

The Si-lipid particles did not work well as a fluorescent label for the HL-60 cells.
The cationic lipid-coated squalene droplets loaded with Si nanocrystals was shown in this
chapter, and the imaging results with cationic lipid-Si agglomerates (DOTAP and
phosphatidylcholine, like Figures 8.20 — 8.25) were the same. The Si did not provide any
enhanced fluorescent contrast to the cells relative to background autofluorescence. The
Nile Red dye did label cells, and it was delivered to the cells using the same cationic lipid
formulations as used to disperse the Si. The Si-lipid dispersions contain a lot of empty
lipid particles that may compete with Si-loaded lipid particles for available space on the

cell surface (Figures 8.20 — 8.25), which may result in few Si nanocrystals being
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adsorbed to the cell membrane at a given time. There are several improvements that can
be made on this work. A different cell line that more readily performs endocytosis may
be able to internalize the fluorescent nanocrystals,® which may result in accumulation of
Si inside the cells.®**" Synthesis of nanocrystals that have a higher quantum yield (>
10%) will provide brighter nanocrystals that can be detected at a lower photomultiplier
voltage, allowing the autofluorescence signal to be filtered out. Different cationic lipids
should be tested as well — the lipid Lipofectamine is used very often for binding to cells

for transfection, 2%

although lipofectamine is only sold commercially as an aqueous
formation so it would have to be freeze-dried prior to mixing with hydrophobic
nanocrystals in chloroform. Ultimately active targeting of the lipid-Si agglomerates to
cells is desired, in order to achieve specific labeling, which may be accomplished by
attaching cell-targeting antibodies or nucleic acid aptamers to the agglomerates. HL-60
cells express insulin and transferrin receptors on their outer membrane, therefore

attaching anti-insulin receptor or anti-transferrin receptor antibodies to the Si-lipid

agglomerates is one possible approach to actively targeting the HL-60 cells in the future.
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Chapter 9: Conclusions and Outlook

9.1 Conclusions
9.1.1 Amphiphilic Polymer Coating

Chapters 3 and 4 demonstrate the synthesis of an amphiphilic polymer that can
coat hydrophobic semiconductor nanocrystals, enabling the nanocrystals to disperse in
water. The polymer coating is a simple and robust method to transfer the hydrophobic
nanocrystals into water, since it works for nanocrystals having various inorganic cores,
sizes, and ligand compositions.>® Importantly, the polymer coating preserves the optical
properties of the nanocrystals when they are transferred into water, which was important
for testing them in biological media. The polymer coating keeps the hydrodynamic
diameter of the nanocrystals in water between 20-50 nm, which is desired to encourage
the nanocrystals to be retained in tissue long enough to perform measurements or therapy.
The polymer coating contains numerous carboxylate groups, which should offer sites for
cross-linking to biological targeting molecules (e.g. antibodies or aptamers); however,
these carboxylate groups also control the ionic strength- and pH-dependent stability of
the polymer coated nanocrystals in water. If the carboxylate groups on the polymer are
protonated at low pH (< 7), of if the electric double layer they help establish around the
polymer is screened by increasing the ionic strength (> 2 M), then the polymer-coated
nanocrystals flocculate. Preliminary tests with adsorbing albumin protein to the polymer-
coated nanocrystals suggest that protein adsorption creates a barrier to particle flocculate

at low pH.
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9.1.2 Au Nanoshells, Au Nanorods, and Cu,.xSe Nanocrystals for Photothermal
Therapy

Chapters 2 and 3 demonstrate the synthesis or Au nanoshells, Au nanorods, and
Cu,.xSe nanocrystals and compare their photothermal transduction efficiencies when
excited with a near infrared laser. The key results were that the photothermal
transduction efficiency of the Cu,«Se nanocrystals was comparable with that of the Au
nanorods and Au nanoshells, the Cu,.xSe nanocrystals do not appear to cause any acute
toxicity to cells, and the Cu,.xSe nanocrystals enhanced cell death under laser irradiation.
The photothermal transduction efficiency of the Au nanoshells was noticeably lower than
the Cu,xSe nanocrystals and Au nanorods, and this is attributed to the nanoshells
scattering much more light than the other nanoparticles,® since the nanoshells have a
much larger diameter (and therefore a larger scattering cross section). The nanoshell
diameter was 140 nm, while the effective diameter of the Au nanorods and the Cu,.xSe
nanocrystals was around 16 nm.

In Chapter 2, the synthesis of smaller (< 100 nm) diameter Au nanoshells was
investigated, and it was found to be very challenging compared to making nanoshells
larger than 100 nm diameter. Growing Au nanoshells on silica core particles between 20
— 40 nm is complicated by the tendency of the core particles to stick together, which
results in the formation of a network of Au-silica aggregates during Au shell deposition.
The absorbance maximum of the Au nanoshells grown on 20 — 40 nm could not be tuned
past 650 nm, and this is undesirable for photothermal therapy since near infrared

excitation is needed to minimize the absorption of the excitation light by tissue. * The
324



nanoshell absorbance maximum (i.e. the plasmon resonance frequency) is determined by
the nanoshell geometry — the thickness of the Au shell divided by the radius of the silica
core — and reducing the shell/core size ratio shifts the absorbance maximum from visible
to near infrared wavelengths.> The nanoshells are grown from 2-3 nm diameter Au seed
particles deposited on the silica core, and decreasing the silica core size increases the
minimum shell/core ratio that can possibly be attained with this chemistry. Therefore the
minimum Au nanoshell size that can be produced with this chemistry, yielding nanoshells
with significant absorbance in the near infrared, is around 140 nm. Producing smaller
diameter nanoshells with stronger near infrared absorbance will require the development
of new chemistry.
9.1.3 Loading Hydrophobic Au Nanocrystals into Phospholipid Vesicles

Vesicles are being widely investigated for transporting both hydrophilic and
hydrophobic drugs,®” and incorporating nanocrystals into vesicles may create a hybrid
nanomaterial capable of simultaneous drug delivery, biomedical imaging, and therapy.®™°
Dodecanethiol-coated Au nanocrystals were used to investigate the incorporation of
hydrophobic nanocrystals into vesicle bilayers. The Au nanocrystals were of interest
because they can be easily synthesized, and the nanocrystal diameter is tunable by
controlling the synthesis conditions.***? Chapters 5-7 show different ways in which the
hydrophobic Au nanocrystals were incorporated into lipid vesicles, and the results were
found to depend on the nanocrystal size, the molecular structure of the lipids, and the use

of additives during the vesicle formation process.
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In Chapter 5, it is shown that the incorporation of dodecanethiol-coated 1.8 nm
diameter Au nanocrystals into vesicles made of unsaturated phosphatidylcholine lipids
was greatly enhanced by including residual chloroform solvent in the vesicles. Without
chloroform, the 1.8 nm diameter Au nanocrystals agglomerate when dispersed in water
with the unsaturated lipids and do not load the vesicle bilayers. When the lipids absorb a
small amount of chloroform, the 1.8 nm diameter Au nanocrystals incorporate into the
unsaturated lipid bilayers, forming a tightly-packed monolayer shell of nanocrystals
inside the lipid bilayer. The incorporation of Au nanocrystals into the lipid bilayers was
also dependent on nanocrystal size — even with chloroform present, dodecanethiol-coated
4.1 nm Au and hexadecanethiol-coated 1.8 nm Au nanocrystals did not completely load
the unsaturated lipid bilayers, and instead the larger nanocrystals seemed to cause the
fusion of lipid bilayers and the collapse of vesicles into complex lipid particles having
many internal, crisscrossing lamellae. Chloroform is known to alter the properties of

13,14

lipid bilayers, such as decreasing the viscosity, altering the lateral pressure

distribution, 31>

and increasing the bilayer thickness."® It is expected that some
combination of these changes are responsible for the greatly enhanced incorporation of
Au nanocrystals into the lipid bilayer, however the bilayer viscosity and lateral pressure
distribution are difficult to measure reliably at this point.*” Accurately probing the lipid
bilayer thickness requires synchrotron x-ray scattering or neutron scattering
measurements,'® which require specialized facilities.

In Chapter 6, the 1.8 nm and 4.1 nm diameter dodecanethiol-coated Au

nanocrystals were shown to disperse in water with saturated phosphatidylcholine lipids
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having different fatty acid chain lengths, but cryoTEM imaging revealed that the
nanocrystals merely form lipid-coated agglomerates. The agglomerates adhere to pure
lipid vesicles or float freely in the dispersion. Interestingly, with the 1.8 nm Au, the
shape of the lipid-nanocrystals agglomerates varied with the fatty acid chain length of the
lipids, going from linear nanocrystal chains to flat nanocrystal sheets and finally 3-
dimensional agglomerates as the fatty acid length was increased from 12 to 18carbons.
Chloroform annealing was tested with dilauroylphosphatidylcholine (DLPC), which has
the shortest saturated fatty acid chains (12 C) and exists in the liquid crystal lamellar
phase at room temperature,*?° but chloroform provided limited improvement for
incorporation of nanocrystals into the lipid bilayer of vesicles (Appendix A.2).?! Instead,
squalene was introduced into the lipid-nanocrystal dispersions to try altering the
properties of the dispersed phase, but the squalene formed lipid-coated oil droplets
instead of incorporating into the vesicle bilayers.?> The Au nanocrystals loaded the
squalene droplets, and the number of Au nanocrystals per droplet was controlled by
changing the ratio of squalene to nanocrystals. Importantly, cryoTEM imaging revealed
that the Au nanocrystals are located at the squalene-lipid-water interface.
9.1.4 Loading Hydrophobic Semiconductor Nanocrystals into Phospholipid Vesicles
In Chapter 8, the methods developed for preparing vesicles and squalene emulsion
droplets loaded with Au nanocrystals were extended to hydrophobic semiconductor
nanocrystals (CdSe, Si, CIS), and the results had limited success. None of the
hydrophobic semiconductor nanocrystals were able to completely load unsaturated lipid

bilayers when chloroform was included. With CdSe and Si, the nanocrystal diameter
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ranged from 2-4 nm, so these particles may be too large to fully load the lipid bilayers, as
found for the 4.1 nm diameter Au nanocrystals in Chapter 5. However, the
dodecanethiol-coated CIS nanocrystals were 1.8 nm diameter, and they did not fully-load
lipid bilayers, which suggests that the nanocrystal composition rather than its size alone
may be another important factor for lipid bilayer incorporation. The CdSe, CIS, and Si
nanocrystals formed agglomerates that adhered to the unsaturated DOPC lipid bilayers.
The CIS and Si nanocrystals remained luminescent, however the CdSe nanocrystal
fluorescence disappeared when dispersed in water with DOPC, which strongly suggests
that the CdSe nanocrystals may have oxidized.?®

Dispersing hydrophobic CdSe and Si nanocrystals in water with saturated
phosphatidylcholines, the nanocrystals formed lipid-coated aggregates adhering to
vesicles, similar to observation with the 1.8 nm Au nanocrystals. No nanocrystal chains
formed when using the DLPC lipid. The CdSe nanocrystals were not luminescent in the
dispersions, while the Si nanocrystals maintained their luminescence when dispersed with
lipids in water. Saturated lipids having cationic and anionic head groups were combined
with the lipid-Si nanocrystal dispersions, but it was found that the Si agglomerates no
longer adhered to the vesicle membranes and were freely floating in the dispersion.

The hydrophobic CIS, CdSe, and Si nanocrystals were dispersed in squalene
emulsion droplets stabilized by saturated phosphatidylcholines. Like the Au
nanocrystals, the semiconductor nanocrystals seem to incorporate into the squalene
droplets. Based on cryoTEM imaging, many of the CdSe nanocrystals located at the

squalene-water interface seem to be more on the water side of the interface than any of
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the other nanocrystals being characterized, suggesting that these nanocrystals are
probably the most hydrophilic (lowest oil-water contact angle). If the CdSe nanocrystal
surfaces partially oxidize to form selenium oxide,? which is polar and water soluble,?*
then this could make the nanocrystals partially hydrophilic. The CIS nanocrystals often
had no preferential location in the squalene droplets, though a few examples were found
where the CIS nanocrystals appeared to be located at the squalene-lipid-water interface as
found with the Au nanocrystals. The Si nanocrystals had no preferential location in the
squalene droplets, and even appeared to pull away from the squalene-water interface in
some droplets, which may suggest that the Si nanocrystals are the most hydrophobic
(largest oil-water contact angle) of the nanocrystals studied. The CIS and Si nanocrystals
remained luminescent in the dispersed squalene droplets, while the luminescence of CdSe
was negligible.

Since the Si nanocrystals remained luminescent in aqueous dispersions of cationic
lipids and squalene, the nanocrystal dispersions were mixed with live leukemia cells to
see whether the nanocrystals would bind to the cell surface as a fluorescent label. The

2
|, %

cell membrane has a negative zeta potential, ©> so cationic particles should bind to the cell

surface by electrostatic adsorption.>?

Unfortunately the Si nanocrystals did not
provide enhanced fluorescence contrast to the cells, indicating that a negligible amount of
nanocrystals adsorb to the cell surface. This result contrasts the use of cationic lipid
particles and squalene emulsions loaded with the hydrophobic dye Nile Red, since the

dye is able to clearly label the membrane of the cells. The Si nanocrystals may not work

because, as shown in cryoTEM, numerous empty lipid particles exist alongside those
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loaded with Si nanocrystals, so it is possible that the empty lipid particles adsorb to the
cells and lower the amount of cell surface area available for Si-lipid particles to adsorb.

Finally, the detergent-mediated loading of nanocrystals into vesicles seems
promising. By controlling the total concentration of vesicles and nanocrystal-detergent
micelles, vesicle bilayers were loaded with either small clusters of 5-10 nanocrystals or
nanocrystal rafts containing hundreds of nanocrystals. This procedure so far has only
worked well for the dodecanethiol-coated 1.8 nm Au nanocrystals. Attempts to disperse
Si nanocrystals in OCG micelles led to significant nanocrystal aggregation.
9.2 Future Work
9.2.1 Polymer coated Nanocrystals and Photothermal Therapy

Much more work is needed on developing the polymer-coated nanocrystals for
biomedical applications. First, more work should be done to try and separate polymer-
coated nanocrystals from empty polymer micelles, and this might be accomplished by gel
permeation chromatography or gel electrophoresis if the nanocrystals have a different
mobility in these matrices than the empty polymer micelles.? The cytotoxicity of the
amphiphilic polymer should be carefully characterized. Preliminary tests using an MTT
assay to measure cell metabolism found that the amphiphilic polymer (without
nanocrystals) does not affect the metabolism of HL-60 cells over the concentration range
of (1 mg/mL — 1000 mg/mL) when exposed to the cells for 3 hours. Additional tests such
as lactate dehydrogenase (LDH) and caspase activity assays should provide more
indications about whether the polymer is toxic to the cells. Cytotoxicity tests performed

in the presence of nanocrystals are complicated by the strong absorbance or fluorescence
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of the nanocrystals, since most assays rely on the change in optical properties of a
chromaphore in order to quantify cytotoxicity, and more careful consideration is needed
when using nanocrystals. The in vivo distribution of the polymer should also be
characterized, to determine whether the polymer accumulates in living organisms. The
bio-distribution could be characterized by conjugating a radioisotope-labeled amine
molecule to the amphiphilic polymer and measuring the isotope’s radioactivity over time
in different tissues. This approach would be amenable to the use of nanocrystals, which
should not alter the radioactive decay of the isotope.

The polymer-coated Cu,.xSe nanocrystals are a promising alternative to Au
nanoshells for photothermal therapy. The Cu,.xSe nanocrystals perform just as well as
Au nanorods, while the Cu,.,Se does not contain cytotoxic CTAB molecules.® The Cus.
xSe nanocrystals were not acutely toxic to cells, but more tests are needed to characterize
their long-term cytotoxicity, their distribution in organs, and their photothermal heating
performance in tissue specimens (rather than just a cell monolayer). With the nanocrystal
synthesis, further experiments should be done to try incorporating different vacancies
(such as phosphorous)?® within the Cus.,Se nanocrystals to see how this impacts the
plasmon resonance frequency,* and whether this frequency can be carefully tuned by

controlling the dopant concentration.

9.2.2 Nanocrystal-loaded Vesicles
More work is needed to probe the structure of lipid bilayers fully loaded with Au

nanocrystals using chloroform. Preliminary small angle x-ray scattering results
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performed with synchrotron radiation (at Cornell) on a concentrated dispersion of DOPC
vesicles fully loaded with Au nanocrystals indicate that the lipid bilayer thickness is
about 9 nm, which was larger than the 4 nm thickness of DOPC bilayers containing
chloroform but no Au nanocrystals. Using a combination of synchrotron x-ray scattering
and neutron scattering should reveal a more complete picture of how the nanocrystals are
situated in the lipid bilayer relative to the different functional groups of the lipids.*® It
would be interesting to test other non-polar anesthetic liquids (e.g. isofluorane) or even
gaseous xenon for improving nanocrystal loading in lipid bilayers, since chloroform is
quite toxic.** Regarding the use of other nanocrystals, different ligand chemistries
should be explored, such as hydrocarbons of different lengths, which will affect the
overall nanocrystal size and the inter-particle forces.*

The work focused on detergent-mediated loading of nanocrystals into vesicles
would benefit from more thorough attempts to remove trace amounts of detergent from
the vesicles. A few nanocrystal chains were observed outside of vesicles by cryoTEM,
which suggests that some detergent may be retained in the sample to keep the
nanocrystals dispersed outside of vesicles. The hydrophobic nanocrystals probably slow
down the rate of detergent removal, since the detergent is bound to the nanocrystal
surface by hydrophobic forces. Gel permeation beads or detergent-adsorbing resins may
help approach 100% detergent removal from the samples. More work is also needed to
try dispersing Si nanocrystals in the OCG-micelles for application to this method, and it
will probably be useful to test different Si nanocrystals with different lengths of surface

ligands.
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The squalene emulsion droplets loaded with nanocrystals could be useful for the
delivery of hydrophobic drugs. The Au nanocrystals are located at the squalene-water
interface, which might act as a physical barrier to the diffusion of hydrophobic drugs out
of the squalene droplet, so controlled release studies should be performed with this
material. In addition, the nanocrystals may act as a weighting agent to improve the
stability of the droplets. The nanocrystal-loaded squalene droplets should be purified
from empty squalene droplets by ultracentrifugal filtration, and a series of tests should be
done to optimize the separation of nanocrystal-loaded droplets, pure squalene droplets,
and pure lipid vesicles. This purification should improve the efficiency of delivering the
nanocrystals to cells by removing droplets that do not contain nanocrystals.

The cell labeling experiments would benefit from several improvements. First, a
different cell line might be considered that more readily performs endocytosis, since this
should encourage accumulation of nanocrystals in cells.>* Different cationic lipids should
be tested, especially lipofectamine which is commonly used to bind to cell membranes.®
Making brighter nanocrystals, with quantum yield >10% and approaching that of the Nile
Red dye (70%), will enhance the signal of nanocrystals relative to cell
autofluorescence.®** Testing longer nanocrystal incubation times might also promote
accumulation of nanocrystals on the surface of cells. Finally, attaching antibodies (e.g.
anti-insulin receptor)®’ to the nanocrystal-loaded lipid particles promote binding to the

HL-60 cells.
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Appendix

A.l. DLS Data for Chapter 5

For each annealing condition in Figure 5.17, DLS was performed at each of the
three stages of vesicle formation — immediately after dispersing the films in DI water by
sonication, after centrifuging the sonicated dispersions to remove agglomerates, and after
extruding the dispersions through 100 nm pores. A Zetasizer Nano ZS instrument
(Malvern) was used for collecting the DLS data. The wavelength of the Zetasizer laser
(4) was 630 nm and the scattering angle of the detector (¢) was 173°. The instrument
measured the correlation in light scattering intensity over time and reported the data as
the intensity autocorrelation function given by equation Al. For each dispersion, ga(t)

was measured in triplicate.

(1(t)1(0))
9,(t) =——5~ (A1)
(10))

The intensity autocorrelation function (g.) is related to the electric field autocorrelation
function (g;) by the well known Siegert relationship, equation A2. In A2, the 3 term is a

constant.

g, (t) =1+ A-[g, (V)" (A2)
Each scattering particle contributes a single exponential decay to the correlation in light

scattering intensity, thus the general form of g; is the following:

5,0 =Y Ac ™" (A3)
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In equation A3, each particle size (i) has a constant pre-exponential term A;jand a
scattering intensity decay rate /5. Equation A4 shows how the decay rate is related to the
scattering vector g and the particle diffusion coefficient D;. Also, equation A4 employs
the Stokes-Einstein relationship to relate the decay rate directly to the particle
hydrodynamic diameter d;. The constant n is the refractive index of water (1.333), # is

the water dynamic viscosity at 25°C (0.89 cP), k is the Boltzmann constant (1.38*1023

2o (40 (O] (KT
I=q .Di_(lsmtzn (377'dij (A4)

Thus, obtaining particle sizes requires fitting equations A2-A4 to the experimental data

J/IK), and T equals 298 K.

g2(t) given by equation Al. Unfortunately this problem has many solutions when m in
equation A3 is greater than 3, or if the particles are considered to have a multimodal,
polydisperse size distribution. In this experiment though, we actually found that the DLS
data were very well represented by simply assuming that there are only two particle sizes,
so that m = 2 in equation A3. In this case, the two pre-exponentials represent the relative
amplitude of scattering from each particle size, so A, + A, = 1.22

For each dispersion, equations A2-A4 were fit to the three replicate measurements
of ga(t) using non-linear least squares regression, assuming only non-negative solutions
were valid. The regression minimized ¥2 in equation A5, the sum of the squared
differences between the experimental correlation function ga(t)|exp (equation Al) and the

correlation function calculated by the model ga(t)|mogel (€QUation A3).
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exp 9, (t)| model )2 (A5)

7= 0,

Table Al lists the numerical results of the fitting, and Supporting Figure A.1

shows the fitted correlation functions overlaid with the experimentally measured
correlation functions. The fitted correlation functions are plotted in Figure 5.17. Table
AZ2 lists the numerical results for fitting only a single exponential (A;; = 0) to ga(t),
assuming only a single particle size exists in the dispersions. Table A2 also shows the
correspondence between the sample numbers used in Tables Al and A2 and the sample
preparation conditions. Supporting Figure A.2 plots 2 versus sample number for the fit
results in Tables A1 and A2, showing that the double exponential form of equation A3 is

a better representation of the light scattering than a single exponential.
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Table Al. Fit Parameters to DLS Data, Obtained by Assuming Two Particle Size

Gold
Core Size
(nm)
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1

4.1

Annealing
Condition

No Anneal
No Anneal
No Anneal
Anneal, then
vacuum
Anneal, then
vacuum
Anneal, then
vacuum
Vacuum, then
anneal
Vacuum, then
anneal
Vacuum, then
anneal
No Anneal
No Anneal
No Anneal
Anneal, then
vacuum
Anneal, then
vacuum
Anneal, then
vacuum
Vacuum, then
anneal
Vacuum, then
anneal
Vacuum, then
anneal

d,
(nm)

748
89
32

210
49
34

108
65
43

304
50
59

451
50
53
144
90

43

dy
(nm)

10088
357
102

5231
172
105
527
234
145

4767
164
155

5102
155
133
610
308

151

Populations
AI AII
0213  0.787
0.499  0.501
0.082  0.918
0.262  0.738
0.172  0.828
0.116  0.884
0.315  0.685
0217  0.783
0.132  0.868
0.357  0.643
0.170  0.830
0.352  0.648
0272  0.728
0.169  0.831
0.242  0.758
0.344  0.656
0.331  0.669
0.064  0.936

*Amplitude weighted diameter = Aid, + A dy,
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p

0.474
0.851
0.887
0.578
0.899
0.907
0.785
0.815
0.896
0.481
0.918
0.889
0.517
0.931
0.937
0.512
0.680

0.704

T
(ms™)

0.458
3.856
8.540
1.630
6.947
9.994
3.175
5.290
8.020
1.128
6.813
5.801
0.759
6.790
6.416
2.384

3.821

7.891

Iy
(ms™)

0.034
0.960
2.709
0.065
1.990
3.263
0.650
1.465
2.368
0.072
2.090
2.206
0.067
2.208
2.574
0.561

1.111

2.268

X

0.023
0.011
0.001
0.060
0.002
0.001
0.006
0.002
0.004
0.025
0.003
0.002
0.097
0.002
0.001
0.001
0.002

0.001



Table A2. Fit Parameters to DLS Data, Obtained by Assuming One Particle Size

Gold Core
Size (nm)
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1

Annealing Condition

No Anneal

No Anneal

No Anneal
Anneal, then vacuum
Anneal, then vacuum
Anneal, then vacuum
Vacuum, then anneal
Vacuum, then anneal
Vacuum, then anneal

No Anneal

No Anneal

No Anneal
Anneal, then vacuum
Anneal, then vacuum
Anneal, then vacuum
Vacuum, then anneal
Vacuum, then anneal
Vacuum, then anneal

Population
Step of d (nm)
Dispersing
Sonicated 5151
Centrifuged 162
Extruded 92
Sonicated 1918
Centrifuged 135
Extruded 91
Sonicated 293
Centrifuged 170
Extruded 121
Sonicated 1354
Centrifuged 131
Extruded 107
Sonicated 2257
Centrifuged 125
Extruded 104
Sonicated 341
Centrifuged 193
Extruded 138
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p

0.461
0.841
0.883
0.546
0.890
0.901
0.773
0.806
0.888
0.464
0.910
0.882
0.503
0.924
0.931
0.506
0.673
0.701

I (ms™)

0.066
2.108
3.006
0.179
2.533
3.766
1.168
2.011
2.833
0.253
2.620
3.214
0.152
2.730
3.287
1.003
1.771
2.477

XZ

0.1591
0.0461
0.0044
0.5665
0.0166
0.0064
0.0665
0.0211
0.0131
0.2466
0.0150
0.0118
0.2429
0.0121
0.0075
0.0197
0.0183
0.0029



1.8 nm Au NPs
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Figure A.1. Experimental DLS data plotted for each dispersion, along with the fitted
light scattering model overlaid on the measured data. The gold nanoparticles are coated
with dodecanethiol in this case. The fitted curves are plotted in the main text.
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Figure A.2. Comparison of the least squares fit parameters (3°) of two different DLS
models — a single exponential (one particle size) and a double exponential (two particle
sizes) — fit to the experimental DLS data shown in Figure A.1. The lowest fit parameter
is always achieved using the double exponential model. The sample numbers refer to the

entries in column 1 of Table A2.

DLS Sizing — Hexadecanethiol-coated Au Nanocrystals. Figure A.3 shows DLS data of
the dispersions prepared from DOPC and hexadecanethiol-coated 1.8 nm gold
nanoparticles with chloroform vapor absorbed in the initial film. The DLS results for the
DOPC and hexadecanethiol-gold nanoparticle dispersions are very similar to the

dodecanethiol-coated 1.8 nm gold nanoparticles.
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Hexadecanethiol-coated 1.8 nm NPs
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Figure A.3. DLS data of DOPC and hexadecanethiol-coated 1.8 nm NPs dispersed in
water immediately after chloroform annealing. The green, red, and blue solid lines are
the experimentally measured data, while the black dashed line is the DLS model fit to the
experimental data.

DLS Sizing for NMR Experiments. The hydrodynamic diameters of the DOPC and
DOPC-Au nanocrystal dispersions prepared for NMR are listed below in Table A3, while
the DLS data is shown in Figure A.4. The DLS data show that the pure DOPC vesicles,
without chloroform, are larger in size than the DOPC vesicles made with chloroform
annealing. The pure DOPC vesicles are also larger than the Au-loaded DOPC sample

after chloroform annealing and extrusion.

Table A3. Fit Parameters to DLS Data of Samples Prepared for NMR Experiments,
Obtained by Assuming Two Particle Size Populations

Sample d dy A Ay B X2
(hm)  (nm)
DOPC, No Chloroform, No Au 187 7133 0.32 0.68 0.62 0.067
DOPC, With Chloroform, No Au 47 229 0.27 0.73 0.90 0.0055
DOPC, With Chloroform, Au NCs 84 356 0.22 0.78 0.78 0.0013
DOPC, With Chloroform, Au NCs,
Extruded 51 186 0.12 0.88 0.78 0.026
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Figure A.4. DLS data of the DOPC and DOPC-Au nanocrystal samples prepared for
NMR characterization.

A.2. Chloroform Annealing with Dilauroylphosphatidylcholine and 1.8 nm Au
Nanocrystals

The chloroform annealing and vesicle formation procedure described in Chapter 5
with DOPC lipid was extended to the saturated lipid dilauroylphosphatidylcholine
(DLPC). DLPC has a gel to liquid crystal phase transition temperature of -1°C, so the
vesicle formation was carried out at the same temperature as with DOPC. A film of 30
umol DLPC and 3 mg Au nanocrystals was annealed for 60 minutes with chloroform
vapor at 25°C, dispersed in 1.0 mL of deionized water by sonication, centrifuged at
1000g for 5 minutes to remove poorly-dispersed material, and then extruded through 100

nm pores. The cryoTEM imaging of the sample is shown in Figure A5. The Au
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nanocrystals are still primarily found in long chains extending several hundred
nanometers in length and often terminating in DLPC vesicle bilayers. However, a few
vesicles appeared to be fully-loaded with Au nanocrystals, shown in the bottom row of
Figure A5. These loaded vesicles were quite rare, but it suggests that it should be possible
to form the loaded vesicles with other lipids besides just DOPC or eggPC. Chloroform
annealing with saturated lipids having fatty acids longer than 12 carbons was not
investigated for safety reasons — the annealing and vesicle formation would have to be
done at elevated temperature to ensure that the lipids are in the liquid crystal phase, and
chloroform’s vapor pressure increases with temperature, so the experimenter would be

exposed to high levels of chloroform vapor during the process.
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Figure A5. CryoTEM images of DLPC vesicles prepared with 1.8 nm Au nanocrystals
and chloroform vapor annealing. The nanocrystals are primarily observed in lipid-coated
chains, just as in the absence of chloroform annealing. However, a few Au-loaded
vesicles were found in the sample as well (bottom row).
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