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ABSTRACT

In recent years, there has been great interest in the synthesis, characterization, and application of gold
nanomaterials, especially gold nanorods. Due to their small size, ease of functionalization, and uniquely
tunable optical properties, gold nanorods have potential application in solar cells, sensing, bioimaging, drug
delivery, and cancer therapy. Excitation of a gold nanorod localized surface plasmon resonance (LSPR)
can result in the enhancement of many photophysical processes such as light absorption, Rayleigh (Mie)
scattering, and fluorescence. The presence of a strong electromagnetic field has been observed to enhance
spectroscopic molecular signals from fluorophores, Raman-active molecules, and two-photon
chromophores bound to or near the metal surface. Additionally, strong light absorption and nonradiative
dissipation of absorbed energy allows for the use of gold nanorods in photothermal heating applications.
Optical applications such as these may be realized by carefully engineering the size, shape, surface
chemistry of gold nanorods.

The focus of this dissertation is in exploring how gold nanorod surface properties can be modified for
various optical applications. In each chapter, gold nanorods are prepared, the surface coating is modified,
and the materials are characterized by a variety of methods. This thesis seeks to demonstrate how these
materials may be useful, with a focus on three particular applications: fluorescence enhancement,
biosensing and photothermal therapy.

Chapter 1 is an introduction to gold nanorods and contains a thesis overview. The unique optical
properties, which are the basis for most applications, are discussed. This is followed by a general overview
of the possible optical applications of gold nanorods. The history of advancements in gold nanorod
synthesis and techniques for surface modification are described. There is a particular focus on the surface
modification techniques most often used in this thesis, including thiol functionalization, silica coating and
layer-by-layer wrapping of polyelectrolytes. Methods for characterization of gold nanorods, and their surface
coatings are described, and the chapter ends with a dissertation overview.

Plasmonic nanoparticles can strongly interact with adjacent fluorophores, resulting in plasmon-
enhanced fluorescence or fluorescence quenching. Chapter 2 explores how fluorescence behavior is
altered near a gold nanorod surface. Fluorescence coupling is dependent upon nanoparticle composition,
the distance between the fluorophore and the plasmonic surface, the transition dipole orientation, and the
degree of spectral overlap between the fluorophore’s absorbance/emission and the surface plasmon band
of the nanoparticles. We examine the distance and plasmon wavelength dependent fluorescence of an
infrared dye (“IRDye”) bound to silica-coated gold nanorods. Nanorods with plasmon band maxima ranging
from 530 to 850 nm are synthesized and then coated with mesoporous silica shells 11-26 nm thick. IRDye
is covalently attached to the nanoparticle surface via a click reaction. Steady-state fluorescence
measurements demonstrate plasmon wavelength and silica shell thickness dependent fluorescence
emission. Maximum fluorescence intensity, with approximately 10-fold enhancement, is observed with 17

nm shells when the nanorod plasmon maximum is resonant with IRDye absorption. Time-resolved



photoluminescence reveals multi-exponential decay and a sharp reduction in fluorescence lifetime with
decreasing silica shell thickness, and when the plasmon maximum is closer to IRDye absorption/emission.
Control experiments are carried out to confirm that the observed changes in fluorescence are due to
plasmonic interactions, not simply surface attachment. There is no change in fluorescence intensity or
lifetime when IRDye is bound to mesoporous silica nanopatrticles. In addition, IRDye loading is limited to
maintain a distance between dye molecules on the surface to more than 9 nm, well above the Férster
radius. This assures minimal dye—dye interactions on the surface of the nanoparticles.

The interface between nanoparticles and bacterial surfaces is of great interest for applications in
nanomedicine and food safety. In Chapter 3, we investigate how nanoparticles might interact with bacteria
by monitoring the binding of bacterial lipopolysaccharides to gold nanorods. We demonstrate that
interactions between gold nanorods and lipopolysaccharides are governed by the nanoparticle surface
coating. Polymer-coated gold nanorod substrates are exposed to lipopolysaccharides extracted
from Pseudomonas aeruginosa, Salmonella enterica and Escherichia coli, and attachment is monitored
using localized surface plasmon resonance refractometric sensing. The number of lipopolysaccharide
molecules attached per nanorod is calculated from the shift in the plasmon maximum, which results from
the change in refractive index after analyte binding. Colloidal gold nanorods in water are also incubated
with lipopolysaccharides to demonstrate the effect of lipopolysaccharide concentration on plasmon shift, -
potential, and association constant. Both gold nanorod surface charge and surface chemistry affect gold
nanorod—lipopolysaccharide interactions. In general, anionic lipopolysaccharides are found to attach more
effectively to cationic gold nanorods than to neutral or anionic gold nanorods. Some variation in
lipopolysaccharide attachment is also observed between the three strains studied, demonstrating the
potential complexity of bacteria—nanoparticle interactions.

In recent years, there has been a great deal of interest in the preparation and application of
nanoparticles for cancer therapy. Chapter 4 reviews the progress in thermal cancer treatments using gold
nanoparticles. Gold nanoparticles are especially suited to thermal destruction of cancer due to their ease
of surface functionalization and photothermal heating ability. We begin with an introduction to the properties
of gold nanopatrticles and heat-generating mechanisms which have been established. The pioneering work
in photothermal therapy is discussed along with the effects of photothermal heating on cells in vitro.
Additionally, radiofrequency-mediated thermal therapy is reviewed. We focus the discussion on the
developments and progress in nanopatrticle design for photothermal cancer therapy since 2010. This
includes in vitro and in vivo studies, and the recent progression of gold nanoparticle photothermal therapy
toward clinical cancer treatment. The chapter concludes with a perspective on the prospects of commercial
application of photothermal-mediated cancer therapy with gold nanopatrticles

Chapter 5 expands the range of photothermal therapy applications to inactivation of vegetative cells
and endospores of the bacterium Geobacillus stearothermophilus. Gold nanorods are prepared and
characterized and are coated with four different neutral or charged polymers to investigate the impact of

surface charge on cell attachment and inactivation. The effects of gold nanorod exposure and photothermal



heating using a 785 nm laser on colony growth of spores and vegetative cells reveal greater reductions in
colony formation with charged nanorods. Additionally, spore morphology is examined before and after
treatment. There are small changes in morphology observed as increasing area per spore and decreased
spore aspect ratio which might be correlated with inactivation. Although the inactivation of endospores is
not as great as traditional sterilization techniques, these results demonstrate that there is potential in the
application of photothermal heating with gold nanorods to inactivate heat-resistant bacterial endospores.

In Chapter 6 we consider how gold nanorod surface chemistry may be modified by silica coating and
silane functionalization to maintain optical stability and therefore increase the effectiveness of gold
nanorods in optical applications. Heating in an oven to 150°C, and charging due to electron beam exposure
cause shortening and widening of gold nanorods and result in decreased in aspect ratio. However, these
changes in morphology and optical properties are greatly reduced by silica coating and silane
functionalization. Pulsed laser irradiation also is found to alter gold nanorod optical properties, and
interesting changes in gold nanorod morphology are observed. Together, these results suggest that silica
coating and silane functionalization improve the shape stability of gold nanorods and therefore may help to
preserve the optical properties, especially compared to CTAB gold nanorods.

The increased prevalence of functionalized nanomaterials in a range of applications will inevitably lead
to nanomaterial contamination of soil and groundwater. Chapter 7 moves past nanotechnology applications
to consider the environmental fate of gold nanomaterials. We investigate how nanoparticle shape and
surface chemistry influences their stability and transport within environmental systems. A library of spherical
and rod-shaped gold nanoparticles is prepared with different surface chemistries. Nanoparticle stability
against aggregation in simulated groundwater is investigated. The stability of gold nanoparticle probes in
simulated groundwater depends on both the surface charge imparted by the capping agent, and the nature
of the interaction between the nanoparticle surface and the capping agent. However, in the presence of
natural organic matter, gold nanoparticles are found to form heteroaggregates, regardless of the initial
surface coating. In addition, nanoparticle retention in columns of soil and alginate is quantified. The surface
charge and capping agent interaction also influence retention of functionalized nanopatrticles. Negatively-
charged gold nanoparticles are only weakly retained in soil and alginate, and hence, are potentially much
more mobile in environmental matrices than nanoparticles carrying positive surface charges. Together,
these data suggest that the environmental fate of nanoparticles is strongly influenced by their surface
chemistry, as well as core material and size.
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CHAPTER 1:
INTRODUCTION AND DISSERTATION OVERVIEW

1.1 OPTICAL PROPERTIES OF GOLD NANORODS

The ancient Roman glass chalice the Lycurgus cup (Figure 1.1), is well-known for its brilliant colors.
When light is reflected from the surface, the Lycurgus cup is jade green, but light transmitted through it
turns the cup ruby red. The presence of trace amounts of tiny gold and silver particles impregnated in the

glass is the reason for these intense colors.

Figure 1.1 The Lycurgus Cup from 4% century Rome, which is currently on display at the British Museum
in London. Photograph reprinted with permission from Ran Liu (2013).

These small metal particles are ~50-100 nm in diameter, and at the nanoscale, interactions between
visible light and a metal nanoparticle can become quite interesting.! In nano size regimes, electron motion
is confined and new material properties can appear which are not present in bulk materials. This is because
the mean free path of an electron in gold is around 50 nm, and when particle size is comparable to the
electron mean free path in a metal, surface effects dominate material properties and optical responses.?3

In his 1908 paper, Gustav Mie used Maxwell’s equations to develop a mathematical solution to the
problem of extinction (scattering + absorption) of electromagnetic radiation incident on a small conducting
sphere surrounded by a medium with a known dielectric constant. Mie found that optical properties in gold
nanoparticles are dependent on several factors including nanoparticle size, medium refractive index, and
the dielectric constant of the metal. Increases in particle size from 20 to 100 nm resulted in a small red-shift
in the extinction maximum.* Mie also predicted that extinction spectra would change if nanoparticles were
non-spherical in shape, such as ellipsoids.® Richard Gans later extended Mie’s solution to spheroidal gold
nanoparticles and he indeed found the wavelength of light absorption was highly dependent on gold

nanoparticle aspect ratio (length/width).6



Gold nanoparticles confine resonant photons, which in-turn generates strong electromagnetic fields at
the nanoparticle surface. The field strength decays exponentially as function of distance, and the distance
is comparable to nanoparticle size/diameter. This feature of strong absorption and scattering of light by gold
nanoparticles is known as the localized surface plasmon resonance (LSPR). Upon illumination at resonant
wavelengths, free conduction band (6s) electrons in a gold nanoparticle are delocalized and undergo
collective oscillation.” Oscillation of electrons generates a charge separation between the free electrons
and the metal nanoparticle core.® In gold nanospheres, this electron oscillation induces strong light
absorption and an LSPR peak around 520 nm. As Mie and Gans predicted, this effect is also dependent
on nanoparticle shape and size. In anisotropic (non-spherical) nanoparticles, there can be electron
oscillation along multiple axes.® The discussion here is focused on the properties of gold nanorods, which
are rod-shaped gold nanoparticles, and can be prepared having varying aspect ratios. In gold nanorods
there is oscillation along the shorter (transverse) axis and longer (longitudinal) axis (Figure 1.2). Therefore,

the surface plasmon resonance splits into two bands with two observable absorbance peaks.
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Gold nanorod
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Figure 1.2 Schematic of the localized surface plasmon resonance on gold nanorods. Upon illumination at
resonant wavelengths, conduction band electrons in the gold nanorod are delocalized and undergo
collective oscillation along the longitudinal and transverse axes. This generates an electromagnetic field at
the gold nanorod surface.

Because the aspect ratio of gold nanorods can be synthetically controlled, the longitudinal absorption
maximum can be tuned from the visible to the near infrared. In aqueous solutions of gold nanorods, the
LSPR wavelength maximum (Amax) is approximately linearly proportional to aspect ratio (AR) and generally
follows the trend in Equation 1.1.3° This tunability can be easily seen in Figure 1.3 where gold nanorod
aspect ratio increases from 1 to 4, as seen by transmission electron microscopy (TEM). In the
corresponding UV-vis spectra for these gold nanorods, the LSPR maxima for the longitudinal peaks shift

from 520 to 820 nm as aspect ratio is increased.

Amax = 95*AR + 420 nm (1.1)



Normalized absorbance

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 1.3 UV-vis absorbance spectra and TEM images of gold nanorods with increasing aspect ratio from
1 to 4, left to right. Color of TEM outlines and scale bars correspond to UV-vis traces. Scale bars = 50 nm.

Excitation of a gold nanorod LSPR can result in the enhancement of many photophysical processes
such as light absorption, Rayleigh (Mie) scattering, and fluorescence.l’® The presence of a strong
electromagnetic field (Figure 1.4) has been observed to enhance spectroscopic molecular signals from
various chromophores in a distance dependent manner. This has been observed with fluorescent dyes,*!
Raman-active molecules,? and two-photon chromophores*? which are bound to or near the metal surface.
Additionally, strong light absorption and nonradiative dissipation of that absorbed energy allows for the use

of gold nanorods in photothermal heating applications.

1 2 3 4 5 6 7

Figure 1.4 Calculated electric field enhancement on a gold nanorod (7.5 by 50 nm) using COMSOL
Multiphysics. The electric field is strongest at the nanorod ends and decays exponentially as a function of
distance. Adapted with permission from Reference 13. Copyright (2012) American Chemical Society.



1.2 APPLICATIONS OF GOLD NANORODS

Because of their unique optical properties, gold nanorods have potential use in a variety of biomedical,
electronics, and energy-related applications. Biomedical applications include imaging of tumors in vivo,
sensing of disease biomarkers, delivery of chemotherapeutic drugs and antibiotics, and photothermal killing
of cancer cells and bacteria.® Other applications include single molecule sensing,'4 optical data storage,°16
and enhancement of absorption or photochemical reactions in solar cells.!”-1® These applications are
realized by investigating the photophysical processes (Figure 1.5) which occur when a gold nanorod is
irradiated at resonant wavelengths, and by engineering the gold nanorod structure and surface coating for

a particular application.
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Figure 1.5 Examples of photophysical processes within a gold nanorod. Near-infrared irradiation induces
excitation of the longitudinal LSPR, resulting in absorption and resonant light scattering. An electronic
transition from the d-band to the sp-band occurs with two-photon absorption, generating an electron-hole
pair. Recombination of the separated charges results in two-photon luminescence (TPL) emission. Heat is
also generated as a consequence of electron-phonon collisions. Adapted with permission from Reference
20. Copyright (2009) John Wiley & Sons.

Imaging of cells and/or tumors with gold nanorods has been performed using a variety of techniques.*®
In a typical darkfield imaging system, a white light source is irradiated on a biological sample and only light
scattered from the sample is collected by the detector. Because gold nanorods can scatter light in the near-
infrared region, they can be detected under darkfield microscopy. For example, Hu et al.?* prepared gold
nanorods functionalized with transferrin to target the surface of cancer cells which overexpressed transferrin
receptors. After incubation, darkfield imaging of Panc-1 and MiaPaCa human pancreatic cancer cells
revealed uptake of the gold nanorods into vesicles within the cells. The same level of uptake was not
observed with polyelectrolyte-coated nanorods. Their results demonstrated that there was potential
application in cancer diagnosis with this technique.

Two-photon luminescence (TPL) is a non-linear process which has been observed in gold nanorods.
In TPL, two photons of low energy (higher wavelength) excite the LSPR, and a single photon of high energy
(lower wavelength) is released, and the system relaxes back to the ground state. Because simultaneous



absorption of two photons of comparable energy is a rare event, TPL has a much lower cross-section than
single-photon scattering.1® It is thought that TPL can be enhanced under plasmon-resonant conditions.??
TPL has been used in a variety of applications for imaging/detection of many biological species including:
skin cancer cells,?® Bacillus anthracis spores,?* and mouse ear blood vessels in vivo.2> However, we note
that the mechanism of TPL is still somewhat controversial. A recent report has demonstrated that emitted
light, which is thought to be two-photon emission, may actually be due to anti-Stokes electronic Raman
scattering from single-particle electron-hole pair excitations resonantly enhanced by the plasmon.2¢
Therefore, TPL clearly merit further study before further investigation of these applications.

Gold nanorods have also been used as contrast agents for in vivo photoacoustic imaging. The basis of
photoacoustic imaging is generation of acoustic waves after absorption of electromagnetic energy.?’
Jokerst et al.2® exploited the strong optical absorbance of gold nanorods to enhance the photoacoustic
signal from a tumor after nanorod accumulation in ovarian cancer tumors in mice. Additionally, the
photoacoustic enhancement was aspect ratio and dose-dependent, which demonstrated that there was
potential to further optimize the imaging process with the gold nanorod based imaging agent.

Quantification of disease biomarkers can be achieved using gold nanorod biosensors. The LSPR peak
position in gold nanorods is highly sensitive aspect ratio, but also the dielectric constant of the immediate
surroundings. Binding of molecules, which have a different refractive index than the surface, to a gold
surface, can be detected in real-time by observing a shift in the LSPR peak position. Because of high
refractive index sensitivity, small analyte volumes having extremely low concentrations can be detected by
gold nanorod biosensors.2%30 For instance, Mayer et al.3! prepared gold nanorod substrates functionalized
with a rabbit IgG antibody via carbodiimide chemistry. Exposure of the substrates to goat antirabbit IgG
(100 pM to 30 nM) resulted in a red shift in the peak position in a concentration dependent manner. In
contrast, when antimouse IgG was delivered, very little binding was observed. Using a similar antibody
capture technique, Truong et al.®2 demonstrated detection of prostate specific antigen, which is a marker
for prostate cancer, down to a concentration of 111 aM. Together, these examples demonstrate that there
is specificity and low detection limits with gold nanorod biosensing techniques.

Delivery of drugs has been carried out using gold nanorods as drug carriers. Min et al.3® conjugated
the anti-tumor cisplatin prodrug Pt(IV) to gold nanorods functionalized with the biocompatible polymer
polyethylene glycol. After uptake into the acidic endosome environment in cells, the prodrug was reduced
to the active diplatinum form. The researchers found that the gold nanorods enhanced delivery of Pt(IV) to
cancer cells and consequently, the ICso was an order of magnitude lower than free cisplatin in three types
of cancer cells. It is also possible to use gold nanorods as stimuli-responsive drug carriers. Wei et al.3*
coated gold nanorods with the thermo-sensitive polymer poly(N-isopropyl acrylamide) and loaded the
polymer with the antibiotic drug Norvancomycin. Laser irradiation of the gold nanorods induced
photothermal heating, shrinking of the polymer and controlled drug release. The benefits nanoparticle drug
delivery systems such as these may include more rapid drug delivery to cells/tumors and reduced toxicity

and side-effects to patients.3®



Absorbed photons are converted to heat via a pathway of photophysical properties in gold nanorods,
and laser-based photothermal therapy is a potential therapeutic application of this effect.®6 Huang et al.%”
were some of the first to demonstrate photothermal killing of cancer cells using gold nanorods. Gold
nanorods were functionalized with anti-epidermal growth factor receptor monoclonal antibodies, which are
often overexpressed in cancer cells. Incubation of the gold nanorods and subsequent laser irradiation
resulted in more effective destruction of malignant oral epithelial cancer cells than nonmalignant cells.
Norman et al.®® used antibody-functionalized gold nanorods to target the surface of the pathogenic
bacterium Pseudomonas aeruginosa. Laser irradiation of bacteria incubated with gold nanorods resulted in
75% bacterial cell death and irreparable damage to cell walls. These two examples demonstrate
photothermal killing can be quite effective by using targeted gold nanorods.

While many applications of gold nanorods are biomedical in nature, there is also potential use of gold
nanorods in a range of other industries. For example, detection of low concentrations of Raman active
molecules is possible with surface-enhanced Raman spectroscopy (SERS). Raman scattering is an
inelastic scattering process which occurs when a molecule absorbs a photon of light, and there is a shift in
the scattered light to lower frequency. Because Raman scattering only occurs in 1 in 108 incident photons,
Raman signals are notoriously low. However, the presence of plasmonic metals, with nanometer scale
features, can provide 10%° - 10! fold signal enhancement.®*40 Saute et al.** employed SERS with gold
nanorods to discriminate between three dithiocarbamate fungicides, which are used as pesticides in the
United States. Their system demonstrated great sensitivity with limits of detection in the nanomolar range.
Because of this sensitivity SERS is a highly useful technique with applications ranging from pigment
identification and art preservation,*? to detection of environmental toxins,*® and other chemical and
biological species which may threaten national security.*4

Fluorescence is yet another photophysical process which may be altered near a gold nanorod
surface.114> Fluorophores can be used in bioimaging and sensing studies,*¢ and also have use in organic
electronics,*” and light emitting diodes.*84° However, fluorophores can be unstable, are susceptible to
photobleaching, and can have low quantum yields.!* Enhancement of fluorescence emission via plasmonic
coupling is one method to increase their effectiveness in these applications.505! Distance dependent
fluorescence emission near a plasmonic surface has been observed by several researchers,5253 and may
be explained by Figure 1.6. When a fluorophore is too close to a metal surface, there is transfer of emitted
energy from the fluorophore to the nanoparticle. However, when the fluorophore is sufficiently far away the
electromagnetic field strength is sufficient to enhance emission via increased excitation and emission rates.

Researchers have investigated distance-dependent fluorescence emission near gold nanorods. Li et
al.>* prepared nanocomposite materials of quantum dots conjugated to silica-coated gold nanorods.
Quantum dots are 1 — 100 nm light-emitting semiconductor nanocrystals, and are known to exhibit narrow,
size-dependent absorption and fluorescence emission profiles.55% Because of their optoelectronic
properties, quantum dots are used in bioimaging and electronics applications including solar cells, memory

elements, photodetectors, thermoelectrics and light emitting diodes.5”:%8 Lj et al. found that quantum dot



fluorescence emission near gold nanorods was distance dependent. There was quenching at fluorophore-
nanorod separations less than 10 nm, but there was a 50% increase in fluorescence emission 15 nm from
the surface. Fluorescence lifetime measurements revealed that the increase in emission at this distance
was due to increased excitation rates in the presence of the strong electromagnetic field.° This result is a
good demonstration of how the ability to tailor the design and structure of gold nanorods may increase their

potential success in a particular application.
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Figure 1.6 Fluorescence intensity as a function of distance from a plasmonic metal surface. A few nm from
the surface, fluorescence is quenched due to energy transfer into the plasmon band. At a certain distance
the energy transfer is reduced and the electromagnetic field strength can be great enough to enhance
fluorescence emission. At a distance more than 20 nm away, the electric field decays and does not greatly
increase fluorescence emission.

1.3 GOLD NANOROD SYNTHESIS

There has been a great deal of published work describing applications of gold nanorods.%6° These
applications are possible because of the exquisite ability scientists have to control nanoparticle shape, size,
and surface chemistry.®t Gold nanorods can be synthesized by a variety of methods, such as by
photochemical reactions,5? electrochemistry,®364 or lithographical techniques.556¢ These processes form
gold nanorods with different absolute dimensions, crystallographic facets, surface coatings, and size
dispersity, and may be useful depending on the desired application. However, the most popular approach
for the preparation of gold nanorods is by seeded wet chemical synthesis. This method separates the
nucleation and growth steps, and allows for good control of size and gold nanorod aspect ratio.5”

The original seeded growth paper by Jana et al.®® in 2001 was a three step process and used citrate-
coated gold nanoparticle seeds which are ~3.5 nm in diameter and multiply twinned.® The gold nanorods
formed following that procedure are higher aspect ratio (10 to 25), face-centered cubic, penta-twinned, and

have (111) crystal faces at the ends and (100) or (110) faces at the sides. In later work, Gole and Murphy"?



demonstrated that the crystal structure and size dispersity of the gold nanopatrticle seeds greatly impacted
the crystal structure, dimensions, and size dispersity of gold nanorods prepared from the seed.

The preparation in this thesis (Figure 1.7) uses a seed preparation procedure developed by El-Sayed
and coworkers. These smaller 1.5 to 2 nm single crystalline seeds are coated in the surfactant
cetyltrimethylammonium bromide (CTAB). CTAB stabilizes the surfaces of both the seeds and nanorods,
and prevents nanoparticle aggregation after synthesis. The nanorods formed from this procedure are
formed in the presence of silver ions which is a shape-directing agent and the shape yield is around 95%.
In addition, they have smaller aspect ratios (1 to 5), with LSPRs ranging from 500 - 850 nm. These gold

nanorods are single crystalline, and have (100) crystal faces at the ends and (110) faces at the sides.”?

Cetyltrimethylammonium bromide (CTAB) Synthesis of gold nanoparticle seeds
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Figure 1.7 Wet chemical synthesis for aspect ratio 1 to 5 gold nanorods. The molecular structure of the
surfactant CTAB is shown. Gold nanopatrticle seeds capped in CTAB are prepared in a solution of CTAB
and HAUCIs4, via reduction of Au®*to Au® by NaBHai. The gold seeds are added to a growth solution
containing HAuCls, AgNOs, and CTAB which has been reduced from Aus* to Au* by ascorbic acid. CTAB-
capped gold nanorods form and the aspect ratio is influenced by varying the amount of AgNOz in the growth
solution. The photograph shows gold nanorods in water with increasing aspect ratio left to right.

Synthesis of CTAB-capped gold nanorods
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The procedure described here is an aqueous, silver-assisted, seed-mediated synthesis which is carried
out at room temperature and produces CTAB-coated gold nanorods.”®74 First gold seeds (1.5 - 2 nm in
diameter) are prepared in the presence of the surfactant CTAB and the gold salt precursor HAUCls. The
solution is stirred vigorously, and ice-cold NaBHa is added to reduce Au3* to Au® forming CTAB-capped
gold nanoparticle seeds. The solution immediately changes from a pale yellow to a pale brown color upon
addition of NaBH4, which is an indication of successful reduction. CTAB-stabilized gold nanorods are
prepared from a growth solution containing 0.1 M CTAB, 0.50 mM HAuCI4 and varying concentrations of
AgNO:3 (up to 150 uM). Ascorbic acid is added to the growth solution to reduce Aus* to Au*. After the addition
of the reducing agent, the light yellow solution turns colorless, and the gold seeds are added to the growth
solution. Because ascorbic acid is a weaker reducing agent, growth is slower, allowing for the formation of
CTAB-capped gold nanorods with lengths ranging from 20 - 90 nm and widths from 10 - 25 nm. The

presence of AgNOs promotes formation of higher aspect ratio nanoparticles. As the amount of the silver is



increased, different colors of gold nanorod solutions are produced with red-shifted LSPR maxima (Figure
1.3). Nanorod solutions are typically purified by centrifugation, then the pellets are resuspended in
deionized water, and can be stored at room temperature for several months.

Gold nanorod synthesis must be carried out carefully, and each reagent plays an important role in the
growth of gold nanorods. Some researchers have examined the function of the surfactant in gold nanorod
synthesis. Nikoobakht et al.”® investigated the role of CTAB and the co-surfactant tetraoctylammonium
bromide on the surface of gold nanoparticles and nanorods using a combination of Fourier-transform
infrared spectroscopy, thermogravimetric analysis, and TEM. Their studies revealed that the surfactant
molecules formed a bilayer on the gold, with the ionic head groups bound to the gold surface. However,
because the crystal facets can be different, packing density and binding of the surfactant molecules to the
facets is also varied. Gao et al.”® investigated the impact of the length of the surfactant chain on gold
nanorod aspect ratio. They found that as alkyltrimethylammonium bromide chain length was increased from
10 to 16 carbons, they could increase aspect ratio from 1 to 23. Purity of the surfactant is also important.
Smith et al.”” tried to synthesize gold nanorods using CTAB from ten different suppliers and they observed
significant differences in the size and monodispersity of as-synthesized gold nanorods. In some cases, it
was not even possible to form nanorods with a specific brand of CTAB, and only spheres were formed. The
researchers suspected this was due to variation in iodide concentration between the different suppliers so
they deliberately added different concentrations of potassium iodide to the growth solution. Addition of Ki
completely prevented nanorod growth at 50 ppm, potentially due to iodide adsorption on the Au (111) face.
In a separate study, Rayavarapu et al.”® examined different lots of CTAB from some of these sources. They
found that iodide impurities varied lot-to-lot, not just by supplier, and they suggested researchers should
test reagents to better ensure successful synthesis.

Not all synthetic procedures for gold nanorods use silver to alter aspect ratio,” but there certainly is a
correlation between silver concentration and nanoparticle shape.8%81 A 2003 paper by El-Sayed and
coworkers,® was the first to describe control of gold nanorod aspect ratio by using silver in the seed-
mediated procedure. They suggested Ag-Br pairs decrease charge density and repulsion between CTAB
headgroups. This could potentially alter the behavior of CTAB micelles, changing them from spherical to
cylindrical, and increasing the aspect ratio. There are few other theories which may explain the role of silver
in controlling gold nanorod aspect ratio. Hubert et al.83 have suggested that a complex of AgBr and CTAB
is formed in situ and deposits onto the gold surface, preventing further gold deposition, and allowing for
anisotropic growth at the nanorod ends. Liu et al.8* proposed that underpotential deposition of Ag* at the
gold surface occurs at different rates on the (110), (100), and (111) crystal facets, therefore promoting
nanorod formation. Orendorff et al.85 analyzed the metal content in gold nanorods using inductively coupled
plasma mass spectrometry. They found that the amount of silver is around 2.5 to 4.5% of the amount of
gold present which is enough to form 3 to 4 monolayers of silver on the surface. Jackson et al.8¢ mapped

the location of silver on individual gold nanorods using Super-X energy dispersive X-ray spectroscopy and



found silver on all faces of the nanorod ends and sides. While the form silver takes is still not known, these
studies demonstrate that there is silver present in gold nanorods, and it appears to have an important role.
In the last decade, there has been continuous work to modify the seeded growth procedure to increase
the monodispersity and improve size control in gold nanorods. Vigderman et al.8” used hydroquinone as a
reducing agent instead of ascorbic acid. Because it is a weaker reducing agent, the growth time was slower,
but they were able to tune nanorod LSPRs from 770 to 1230 nm, and they demonstrated near quantitative
conversion of gold into nanorods. Murray and coworkers: have published reports which also demonstrate
impressive size control. They used salicylate-based sodium salts and other aromatic additives at a reduced
CTAB concentration (0.05 M) to produce gold nanorods with LSPR maxima from 624 to 1246 nm. In
another paper, the same group used binary surfactant mixture of CTAB (0.037 - 0.047 M) and sodium
oleate to produce monodisperse gold nanorods of various widths.8° Scarabelli et al.®® investigated the
combination of ascorbic acid and salicylic acid as a double-reducing-agent system to understand the role
of these additives in improving monodispersity. They concluded the additive influences both the
thermodynamics and kinetics of growth by participating in Au* reduction to Au® at the gold surface.
Synthesis of gold nanorods is typically carried out in batch, which limits the volume to ~1 L, and only
~15% of the gold is formed into nanorods. Boleininger et al.%! developed a microfluidic reactor system for
continuous flow synthesis of gold nanorods, but aspect ratio and LSPR were not well-controlled. In 2005,
Jana described a seedless synthesis of gold nanorods, which could produce nanorods on the gram-scale.®2
In that method, nucleation and growth of nanorods was controlled kinetically using a mixture of strong and
weak reducing agents (NaBH4 and ascorbic acid). Seedless synthesis allowed for further development of
scaled up procedures. Lohse et al.9 recently developed a millifluidic reactor system which could form gold
nanoparticles of varying shapes, sizes and surface coatings. The preparation of gold nanorods used two
reagent streams: the standard growth solution and a reaction initiator solution comprised of gold seeds or
a strong reducing agent (NaBHa4). In both cases, it was possible to form gold nanorods with the same control
over aspect ratio and LSPR. Advancements in large-scale synthesis such as this are particularly useful as

industrial demand for nanoparticles and commercialization of nano-enabled technologies increases.%*

1.4 STRATEGIES FOR SURFACE MODIFICATION OF GOLD NANORODS

Analysis of as-synthesized gold nanorods has shown that they may be coated in a bilayer of the cationic
surfactant CTAB. The gold nanorod surface is likely not static, and there likely is dynamic exchange of
molecules between CTAB micelles in solution and on the surface.% While CTAB plays an important role as
a structure-directing agent in gold nanorod formation and in preventing aggregation, it is not an ideal ligand
for many applications. Heating can destabilize the CTAB bilayer, resulting in changes in nanorod
morphology.®® It is also known that CTAB gold nanorods are prone to aggregation because CTAB is
desorbed from the surface at high salt concentrations, in physiological environments, and in organic
solvents.®”-%8 Additionally, free CTAB, can be cytotoxic at micromolar concentrations which limits biomedical

applications of CTAB gold nanorods.®® However, there are several methods to tailor the surface chemistry
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of gold nanorods to avoid these issues which could prevent nanotechnology applications from being
realized.1% Here, we focus on a few fairly common technigues which are often utilized in this thesis including

the methods of ligand exchange, inorganic silica coating, and layer-by-layer wrapping (Figure 1.8).
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Figure 1.8 A few general routes to modification of gold nanorod surface chemistry. CTAB can be displaced
on the gold surface by covalent attachment of thiol-functionalized ligands. The CTAB-covered surface can
be coated in a silica shell via a modified Stober method. Alternative layers of negatively and positively
charged polyelectrolytes can coat the surface using layer-by-layer wrapping, which is based on electrostatic
attraction.

It is known that sulfur organic groups (R-SH and R-SS-R) can covalently bind to gold surfaces by
forming self-assembled monolayers.’°l In a 1983 report, Nuzzo et al.192 described the preparation of
oriented organic disulfide monolayers on flat gold surfaces. Later, Nuzzo and coworkers1%3 reported
spontaneous, but well-ordered assembly of long-chain alkane thiols onto gold surfaces. Mulvaney and
coworkers% were the first to extend this and formed ordered monolayers on gold nanoparticles. Since
then, a variety of thiol-containing ligands have been synthesized and can be used to functionalize and
stabilize gold nanoparticles.105

The most common strategies for thiol functionalization include forming nanoparticles in the presence
of thiolated molecules, exchanging the ligand on the surface for functionalized thiols, and modifying the
terminal functional group on an existing thiolated ligand.1% Of these techniques, ligand exchange on gold
nanorods is the easiest method because thiols can easily displace weakly bound CTAB. Thiolated
polyethylene glycol (PEG-SH) is probably the most common ligand used to modify gold nanorods. PEG
renders the nanorod surface neutral, is more biocompatible than CTAB, and also prevents aggregation of
gold nanorods because it is soluble in a variety of conditions. Additionally, PEGylation provides stealth
characteristics to gold nanorods because adsorption of biomolecules to the nanorod surface is reduced,
and blood circulation time is increased in vivo compared to CTAB nanorods.%” CTAB can also be replaced
by a monolayer of thiolated analogues of CTAB such as (16-mercaptohexadecyl) trimethylammonium

bromide (MTAB). Zubarev and coworkers'%®® demonstrated that MTAB-functionalized nanorods are
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positively charged on the surface and are more efficiently taken up by cancer cells compared to PEGylated
nanorods. In addition, they could be dried without losing water solubility, are stable against repeated rounds
of centrifugation, and demonstrate decreased cytotoxicity compared to CTAB nanorods. Other thiols are
more specific such as thiolated DNA oligonucleotides for drug delivery,° biotin disulfide which can bind
streptavidin for nanorod self-assembly,'? and lipoic acid which can be chemically modified to bind targeting
proteins.'!! These examples demonstrate that the versatility of thiol chemistry may be used to extend the
functionality of gold nanorods.

Silica coating is a useful technigue for gold nanorod surface modification. Silica can increase the
colloidal stability of gold nanorods in organic solvents while enhancing the thermal stability to preserve gold
nanorod optical properties.11112 A silica surface is also quite versatile. The presence of reactive silanols
means a silica surface can be modified with other silane-functionalized ligands such as PEG, or targeting
ligands.11® Additionally, mesoporous silica coatings can carry payloads of chemotherapeutic drugs,
photosensitizers or other small molecules which can be released in a controlled fashion from the surface
by photothermal heating of gold nanorods.114.115

The Stober process is used to form silica via hydrolysis and condensation of tetraalkyl silicates at pH
11-12.116 Mesoporous silica is simply formed by carrying out the reaction in the presence of a surfactant,
which provides a template for silica formation. Gorelikov et. al.11” directly coated mesoporous silica onto
CTAB gold nanorods via a modified Stéber process. NaOH is added to gold nanorods to adjust the pH to
11 and is followed by injections of tetraethylorthosilicate (TEOS) which polymerizes to form silica in a base-
catalyzed reaction. With this simple method, they produced 15 nm thick silica shells. Furthermore, 60 nm
thick non-porous silica shells were prepared by injecting additional TEOS into the reaction solution after the
initial coating (Equations 1.2 and 1.3).118 Since their report, other researchers have modified reaction
parameters such as temperature, TEOS, and CTAB to control mesoporous silica shell thickness on gold
nanorods.11119.120 Wang and coworkers!?! recently reported site-selective, side and end mesoporous silica
coating on gold nanorods. In their procedure CTAB and TEOS concentrations are carefully controlled to
allow the preferential deposition of silica on the nanorod ends. The addition of a PEG-SH to selectively

functionalize the nanorod ends allowed for the formation of side silica-coated nanorods.

Si(OC,Hs), + 4H,0 — Si(OH), + 4C,HsOH (1.2)

Si(OH), — Si0, + 2H,0 (1.3)

Other researchers have coated gold nanorods with uniform, nonporous silica shells. Pastoriza-Santos
et al. 122 first coated CTAB gold nanorods with the polyelectrolytes polystyrene sulfonate and poly(allylamine
hydrochloride) using layer-by-layer wrapping. The wrapped gold nanorods were transferred into a propanol-
water mixture, and silica coating was carried out by a modified Stéber process forming silica shells 12 - 60
nm thick. Another group functionalized gold nanorod with PEG-SH before transferring the particles to

isopropyl alcohol for silica coating, and this resulted in 6 - 20 nm thick silica shells.*?® Using a different
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method, Sendroui et al.*?# first functionalized gold nanorods with 3-mercaptopyropyltrimethoxy silane to
generate silanol groups on the gold surface. They grew thin silica shells (3 - 5 nm) by adding sodium silicate
at pH 10. The silica-coated nanorods were then functionalized with 3-aminopropyltrimethoxy silane, and
single strand DNA could be conjugated to the surface via a reductive amination reaction. The DNA-
functionalized nanorods were still capable of hybridization with a complementary DNA strand and could be
used to enhance SPR imaging measurements on a DNA microarray.

Nanoparticles can also be functionalized using layer-by-layer wrapping techniques.125126 | ayer-by-
layer coating is the sequential deposition of layers of polyanions and polycations and is based on
electrostatic attraction between oppositely charged surfaces. This technique was initially developed by
Kirland,*27 and ller,128 but was popularized by Decher and coworkers!?® as a method to functionalize flat
surfaces and to create multilayer assemblies. Charged materials such as small organic molecules, proteins,
inorganic clusters, and colloids can be assembled; however, polyelectrolytes are the most useful in this
type of fabrication because better adhesion is observed with an increased number of atomic bonds.13°

There have been several reports for functionalization of gold nanorods using layer-by-layer wrapping.
Polyelectrolyte coating on nanorods is most successful when polymer chain length is comparable to
nanoparticle size. Also, salt concentration is adjusted to screen the charged groups so a polymer does not
remain extended by charge repulsion, but can wrap around a nanopatrticle. Gole and Murphy first reported
layer-by-layer polyelectrolyte deposition on CTAB gold nanorods using anionic poly (sodium-4-
styrenesulfonate) and cationic poly(diallyldimethylammonium chloride) in the presence of NaCl. Wrapping
up to four layers was confirmed by TEM, shifts in the LSPR as seen by UV-vis absorbance, and by (-
potential measurements, which showed a flip in surface charge with each successive layer.13! Later work
by the same authors demonstrated wrapping CTAB of gold nanorods with poly(4-styrenesulfonic acid co-
maleic acid) sodium salt, which generated maleic and sulfonic acid groups on the nanorod surface. Then,
the enzyme trypsin was bound to the functionalized surface via click chemistry, EDC-mediated covalent
attachment or electrostatic attachment. The biocatalytic activity of trypsin was quantified, and attachment
via click chemistry was observed to reduce biological activity the least among the protein conjugation
methods.132 In another application, Huang et al.’®3 loaded the dye Rhodamine 6G between layers of
polyelectrolyte on gold nanorods and measured dye release after laser irradiation. Their results
demonstrated photothermal molecular release was dependent upon the quantity and type of polyelectrolyte
layers, which could be applicable to controlling release rates of drugs from a nanorod surface.

There are more methods to coat gold nanorods beyond what has been described here. Overgrowth of
metals such as gold, silver, palladium and platinum can be carried out to produce bimetallic nanorods for
catalysis!3* or SERS.135136 Polymers can be grafted to a gold surface via reversible addition-fragmentation
chain transfer,37 or grafted from the surface via atom-transfer radical polymerization.3* A lipid bilayer can
coat gold nanorods through self-assembly?38 or a thiol-gold linkage.13° Anisotropic coatings of various kinds

have been developed which might lead researchers to exploit field-dependent enhancements or self-
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assembly of nanorods into interesting structures.*® These reports represent how gold nanorods are a
unique platform on which both organic and inorganic coatings of various morphologies can be supported.

In order for functionalized nanorods to be effective in a particular application there are many factors
which may be taken into account. In biomedical applications stability against aggregation, cellular targeting,
protein adsorption and nanoparticle toxicity are important considerations in ligand choice. Functionalized
gold nanorods require nanorods to be stable in physiological environments, but aggregation is a common
problem. However, investigating size stability of functionalized nanoparticles in cell culture media is a useful
method to determine the likelihood of this issue.*! Some researchers attach cell-targeting ligands to gold
nanorods to achieve increased cell uptake. The chosen ligand and attachment method can also alter the
effectiveness of a targeting method.*2 However, the effect of targeting may also be reduced by the
presence of proteins, which are well-known to adsorb to nanoparticle surfaces in physiological
environments.143144 Nanoparticle toxicity is another issue in biological environments, and cell death has
been observed after nanoparticle exposure.4> However, toxicity is not limited to whether cells live or die.
Researchers have reported unanticipated surface chemistry-dependent changes in cell migratory behavior
and gene expression after nanoparticle exposure,146-148

There are other factors which may be more important for energy, safety or measurement based
applications of gold nanopatrticles. CTAB gold nanorods are not stable in non-aqueous conditions, but there
are coating methods which make it possible to transfer nanoparticles to organic solvents or to embed
nanoparticles in polymeric films.149150 |t is not always necessary to quantify surface coverage of a particular
molecule, but ligand density can vary based on orientation, size, and crystal face. Methods such as X-ray
photoelectron spectroscopy,® NMR spectroscopy,'®? and SERS'3 can be used to quantify and/or monitor
ligand binding to a nanorod surface. While there are many surface chemistry-dependent factors which effect
the success of gold nanorods in applications in the short-term, it is also important to consider long-term
stability. Surface functionalization will play a large role in the environmental fate of gold nanorods, which is
currently unknown, but a growing area of research interest.154155

1.5 METHODS TO CHARACTERIZE GOLD NANORODS

There are many methods researchers can use to understand material characteristics of gold nanorods.
Some nanomaterial properties which may be investigated include absolute dimensions, hydrodynamic size,
nanoparticle concentration, aggregation state, ligand identity, ligand density, relative surface charge, optical
absorbance, thermal transport, atomic composition, mechanical strength, and electromagnetic field
strength.*% Here, the discussion of techniques is focused on the methods frequently used to characterize
gold nanorods and the material characteristics which can be examined by these techniques (Figure 1.9).

UV-vis absorbance spectroscopy is perhaps the most popular method used to characterize gold
nanorods. UV-vis absorbance can be used to determine the locations of the transverse and longitudinal
surface plasmon bands. This is useful because many applications require the longitudinal LSPR to be tuned

to a particular wavelength, such as in laser photothermal heating.3® The location of the longitudinal LSPR
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is dependent on gold nanorod aspect ratio, but is also dependent on the medium dielectric constant and
can indicate molecular binding on the gold surface.”3° Additionally, absorbance spectra are useful in
understanding nanorod aggregation or assembly.157.158 |f the magnitude of a peak decreases, or if a peak
shifts and become broader, this is a signal that the nanorods could be fusing together, are in close proximity,
or are changing morphology.*%® The width of the peak is also an indication of the size dispersity of a gold
nanorod solution. A narrower peak can indicate a narrow size distribution while a broader peak suggests a
wider range of nanorod sizes are present.8” A final application of UV-vis is in determining gold nanorod
concentration. Absorbance is proportional to concentration and extinction. Extinction can be estimated
using simulation,” but experimental calculation more accurately reflects nanorod size dispersity. Extinction
coefficients for gold nanorods have been experimentally calculated by correlating absorbance with mass of
gold (quantified by inductively-coupled plasma mass spectrometry) and atoms per nanorod (estimated by
TEM). By this method, extinction coefficients for the longitudinal LSPR for gold nanorods with aspect ratio
2 to 4.5 can range from 2.5x10° to 5.5x10° M-1cm-1.85 Therefore, it is possible to determine concentrations

for gold nanorods in sub nanomolar concentration regimes.
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Figure 1.9 Some material characteristics of gold nanorods which can be determined using UV-vis
absorbance spectroscopy, dynamic light scattering, {-potential measurements and electron microscopy.

Dynamic light scattering (DLS) is a technique used to determine hydrodynamic size and size distribution
of nano and micro-sized particles in the 5 — 3000 nm size range. Nanopatrticles exhibit Brownian motion so
their individual positions in dispersion can fluctuate. A laser is passed through a colloidal dispersion and
scattered light is collected by a detector. The angle and intensity of scattered light fluctuates in time
depending on particle size. The Stokes-Einstein relationship (Equation 1.4) is the basis for the calculation
of the radius (R) of spherical particles, where ks is the Boltzmann constant, T is absolute temperature, n is
solvent viscosity and D is the diffusion coefficient which is calculated from the scattering data.6° Although
the calculation assumes a spherical shape, DLS can still be useful for characterizing gold nanorods. A DLS
histogram for gold nanorods exhibits two size distribution peaks, which may be correlated with the

transverse and longitudinal axes. Additionally, because the diffusion coefficient is dependent on nanorod
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shape and surface chemistry, changes in surface coating may be seen as differences in hydrodynamic
size. These changes can also be monitored over time to investigate particle aggregation, nanorod-
biomolecule, or nanorod-ligand interactions.161.162

kgT

Zeta potential measurements are usually performed by the same instrument as DLS because the
technique also relies upon nanoparticle mobility. An electrode is inserted into the colloidal dispersion, and
particles move in the field created by this electrode, in a direction which is dependent on their electrophoretic
mobility. The direction of motion is determined by scattering from an incident laser, and is used to calculate
the C-potential.163 Nanoparticle -potentials indicate the average surface charge and are useful for
confirming if a surface functionalization of nanoparticles is successful. This has been demonstrated in thiol
functionalization, layer-by-layer wrapping, and silica coating of gold nanorods.11.3°

Characterization of individual gold nanorods is possible by electron microscopy. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) are optical characterization techniques
used to obtain high resolution images of nanometer scale materials with a finely focused electron beam.
Because electrons interact strongly with matter, and gold has a high Z value, gold nanoparticles scatter
electrons. In SEM, scattered electrons are collected by a detector, so gold is seen as the bright areas in an
image.1%4 In TEM, the unscattered electrons pass through the sample, and form the bright regions of the
image. The scattered electrons are not collected, so gold nanoparticles appear dark under TEM. Electron
microscopy images can be analyzed to determine the absolute dimensions of nanoparticles, the thickness
of a coating, interparticle interactions, and nanoparticle crystal structure in dried nanoparticle samples. 165166

A suite of techniques exist which can be used to characterize gold nanorods in both ensemble and
individual measurements. These methods can be used jointly to confirm whether a synthesis or coating has
been successful. Material characterization is critical to furthering applications of gold nanorods because

materials design affects properties and therefore the success of a potential application.167

1.6 DISSERTATION OVERVIEW

The focus of this dissertation is in exploring how gold nanorod optical properties can be exploited for
various applications. In each chapter, gold nanorods are prepared, the surface coating is modified and the
materials are characterized by a variety of methods. We then demonstrate how these materials may be
useful in order to gain a better understanding of material interactions, with a focus on three particular
applications (Figure 1.10).

Chapter 2 explores how the fluorescence behavior of the infrared dye IRDye 800 is altered when near
a gold nanorod surface. A method of mesoporous silica coating of gold nanorods is developed. The silica
surface is functionalized with an azido silane, and the alkyne-modified dye is bound to the coated gold

nanorods by copper-free click chemistry. Distance and wavelength dependent changes in fluorescence
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behavior are examined by fluorescence emission and lifetime measurements. Additionally, fluorescence

behavior of the dyes attached to mesoporous silica nanoparticles and dye-dye interactions are explored.
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Figure 1.10 Examples of applications which make use of the optical properties of gold nanorods. In this
dissertation the applications of interest are fluorescence enhancement, plasmonic biosensing and
photothermal therapy.

In Chapter 3, we investigate how nanoparticles might interact with bacteria by monitoring the binding
of bacterial lipopolysaccharides (LPS) to gold nanorods. Polymer-coated gold nanorod substrates are
prepared and characterized. Attachment of LPS extracted from Pseudomonas aeruginosa, Salmonella
enterica, and Escherichia coli to gold nanorods is monitored using LSPR-based plasmonic sensing and the
number of LPS per nanorod is quantified. In addition, the association constants for LPS and each surface
coating are determined by incubating LPS with colloidal gold nanorods.

Chapter 4 reviews the progress in thermal cancer treatments using gold nanoparticles. The optical
properties of gold nanoparticles and mechanisms of heating are explained. The pioneering work of Halas,
West, and El-Sayed in photothermal therapy is discussed. Additionally, radiofrequency-mediated thermal
therapy with gold nanopatrticles is reviewed. The majority of the chapter is focused on developments in
nanoparticle design for photothermal therapy which have occurred since 2010. This includes nanopatrticles
with targeting ligands, imaging agents, photosensitizers, and chemotherapeutic drug loads. Both in vitro
and in vivo studies are explored along with the progress of therapies toward clinical application. We
conclude the discussion with a perspective on research directions those interested in this field may take.

Chapter 5 expands the range of photothermal therapy applications to inactivation of vegetative cells
and endospores of the bacterium Geobacillus stearothermophilus. Gold nanorods having different surface
chemistries are prepared and characterized. The nanorods are incubated with spores and vegetative cells
and then irradiated with a continuous wave 785 nm laser diode. The effect of nanorod exposure and

photothermal treatment on spores and cells is measured by colony counting. In addition, spores are imaged
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by scanning electron microscopy to determine if there is any change in their morphology after gold nanorod
exposure or photothermal treatment.

In Chapter 6 we consider how gold nanorod surface chemistry may be modified to maintain morphology
and increase the stability of gold nanorod optical properties after exposure to high energy conditions. Gold
nanorods are coated in mesoporous silica and then functionalized with various silanes. The stability of
CTAB, silica-coated and silane functionalized nanorods against heating, up to 150°C, is explored using UV-
vis and TEM measurements. Additionally, we examine how morphology of CTAB, silica-coated and silane-
functionalized gold nanorods is altered when the nanorods are exposed to charging effects from a high-
energy electron beam or high-energy femtosecond pulsed lasers.

Chapter 7 moves past nanotechnology applications to consider the environmental fate of gold
nanomaterials. A library of gold nanoparticles having varied shape and surface chemistry is prepared and
we examine the stability and mobility of engineered nanoparticles in environmental media. Nanoparticle
stability against aggregation in simulated groundwater and two types of soil samples is explored by
examining changes in absorbance characteristics and morphology. In addition, nanoparticle retention in
columns containing soil and the polysaccharide alginate is quantified. The results of these studies may be
useful to those considering how nanomaterial characteristics may influence the long-term fate of

nanomaterial exposure in various environmental conditions.
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CHAPTER 2:
DISTANCE AND PLASMON WAVELENGTH DEPENDENT FLUORESCENCE OF
MOLECULES BOUND TO SILICA-COATED GOLD NANORODS

2.1 INTRODUCTION

Gold nanorods are rod-shaped plasmonic nanoparticles with tunable, size-dependent optical
responses.’2 The collective oscillation of conduction band electrons gives rise to two plasmon resonance
bands, which can be tuned from the visible to the near infrared.*® Gold nanorods strongly absorb and
scatter light, especially at wavelengths resonant with their surface plasmons. Due to photon confinement,
strong electromagnetic fields are generated at the metal surface.*” Electromagnetic field effects give rise
to a variety of optical processes such as laser photothermal heating,® Raman resonances,® two-photon
absorption'® and emission!!-15 which are often enhanced near a gold nanorod surface.

It is known that fluorescence excitation and emission can be altered near a plasmonic nanopatrticle.16.17
The electromagnetic field strength is most concentrated at the surface of plasmonic nanoparticles and
decays exponentially as a function of distance. The nanoparticle and fluorophore form an
electromagnetically coupled system, which when excited, leads to additional de-excitation pathways. This
results in higher excitation rates and/or enhanced radiative decay rates of the fluorophore and fluorescence
emission enhancement.11-13 However, in some systems, fluorescence may instead be quenched if the
excited fluorophores relax rapidly by nonradiative energy transfer into the surface plasmon resonance.1819

Because of these two competing processes, literature values of enhancement are strongly varied.
Researchers have observed nearly 100% emission quenching to over 1000 fold enhancement in emission
intensity.11-25 Of course, both enhancement and quenching of fluorescence are distance dependent. At a
certain distance from the plasmonic surface, energy transfer into the plasmon band is reduced but the
electromagnetic field strength can still be great enough to enhance fluorescence emission.1516 Strongest
enhancement is usually observed in the 10 — 20 nm range from the plasmonic surface.29-23 In addition,
fluorescence near plasmonic nanoparticles is dependent on plasmon wavelength. Some researchers have
suggested that fluorescence coupling to the nanoparticle may be stronger when the plasmon band overlaps
with a fluorophore’s absorbance or emission profile. Since gold nanorod plasmon bands are easily tuned
between 500 and 900+ nm, gold nanorods are useful for studies of plasmon-enhanced fluorescence.152425

If applications of plasmon-enhanced fluorescence techniques are to be realized, it is essential to gain
more insight into the phenomenon of plasmon-enhanced fluorescence. Fluorescent molecules are used in
imaging and sensing with biological and electronic applications ranging from detection of disease
biomarkers to single molecule imaging and organic electronics. However, fluorophores are often unstable,

with low quantum yields and can be sensitive to photobleaching. This is especially true for near infrared

* This chapter is reprinted with permission from: Nardine S. Abadeer, Marshall R. Brennan, William L.
Wilson and Catherine J. Murphy. ACS Nano 2014, 8, 8392-8406. Copyright (2014) American Chemical
Society.
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fluorophores, limiting their applications.11151626 Enhancement of fluorescence emission via coupling to
plasmonic particles is one potential method to increase the effectiveness of weak fluorophores.1415

To date, fluorescence enhancement studies have focused on gold or silver nanostructured surfaces or
nanoparticles immobilized on a surface.’®25 This allows for good control of nanoparticle-fluorophore
distance and nanoparticle aggregation is reduced; however, applications of fluorescence enhancement in
this geometry are rather limited.?” There are some examples of fluorescence enhancement with colloidal
nanomaterials, but control of fluorophore-particle distance is more difficult to achieve. Oftentimes, the
fluorophore is incorporated into a shell or between polymer layers versus on the surface.'-?4 In addition,
dye-surface and dye-dye interactions are rarely accounted for when trying to understand changes in
fluorescence.?! To our knowledge, there are no solution-based studies, with gold nanorods, that include
both distance and plasmon wavelength dependent fluorescence. Moreover, none explore and exclude
possible dye-dye interactions or dye-surface interactions that may impact fluorescence behavior.

In order to gain a deeper understanding of plasmon-enhanced fluorescence, we carried out a study of
distance and plasmon wavelength dependent fluorescence of an infrared dye (“IRDye”) bound to silica-
coated gold nanorods. IRDye 800CW DBCO has a dibenzylcyclooctyne (DBCO) functionality allowing for
attachment via click chemistry. The IRDye imaging agents, developed by LI-COR, are specially designed
to potentially aid in disease detection and to monitor drug treatments.28 IRDye absorbance/emission profiles
are in the “water window” (700-1100 nm), so they are potentially useful in biological applications. However,
IRDye 800CW DBCO has a quantum yield of only 0.07, limiting its application. Therefore, it could serve as
a good candidate for plasmon-enhanced fluorescence.! Gold nanorods are ideal for studies of plasmon-
enhanced fluorescence. Gold does not experience oxidation that often occurs with silver, and gold nanorods
absorb/scatter more strongly than smaller gold spheres resulting in stronger field effects. In addition, gold
nanorod plasmon bands are readily tuned by changing the aspect ratio; this enables the wavelength
dependence of fluorescence to be easily studied.*152!

To this end, gold nanorods having plasmon maxima ranging from 530 — 850 nm are prepared. At 530
nm there is no spectral overlap with IRDye 800CW DBCO which absorbs/emits at 779/794 nm, but there is
stronger overlap with higher aspect ratios. A dielectric spacer is used to achieve distance dependence. The
gold nanorods are coated in mesoporous silica 11 — 26 nm thick via modification of the Stdber process.29:30
The silica surface is functionalized with 3-azidopropyltrimethoxysilane. IRDye is then conjugated to the
azide-functionalized surface via a copper-free click reaction and the amount of IRDye attached to the
surface of the nanorods is quantified.3132 Fluorescence of IRDye-nanorod conjugates is monitored using
steady-state and time-resolved measurements to determine changes in fluorescence intensity and lifetime.
Control experiments of IRDye bound to silica nanoparticles are carried out to confirm that changes in
fluorescence are due to plasmonic interactions, not attachment of the fluorophore to a silica surface. In
addition, an experiment varying the number of dye molecules per particle is carried out to assess how
separation between dye molecules on the surface of the nanoparticles affects IRDye fluorescence. Based

on this result, IRDye loading is limited to prevent dye-dye quenching.
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2.2 MATERIALS AND METHODS
2.2.1 MATERIALS

Cetyltrimethylammonium bromide (CTAB), gold tetrachloroaurate (HAuCls*3H20), sodium borohydride
(NaBHa4), silver nitrate (AgNO3), ascorbic acid, sodium hydroxide (NaOH), tetraethylorthosilicate (TEOS),
ethanol (EtOH), indocyanine green dye, 3-chloropropyltrimethoxysilane, sodium azide, sodium iodide,
dimethylformamide (DMF) and methanol (MeOH) were purchased from Sigma-Aldrich (USA). IRDye

800CW DBCO was purchased from LI-COR Biosciences. All chemicals were used as received.

2.2.2 SYNTHESIS OF GOLD NANORODS

Gold nanorods were prepared using our well-known seed-mediated growth procedure.3? First, 9.75mL
of 0.1 M CTAB was added to 0.25 mL of 0.01 M HAuCl4+3H20 and the solution was kept stirring for 10 min.
Next, 0.043 g of NaBH4 was added to 10 mL of ice cold deionized water. Immediately, the 0.1 M NaBH4
solution was mixed and 1 mL of it was transferred into a second tube containing 9 mL of ice cold deionized
water. Then, 0.60 mL of the 0.01 M NaBH4 was quickly added to the solution of CTAB and HAuCl forming
gold seeds. The gold seed solution was stirred for 10 min and then aged for 1 h before gold nanorod
synthesis.

Five, 500 mL batches of CTAB-coated gold nanorods were prepared. A growth solution containing 475
mL of 0.1 M CTAB, 25 mL of 0.01 M HAuCl4+*3H20 and varied amounts of 0.01 M AgNOs (0.10, 1.25, 2.50,
3.75, or 5.50 mL) was prepared. Increasing amounts of AgNOz resulted in higher aspect ratio nanorods
formed. Next, 2.75 mL of 0.1 M ascorbic acid was added to the growth solutions, which turned colorless
upon addition of ascorbic acid. Then, 0.6 mL of gold seed solution was added under vigorous stirring. The
solutions began changing color after 15 min, then stirring was slowed, and the solution was allowed to age
overnight (16 h at 27°C). The next day the gold nanorod solutions were purified via centrifugation at 13,500
rcf for 20 min, and the solutions were diluted with deionized water for further characterization and
functionalization.

Absorbance spectra were obtained using a Cary 500 UV-vis spectrometer (Agilent, USA) to determine
plasmon band maxima and nanorod concentration. Concentration of gold nanorod solutions was
determined from calculated extinction coefficients at each plasmon maximum, which has been calibrated
using inductively-coupled plasma atomic emission spectroscopy. Transmission electron microscopy
images were obtained on a JEOL 2100 cryo TEM (JEOL, Japan). ImageJ analysis of TEM images (300

particles per sample) was carried out to determine average length/width and aspect ratio.

2.2.3 SILICA-COATED GOLD NANORODS

Silica coating was carried out using a modified Stober method.?® CTAB concentration was tightly
controlled during silica coating. After initial synthesis and purification, the gold nanorod solutions were
centrifuged a second time at 11,200 rcf for 20 min. The supernatant was removed, and the pellets were

separated to five tubes, each diluted to 10 mL for a final nanorod concentration of 1 nM. After two
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centrifugations, the concentration of CTAB was <0.01 mM. Then, 0.1 M CTAB was added to each of the
five tubes to adjust the CTAB concentration to 0.4, 0.7, 0.9, 1.0, or 1.2 mM. The solutions were mixed
overnight to allow the CTAB to equilibrate on the surface of the gold nanorods. Then, 40 uL of 0.1 M NaOH
was added to adjust pH to 10.6, and the solutions were mixed for 30 min. Next, 90 pL of 20% TEOS in
methanol was added, and the solutions were mixed for 20 h at room temperature. The nanorods were
transferred to new centrifuge tubes and then purified via centrifugation at 8,000 rcf for 20 min. The

supernatant was removed, and the pellets were dispersed in 5 mL of EtOH.

2.2.4 SYNTHESIS OF THE AZIDE, 3-AZIDOPROPYLTRIMETHOXY SILANE

Sodium azide (493 mg, 7.5 mmol) and sodium iodide (28 mg, 0.1875 mmol) were added to a 100 mL
round-bottom flask followed by 20 mL of DMF. The suspension was stirred 5-10 min, allowing the solids to
dissolve. 3-Chloropropyltrimethoxysilane (1.25 g, 6.3 mmol) was added, and the reaction was capped and
stirred for 12 h at 100°C.The compound was used as a solution in DMF isolated directly from the reaction
mixture as follows. The crude mixture was filtered through Celite and the resulting solution layered with 80
mL hexanes. The biphasic mixture was stirred vigorously for 4 h, at which time the phases were separated
and the hexanes fraction was concentrated to clear oil. The concentration of the azide was determined by
IH NMR (400 MHz Varian Inova Ul400 spectrometer). The DMF layer was resubmitted to the above
procedure until the hexanes layer no longer contained product. The resulting product was stable when
diluted to 25% in DMF and was used without further purification.

Warning: While the alkyl azide did not exhibit shock or impact sensitivity, it should be noted that the
reagent is unstable as a neat liquid, completely decomposing within 48 h at room temperature. While this
has been a relatively safe reagent in our laboratory, this should not excuse anyone from exercising proper

caution in its use.

2.2.5 AZIDE FUNCTIONALIZATION OF SILICA-COATED GOLD NANORODS

One hundred microliters of the azide (25% in DMF) was added to the silica-coated gold nanorods in
EtOH. The solutions were heated overnight (10 h at 80°C) to ensure complete functionalization of the
surface. Purification was carried out via centrifugation at 10,000 rcf for 20 min. The solutions were
centrifuged, the supernatant was removed, and the pellet was redispersed three times in MeOH to remove
excess azide. The azide-functionalized, silica-coated gold nanorods were characterized by UV-vis
absorbance spectroscopy to determine concentration and plasmon band maximum. The samples were all
diluted to 0.8 nM for further characterization and IRDye attachment.

TEM image analysis was carried out with ImageJ with 300 particles measured for each sample to
determine average silica shell thickness. Zeta potentials of CTAB, silica-coated and azide-functionalized
gold nanorods were measured using a ZetaPals {-potential analyzer (Brookhaven, USA). In addition, a few
samples of azide-functionalized silica-coated gold nanorods were purified by dialysis and three additional

centrifugation steps to ensure removal of all free azide. Fourier transform infrared spectroscopy of these
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highly purified samples was carried out using a PerkinElmer Spectrum 100 (PerkinElmer, USA) to confirm

the presence of the azide on the nanorod surface.

2.2.6 IRDYE ATTACHMENT TO AZIDE-FUNCTIONALIZED SILICA-COATED GOLD NANORODS

The concentration of an IRDye stock solution in MeOH was determined by measuring absorbance of
IRDye (e = 300,000 M/cm in MeOH).?2 Then, 50 uL of 10 yM IRDye was added to 3 mL of 0.8 nM azide-
functionalized silica-coated gold nanorods in MeOH. The IRDye/nanorod solutions were mixed overnight
(>12 h) at room temperature for IRDye coupling. The solutions were centrifuged at 15,000 rcf for 20 min,
the supernatant was removed, and the pellets containing IRDye-loaded nanorods were suspended in 3 mL
of MeOH. The supernatants were centrifuged a second time at 15,000 rcf for 20 min to ensure removal of
any residual nanorods. Fluorescence emission peak area of each supernatant was measured to determine
IRDye loading (see procedure below). Loading was calculated assuming dye molecules bound = original —
free. Typically, dye loading was ~80% with 160 IRDye molecules/nanorod. All fluorescence analysis was
carried out in MeOH with three samples of IRDye-loaded gold nanorods prepared and analyzed for each
of the five aspect ratios and five silica shell thicknesses used. In addition, all samples with IRDye were

covered with aluminum foil to reduce photobleaching.

2.2.7 STEADY-STATE FLUORESCENCE MEASUREMENTS

Steady-state fluorescence was carried out on a Fluoromax-3 (Horiba Scientific, Japan) to determine
fluorescence enhancement and quenching. Fluorescence emission spectra of IRDye and IRDye/nanorod
solutions were collected with excitation set at 779 nm and emission measured in the region from 785 to 900
nm. By beginning emission collection at 785 nm, gold nanorod scattering was minimized and the only
fluorescence emission observed was due to IRDye fluorescence. Since each sample had varied dye loading
it was necessary to calculate expected fluorescence emission for each sample. A calibration curve of
fluorescence peak area versus free IRDye concentration was constructed. The fluorescence intensity of
IRDye-loaded nanorods was calculated by dividing the measured peak area by the expected peak area
calculated from the calibration curve.

An inner filter correction was applied to obtain an accurate value for fluorescence intensity since the
gold nanorods strongly absorb at wavelengths of IRDye absorption/emission. Absorbance of the solutions
of IRDye-loaded nanorods was measured at the excitation and emission wavelengths. The corrected

emission intensity was calculated from Equation 2.8.

2.2.8 TIME-RESOLVED PHOTOLUMINESCENCE MEASUREMENTS

Time-resolved photoluminescence (TRPL) measurements were carried out using a home-built
correlated single-photon counting system at the Materials Research Laboratory, University of Illinois. The
system uses a Becker and Hickel SPC-150 photon counting board to process signals with a silicon

avalanche photodiode. The excitation source is a NKT Photonics pulsed supercontinuum source. In the
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TRPL measurements, the dye/nanorod solutions were excited with a 740 nm (10 nm bandpass), 6 ps pulse.
The system impulse response is ~50 ps. Fluorescence emission was collected in the region from 795 to
805 nm. Because the emission filter used limited the emission wavelengths to 10 nm, gold nanorod
scattering was minimal and the only emission observed was due to IRDye fluorescence. The data from
TRPL measurements were used to construct a curve of time versus emission which exhibited multi-
exponential decay. The fit was calculated using Origin and Equation 2.10 was used to calculate the lifetimes
present.

2.2.9 IRDYE ATTACHMENT TO MESOPOROUS SILICA NANOPARTICLES

Mesoporous silica nanoparticles were prepared following similar procedures used for silica coating, but
without the gold nanorod cores. First, 400 pL of 0.1 M CTAB was diluted to 50 mL to give a final CTAB
concentration of 0.8 mM. Then, 200 pL of 0.1 M NaOH was added. The solution was mixed for 30 min, then
450 uL of 20% TEOS in MeOH was added. The solution was aged for 20 h and was purified via
centrifugation at 8,000 rcf for 20 min. The mesoporous silica nanoparticles were suspended in EtOH (4 mL)
and then 500 pL of the azide (25% in DMF) was added. The solution was heated overnight at 80°C (>10 h)
and purified via centrifugation. IRDye attachment, steady-state fluorescence and TRPL measurements

were carried out as previously described with three separate samples of mesoporous silica nanoparticles.

2.2.10 IRDYE FLUORESCENCE AS A FUNCTION OF SEPARATION BETWEEN FLUOROPHORES
Gold nanospheres (AR 1.1) were synthesized and coated with silica as previously described. The CTAB
concentration was 0.3 mM during silica coating, resulting in 33 nm thick silica shell. First, 3 mL of 0.5 nM
gold nanoparticles was incubated overnight (>12 h) with IRDye ranging in concentration from 50 to 2000
dyes/particle. Surface area was calculated assuming the dimensions can be approximated by a sphere.
These concentrations gave dye-dye separations ranging from 6 to 22 nm. Quantification of IRDye
attachment and steady-state fluorescence intensity was carried out as previously described with three

replicates analyzed for each sample type.

2.2.11 CALCULATION OF IRDYE QUANTUM YIELD

Quantum yield of IRDye 800CW DBCO in MeOH was determined using indocyanine green as a
standard reference (absorbance/emission at 785/806 nm). Three solutions each of IRDye and indocyanine
green were prepared with identical dye concentrations (0.2 yM). Fluorescence emission was measured as
previously described. Quantum yield of IRDye was calculated from Equation 2.1, where Qr is the quantum
yield of the reference standard in MeOH, OD and ODr are the absorbance and | and Ir are fluorescence

emission peak areas of IRDye and the reference standard, respectively.46

| OD

Q= QR E_ODR (21)
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2.3 RESULTS AND DISCUSSION
2.3.1 NANOPARTICLE DESIGN

IRDye 800CW DBCO was chosen for this study because of its potential biological application, low
guantum yield and absorbance/emission profile. The molecular structure of IRDye 800CW DBCO (Figure
2.1a) contains a DBCO tether.22 The DBCO group allows for conjugation to azides via 1,3 dipolar
cycloaddition generating a 1,2,3-triazole. Traditionally, click chemistry with azides and terminal alkynes is
carried out using a copper catalyst; however, azides can also react with internal alkynes in a strain-
promoted reaction.3! This eliminates the need for copper, which is cytotoxic and the click reaction can
proceed quickly at room temperature, in a range of solvents.32 The absorbance and emission spectra of
IRDye in methanol (Figure 2.1b) indicate maximum absorbance/emission at 779/794 nm. The quantum
yield of IRDye 800CW DBCO in methanol (MeOH) is 0.075 = 0.005 (Table 2.1). The obtained value is close
to a previous calculation of IRDye in water.1! Because IRDye 800CW DBCO has such a low quantum yield;

it is an ideal candidate for studies of plasmon-enhanced fluorescence.
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Figure 2.1 (a) Structure of IRDye 800CW DBCO. (b) IRDye absorbance and emission in MeOH with
maximum absorbance/emission at 779/794 nm.

Table 2.1 Quantum yield of dyes in MeOH.

Dye Quantum yield
Indocyanine green 0.04
IRDye 800CW 0.075 + 0.005

A library of cetyltrimethylammonium bromide (CTAB) coated gold nanorods of varying aspect ratio was
prepared using our well-known seed-mediated growth procedure.®® Gold seeds were added to a growth
solution containing CTAB, HAuUCIl4*3H20, AgNOs, and ascorbic acid. A CTAB bilayer on the surface of gold
nanorods helps to prevent nanorod aggregation and the addition of AGNOs to the growth solution facilitates

anisotropic growth, allowing for control of aspect ratio (AR).2 With this procedure, it is possible to control
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aspect ratio, allowing for variation in longitudinal plasmon maxima and therefore variation in spectral overlap
between gold nanorods and IRDye. Five aspect ratios of CTAB gold nanorods were prepared and purified
(Figure 2.2a). UV-vis absorbance measurement of the CTAB-coated gold nanorods in water show plasmon
band maxima located at 533, 653, 724, 790 and 851 nm (Figure 2.2b). These wavelengths correspond to
AR 1.1, AR 2.0, AR 2.7, AR 3.7 and AR 4.4 nanorods, respectively. These aspect ratios of nanorods were
selected because the plasmon bands ranged from almost no overlap to strong spectral overlap with IRDye
absorbance/emission. Transmission electron microscopy (TEM) micrographs are shown in Figure 2.2c-g
and were used to calculate aspect ratio. The absolute dimensions, plasmon maxima, and calculated aspect
ratios of the CTAB gold nanorods are listed in Table 2.2.
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Figure 2.2 (a) Photograph of gold nanorod solutions with increasing aspect ratio left to right. (b) UV-vis
absorbance spectra of gold nanorods with different LSPRs (nm). (c-e) TEM images of gold nanorods (c)
AR 1.1, (d) AR 2.0, (e) AR 2.7, (f) AR 3.7, and (g) AR 4.4. Scale bars = 50 nm.

Table 2.2 Plasmon band maxima, length, width and aspect ratios of CTAB gold nanorods.

Transverse Longitudinal Aspect ratio

Aspect ratio Length Width

plasmon plasmon (length/width)
AR 1.1 533 nm - 289+£6.7nm 253%51nm 1.14+0.04
AR 2.0 517 nm 653 nm 358+£6.6nm 17.8+3.4nm 2.01+£0.01
AR 2.7 511 nm 724 nm 374+£7.0nm 13.6+2.0nm 2.74+0.12
AR 3.7 509 nm 790 nm 45656 nm 124+1.3nm 3.67 £0.07
AR 4.4 507 nm 851 nm 445+ 5.3 nm 10.1+£ 1.2 nm 4.40+0.01
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Attachment of IRDye and variation of dye-metal distance was achieved through silica coating and silane
functionalization of the CTAB-coated gold nanorods (Scheme 2.1). A dielectric spacer allows for good
control of dye-metal distance and it is easy to measure thickness by TEM. In addition, a silica coating
reduces nanorod aggregation, increases solubility of gold nanorods in organic solvents, and is easy to
functionalize with functional silanes.?® Silica is known to modify the electromagnetic field around plasmonic
nanoparticles, but the effect on electromagnetic field strength is minimal past 10 nm when there is a
complete silica shell.3*3 Silica-coated gold nanorods were functionalized with an azido silane to facilitate
IRDye 800CW DBCO attachment to surface. Since azide-alkyne click reactions are highly specific,
unwanted side reactions within the IRDye molecule were prevented with this attachment method.32 Potential
dye-dye interactions on the silica surfaces were also avoided by limiting IRDye loading. This allowed us to

accurately determine distance and plasmon wavelength dependent fluorescence behavior.

TEOS AZIde IRDye -0
—O 5TV N, —— —osi VN

EtOH MeOH —0
pH 10 6 80°C

Scheme 2.1 Attachment of IRDye to gold nanorods. Gold nanorods were coated in mesoporous silica, and
then functionalized with 3-azidopropyltrimethoxysilane. IRDye molecules were linked to the azide-
functionalized surface via copper-free azide-alkyne cycloaddition.

Silica-coating was carried out through modification of the well-known Stéber process.3° The hydrolysis
and condensation of tetralkylsilicates to form silica can be catalyzed by a change in pH. Previous
researchers have demonstrated 15 nm thick coatings of mesoporous silica on CTAB-coated metal
nanopatrticles, including gold nanorods.?® CTAB micelles are a template for silica deposition through the
hydrolysis and condensation of the silica precursor tetraethylorthosilicate (TEOS). Growth of mesoporous
silica on the nanopatrticle surface is attributed to a three-stage mechanism: silica oligomerization, formation
of silica/CTAB particles, and aggregation of these silica/CTAB particles.?® Since CTAB is mostly
surrounding the nanorods, the silica/CTAB particles form and aggregate on the nanorod surface, limiting
formation of free silica nanoparticles.2%:36

Through careful control of reaction parameters, we were able to achieve highly reproducible and robust
silica coatings. Five silica shell thicknesses ranging from 11 to 26 nm were coated on each of the five aspect
ratios of gold nanorods used. Previous researchers have demonstrated that reaction time or TEOS
concentration can be used to control silica thickness on gold nanorods. However, we find that these
procedures were difficult to reproduce batch-to-batch and 2 — 5 nm increments in shell thickness were
difficult to achieve.?®%7 Instead, we demonstrate here that a critical component to control silica coating of

gold nanorods is CTAB concentration. As-synthesized gold nanorods are prepared in 0.1 M CTAB which is
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far above the critical micelle concentration of 1 mM in pure water.38 In order to control CTAB concentration,
gold nanorods were centrifuged twice after synthesis, so the concentration of CTAB was less than 0.01
mM. Additional centrifugation steps were not carried out because complete CTAB removal from the surface
causes gold nanorod aggregation. Then, different amounts CTAB were added to the gold nanorod solutions
and the solutions were mixed to allow the CTAB to equilibrate on the surface. Silica coating was carried out
by first adjusting the pH using NaOH, then adding TEOS and mixing the solutions for several hours. In the
silica coating reactions, concentration of CTAB was varied between 1.2 and 0.4 mM to obtain porous shells
about 11, 14, 17, 22, and 26 nm thick (Figure 2.3).
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Figure 2.3 TEM images of azide-functionalized, silica-coated gold nanorods with increasing silica shell
thickness left to right (11, 14, 17, 22, and 26 nm) and with increasing aspect ratio top to bottom (AR 1.1,
2.0, 2.7, 3.7, and 4.4). Scale bars = 50 nm.

The amount of CTAB free in solution is critical to silica shell thickness. As the CTAB concentration is
increased, more CTAB is in solution versus on the nanorods, and silica shell thickness decreases (Figure
2.4a). When the concentration is well past the critical micelle concentration of CTAB, around 2 mM, we find
that no silica is formed on the nanorod surface. Fortunately, most silica formed apart from the nanorods is
removed by centrifugation after the coating reaction. In addition to CTAB concentration, gold nanorod
concentration, pH, TEOS concentration, reaction temperature and reaction time were all tightly controlled.

The concentration of each batch of gold nanorods used during silica coating was kept high, further limiting
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excess silica particles formed. We also found that adjusting the pH to 10 was optimal. At higher pH values,

the silica shells were of poor quality and no silica shell formed below pH 9. Silica-coated gold nanorods

were purified and then characterized by TEM imaging and UV-vis absorbance spectroscopy. The calculated

silica shell thickness for each of the five aspect ratios and five silica shell thickness is listed in Table 2.3.

UV-vis absorbance spectra of silica-coated gold nanorods in ethanol (EtOH) (not shown) show no nanorod

aggregation. Only small shifts in plasmon maxima, less than 10 nm between different shell thicknesses,
are observed (Table 2.4).
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Figure 2.4 (a) CTAB concentration versus average silica shell thickness for the five shell thicknesses used.
(b) C-potential of AR 2.7 gold nanorods coated in CTAB, a 22 nm thick silica shell, and functionalized with
3-azidopropyltrimethoxy silane. Inset is the N3 peak in an FT-IR spectrum of azide-functionalized nanorods.

Table 2.3 Silica shell thickness of azide-functionalized, silica-coated gold nanorods.

Aspect ratio Shell #1 Shell #2 Shell #3 Shell #4 Shell #5
AR 1.1 11.2+£ 1.2 nm 141 +£1.2nm 16.5+£ 1.0 nm 209+14 nm 246+1.5nmm
AR 2.0 11.3+ 1.1 nm 142+ 1.1 nm 16.3+£ 1.1 nm 21.8+1.4nm 25.7+£1.7 nm
AR 2.7 11.2+£ 1.3 nm 141+ 1.1 nm 169+ 1.1 nm 22.7+£1.3nm 26.2+1.4nm
AR 3.7 12.0+£ 1.0 nm 147 £ 1.0 nm 169+ 1.1 nm 21.6+£1.1nm 26.6 £1.9 nm
AR 4.4 12.1 £ 0.9 nm 145+ 0.9 nm 16.8 £ 1.0 nm 21.4+1.2 nm 26.8+3.4nm

Table 2.4 Plasmon band maxima for silica-coated gold nanorods in EtOH.

Aspect ratio 11 nm shell 14 nm shell 17 nm shell 22 nm shell 26 nm shell
AR 1.1 533 nm 532 nm 533 nm 532 nm 531 nm
AR 2.0 651 nm 657 nm 658 nm 655 nm 652 nm
AR 2.7 727 nm 727 nm 730 nm 727 nm 734 nm
AR 3.7 791 nm 792 nm 791 nm 797 nm 790 nm
AR 4.4 852 nm 851 nm 852 nm 849 nm 850 nm
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Silica-coated gold nanorods were then functionalized with an organic azide, which could participate in
the cycloaddition reaction to bind IRDye 800CW DBCO to the surface.’® The azide, 3-
azidopropyltrimethoxysilane, was prepared from 3-chloropropyltrimethoxysilane via a modification of the
published Finkelstein reaction (Figure 2.5).4° Heating 3-chloropropyltrimethoxysilane and sodium azide in
N, N-dimethylformamide (DMF) yielded the azide product in greater than 90% yield, as assessed by gas
chromatography mass spectrometry (not shown). The reaction mixture was then extracted into hexanes,
which yielded a solution of pure azide in DMF and was stable at room temperature. Azide functionalization
was carried out by simply adding the azide, in DMF, to a solution of the silica-coated gold nanorods in
EtOH. Complete silane condensation on the silica surface was further driven by heating the solution. After
functionalization, the gold nanorod solutions were purified by centrifugation multiple times to ensure

complete removal of excess azide and were then dispersed in MeOH in preparation for IRDye conjugation.
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Figure 2.5 Synthesis procedure for 3-azidopropyltrimethoxysilane from 3-chloropropyltrimethoxysilane and
corresponding *H NMR spectrum. 'H NMR (400 MHz, CDCls) & 3.52 (s, 9H), 3.21 (t, J = 6.9 Hz, 2H), 1.66
(tt, J=11.8, 6.9 Hz, 2H), 0.63 (t, J = 11.8 Hz, 2H).

Azide-functionalized gold nanorods were characterized by UV-vis absorbance, C(-potential
measurements and Fourier transform infrared spectroscopy (FT-IR). UV-vis absorbance spectra of azide-
functionalized, silica-coated gold nanorods in MeOH (not shown) show no nanorod aggregation. However,
due to heating, multiple centrifugation steps, and dispersion in various solvents, the average nanorod
plasmon maxima shifts to 535, 650, 720, 776, and 823 nm for AR 1.1, AR 2.0, AR 2.7, AR 3.4 and AR 4.4,

respectively. Only small shifts in absorbance maxima, less than 18 nm between different shell thicknesses,
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are observed (Table 2.5). -potential measurements confirm functionalization of the gold nanorods (Figure
2.4b). CTAB gold nanorods are positively charged, and after silica coating and purification, the surface
charge is negative. Upon azide functionalization, the surface charge of the nanorods goes to zero due to
the presence of the neutral azide. Further confirmation of azide functionalization is demonstrated by FTIR.
These nanorods were purified by dialysis and extra centrifugation steps to ensure that all free azide was
removed before FTIR analysis. An azide stretch is visible at 2100 cm-! in a spectrum of azide-functionalized
nanorods, further confirming azide functionalization (Figure 2.4b).

Table 2.5 Plasmon band maxima for azide-functionalized, silica-coated gold nanorods in MeOH.

Aspect ratio 11 nm shell 14 nm shell 17 nm shell 22 nm shell 26 nm shell
AR 1.1 535 nm 534 nm 535 nm 535 nm 534 nm
AR 2.0 648 nm 653 nm 648 nm 648 nm 653 nm
AR 2.7 718 nm 718 nm 725 nm 710 nm 728 nm
AR 3.7 776 nm 774 nm 772 nm 778 nm 782 nm
AR 4.4 830 nm 819 nm 816 nm 816 nm 833 nm

IRDye was attached to azide-functionalized silica-coated gold nanorods via a copper-free click reaction.
The concentration of an IRDye stock solution was determined by absorbance at 779 nm (e = 300,000 M/cm
in MeOH).28 Then, IRDye was added to azide-functionalized silica-coated gold nanorods in MeOH. The
click reaction can occur in 45 min but the IRDye/nanorod solutions were mixed overnight to ensure
maximum coupling.®® The solutions were centrifuged, the supernatant was removed, and the pellets
containing IRDye-loaded nanorods were suspended in MeOH. The supernatants were centrifuged a second
time to completely remove any residual nanorods. Fluorescence emission peak area of each supernatant
was measured to determine IRDye loading, and loading was calculated from a calibration curve or IRDye
peak area versus concentration. We assumed dye molecules bound = original — free. Initially, 200 dye
molecules were added per particle and dye loading was ~80% with 160 IRDye molecules/nanorod. This
allowed for an average dye-dye distance of greater than 9 nm on the silica surface, reducing potential dye-
dye interactions during fluorescence studies.

2.3.2 PLASMON-ENHANCED FLUORESCENCE

The complex physics of a quantum emitter coupled to a metal nanoparticle has been explored in the
literature.*:45> Unfortunately, these treatments do not completely address the situation here. Molecular
fluorescence is well understood and simply described by Equation 2.2 where quantum yield or quantum
efficiency (Q) is the ratio of the radiative decay rate (krad) to the total of all contributions to excited state

decay, both radiative and nonradiative (k).
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krad
Q= ———=Kq' T 2.2
krad+ knr rad ( )

Alternatively, Q can be calculated from knowledge of the krad and fluorescence lifetime (7). The fluorescence
lifetime (Equation 2.3) is the average time a fluorophore spends in the excited state before it relaxes to the
ground state and is the inverse of the sum of the decay rates of all the relaxation pathways (k).*¢

1 1

T=— = —
krad+ knr k

(2.3)

For a free fluorophore in solution, nonradiative decay is caused by processes such as internal
conversion, intersystem crossing, or collisional quenching.#6 However, when a fluorophore is attached to
the surface of a nanorod, the relaxation dynamics will become quite complex. Both radiative and
nonradiative decay can be changed when there is coupling near a plasmonic surface. The presence of the
metal particle provides a continuum of states to which the molecule can couple. The potential decay
pathways become more numerous, complicating the emission dynamics which define the new fluorescence
lifetime (10) and new total decay rate (ko) shown in Equation 2.4. We can incorporate changes in free dye
krad and knr by adding the new terms Kras and Knr, where the former refers to plasmon-induced radiative rate
enhancement and the latter the non-radiative dye-rod interactions driven by energy dissipation to the
nanorod continuum states. Finally, there can potentially be associated dye-surface interactions (ks) or dye-

dye fluorescence coupling (kdd) on the nanopatrticle surface that may also modify the fluorophore dynamics.

1 1
krad+ knr+ Krad+ Knr+ ks+ kdd B kO

To= (2.4)

Depending on the nanoparticle-fluorophore system used, these processes may result in a change in the
fluorescence lifetime.2! All these interactions must be taken into account before making conclusions about
changes in fluorescence behavior. By combining steady-state intensity measurement data with lifetime
measurement data, it is possible to obtain a comprehensive picture of observed changes in fluorescence
decay pathways relative to free dye.

If we consider the basic physics involved we can bound our observational expectations. The general
approximate expression for the one photon absorption cross-section, c®(w) for a dipolar quasi two-level
fluorophore excited at frequency (w) is shown in Equation 2.5, where p is the transition dipole of the emitter,
p(w) is the molecular density of states (effectively the absorption spectral shape), and n and ¢ are the index

of refraction and speed of light, respectively.

2

(1) 41r%w
p(wIRDye) (2.5)

Olrpye (W)= nG |“|RDye
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The full transition rate R is defined by Equation 2.6 where lex is the excitation field intensity:
Rirpyve=0 oo (W) (2.6)
IRDye "% |RDye exc .

Our question here is simply, is one or both of these molecular quantities in Equation 2.6 modified by dye
molecule-nanorod coupling?4748 The plasmon-induced E-field enhancement makes lexc much larger, which
of course would drive a larger excited-state population of the dye via R. If that was the dominant effect, the
plasmon-induced/enhanced population of the excited state would result in detection of enhanced
fluorescence emission, but there need be no change of the observed dye kinetics (i.e., the radiative rate
would not be modified). If the cross-section, @, is affected, on the other hand, the actual radiative rate
will be changed with that change manifest in the observed decay dynamics of the emitter.

A formalism describing the field interactions involved has been developed in the literature.*%-52 It has
been shown that the decay rate, Kraq, Of @ dipolar emitter near a plasmonic structure can be written as

Equation 2.7 where krad is the radiative rate of the free dye. The second term on the right contains the

imaginary part of dipolar coupling scaled by the amplitude of p and the field free space wavevector K.40

K 3 WE(,
ﬂz1+_|mLu;0) (2.7)
krad 2 |u|2R

The complete analytical solution to this problem requires full multipole expansion of the electric field, E(F,wo)
and is very complex, but the result gives rise to the two key dynamic observables of the system: the well-
known Forster transfer process for the plasmon induced non-radiative contribution, and a complex radiative
contribution driven by the “Drude metal” polar nature of the plasmon resonance. In general, the non-
radiative rate modification results from energy dissipation of the emitter to the nanorod via dipole-dipole
coupling, while the radiative contribution is driven by the polarizability of the total system, dye coupled to
rod, and its impact on the transition dipole. While the components of radiative enhancement are hard to

discern independently, we will show that its signature is observed in our lifetime data.

2.3.3 FLUORESCENCE STUDIES

Fluorescence intensity analysis of IRDye-loaded silica-coated, gold nanorods was first carried out by
steady-state measurements. The solutions were excited at the dye absorbance maximum (779 nm) and
fluorescence emission was measured from 785 to 875 nm. Comparison of the fluorescence emission curves
to curves of IRDye alone shows no change in shape or emission maxima (fluorescence spectra are not
shown). No emission was detected from silica-coated gold nanorods alone, without dye, suggesting that
scattering from the nanorods alone is minimal. Since each sample has slightly varied dye loading it was
necessary to calculate separate expected emission. A calibration curve of fluorescence peak area versus

IRDye concentration was constructed. The relative fluorescence intensity of IRDye-loaded nanorods was
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calculated by dividing the measured peak area by the expected peak area. Since gold nanorods strongly
absorb in regions of IRDye absorption/emission and their extinction can be orders of magnitude stronger
than IRDye, measured fluorescence emission can be reduced. This is called the inner-filter effect and it is
necessary to correct for this effect in solution-based measurements. The corrected emission intensity was
calculated from Equation 2.8 where Icorr iS the corrected emission intensity, lois the relative fluorescence
intensity calculated from steady-state measurements, and ODex and ODem are the optical density values for
each dye/nanoparticle solution at 779 and 794 nm, respectively.6

(ODex+ ODem)/2

loorr=lo * (2.8)
Equation 2.8 does not account for light scattering, which also occurs when the surface plasmon resonance
is excited. The scattering contribution from gold nanorods in this size range has been measured for 800 nm
incident light and the maximum contribution of scattering to the total extinction as a function of aspect ratio
was 9%, 15%, 10%, 6%, 5%, for aspect ratios 2.5, 3.0, 4.0, 4.5, 5.1, respectively.>® Therefore, 85-95% of
the light is absorbed by the nanorods rather than scattered. Consequently, the likelihood of scattered light
being reabsorbed by nearby dye molecules is quite low and should not be a significant contribution to
detected fluorescence emission.

The results of the steady-state fluorescence measurements are shown in Figure 2.6. The line cuts show
where intensities are plotted relative to free IRDye as a function of silica shell thickness and plasmon band
maximum (Figure 2.6a-e). Both distance and plasmon wavelength dependent changes in fluorescence are
observed. At the plasmon band furthest away from the emission wavelength at 535 nm, where there is
minimal spectral overlap with the emission of IRDye, no significant intensity enhancement is observed. Only
a decrease in fluorescence is observed with decreasing silica shell thickness (Figure 2.6a). This is
consistent with increasing nonradiative relaxation (Knr) as the fluorophore gets closer to the continuum
states of the nanorod. When there is stronger overlap between the plasmon band and IRDye
absorbance/emission, fluorescence intensity enhancement becomes apparent (Figure 2.6b-e).
Interestingly, at these plasmon frequencies, the maximum fluorescence intensity is observed at
approximately 17 nm. The strongest enhancement is observed when the plasmon maximum of the
nanorods is 776 nm, near resonant with IRDye absorption, resulting in an approximately 10-fold increase
in fluorescence intensity. The trends and scale of the fluorescence intensity are more clearly observed in
Figure 2.6f which is a three-dimensional contour plot of emission intensity as a function of distance and
plasmon maximum. The “hotspot” of fluorescence intensity (the dark red area) occurs in the region from 14
to 22 nm silica shell thickness between plasmon maxima at 750 and 800 nm.

A possible concern is the contribution of scattering by the nanorods to an “apparent” fluorescence
enhancement, either directly or by reabsorption of scattered photons by dyes in the sample. At aspect ratio
3.0, where there would be ~15% scattering®® (Figure 2.6c) we observe decreased fluorescence intensity

compared to aspect ratio 4.5, where there would be ~6% scattering (Figure 2.6e).52 This supports the notion
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that increased dye excitation due to light scattering from the nanorods is not the major contributor to IRDye

fluorescence emission.
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Figure 2.6 Steady-state fluorescence intensity of IRDye bound to gold nanorods relative to free IRDye
emission corrected for the inner-filter effect. Intensity as a function of silica shell thickness with plasmon
band maxima located at (a) 535 nm, (b) 650 nm, (c) 720 nm, (d) 776 nm, and (e) 823 nm. (f) Two-tier
contour plot of fluorescence intensity as a function of silica shell thickness and plasmon maximum.

The observed increases in fluorescence intensity can be attributed to strong coupling between the
fluorophores and the plasmonic structure, but how the changes are manifest are not obvious. As noted
there can be several possible reasons for an increased detection of emission. There can be a change of
the emission cross-section (radiative decay rate) relative to the non-radiative decay or there simply could
be an effective increase in excited state population which experiences radiative decay with no change in
radiative emission dynamics. We can explore these questions more effectively by examining the system’s
time-resolved fluorescence characteristics. Time-resolved photoluminescence (TRPL) measurements were
carried out to determine fluorescence lifetime as a function of fluorophore-nanorod distance and plasmon
maximum. In the TRPL measurements, the dye/nanorod solutions were excited with a 740 nm pulsed laser
and emitted photons were collected in the region from 795 to 805 nm. An emission filter was used to limit
the detected emission bandwidth to 10 nm. We note that only emission from IRDye is observed.

The data from TRPL measurements, which are decay curves of time versus emission are shown in
Figure 2.7. The decay of free IRDye (Figure 2.7a) exhibits a single exponential decay while nearly all curves
of IRDye bound to silica-coated gold nanorods, especially in the strongly coupled regions, exhibit multi-

exponential decays (Figure 2.7b-f). This is an indication that there are new multiple pathways of decay
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present in the dye-nanorod system which are not present when IRDye is free in solution as implied by
Equation 2.4. In all cases, decay appears faster as silica shell thickness decreases. This is consistent with
increased Knr. As stated, an increase in the decay rate is expected due to the higher electromagnetic field
strength induced at the nanorod surface, resulting in potentially a larger emission cross-section. However,
there will be more efficient nonradiative Forster coupling (which would also lead to much faster decay) when
there is stronger spectral overlap between the plasmon band of the nanorods and IRDye
absorbance/emission. Comparison of the fluorescence intensity results with the decay dynamics, suggests
that when the plasmon is far off the emission resonance (Figure 2.7b); the increase in “nonradiative” rate,
Knr, drives evolution of the decay dynamics. As the fluorophore is further away from the rod core (>20nm)
dynamics are consistent with the free dye. It is interesting to note that the detected intensity at the largest
distance is still larger than the free dye. This could signify a pure Riroye contribution at long distance (i.e., a
pure population enhancement). Near resonant (Figure 2.7e), the plasmon-fluorophore interaction comes
strongly into play. Interestingly, if one focuses on the 22-26 nm spacing, the lack of large change in decay
rates between (e) and (f) suggests that our enhancement is primarily radiative. Here, there is a large

difference in absorptive behavior (Figure 2.2b), but no substantial change in kinetics.
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Figure 2.7 Fluorescence decay curves of (a) free IRDye and IRDye bound to gold nanorod as a function
of silica shell thickness with plasmon band maxima located at (b) 535 nm, (c) 650 nm, (d) 720 nm, (e) 776
nm, and (f) 823 nm.

The decay of the excited state of an isolated molecule to the ground state can be generally described

by a single exponential fit (Equation 2.9) where intensity (l) is plotted as a function of the initial intensity (A),

time (t), and the fluorescence lifetime.
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I(t) = Ae'™r (2.9)

The free dye exhibits this behavior and using this equation, the lifetime of free IRDye was calculated to be
1.12 ns. This is nearly the same value as our limiting lifetimes when beyond 25 nm shell thickness and far
off resonance. However, a single exponential did not fit the majority of the decay curves. For simplicity, we
fit the data to a bi-exponential decay (Equation 2.10), where A1 and Az are the initial intensities from the
“fast” and “slow” components of fluorescence decay, respectively and 11 and 12 are their respective

fluorescence lifetimes. We note that this functional form generated the best fits in nearly every case.

I(t) = Aje /1 + Aye/n (2.10)

The “fast” and “slow” fluorescence lifetimes as a function of silica shell thickness and plasmon maximum
are shown as contour plots in Figure 2.8. In the fast component, both decreasing silica shell thickness and
increasing plasmon/IRDye spectral overlap result in a very strong and abrupt reduction in the fluorescence
lifetime (Figure 2.8a). As discussed above, the degree of spectral overlap can impact both radiative and
nonradiative processes. The rather weak spectral resonance dependence suggests that the driver is
primarily radiative. As mentioned above, there are rather large change in absorption from 720 nm to 820
nm, but the kinetics changes are modest. The only region where the calculated lifetime is the same as free
IRDye with nanorods absorbing at 535 nm and when silica shell thickness is greater than 20 nm. If we
directly compare the two regimes (i.e., fast and slow), the trend of shell thickness and spectral overlap is

similar but the changes in lifetime are much more gradual in the slow component.
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Figure 2.8 Contour maps showing fluorescence lifetimes (ns) of IRDye bound to silica-coated gold
nanorods. Lifetimes were calculated from Equation 2.10 giving two lifetime values, one “fast” and one
“slow”. The (a) faster and (b) slower lifetime components are plotted as a function of silica shell thickness
and plasmon band maximum. The lifetime of free IRDye is 1.12 ns.
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Interestingly, the region of strongest reduction in fluorescence lifetime is not where maximum
fluorescence intensity is observed. This indicates that the observed intensity enhancements cannot be
completely attributed to an increase in the radiative decay rate Krad (Equation 2.3), but is a complex interplay
of all the processes involved. Such lifetime changes are inconsistent with scattering as the main mechanism
for increased light emission. We would expect that, at distances less than 20 nm, there is a simultaneous
increase in the nonradiative decay rate that leads to the smaller increase in fluorescence intensity at these
distances. This demonstrates the complexity of plasmon-enhanced fluorescence — it cannot simply be
described as increased radiative decay rates near a plasmonic structure. Both distance and plasmon
maximum are important factors in the changing decay rates and measured fluorescence lifetimes.

The percent of the slow component of the full fluorescence lifetime decay is shown in Figure 2.9. The
data show some interesting trends. For example, at the thick shell limit (> 25 nm) we see what is likely the
pure plasmonic contribution mediated by its dependence on the orientation of each dye’s molecular
transition dipole relative to the longitudinal plasmonic axis. At the other limit (<15 nm), nonradiative
contributions become more important, but they clearly compete with the other plasmon-enhanced
processes (vide supra). We note that the slow component is generally a significant fraction of the total
emission dynamics, and has both plasmonic and shell thickness dependence to its dynamics so it is not

attributed to unbound IRDye in solution.
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Figure 2.9 Percent of the slow component of the fluorescence lifetime as a function of silica shell thickness
and plasmon band maximum.

These results suggest that there are possibly two or more distinct environments that the fluorophores
experience on the nanoparticle surface. One possibility is the faster lifetime results from more strongly
coupled species, whereas the slower lifetimes come from more weakly coupled dye molecules. Another
reason for multiple apparent environments is nonrandom dye orientation and positions. We assume that
orientation of IRDye molecules on the surface is random, but this may not be the case. It is also possible
that we are observing the effect of IRDye location (i.e., fluorophores attached at the nanorod ends versus

the rod sides). Dyes tethered near the ends of the rods would experience very different field strengths and
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could behave very differently than dyes attached near the rod shaft center.#®%* However, definitive
experiments on the effect of end versus side dye loading on fluorescence behavior is beyond the scope of
this work. A potential complicating factor is the possibility that IRDye could be loaded in the shell pores and
therefore not at unique distance away from the metal. However the pore size with this coating method is 2
— 2.5 nm,%556 and the IRDye diameter is approximately 2 nm.'! With the additional reduction in pore size
due to azide functionalization expected, it is unlikely that any significant fraction of IRDye would diffuse

deep into the pores.

2.3.4 DYE-NANOPARTICLE INTERACTIONS

Molecular fluorescence can be altered by simply changing the local environment that a fluorescent dye
experiences, aside from any plasmonic effects.112! It was therefore necessary to account for any possible
dye-nanoparticle interactions such as dye-surface or dye-dye interactions that may have occurred, apart
from an “antenna-like” or other plasmonic coupling. IRDye was attached to mesoporous silica nanoparticles
(MSNSs) to determine whether IRDye attachment to a silica surface resulted in any change in fluorescence.
Azide-functionalized MSNs were prepared following the same Stbber preparation and azide
functionalization methods used for silica coating and functionalization of gold nanorods (Figure 2.10a). The
as-synthesized MSNs are about 36 nm in diameter and show mesoporosity which is similar to the silica-

coated gold nanorods.
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Figure 2.10 (a) TEM image of MSNs 36 + 9 nm. Scale bar = 50 nm. (b) Fluorescence decay curves of
IRDye bound to 3-azidopropyltrimethoxysilane and MSNs.

Fluorescence of IRDye bound to MSNs was monitored via TRPL and steady-state measurements.
TRPL measurements of IRDye-loaded MSNs and IRDye with the azide demonstrate single exponential
decay behavior similar to free IRDye (Figure 2.10b). Calculated fluorescence lifetimes are shown in Table
2.1. The fluorescence lifetime of IRDye bound to the azide and the silica surface show only slight increases
compared to free IRDye. This small increase may be attributed to solvent properties or the change in
refractive index a fluorophore experiences near a silica surface. In addition, there is no change in steady-

state fluorescence intensity compared to free IRDye (Table 2.6) which confirms that the slight increase in
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lifetime with the MSNs is not significant. These results demonstrate that simply binding IRDye to the silica

surface does not significantly change fluorescence behavior.

Table 2.6 Fluorescence lifetime and steady-state intensity of IRDye bound to azide and MSNSs.

Sample Lifetime Steady-state intensity
IRDye 1.12+0.02 ns -
IRDye + azide 1.19 0.03 ns 1.00
IRDye + MSNs 1.24 +0.04 ns 1.04 £ 0.02

Interactions between dye molecules on a surface can also modify fluorescence behavior, resulting in
fluorescence quenching. At short dye separations, Forster resonance energy transfer can occur between
neighboring fluorophores where a donor fluorophore transfers energy to an acceptor via nonradiative
coupling, resulting in fluorescence quenching. This effect is dependent on the separation and degree of
spectral overlap between neighboring fluorophores, and it is generally more pronounced when there is
strong local dye concentration (i.e., on a nanoparticle surface).%” It is therefore necessary to limit dye loading
on a nanoparticle to avoid issues of quenching which can result in decreased fluorescence lifetime and
steady-state intensity relative to free dye.

The effect of dye-dye separation on fluorescence behavior was investigated by changing the number
of IRDye molecules loaded on the surface of silica-coated gold nanorods. AR 1.1 gold nanorods with a
plasmon maximum at 535 nm were synthesized and coated with 33 nm thick silica (Figure 2.11 inset). The
nanoparticles were loaded with varying amounts of IRDye to give approximate dye-dye separations ranging
from 6 to 22 nm.
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Figure 2.11 Steady-state fluorescence intensity relative to free IRDye as a function of dye molecules per
molecule or calculated separation between IRDye molecules. Inset is an image of AR 1.1 nanorods with 33
nm thick silica shells. Scale bars = 50 nm.
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Steady-state fluorescence analysis of these samples reveals that below 9 nm dye-dye separation (~275
dyes/nanoparticle), a significant decrease in fluorescence intensity occurs (Figure 2.11). However, at
separations above 9 nm, the fluorescence intensity levels off due to the reduced interactions between
neighboring fluorophores. Based on this result, IRDye loading was limited in all experiments to give
separations at or greater than 9 nm (~160 dyes/particle). This prevented any dye-dye interactions.
Therefore, the observed changes in fluorescence of IRDye bound to silica-coated gold nanorods can only
be due to plasmonic interactions not dye-dye or dye-surface interactions. We note that Wang et al. has
modeled donor-acceptor energy transfer mediated by plasmonic coupling. Their work suggests that the

plasmonic interaction is competitive with conventional Férster processes.8

2.4 COMPARISON TO RELEVANT WORK

Halas et al. have published several key papers on near-infrared-absorbing dyes’ photophysical
properties in the presence of plasmonic nanoparticles.1245% In reference 24, her group demonstrated that
near-infrared absorbing dyes near a plasmonic nanoparticle exhibited increased fluorescence quantum
yield (up to 50X) for the case of a nanoparticle with a large scattering cross-section and a plasmon
maximum near the emission energy of the dye.?* In reference 11, Halas et al. found that the steady-state
fluorescence emission of IRDye (called IR800) was enhanced by a factor of 9 on gold nanorods bearing an
8 nm protein layer, and that the fluorescence decay of the dye on the nanoparticle exhibited shorter lifetimes
compared to free dye.!! In reference 59, Halas et al. placed IRDye (called IR800 again) in a thin silica layer
between a gold core and a gold shell, with the dye emission maximum resonant with a plasmon band
maximum. The Halas group found a steady-state fluorescence enhancement by 16-fold for IRDye,
comparing the gold-silica precursor seed to the final gold-silica-gold nanostructure, with the dyes
approximately 4-10 nm away from the inner gold core.5°

As Wang has pointed out,> the plasmonic field can alter both radiative and nonradiative decay rates in
nearby molecules, even though it is frequently assumed that the nonradiative rate is not changing upon
molecular adsorption onto a spacer layer on top of a plasmonic nanopatrticle. In general, distances ~10 nm
from the metal surface, and plasmon peak positions between the absorption and emission maximum of the
dye are considered optimal to observe plasmon-enhanced fluorescence.>* Halas et al. have also suggested
that, when the plasmon band is between absorbance and emission, enhancement is maximized.° In our
case, IRDye’s absorption and emission maxima are so close together that no plasmon band is “between”
them; nonetheless, the nanorods that give the largest fluorescence enhancement are indeed the ones with
a plasmon maximum that overlaps the molecular bands.

In addition, our fine gradation of silica shell thicknesses allows us to pinpoint the “best” spacer thickness
at 17 nm. We find multi-exponential fluorescence decays that show fast components for dyes on plasmonic
nanoparticles, but these components vary as a function of silica shell thickness and plasmon band
maximum in a complex manner. Quantum mechanical calculations of relative radiative and nonradiative

decays for a dye molecule near a gold “nanorod” (which is taken as two spheres next to each other) show
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that for a constant size of nanorod, moving the dye from 5 to 20 nm away increases both radiative and
nonradiative rates from 5 — 15 nm, but at ~15 nm away, the nonradiative decay rate change turns off, and
the radiative rate continues to increase, giving a higher relative brightness of emitted light from the dye.%°
The distance at which the behavior changes, 15 nm, is identical to what we find in our data (vide supra). A
very recent report finds 1000-fold fluorescence enhancement of dyes near single gold nanorods in single-
molecule experiments, especially when the plasmon is resonant with the laser and dye emission maximum,
as observed here; the larger enhancements could be due to individual dye binding events near the ends of

gold nanorods, a process that is not directly resolved in our data.6!

2.5 CONCLUSIONS

We have observed distance and plasmon wavelength dependent fluorescence of IRDye 800CW DBCO
bound to silica-coated gold nanorods. Steady-state measurements demonstrate wavelength and distance
dependent emission with approximately 10-fold maximum fluorescence intensity enhancement was
observed in the fluorescence hotspot. The presence of multi-exponential decay in the time-resolved
measurements indicates that there were multiple decay pathways present in our system and are consistent
with enhanced radiative and nonradiative contributions. A strong reduction in fluorescence lifetime was
observed with decreasing silica shell thickness and when there was strong spectral overlap between
nanorod plasmon band and IRDye absorption/emission. Control experiments confirmed that the observed
changes in fluorescence were due to plasmonic interactions, not simply attachment to a silica surface. In
addition, limiting IRDye loading assured minimal dye-dye interactions on the nanoparticle surfaces.
Together, these results revealed that plasmon-fluorophore coupling, resulting in fluorescence intensity
enhancement, is a complex process. Nevertheless, enhancement of low quantum yield fluorophores via

coupling to plasmonic nhanoparticles remains a viable option to increase their potential biological application.
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CHAPTER 3:
INTERACTIONS OF BACTERIAL LIPOPOLYSACCHARIDES WITH GOLD
NANOROD SURFACES INVESTIGATED BY REFRACTOMETRIC SENSING

3.1 INTRODUCTION

The promise of nanotechnology includes potential biological applications such as biomolecular sensing,
photothermal therapy, bioimaging, and drug delivery. Gold nanoparticles are of particular interest for many
of these applications due to their unique stability and size/shape-dependent optical properties. However,
the nano-bio interface is quite complicated.'? In order for potential in vivo biological applications to be
realized, a good understanding of the nanoparticle-cell interface is essential.®* To date, studies of gold
nanoparticles and cells have mainly focused on mammalian cells, but there has been growing interest in
interactions between bacteria and gold nanoparticles.>1? Nanoparticles have been shown to attach to
bacterial cell walls but do not appear to be taken up by the cells, unlike with mammalian cells.56:10.12.13
However, a majority of the work is dedicated to nanoparticle-induced antibacterial activity from small
molecules bound to the particle surface, not modulation of nanoparticle-bacteria surface interactions.t11

Because of the increasing prevalence of antibiotic resistance in pathogenic bacteria, newer and more
effective strategies for combatting infections are necessary.* Researchers have recently demonstrated
targeted attachment and photothermal killing of pathogenic bacteria using gold nanoparticles.1>23 Gold
nanoparticles (including gold nanorods) strongly absorb laser light at the wavelengths resonant with their
surface plasmons. The light is then converted to heat via pathways of photophysical processes, causing
photothermal-induced hyperthermia and irreversible damage to cell walls.?* Examples of this include the
application of gold nanorods for photothermal killing of Gram-negative, pathogenic bacteria such as
Pseudomonas aeruginosa,'” Salmonella,'81°® Escherichia coli,’*-?! and Staphylococcus aureus.?>23 These
reports demonstrate how gold nanorods may be a potential tool where antibiotics are limited to destroy
pathogenic bacteria. A better understanding of gold nanorod binding to bacterial surfaces and nanoparticle-
bacteria interactions would increase the prospective use of gold nanorods in this application.1516

It is likely that gold nanorod attachment to bacterial surfaces is influenced by interactions with
lipopolysaccharides (LPS) which make up ~75% of the outer membrane surface of Gram-negative
bacteria.?* They are known to contribute to bacterial structure, toxicity, immunity, and also influence
bacterial interactions with the outside environment. LPS molecules consist of three parts. The Lipid A
portion contributes to bacterial pathogenesis, and anchors the molecule to the cell membrane while the
oligosaccharide core is generally conserved across bacterial species. The O-antigen is a glycan polymer,
the outermost portion and varies most from strain-to-strain.?>2¢ To date, there are only a few studies of

nanoparticle interactions with LPS in the literature.?’-3! To the best of our knowledge, no studies explore

* This chapter is reprinted with permission from: Nardine S. Abadeer, Gergé Filép, Si Chen, Mikael Kall
and Catherine J. Murphy. ACS Appl. Mater. Interfaces 2015, 7, 24915-24925. Copyright (2015) American
Chemical Society.

53



how variation in nanoparticle surface coating affects attachment of LPS to nanoparticle surfaces.
Furthermore, no studies investigate interactions of various types of LPS with gold nanoparticles.
Researchers have successfully demonstrated localized surface plasmon resonance (LSPR)
refractometric sensing using gold nanorods immobilized on substrates or in colloidal solutions. Detection of
biomolecules attaching to/near these metal nanoparticles is accomplished by measuring the change in
refractive index caused by the target binding.3?3* We modified existing methods to assess LPS binding to
gold nanorods. Gold nanorods were immobilized onto glass substrates, and then coated with various
polymers. LSPR refractometric sensing was carried out to assess attachment of LPS from P. aeruginosa,
S. enterica and E. coli to gold nanorod substrates or colloidal gold nanorods. By varying gold nanorod
surface coating and LPS type, we are able to gain some insights into the potentially complex bacteria-

nanoparticle interface.

3.2 MATERIALS AND METHODS
3.2.1 MATERIALS

Cetyltrimethylammonium bromide (CTAB, 299.0%), hydrogen tetrachloroaurate trihydrate
(HAUCl4-3H20, 299.9%), sodium borohydride (NaBHa4, 299%), silver nitrate (AgNQOs, 299.0%), poly(acrylic
acid sodium salt) (PAA, MW ~15,000, 35 wt.% in H20), polyallylamine hydrochloride (PAH, MW ~15,000)
and LPS from Pseudomonas aeruginosa 10 (purified by phenol extraction) were purchased from Sigma-
Aldrich (USA). Hydrogen peroxide (H202, 230%), ammonium hydroxide (NH4OH, 28-30%), hydrochloric
acid (HCI, 231.5%), 3-mercaptopropyltrimethoxy silane (MPTMS, 95%), poly(diallyldimethylammonium)
chloride (PDDA, MW ~200,000-350,000), LPS from Salmonella enterica serotype typhimirium (purified by
phenol extraction), LPS from Escherichia coli 0127:B8 (purified by phenol extraction), sodium chloride
(NaCl, 299.5%), and heparin sodium salt from porcine intestinal mucosa (HEP, 2150 1U/mg) were
purchased from Sigma-Aldrich (Sweden). Methoxyl polyethylene glycol thiol (MPEG-SH, 5000 g/mol) was
purchased from Nanocs (USA). L (+)-ascorbic acid (99%) was purchased from Acros Organics (USA).
Ethanol (EtOH, 99.7%) was purchased from Solveco (Sweden). Nitric acid (HNOs, 65%) was purchased
from Merck (Sweden). Twenty-five mm circular glass coverslips were purchased from Menzel-Gléaser
(Germany, #1.5). Unless otherwise noted, all solutions and experiments used deionized water (18.2 MQ)

from a Milli-Q Millipore water purification system. All chemicals were used as received.

3.2.2 GOLD NANOROD SYNTHESIS

Five 500 mL batches of aspect ratio 3.6 CTAB gold nanorods were prepared, and a previous report
outlines the synthesis procedure.3® The only modification was the addition of 4 mL of 0.01 M AgNOs to the
growth solution. As-synthesized gold nanorods were aged overnight (18 h at 27°C). Then, the gold nanorod
solutions were purified via centrifugation at 13,500 rcf for 20 min and the pellets from the five batches were
combined and diluted with water to 100 mL (~4 nM) for later use. UV-vis absorbance spectra were obtained

using a Cary 5000 UV-vis spectrometer (Agilent, USA) to determine plasmon maximum and gold nanorod
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concentration. Concentration of gold nanorod solutions was determined from extinction coefficients at each
plasmon maximum, which had been previously calculated using inductively-coupled plasma atomic
emission spectroscopy.3® Transmission electron microscopy (TEM) images were obtained on a JEOL 2100
cryo TEM (JEOL, Japan). ImageJ analysis of TEM images (300 particles measured) was carried out to
determine the average dimensions and aspect ratio of the gold nanorods. Dynamic light scattering and C-

potential measurements were carried out on a ZetaPals zeta-potential analyzer (Brookhaven, USA).

3.2.3 IMMOBILIZATION OF GOLD NANORODS ON GLASS SUBSTRATES

Glass substrates (25 mm coverslips) were cleaned before nanorod immobilization to remove organic
contaminants and hydroxylate the glass surface. The substrates were immersed in a solution of 6:2:1
H20:H202:NH4OH at 70°C for 20 min and then rinsed with water. Next, the substrates were immersed in a
solution of 6:2:1 H20:H202:HCI at 70°C for 20 min, rinsed with water and baked in an oven 130°C for 1 h.

After drying, glass substrates were functionalized with MPTMS.3237 Substrates were individually
immersed in 10 mL of EtOH containing 1 yL of MPTMS for 30 min and were rinsed twice with EtOH and
dried under N2 gas. Next, 1.75 mL of a concentrated gold nanorod solution (~4 nM) was diluted to 10 mL
and centrifuged at 10,000 g for 25 min. We find that removal of excess CTAB via centrifugation is critical to
successful nanorod immobilization. The supernatant was removed, then 1 mL of HNOs at pH 2 was added
to the pellet, and the solution was diluted to 10 mL with water. An MPTMS-functionalized glass substrate
was immersed in this solution of ~0.6 nM CTAB gold nanorods at pH 3 for 15-20 min. We note that it was
possible to reuse the gold nanorod solutions one or two additional times, allowing for a more economical
substrate preparation procedure. After immobilization, the substrates were carefully rinsed with water and
dried under N2. There was a noticeable color change and the substrates visibly changed from colorless to
pale blue after immersion indicating successful nanorod immobilization.

UV-vis absorbance spectroscopy of gold nanorod substrates was used to confirm nanorod
immobilization and to detect shifts in the longitudinal plasmon maximum. Scanning electron microscopy
(SEM) images of the substrates were obtained on a Zeiss Supra60 VP microscope (Zeiss, Germany). E-
spacer was spin-coated onto the substrates prior to imaging to reduce charging effects. ImageJ analysis of
SEM images (3000 particles were counted in 3 samples) was carried out to determine the average nanorod

density on the substrates.

3.2.4 POLYMER FUNCTIONALIZATION OF GOLD NANORODS

Gold nanorod substrates were functionalized with PAA, PAH, HEP, PDDA, or PEG. The layering order
is listed in Table 3.1. For each polymer coating step with PAA, PAH, or PDDA, 1 mL of polymer stock (10
mg/mL of polymer + 1 mM NacCl) and 0.5 mL of 10 mM NaCl was added to 5 mL of water for layer-by-layer
polyelectrolyte coating.®”-28 The solutions were mixed on a vortex mixer and the gold nanorod substrates
were immersed in the solution for at least 6 h. In the case of HEP coating, the polymer stock was 2 mg/mL
of HEP + 1 mM NaCl. For PEG coating, a substrate was immersed in 5 mL of 0.5 mg/mL mPEG-SH for at
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least 6 h. The PEG solution had been sonicated for 15 min prior to use. After each polymer coating step,
the gold nanorod substrates were rinsed with water and dried under N2. UV-vis absorbance measurement
of the substrates was used to detect shifts in longitudinal plasmon maximum. Colloidal nanorods were
coated with polymers in the same way. The solutions were incubated at least 6 h, and then centrifuged at

10,000 rcf for 20 min. The coated gold nanorods were suspended in water and diluted to 0.25 nM.

Table 3.1 Selected polymers used to coat gold nanorod substrates and colloidal gold nanorods. Polymer
name, abbreviation, molecular weight, polyelectrolyte layering order in the presence of NaCl and typical
longitudinal plasmon shift observed of the substrates in air after polymer coating.

Layering Longitudinal UV-Vis

Name Abbreviation Molecular weight order Shift
Polyacrylic acid PAA 15,000 g/mol CTAB/PAA 8+ 4nm
sodium salt
Polyallylamine CTAB/PAA/
hydrochloride PAH 15,000 g/mol PAH 84 nm
Heparin sodium salt HEP 10,000 g/mol CTAB/HEP -5+3nm
Polydla_llyldlmethyl PDDA 200,000- 350,000 CTAB/PAA/ 8+5nm
ammonium chloride g/mol PDDA
Methoxyl polyethylene PEG 5000 g/mol - 29+ 2 nm

glycol thiol

3.2.5 REFRACTIVE INDEX SENSITIVITY

Polymer-coated gold nanorod substrates were immersed in various refractive index solvents to
determine refractive index sensitivity.32 The substrates were inserted into a flow cell and then the nanorods
on the outward-facing side were removed by tape-stripping. The nanorods were successfully removed from
a substrate by the application and pulling off of tape on the surface. We note that the magnitude of the
substrate absorbance was halved after tape stripping, which demonstrated that this was an effective
method for nanorod removal. The refractive index of pure water and ethylene glycol are 1.333 and 1.431,
respectively. Mixtures of water and ethylene glycol (0, 5, 10, 15, 20, 30, 40, 50 and 75%) by volume were
then injected into the flow cell allowing for change in refractive index from 1.33 — 1.41.3% UV-vis absorbance
spectra demonstrated shifts in the plasmon maximum with increasing ethylene glycol. The longitudinal peak
maxima were estimated by fitting the peak to quadratic polynomials with OriginPro. Refractive index
sensitivity can be approximated by fitting a line to the plot of peak shift versus refractive index and the slope

of the line is the refractive index sensitivity.

3.2.6 LSPR REFRACTOMETRIC SENSING WITH GOLD NANOROD SUBSTRATES
Gold nanorod substrates were inserted into a flow cell and then the nanorods on the outward-facing
side were removed by tape-stripping. The optical setup used in these refractometric sensing experiments

has been previously described.*° The setup consisted of a white light source, illumination fiber, flow cell,
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collection fiber, and miniature spectral analyzer (B&WTek, <0.2 nm spectral resolution), coupled to a
personal computer. The flow cell was immobilized between the light source and the spectrometer during
the experiments. The absorbance was monitored in the region from 700-900 nm. A MatLab program was
used to estimate LSPR peak position from the collected spectral data. Typically, the initial LSPR peak
maximum of the gold nanorod substrates was located between 780-810 nm.

Water was injected into the flow cell and peak position was monitored for at least 30 min to obtain an
accurate baseline. Then, 1 mL of 33 uyM (0.5 mg/mL) LPS in water was injected into the flow cell and the
peak was monitored for 30 min to allow for adequate binding. LPS solutions were stored at 4°C and vortex
mixed prior to use as per manufacturer’s guidelines.*! Next, the flow cell was rinsed with 3 mL of water to
remove unbound LPS, and the peak was monitored for 10 min or more to obtain the final peak maximum.
Three repeat experiments were carried out for each of the six surface coatings and the three LPS bacterial
strains.

The data from the optical setup were plotted as binding curves of peak shift versus time. The difference
between the average peak position before and after the experiment was the peak shift used to calculate
LPS per nanorod. In some cases, due to instrument drift, there was a slight positive or negative slope to
the initial baseline. This slope was subtracted from the entire binding curve to get obtain an accurate value

for the peak shift. The number of LPS bound per nanorod were calculated using Equations 3.1, 3.2, below.

3.2.7 LSPR REFRACTOMETRIC SENSING WITH COLLOIDAL GOLD NANORODS

Colloidal gold nanorods were incubated with LPS to determine plasmon shift as a function of LPS
concentration and the association constants (Ka). 1.1 mL of 0.25 nM gold nanorods were incubated with
increasing volumes from 1 — 80 L of 6.7 yM (0.1 mg/mL) LPS for at least 1 h. The absorbance was
measured from 400-900 nm and the longitudinal plasmon peak location was estimated by fitting the peak
to quadratic polynomial following the same method of polynomial fit as described in the supplementary
information for the calculation of peak location. The peak shifts relative to the original peak location were
plotted as a function of LPS/nanorod and were normalized to [0,1] in OriginPro and the data were fit to a
Langmuir adsorption isotherm to determine the association constants. Three repeat experiments were
carried out for each of the six surface coatings and the three types of LPS studied. The association

constants were calculated from the Langmuir fit using Equation 3.3, below.

3.2.8 CHARACTERIZATION OF LPS

The lyophilized, phenol-extracted LPS was used as received from Sigma-Aldrich. The product
specification sheets provided by Sigma-Aldrich states that there is <3% protein present after phenol
extraction as measured by a Lowry protein assay, but they do not provide the nucleic acid (RNA) content.
Measurement of nucleic acid absorbance of nucleic acids at 260 nm is an established method to quantify
nucleic acid content. However, in a mixture of nucleic acid and protein, the ratio of the absorbance at 260

and 280 nm is used to determine the relative amount of nucleic acid. We measured the absorbance of 1
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mg/mL LPS at 260 and 280 nm. The 260/280 ratios were 1.3 — 1.5, so only 10-20% of the absorbance at
260 nm was due to the presence of nucleic acid and 80-90% was due to the presence of protein. Ata 1 cm
path length, the extinction coefficient for RNA is 0.025 (ug/mL)cm-1. The extinction coefficient was used

to calculate the nucleic acid impurity.

3.3 RESULTS AND DISCUSSION
3.3.1 REFRACTOMETRIC SENSING

Here, we investigate attachment of LPS to gold nanorods using localized surface plasmon resonance
(LSPR) refractometric sensing. Metal nanoparticles, such as gold nanorods, exhibit characteristic LSPRs
which are tunable from the visible to the near-infrared. The surface plasmons generate regions of enhanced
electromagnetic fields near the metal surface which are extremely sensitive to small changes in the local
refractive index. Detection of biomolecules attached to/near these metal nanoparticles is accomplished by
measuring the change in refractive index caused by the target binding. The LSPR wavelength (plasmon
maximum) can be tracked over time with high accuracy, enabling picomolar detection limits.*%42 The best
plasmonic sensors exhibit large spectral shifts, even when there are relatively small changes in refractive
index in the surrounding environment.*® Gold nanorods are ideal for refractometric sensing because the
longitudinal plasmon maximum can be tuned from 500 — 900 nm by changing the aspect ratio (length/width)
of the nanorods and the longitudinal LSPR is highly sensitive to changes in refractive index.3443

The observed wavelength shift in the LSPR maximum (4A) can be described by Equation 3.1, where
m is the refractive index sensitivity of the substrate in nm per refractive index unit (RIU), An is the refractive
index difference between the bound analyte and the medium, and a is the thickness of the adsorbed coating
layer. | is the decay length of the evanescent electromagnetic field around the gold nanorods and is

dependent upon nanorod diameter.**
p=man(1- ) (3.1)

The refractive index sensitivity can be determined experimentally, allowing for the calculation of An. The
mass of analyte adsorbed on the sensor surface (I) is calculated using Equation 3.2, where d and én/6¢c
are the diameter and refractive index increment of the analyte, respectively.*? The diameter of each LPS
type was measured experimentally via dynamic light scattering. A literature standard value for refractive

index increment of lipids and polysaccharides is 0.15 mL/g.4°

_ dAn
6
n/6c

(3.2)

3.3.2 PREPARATION AND CHARACTERIZATION OF GOLD NANORODS AND SUBSTRATES
We assessed LPS interaction with gold nanorods on substrates as outlined in Scheme 3.1. In water,

the optimal aspect ratio for maximum LSPR sensitivity is in the range of 3 — 4, so aspect ratio 3.6 gold
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nanorods were prepared.*® Gold nanorods were chemically immobilized onto glass substrates via a thiol-
silane coupling agent called 3-mercaptopropyltrimethoxy silane (MPTMS). Next, the substrates were
coated with one of five different polymers (poly(acrylic acid) sodium salt, poly(allylamine hydrochloride),
heparin sodium salt, polydiallyldimethyl ammonium chloride, and methoxyl polyethylene glycol thiol) using
layer-by-layer polymer coating or ligand exchange. These are common nanoparticle surface coatings and
have been employed in biological studies using gold nanorods.*¢4° In addition, the surface charges of
nanorods associated with these coatings are cationic, anionic or neutral, allowing for an interesting variation
in surface chemistry. Colloidal gold nanorods were characterized by UV-vis, TEM, and C-potential
measurements. Gold nanorod substrates were characterized by UV-vis and SEM. The refractive index
sensitivity of the polymer-coated substrates was determined experimentally. Then, LSPR sensing
experiments were carried out to investigate LPS attachment to gold nanorods. LPS from Pseudomonas
aeruginosa, Salmonella enterica and Escherichia coli were chosen for LSPR sensing studies because gold

nanorods have been employed in photothermal destruction of these bacteria.17-2
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Scheme 3.1 Experiment scheme. Glass substrates (light blue) were functionalized with 3-
mercaptopropyltrimethoxy silane (MPTMS) in EtOH. CTAB gold nanorods (yellow) were immobilized on the
glass substrate via immersion into a gold nanorod solution at pH 3. Substrates were then coated with
various polymers (red) via immersion into polymer solutions, and exposed to LPS (green) for sensing
experiments. The potential interaction between the CTAB bilayer (dark blue), the polymer coating, and LPS
is highlighted.

CTAB-coated gold nanorods (Figure 3.1a) were synthesized following a silver-assisted, seed mediated
growth procedure.®> TEM imaging revealed the absolute dimensions of the gold nanorods (Figure 3.1b)
which are 42.3 £ 5.6 nm in length and 11.6 + 1.6 nm in width. The nanorod aspect ratio is ~3.6 and the
longitudinal peak maximum (Amax) Of colloidal nanorods is 783 nm. Gold nanorods were chemically
immobilized onto glass substrates which were functionalized with MPTMS. MPTMS functionalization allows
for chemical immobilization of gold nanorods to glass via Au-S chemistry. The glass substrates were
functionalized with MPTMS by immersion into a solution of 0.5 mM MPTMS in EtOH. This low concentration
of MPTMS was sufficient for immobilization because there was no change in substrate absorbance (a

measurement of nanorod surface density) at higher MPTMS concentrations (Figure 3.2a). In fact, too much

59



MPTMS results in significant MPTMS polymerization on a glass substrate. The polymers of MPTMS appear

as mushroom-shaped islands (SEM images not shown). Often, these islands are terminated in methyl

groups instead of thiols, and are undesirable for good quality substrates.%°

Figure 3.1 (a) Photograph and (b) TEM image of gold nanorods, Amax= 783 nm. (¢) Photograph of a gold
nanorod substrate, inset is a glass substrate without nanorods and (d,e) SEM images of gold nanorods

immobilized on a glass substrate.
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Figure 3.2 (a) UV-vis absorbance of gold nanorod substrates at ~720 nm versus concentration of MPTMS
during silane functionalization of glass substrates. (b) UV-vis absorbance of gold nanorod substrates at
~720 nm versus concentration of gold nanorods during immobilization.

Thiol-functionalized substrates were immersed into a solution of CTAB nanorods at pH 3 for nanorod

immobilization. Removal of excess CTAB from the nanorods is critical to successful nanorod immobilization.

Some CTAB was initially removed via centrifugation of the nanorods before immobilization. Also, the pH

was lowered during the nanorod immobilization step. Addition of acid to CTAB has been demonstrated to

alter micelle behavior and potentially facilitated disruption of the CTAB bilayer on gold nanorods, allowing

MPTMS access to the gold nanorod surface.® There was a noticeable color change in the substrates
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indicating successful nanorod immobilization. An example substrate is shown in Figure 3.1c with obvious
blue-green coloring on the glass which is not present in the colorless nanorod-free substrate. Generally,
increasing nanorod concentration during immersion resulted in increasing nanorod immobilization on the
glass substrate as measured by increasing substrate absorbance (Figure 3.2b). The concentration of 0.6
nM nanorods was chosen for gold nanorod immobilization because the average substrate absorbance was
0.13 £ 0.02, sufficient for sensing measurements. If the concentration of nanorods was higher than 0.6 nM,
the nanorods were too densely packed on the substrate. This resulted in increased particle overlap and
greater broadening of the plasmon resonance band which is undesirable in sensing experiments.

Gold nanorod substrates were characterized by SEM and UV-vis absorbance spectroscopy.
Characteristic SEM images of the substrates are shown in Figure 3.1d,e. The particles on the glass
substrates are clearly rod-shaped and appear to be immobilized on the sides. In addition, they appear to
be randomly distributed on the glass substrate with only a little clumping or end-to-end or side-to-side
overlap of particles. Analysis of SEM images reveals 124 + 15 nanorods/pm?, approximately 6% coverage
of the glass substrate.

UV-vis spectra of the colloidal CTAB-coated gold nanorods and a gold nanorod substrate are shown in
Figure 3.3a. There is slight tailing and broadening of the longitudinal peak for the gold nanorod substrate
which does not appear in the UV-vis spectrum of the colloidal gold nanorods. This is an indication that there
may be slight aggregation of the nanorods or plasmonic coupling resulting from nanoparticle overlap on a
substrate. The longitudinal plasmon is located at 783 nm for the colloidal particles and shifts to 714 + 5 nm
when the nanorods are immobilized on a glass substrate. This is also visible in the change from brown to
blue-green from Figure 3.1a to Figure 3.1c. A shift in the longitudinal peak is expected because gold
nanorods are highly sensitive to changes in the dielectric environment. Because the refractive index of air
is 1.00 and water is 1.33, a significant blue shift is associated with a decreasing refractive index around
gold nanorods.32:3% When the gold nanorod substrates are immersed in water, the average longitudinal peak
shifts to 794 + 15 nm (spectra not shown). Since the gold nanorods were immobilized onto glass, and the
refractive index of glass is higher than that of water, there is a slight red-shift in the plasmon maximum
relative to colloidal nanorods.

Gold nanorod substrates were coated with various polymers and their abbreviations and molecular
weights are listed in Table 3.1. These polymers were chosen because they have all been employed in
biological studies using gold nanorods.*6-49 PAA, PAH, HEP and PDDA were coated onto the cationic CTAB
gold nanorods using a layer-by-layer coating technique of immersion into solutions of anionic, and then
cationic polyelectrolyte solutions. The layering order of polyelectrolytes is listed in Table 3.1. The addition
of NaCl to the polyelectrolyte solutions screens the charged groups, allowing for the polymer to wrap around
the gold nanorods.5? mPEG-SH was coated onto the nanorods using a ligand exchange technique where
the thiolated polymer displaces some of the CTAB on the surface of the nanorods.*® Colloidal nanorods
were used for measurements of nanoparticle surface charge. The - potentials are shown in Figure 3.3b.

CTAB gold nanorods are cationic, and upon functionalization with anionic PAA or HEP the charges flip
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negative. After functionalization of PAA-coated nanorods with cationic PAH or PDDA, the surfaces become

positively charged. PEG is uncharged so the (-potential is near zero.
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Figure 3.3 (a) UV-vis absorbance spectra of colloidal gold nanorods in water (pink) and a gold nanorod
substrate in air (blue). (b) -potentials of colloidal gold nanorods in water after coating with various polymers.
(c) UV-vis absorbance spectra of the longitudinal peak of a PEG-coated gold nanorod substrate immersed
in mixtures of water and ethylene glycol. (d) Peak shift versus solution refractive index of gold nanorod
substrates with various surface coatings of CTAB (green circles), PAA (yellow squares), PAH (orange up-
triangles), HEP (pink down-triangles), PDDA (purple diamonds), and PEG (blue right-triangles).

UV-vis absorbance measurement of the polymer-coated gold nanorod substrates in air was carried out
to confirm polymer coating by monitoring the longitudinal peak position. The average shifts are listed in
Table 3.1. There are blue shifts after the anionic PAA and HEP coatings and red shifts with the cationic
PAH and PDDA coatings. Similar plasmon shifts with polyelectrolyte-coated colloidal nanorods have been
previously observed and are attributed to differences in hydration of polyelectrolyte layers.52 After
PEGylation, the longitudinal peak of the substrate shifted nearly 30 nm. This shift is likely due to change in
refractive index of PEG at the gold nanorod surface because the refractive index of ethylene glycol is greater
than that of water.3°

To estimate analyte binding, it was necessary to measure plasmonic sensitivity to bulk changes in
refractive index. Refractive index sensitivity of the plasmon bands decreases as a function of distance from

the particle surface. Because the polymers used were varied in composition, the sensitivity of each
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substrate was calculated separately. Substrates were immersed in mixtures of water and ethylene glycol
ranging from 0 — 75% changing the solution refractive index from 1.33 to 1.41.3° UV-vis absorbance spectra
demonstrated noticeable red-shifts in the longitudinal LSPR maximum with increasing concentration of
ethylene glycol. An example of a PEG-coated gold nanorod substrate is shown in Figure 3.3c where the
peak shifts from 810 to 823 nm.

The peak shifts relative to the original longitudinal peak maxima in water are plotted against refractive
index in Figure 3.3d. The relationship between peak shift and refractive index is approximately linear, and
the slope of the line fit to the data points is the refractive index sensitivity in Equation 3.1.53 The refractive
index sensitivities in nm per refractive index unit are listed in Table 3.2 in order from highest to lowest. We
note that the refractive index sensitivity value for the CTAB gold nanorods is equivalent to a literature value
of 252 nm/RIU for a previously reported gold nanorod sensor,®? but this was not the highest measured
sensitivity. Initial peak shifts for the CTAB substrates are the largest, but at a refractive index of ~1.37, the
shifts decrease in magnitude (Figure 3.3d). This non-linearity is likely due to disruption or desorption of the
CTAB bilayer by organic ethylene oxide and reduced CTAB concentration has been correlated with a blue
shift in the longitudinal plasmon band of gold nanorods.52 Also, disruption of the CTAB bilayer has been
observed to result in decreased sensitivity of CTAB gold nanorod sensors compared to coated gold
nanorods.53 The other gold nanorod coatings followed expected trends in refractive index sensitivity. Since
the PAH and PDDA coated nanorods have a PAA layer underneath, their sensitivities are smaller than
PAA. The length of a completely extended 5000 MW PEG-SH can be approximated by bond lengths to be
~27 nm.54 Even though PEG would not completely extend out on a nanoparticle surface, the average chain

length is likely greater than two polyelectrolyte layers and results in the lowest refractive index sensitivity.5?

Table 3.2 Refractive index sensitivity of gold nanorod substrates.

Refractive index sensitivity

Coating (nm/RIU)
PAA 30311
PAH 285+ 10
HEP 2794

PDDA 258 +£5
CTAB 252 +33
PEG 190+ 6

3.3.3LPS ATTACHMENT TO GOLD NANOROD SUBSTRATES

Gold nanorod substrates were used to investigate LPS attachment of LPS extracted from P.
aeruginosa, S. enterica and E. coli. The LPS had been extracted from the bacteria using phenol. The
manufacturers state that there is < 3% protein present after phenol extraction, but RNA can also be

present.#! We determined the nucleic acid content by measuring the absorbance of LPS at 260 nm. The
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greatest amount present was in LPS from E. coli was ~1.1% and there was <0.2% in LPS from P.
aeruginosa and S. enterica, so nucleic acid was not a large impurity (Table 3.3). Because the impurity in

the LPS was so small, the extracted LPS were used as received.

Table 3.3 Quantification of nucleic acid content in 1 mg/mL LPS as measured by absorbance of at 260 and
280 nm.

Absorbance  Absorbance 260/280 Percent absorbance Nucleic acid
LPS type

at 260 nm at 280 nm ratio due to nucleic acid impurity
P. aeruginosa 0.22 0.17 1.3 10% 0.09%
S. enterica 0.27 0.22 1.3 10% 0.11%
E. coli 1.4 0.94 1.5 20% 1.1%

The gold nanorod substrates were exposed to each type of LPS and binding was monitored via LSPR
refractometric sensing. The optical setup used in these experiments has been previously described.*® Water
was first injected into the flow cell to acquire an accurate baseline, and then LPS was injected into the flow
cell and the peak was monitored for 30 min, under static conditions, to allow for maximum binding. Finally,
the substrate was rinsed with water to remove unbound LPS, and the peak was monitored to obtain the
final peak position. The data from these sensing experiments are plotted as binding curves of longitudinal
peak shift versus time. Example binding curves for the six surface coatings and three types of LPS studied
are shown in Figure 3.4. In these traces, the LPS addition is shown at the 5 min mark and the rinsing step
to remove unbound LPS is at 35 min.

At first, there is an initial red-shift in the longitudinal LSPR maximum due to the change in refractive
index from LPS binding, and usually a slight blue-shift occurs after rinsing. When the substrate is rinsed,
the unbound or weakly bound LPS are removed, leaving only the strongly bound LPS molecules on the
gold nanorods. This binding effect may be analogous to protein binding on gold nanoparticles, resulting in
the formation of “hard” and “soft” coronas which is well-documented in the literature.5® “Hard” corona
formation results from macromolecules that have a high affinity for the nanopatrticle surface while the “soft”
component is dynamic, with rapid exchange between what is bound to the surface and what is in the
surrounding medium. Typically, the “soft” corona is easily removed by centrifugation or washing of the
nanoparticles, leaving the “hard” corona on the nanoparticle surface.®® Since LPS molecules are often
heterogeneous in size/composition and the O-antigen structure can be highly varied,2 this may lead to both
weak and strong LPS attachment, even within one type of LPS or interactions between LPS molecules that
are bound to the gold surface.

Variation in LPS attachment is observed among the different surface coatings on the gold nanorods.
For example, smaller red-shifts in the longitudinal LSPR are observed with cationic CTAB, PAA, HEP and
PEG nanorods (Figure 3.4a,b,d,f) while larger red-shifts occur with the PAH and PDDA nanorods (Figure

3.4c,e). The smaller LSPR shifts often appear more abrupt. It is possible that these abrupt shifts are only
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due to weakly bound LPS or to the change in the solution bulk refractive index because the final peak shifts
are small after rinsing. When the initial peak shifts are larger, the LSPR appears to shift more slowly, as if
the LPS are continually binding to the surface over time. Cationic PAH and PDDA nanorods demonstrate
greater LSPR peak shifts, compared to the anionic PAA and HEP nanorods, likely due to stronger
attachment of the anionic LPS. Interestingly, even though CTAB is also cationic, the shifts in the longitudinal
LSPR of CTAB NRs are quite small. In fact, during the experiments, there is an initial red-shift after LPS
binding, but then the peaks often began to slightly blue-shift. CTAB-coated gold nanorods can be unstable
and that CTAB is easily removed from gold nanorod surfaces. It is possible that the LPS molecules are
actually pulling the CTAB off the surface instead of binding to the gold nanorods, which would results in a
blue shift.525% The neutral PEG nanorods exhibit the smallest peak shifts of all the nanorods coatings
studied. PEG is well-known to reduce protein adsorption to nanoparticle surfaces*® and may also result in
decreased LPS attachment.
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Figure 3.4 Binding of LPS to gold nanorod substrates under static conditions. LPS were injected at 5 min
and the substrates were rinsed to remove unbound LPS at 35 min. LSPR peak shift versus time for (a)
CTAB, (b) PAA, (c) PAH, (d) HEP, (e) PDDA, and (f) PEG coated gold nanorod substrates with LPS from
P. aeruginosa (green), S. enterica (blue), and E. coli (pink).

LPS attachment also appears to vary between the LPS bacterial strains. The binding curves and peak
shifts (Table 3.4) for P. aeruginosa and S. enterica LPS appear somewhat similar; however, the LPS from
E. coli resulted in noticeable red-shifts in the LSPR for all of the nanorod coatings. Potentially, the structures
of LPS from P. aeruginosa and S. enterica are more similar to each other while LPS from E. coli is different.

Therefore, we might predict that in a natural environment, gold nanoparticles would more likely attach to E.
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coli than other Gram-negative bacteria. Because each substrate type has a different refractive index
sensitivity (Table 3.2), the binding curves alone do not tell the complete story of LPS attachment. The
average initial and final longitudinal LSPR peak shifts for the coatings and bacterial strains studied are listed
in Table 3.4. These values represent the peak shifts relative to the average LSPR peak position before LPS

addition.

Table 3.4 Initial and final longitudinal LSPR shifts due to LPS binding to gold nanorod substrates.

P. aeruginosa S. enterica E. coli
Coating Initial shift Final shift Initial shift Final shift Initial shift Final shift
(nm) (nm) (nm) (nm) (nm) (nm)

CTAB 1.7+04 0.3+0.1 20+0.5 -22+1.6 21+0.7 1.1+£0.6
PAA 1.2+0.2 1.0+0.0 21+1.1 0.7+£0.1 3.0+£0.3 22+05
PAH 7.0+1.8 57+1.9 86+25 65+1.5 40+1.0 26+0.9
HEP 1.6+0.1 -2.2+0.8 25+0.3 0.8+0.2 43+1.0 3.0+0.9
PDDA 7.0+x29 6.3+3.5 34+1.0 34+13 6.0+1.0 57+1.0
PEG 0.8+0.6 05+0.4 1.0+0.6 0.1+£0.0 1.4+0.3 1.0+0.2

The LSPR shifts were used to estimate the number of LPS bound per gold nanorod. The value for An
was calculated from Equation 3.1 using the experimentally obtained LSPR shifts and refractive index
sensitivities. Coating thickness has been previously calculated for polyelectrolyte layers on gold nanorod
surfaces. Therefore, the estimated value for ais 2.9 nm for CTAB nanorods, 3.8 nm for PAA/HEP nanorods,
and 7.2 nm for PAH/PDDA nanorods.52 The thickness of PEG coating is estimated to be 27 nm.>* For aspect
ratio ~3.5 gold nanorods, the value for | is comparable to the diameter of the nanorods,** which is 11.6 nm,
and | is not altered by coating type/thickness.5 The adsorbed mass per unit area can be calculated using
Equation 3.2 knowing the diameter and refractive index increment. The hydrodynamic diameter of LPS
micelles were approximately 50 nm for each LPS strain as measured by dynamic light scattering. The
literature value for dn/dc is 0.15 cm?3/g and the mass of an individual LPS macromolecule is ~15 kDa.4157
The surface area of a single nanorod is approximated by a cylinder to be 1750 nm?, so the exposed portion
of a single nanorod (roughly half) is 875 nm?2. This allowed us to estimate the initial and final numbers of
LPS per nanorod and the results are shown in Figure 3.5. We note it was not possible to estimate final LPS
attachment with CTAB/S. enterica and HEP/P. aeruginosa due to negative LSPR peak shifts, potentially
due to the LPS pulling the adsorbed coating off of the gold surface.

We observe some interesting trends in the number of LPS molecules bound per nanorod. There is a
difference in the initial and final number of LPS per nanorod which arises from the difference between the
initial and final peak shifts shown in the binding curves (Figure 3.5 and Table 3.4). The initial estimates of
binding (Figure 3.5a) show some variation between surface coatings, but the differences between the LPS
strains are not so great. The data in Figure 3.5b is more interesting because it represents attachment after

removal of unbound/weakly bound LPS. Figure 3.5b reveals that there is some variation in LPS per nanorod
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from 6 LPS/nanorod with PEG nanorods and S. enterica to 404 LPS/nanorod with PDDA nanorods and P.
aeruginosa. Since the electromagnetic field decays further away from the surface, and the surface area is
limited, it is possible that ~400 LPS/nanorod is the maximum possible number of LPS molecules that can
be detected to attach to the surface.
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Figure 3.5 Estimation of the (a) initial and (b) final number of LPS molecules bound per nanorod on gold
nanorod substrates after exposure to LPS from P. aeruginosa (green), S. enterica (blue), and E. coli (pink).

If the interaction was purely dependent on electrostatics, then CTAB, PAH and PDDA nanorods would
always have the greatest amount of LPS bound to the surface and very little would be observed with PAA,
HEP and PEG NRs. However, that is not always the case. For example, PAH nanorods exhibit strong
interaction with LPS from P. aeruginosa and S. enterica with >300 LPS/nanorod, but their interaction with
E. coli LPS is much less (<160 LPS/nanorod). Conversely, LPS attachment to HEP nanorods and LPS from
P. aeruginosa and S. enterica is low, but not with E. coli LPS (260 LPS/nanorod). It is interesting to note
that there is generally greater attachment of E. coli LPS to CTAB, PAA, HEP and PEG gold nanorods than
to P. aeruginosa and S. enterica LPS. Despite the fact that the interactions studied here are non-specific,
this result demonstrates that there may be enough variation in the structure of the different types of LPS to
have varied attachment to gold nanorods. Therefore, it may be possible to differentiate between bacterial

strains using gold nanorod sensors.

3.3.4 LPS ATTACHMENT TO COLLOIDAL GOLD NANORODS

LPS attachment to gold nanorod surfaces and the resulting longitudinal LSPR peak shift may also be
dependent on the concentration of LPS. Therefore, colloidal gold nanorods were incubated with varying
amounts of LPS (0 — 2000 LPS/nanorod) for each LPS type. The shift of the longitudinal plasmon relative
to the original peak position was determined from UV-vis absorbance spectra. Example spectra are shown
in Figure 3.6. Plots of peak shift versus LPS/nanorod and the -potentials before and after exposure to 2000
LPS/nanorod are shown in Figure 3.7. The shifts observed with the colloidal gold nanorods exhibit different
trends compared to the shifts observed with the gold nanorod substrates. There are blue-shifts with HEP,
CTAB, PDDA and PAH-coated gold nanorods while the PAA-coated nanorods exhibit noticeable red-shifts,
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and there is almost no shift observed in the PEGylated nanorods. In addition, variation between LPS strains
is not as apparent. The LSPR shifts observed with the PEG-coated nanorods are minimal because these
nanorods are resistant to biomolecule adsorption. The red-shifts with PAA nanorods are likely due to the
change in the solution refractive index and as the LPS/nanorod increases, the peak shifts level off at ~6 nm
for all three LPS types. It is important to note that the majority of the LSPR shift with colloidal nanorods
occurred within the range of 0 — 750 LPS/nanorod which is approximately double the number of
LPS/nanorod attached on the gold substrates (Figure 3.5). This number is quite reasonable considering

only half of a nanorod is exposed to LPS on a substrate while the full nanorod surface is exposed in solution.
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Figure 3.6 UV-vis absorbance spectra of (a) CTAB, (b) PAA, (c) PAH, (d) HEP, (e) PDDA, and (f) PEG
coated gold nanorods after incubation with increasing amounts of LPS from S. enterica (0 — 2000
LPS/nanorod). Inset spectra show longitudinal peak close up with the arrow indicating shift with increasing
LPS/nanorod.

When gold nanorods are on a substrate, they are immobilized and cannot interact with each other, but
that is not the case with colloidal particles. The reason for the blue-shifts in the LSPR for the HEP, CTAB,
PDDA and PAH-coated nanorods is likely plasmon coupling, not aggregation. Aggregation of gold nanorods
causes greater blue-shifts and significant broadening in the longitudinal LSPR, which was not observed in
the absorbance spectra (Figure 3.6). The majority of the blue-shifts observed here are less than 10 nm. It
is more likely that some of the LPS molecules wrap around multiple nanorods in a side-by-side manner.
This would result in plasmon coupling, and a blue-shift in the longitudinal LSPR compared to end-to-end

assembly which would result in a red-shift and is less likely to occur considering the length of the LPS
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chains.%8 This also fits the trend in the data because there are smaller shifts observed when anionic LPS is
exposed to the anionic HEP nanorods than the cationic CTAB, PDDA, and PAH nanorods. In addition, other
researchers have also observed plasmon coupling after LPS exposure. Sun et al.3° prepared amine-
functionalized gold nanospheres and exposed them to LPS from E. coli. UV-vis absorbance measurement
revealed that increasing concentration of LPS led a decrease in magnitude of a 525 nm LSPR peak and
the production of a new peak at 675 nm. This likely occurred because the LPS wrapped around multiple
spheres, causing plasmon coupling and the formation of a new peak at a higher wavelength.
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Figure 3.7 Longitudinal LSPR peak shift versus LPS/nanorod after 1 h incubation with LPS from (a) P.
aeruginosa, (b) S. enterica, and (c) E. coli for colloidal gold nanorods coated with PAA (yellow squares),
PEG (blue right-triangles), HEP (pink down-triangles), CTAB (green circles), PDDA (purple diamonds), and
PAH (orange up-triangles). (d) Original (grey) and final {-potentials of gold nanorods after exposure to 2000
LPS/nanorod with LPS from P. aeruginosa (green), S. enterica (blue), and E. coli (pink). The {-potential of
free LPSis-5.6 + 1.3 mV

The notion that the LPS could be wrapping around multiple nanorods also fits the trends observed with
C-potential (Figure 3.7d). The results show that the -potential of colloidal gold nanorods become more
negative after LPS exposure. The change in surface charge for PAH and PDDA-coated gold nanorods is
quite dramatic, and indicates significant LPS binding to the nanoparticle surface. The change in {-potential

of CTAB and PEGylated nanorods is more modest and there is very little change in the surface charge of
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anionic PAA and HEP-coated gold nanorods. The actual measured (-potential of free LPS is quite small
(only -5.6 mV), so the difference in surface charge was not merely due to the presence of LPS in solution.
The -potential of Gram-negative bacteria are in the range of -30 to -50 mV.5° Potentially, the orientation of
LPS molecules is altered when they are bound to a surface compared to in solution, which may reduce the
measured {-potential of LPS on a surface.

The equilibrium association constants (K,) for LPS attachment to colloidal gold nanorods were
calculated using Equation 3.3, following the same method of analysis as Yang et al.®° Plots of relative peak
shift (AAMAAmax) versus LPS concentration were fit to a Langmuir adsorption isotherm to determine Ka. An
example fit is shown in Figure 3.8. The estimated association constants for CTAB, PAA, PAH, HEP, and
PDDA nanorods are listed in Table 3.5 from lowest to highest across the 3 LPS strains. We note that it was
not possible to calculate the K, for PEG nanorods due to variability in the relative plasmon shifts. The
binding constants range in magnitude from 107-10%° M- which is within the range typically observed with
biomolecular adsorption onto gold nanoparticle surfaces.® LPS binding varies based on surface coating,
with the cationic gold nanorods exhibiting the strongest and the anionic/neutral nanorods exhibiting the
weakest association with anionic LPS. The calculated binding constants follow the trend observed with
changes in C-potential and peak shift and confirm that LPS interaction with gold nanorods is surface
chemistry-dependent.
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Figure 3.8 Relative peak shift (AA/AAmax) Of colloidal PAA-coated gold nanorods versus concentration of

LPS from E. coli. The data were fit to a Langmuir adsorption isotherm in OriginPro. The inset shows the
output from the fit where “b” is the association constant (Ka) in uM-.
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Table 3.5 Average estimated association constants (K,) for LPS binding to colloidal gold nanorods.

Coating P. aeruginosa S. enterica E. coli
PAA 3.3+£0.2x107" M? 6.1+ 0.6 x 10" M? 6.0+ 0.3 x 107 M?
HEP 5.7+0.8x107 M 8.4+1.8x107" M? 1.4+0.1x108M?
CTAB 1.5+0.3x108M? 1.1+0.1x108M? 8.8+0.8 x 107 M
PDDA 4.3+0.7 x 108 M1 1.3+0.1x108M? 4.4+22x108 M1
PAH 2.6+1.3x10°M? 6.9+6.7 x10° M? 1.1+0.3x 1010 M1

The results presented here reveal interesting implications for applications that may take advantage of
interactions between polymers and Gram-negative bacterial surfaces. For example, some researchers
have developed antibiofouling substrates of layered polyelectrolytes or polymers which prevent adhesion
of bacteria such as E. coli,6? P. aeruginosa,®? S. aureus,’ and Bacillus subtilis.* Others have coated
bacteria such as S. enterica, E. coli, and Staphylococcus cohnii, with PAH, taking advantage of the strong
interaction between PAH and LPS. In one report, this increased the potential use of Salmonella in cancer
therapy and inhibited tumor growth in mice.®® In another work, PAH-coated bacteria were exposed to
anionic metal nanoparticles. The nanoparticle-covered bacteria were used for surface-enhanced Raman
spectroscopy, demonstrating single bacterial cell identification.¢ Together, these examples demonstrate

how understanding the LPS/nanoparticle/polymer interface may be useful in microbiology applications.

3.4 CONCLUSIONS

We have demonstrated that bacterial LPS interaction with gold nanorod surfaces can be highly varied
and is dependent on the gold nanorod surface coating. Gold nanorod colloids and substrates were prepared
and coated in various types of polymers. The nanorods were exposed to LPS from Pseudomonas
aeruginosa, Salmonella enterica and Escherichia coli and binding was monitored using LSPR sensing.
Final LPS attachment ranged from 0 — 400 LPS/nanorod and association constants ranged from 107-101°
M-1. Both surface charge and surface chemistry were critical to gold nanorod-LPS interactions. A greater
amount of LPS bound per nanorod was observed with PAH and PDDA coated gold nanorods and variation
in attachment between bacterial strains was also detected. These results demonstrate the complexity of
bacteria-nanoparticle interactions and highlight the need for further study of gold nanoparticle interactions

with bacterial surface molecules, especially lipopolysaccharides.
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CHAPTER 4:
RECENT PROGRESS IN CANCER THERMAL THERAPY USING GOLD
NANOPARTICLES

4.1 INTRODUCTION

In 1852, English scientist Michael Faraday gave a lecture at the Royal Institute in London on the
“Experimental Relations of Gold (and Other Metals) to Light.” Faraday was the first to recognize gold salts
could be reduced to form ruby colored solutions of “finely divided” gold particles. More recently, there has
been great interest in the properties of gold nanostructures of various shapes and sizes.? The literature is
vast, with demonstrating= advancements in synthesis, characterization, and application of gold
nanomaterials of various shapes such as spheres,? rods,* shells,> and cages.®

Due to their small size, ease of functionalization, and uniquely tunable optical properties, gold
nanoparticles are attractive for biomedical use in sensing,” cellular imaging,® drug delivery,® and cancer
therapy.1® These applications may be realized by carefully engineering the size, shape, surface chemistry,
and aggregation state of gold nanoparticles.!* Upon illumination, ~10-200 nm gold nanoparticles can
support localized surface plasmon resonances (LSPRs) which are coherent localized oscillations of free
conduction band electrons (Figure 4.1). These conduction band electrons are highly polarizable, and when
incident light is resonant with the wavelengths of their surface plasmons, the electrons move under the
influence of the external field, giving rise to a net charge difference at the nanoparticle boundaries. Incident
light can be absorbed/scattered by gold nanoparticles and photon confinement leads to the generation of

strong electromagnetic fields at the metal surface, and a wide variety of optical phenomena.*?

Electric field

/

Gold nanosphere

/

Electron cloud

Figure 4.1 Schematic of the localized surface plasmon resonance on gold nanospheres. Upon illumination
at resonant wavelengths, conduction band electrons in a gold nanoparticle are delocalized and undergo
collective oscillation.

* This chapter is reprinted with permission from: Nardine S. Abadeer and Catherine J. Murphy. J. Phys.
Chem. C 2016, 118, Copyright (2016) American Chemical Society.
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The mean free path of an electron in gold is around 50 nm; consequently, collisions of conduction band
electrons with a gold nanoparticle surface are greatly dependent on nanoparticle diameter. Therefore, the
LSPR wavelength (Amax) and extinction cross-section of gold nanoparticle colloids are size and shape
dependent.* The LSPR is also highly sensitive to the capping agent and surrounding dielectric
environment, especially the refractive index at the nanoparticle surface.'46 Optical absorbance can
therefore be tuned from the visible to the near-infrared (NIR) and has been established both experimentally
and theoretically.1” In anisotropic nanoparticles, the plasmon resonance band may separate into several
peaks due to electron oscillation along each axis. For example, in gold nanorods there are two absorbance
peaks, one correlated with the shorter transverse axis around 520 nm and one with the longer longitudinal
axis. The longitudinal peak is more sensitive to aspect ratio (length/width) and the Amax shifts from 640 to
over 800 nm when aspect ratio (AR) is increased from 1.1-4.4. This shift can also be observed in gold
nanorod solutions where pink, blue, green and brown colors are clearly visible.18

Strong optical absorption and subsequent non-radiative energy dissipation allows for the application of
gold nanoparticles in plasmonic photothermal therapy. Link et al.1® described the photothermal heating
process in gold nanoparticles, which has been observed using femtosecond transient absorption
spectroscopy. NIR laser pulses absorbed by gold nanoparticles excite free electrons in the plasmon band,
creating a pulse of hot electrons. The hot electron pulse cools rapidly through electron-phonon interactions
by colliding with the gold lattice, heating it to thousands of degrees (depending on laser power) within ~1
ps. Heat is then transferred from the nanopatrticle to its surroundings through phonon-phonon interactions
on a timescale of ~100 ps, resulting in an increase in temperature of the surrounding medium by tens of
degrees. An example of this process in gold nanorods is shown in Figure 4.2.20

The electron and the lattice temperatures have been described mathematically (Equations 4.1 and 4.2)
using the two-temperature model where C. and C, are the electronic and lattice heat capacities, Te is the
electron temperature, T, is the lattice temperature, g is the electron-phonon coupling constant, «’ is the
electronic thermal conductivity describing the heat transport away from the excited laser spot, LP(z,t) is the
spatial temporal evolution of the exciting laser pulse.?° For a more complete physical description on the

photothermal process, we direct interested readers to reference 19.

a e !
Co(T)5E = —g(To = T) + V- (V) + LP(2,t) (4.1)
oT-
G5 =9T.—T) (4.2)

It is possible to roughly estimate the change in temperature of a laser-irradiated nanopatrticle solution.
For example, a 50 mW, 785 nm laser will deliver 60 J of energy after 20 minutes. If the absorbance of 1 mL

of gold nanorods is 1 at 785 nm, then light transmittance is 10%, and 90% of that light would
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absorbed/scattered by the particles. Given that 97% of extinction is due to absorbance,!” 52 J would be
absorbed. If we assume photothermal conversion efficiency is 100%, then the change in temperature of the

water would be ~11°C.

short laser
pulse

electrons y lattice
g0 ©® e-ph coupling
e "o ©
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Figure 4.2 Photophysical processes of a gold nanorod excited by a short femtosecond laser pulse. (1)
Absorption of photons excites free electrons in the plasmon band. (2) The non-thermal electron distribution
relaxes via electron-electron scattering. (3) There is electron-phonon coupling and heat transfer from the
electrons to the gold lattice. (4) Phonon-phonon interactions leads to heat dissipation from the crystal lattice
and the system returns to its starting electron temperature. When a continuous-wave laser source is used,
heat generated in the lattice is continuously dissipated into the surrounding environment. Adapted with
permission from Reference 20. Copyright (2014) University of lllinois.

Because the photothermal process requires light absorption, nanoparticle extinction influences the
resulting change in surrounding temperature. The extinction cross-section of gold nanoparticles in the NIR
is 108-10% M-icm, several orders of magnitude larger than even the strongest absorbing organic
chromophores.?* We note that there can be millions of atoms per gold nanoparticle and extinction is typically
reported in molarity, not mass. Absorbance is usually the greater contributor to extinction, and since smaller
gold nanoparticles generally have higher absorbance cross-sections than larger nanoparticles (scattering
contribution increases with nanoparticle size), they can be more efficient nanoheaters. In addition, the LSPR
of gold nanoparticles can be tuned to a desired laser wavelength to maximize light absorption. This is
especially useful in regions such as the “water window” where body tissues are more optically transparent
(700-1200 nm), making it also possible to heat up gold nanoparticles in vivo.'” Heating efficiency is also

dependent on the chosen irradiation conditions, and will be discussed later.2?
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4.2 PHOTOTHERMAL CANCER THERAPY USING GOLD NANOPARTICLES
The application of heat to cancer treatment is not new, and has been used since the early 1900’s. In

traditional hyperthermia, the region of the body containing the tumor is heated to ~40-45°C, several degrees
above physiological temperature (37°C).2® Heat is generated externally using instruments that produce
electromagnetic fields (microwaves or radiowaves), or ultrasound.?* Traditional hyperthermia has been
used, in combination with chemotherapy and/or radiation therapy, for the eradication of a variety of cancer
types in several clinical trials.2526

The heat generated from gold nanoparticles can be utilized in cancer therapy to damage/destroy
cancerous cells and tissues. The difference between traditional hyperthermia and photothermal therapy is
that photothermal heating only occurs in the area directly around the gold nanoparticles, and local
temperatures can rise to tens or hundreds of degrees above physiological temperature (on very short time
scales). This implies that photothermal heating could be more targeted to tumors rather than healthy tissue
to potentially reduce negative side effects of cancer therapies.?” It is thought that tumor tissue is more
hypoxic, acidic, and nutrient-deficient compared to normal tissues.?® These traits may render some cancer
cells more sensitive to heat. However, the overexpression of heat shock proteins has also been observed
in some cancers.?® These proteins may then make cancer cells more resistant than expected to heat-based
therapies, so the effects of thermal therapy are not universal in all types of cancer.20

The first example of gold nanoparticle-mediated photothermal cancer therapy was reported in 2003 by
West, Halas and coworkers.3! Gold nanoshells consisting of 110 nm silica cores surrounded by 10 nm gold
shells were functionalized with the biocompatible polymer polyethylene glycol (PEG) which is often used to
minimize nanoparticle aggregation and to increase blood circulation and half-life. These particular
nanoshells had a Amax of 820 nm, but LSPRs in gold nanoshells can be tuned from 700-1000 nm by
increasing the core-to-shell ratio.32 SK-BR-3 human breast carcinoma cells were incubated with the gold
nanoshells for 1 h and then exposed to laser light (820 nm, 35 W/cm?2, 7 min). Fluorescence imaging of the
treated cells revealed damage in the irradiated region (Figure 4.3) including lost cell membrane integrity
and cell death, which was not observed in the controls with laser irradiation or gold nanoshells alone. Db17-
Prkd ¢ SCID/J mice with 1 cm tumors in their hind legs were treated to demonstrate the potential of the
therapy in vivo. Gold nanoshells were directly injected into the tumors and NIR irradiation (820 nm, 4 W/cm?2,
6 min) resulted in an average temperature increase in the irradiated tumor spot of 37.4 + 6.6°C compared
to 9.1 + 4.7°C with the laser alone. Histological analysis revealed that there was some thermal damage to
tumors including coagulation, and cell shrinkage. Unfortunately, fast diffusion of the nanoshells throughout
the tumor and high tissue absorption resulted in only 4-6 mm maximum depth of the damaged areas,
demonstrating a limitation of the treatment.3! The same researchers carried out a study in 2004
demonstrating in vivo photothermal destruction of CT26.WT murine colon tumors in the dorsal flanks of
BALB/cAnNHsd mice. This time, the tumors were much smaller (5.5 mm) and laser irradiation was carried
out 6 h after intraperitoneal injection of the gold nanoshells to allow time for the nanopatrticles to accumulate
in the tumors. NIR laser irradiation (808 nm, 4 W/cm?, 3 min) resulted in tumor temperatures of ~50°C which

was significantly higher than the control tumors without nanoshells. 10 days after treatment, the tumors
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were gone and all mice remained healthy and tumor-free for 90 days. Conversely, all controls demonstrated
significant tumor growth and had a mean survival time of only 10 days. This suggested there was some

potential in photothermal cancer therapy using gold nanoparticles.3

Laser only Nanoshells + Laser

Calcein AM

Fluorescein-
Dextran

c d

Figure 4.3 Human breast epithelial carcinoma SK-BR-3 cells irradiated in the absence of nanoshells
maintained viability, as depicted by (a) calcein fluorescence, and membrane integrity, as indicated by (c)
lack of intracellular fluorescein dextran uptake. Cells irradiated with nanoshells possess well defined circular
zones of cell death in the (b) calcein AM study and (d) cellular uptake of fluorescein dextran from increased
membrane permeability. Adapted from Reference 31. Copyright (2003) National Academy of Sciences,
USA.

El-Sayed and coworkers advanced the prospective application of photothermal treatment by using
targeted gold nanoparticles.®* Gold nanospheres (40 nm, Amax = 530 nm) were functionalized with anti-
epidermal growth factor receptor (EGFR) monoclonal antibodies which facilitate binding and uptake of
nanoparticles by cancer cells that are known to overexpress EGFR.35 Cells were immersed in nanoparticle
solutions for 40 min and subsequent laser irradiation (514 nm, 13-76 W/cm?2, 4 min) resulted in selective
killing of HSC-3 and HOC-313 malignant human oral squamous cell carcinoma (Figure 4.4). Interestingly,
HSC cell death occurred at laser powers 225 W/cm? while HOC cells underwent photothermal killing at 219
W/cmz2. This was potentially due to greater nanoparticle binding to the surface of the HOC cells. There was
some photothermal destruction to benign HaCaT human keratinocytes, but only at laser powers 257 W/cm?
due to the non-specific binding of gold nanoparticles. In addition, there was no cell death observed when
cells were exposed to laser light alone, up to 76 W/cm? power density.®* The same researchers later
demonstrated photothermal treatment with anti-EGFR gold nanorods (AR 3.9, Amax ~790 nm). Laser
irradiation (800 nm, 4 min) of cells incubated with the nanorods demonstrated death of HSC and HOC cells
at 210 W/cm?2. The greater amount of cell destruction at lower laser density could be attributed to higher
nanorod light absorbance and enhanced light penetration in the NIR, and demonstrated that nanoparticle

shape may influence heating.3¢
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Figure 4.4 HaCaT benign cells (top row). HSC malignant cells (middle row), and HOC malighant cells
(bottom row) incubated with gold nanospheres, irradiated at different laser powers, and then stained with
trypan blue (indicative of cell death). HaCaT cells were killed at and above 57 W/cm?2. HSC malignant cells
were killed at and above 25 W/cm? and HOC malignant cells were killed at and above 19 W/cm?2. Scale bar
=60 pM. Adapted with permission from Reference 34. Copyright (2006) Elsevier.

The first demonstrations of gold nanoparticle-mediated photothermal therapy has led to an increase in
studies seeking to use gold nanopatrticles for photothermal cancer treatment (Figure 4.5). Photothermal
cancer therapy with gold nanoparticles is desirable for many reasons. First, with advancements in
synthesis, scientists have been able to scale up preparations of gold nanoparticles of various sizes and
shapes. The vast majority of these procedures are aqueous, so phase transfer from organic solvents is not
an issue.®”:38 This may allow for more widespread application of gold nanopatrticles. Second, compared to
other metals, gold is more chemically inert, potentially rendering the gold nanoparticle core biocompatible.
Studies of short-term gold nanoparticle exposure to various cell types suggest they are non-cytotoxic, and
non-immunogenic at clinically relevant concentrations.39-4% However, surface chemistry-dependent changes
in cell function including gene expression,*t and migration*? have been reported. We also note that
molecules used in nanoparticle synthesis (i.e. surfactants) can be cytotoxic.*® Therefore the effect of a
chosen surface ligand on cell viability and cell behavior is an important consideration before biological
exposure. Third, since gold nanoparticles are highly tunable in their size, shape and surface chemistry it
may be possible to engineer them for maximum tumor accumulation in vivo.** Nanoparticles that are 60-
400 nm in diameter can extravasate in solid tumors due to the leakiness of tumor vasculature, allowing for
a passive form of tumor targeting. This is known as the enhanced permeability and retention (EPR), and is
well-documented in the literature.*>46 Finally, gold nanoparticles can be designed to more actively target
tumor sites through modification of their surface chemistry. A wide array of small molecules, proteins, and
peptides has been developed to bind to specific receptors on tumor cells with varying degrees of tumor
accumulation.*” Targeting ligands may include antibodies that bind to an overexpressed protein,*8

RNA/DNA aptamers that fold into unique 3-D conformations via intermolecular interactions and bind to
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target molecules on a cellular surfaces,*5° or molecules such as folate to facilitate translocation into cancer
cells over-expressing folate receptors via receptor-mediated endocytosis.5! Then, once gold nanoparticles
bind to or accumulate in cells/tumors, NIR irradiation can trigger photothermal heating.3* Nanoparticle
LSPR, and irradiation conditions can be designed to maximize heating efficiency.?? Because irradiation is
localized at the tumor site, this may avert unwanted side effects associated with conventional cancer
treatments. However, photothermal therapy may also be used in conjunction with other cancer treatments,
such as chemotherapy, to enhance tumor destruction.28
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Figure 4.5 The number of SciFinder Scholar references per year since 2003 containing the search terms
gold, photothermal, and cancer as of January 27, 2016.

In this review we describe the aspects of gold nanoparticle design which may be important for clinical
application of gold nanoparticle heating for cancer therapy.5? This includes consideration of nanoparticle
structure including: composition, size, shape, extinction, surface charge, and targeting ligand. In addition
to photothermal heating efficiency, these characteristics can also affect nanoparticle transport across
tissue/tumor/cell boundaries, blood half-life, in vivo biodistribution and potential toxicity or damage due to
long-term exposure. Understanding how design affects biological fate will allow for the conditions of therapy
(dose and irradiation) to be optimized for successful cancer treatment. Irradiation conditions such laser
type, laser wavelength, spot size, and depth of light penetration also need to be considered for optimized
heating. All these factors may influence cancer cell death in vitro, and consequently in vivo tumor
destruction. We focus the majority of our discussion on the progress of gold nanoparticle-mediated thermal
therapy since 2010 including: treatment via radiofrequency hyperthermia, temperature changes and
distribution due to photothermal heating, potential mechanisms of cancer cell death, recent advancements
in nanoparticle design for in vitro and in vivo studies, biodistribution of gold nanoparticles, and the current

progression toward application in clinical cancer therapy.
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4.3 RADIOFREQUENCY HYPERTHERMIA WITH GOLD NANOPARTICLES

Gold nanoparticles have been reported to heat up the surrounding medium when they are exposed to
external capacitively-coupled radiofrequency (RF) electric fields. We note that RF hyperthermia is different
from traditional radiofrequency ablation therapy. In traditional RF ablation therapy, heating is accomplished
through a probe directly inserted into the tumor, and there are no nanoparticles present. Direct exposure of
a tumor to low frequency 350-500 kHz RF fields can aid in destruction of tumor cells in a variety of cancers;
however, the application can also cause a significant amount of pain in patients due to thermal injury.53 In
the RF hyperthermia systems described in this review, a 13.56 MHz signal is applied to a sample containing
gold nanoparticles which is placed in the space between two electrodes (Figure 4.6). The concept of this
treatment is that gold nanoparticles absorb the radiofrequencies and generate heat. Heating through RF
hyperthermia may be desirable because RF fields penetrate through non-conducting materials, unlike NIR

light, so invasive needles may not be necessary.>*

(a) (b)

13.56MHz
signal @

Figure 4.6 (a) Diagram of an RF heating system. A 13.56 MHz signal is applied across two metal electrodes
(red) that are coated with an insulating Teflon® layer (blue) which produces a high-voltage RF field (15
kV/m at 600 W generator power) over a variable air gap. Gold nanoparticle suspensions are placed on a
platform. (b) Prototype capacitive RF device. The metal chassis (upper white box) contains high voltage
matching circuits to produce RF fields between the electrodes. The location of the electrodes within the
chassis is highlighted by the blue rectangle. Adapted from Reference 55. Copyright (2009) Springer.

Radiation parameters and gold nanoparticle design may be modified to optimize RF hyperthermia. For
example, Moran et al.5% investigated the effects of gold nanosphere size (5-250 nm) or gold concentration
(up to 36 ppm) using 10 nm gold nanospheres. RF exposure (13.56 MHz 600 W, 15 kV/m) resulted in
temperature increases of up to 50°C with higher gold concentration and greater heating rates for smaller
diameter particles. The authors proposed the change in temperature was due to Joule heating (an electric
current through a metal releases heat resistively). In the case of gold, the superior heating efficiency of
smaller nanoparticles was credited to their greater resistivity compared to larger/bulk gold.%® Due to the
significant temperature increases reported after RF exposure, researchers have investigated RF fields to

heat up gold nanoparticles for cancer therapy.>® However, there is an ongoing debate and discussion on
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the amount of heat which can be generated through RF exposure to gold nanoparticles.5” The mechanism
of this heating process is not well-understood and is debated in the literature. Some researchers have
suggested that capacitively coupled RF fields heat gold nanoparticles inductively (Joule heating),% or with
a combination of magnetic and electrophoretic heating mechanisms.%® Readers interested in the
mechanism are directed to a recent critical review that summarizes mechanisms postulated in the
literature.5°

Researchers have explored RF heating of gold nanoparticles for thermal therapy of cancer in vitro in a
variety of cancer cell lines. All the following in vitro and in vivo reports mentioned here are summarized in
Table 4.1 Cardinal et al.?® were some of the first to report effective cancer treatment. Citrate gold
nanospheres (15 nm) were exposed to HepG2 hepatocarcinoma cells and exposed to RF fields (13.56
MHz, 35 W, 3-7 min). This resulted in 35% cell death after 3 min, 60% cell death after 5 min, and 80% cell
death after 7 min.5% Glazer et al.! reported that the success of RF heating (13.56 MHz, 200 S, 10-15 kV/m,
5 min) with anti-EGFR functionalized gold nanoparticles (20 nm) was surface chemistry dependent. A 61%
decrease in viability of Panc-1 (a pancreatic cancer cell line that overexpresses EGFR) was observed
compared to a 6.3% decrease with Cama-1, which did not express EGFR. This suggested that
internalization of nanoparticles into cancer cells was critical to successful RF thermal therapy.®? The
aggregation state of gold nanoparticles was investigated in 2012 by Raoof et al.52 They prepared anti-EGFR
gold nanospheres (10 nm) to be internalized into endosomes of SNU-449 liver cancer cells. Due to the
decrease in endosomal pH to 5.5, intracellular aggregation occurred, which was attributed to removal of
the antibody at lower pH. However, the authors were able to prevent nanopatrticle aggregation in some cells
with the addition of Concanamycin A, which blocked acidification of cell vesicles. RF exposure (13.56 MHz,
600 W, 12.4 kV/m, 9 min) resulted in 40% cell death of aggregated nanoparticles and 55% cell death of
non-aggregated nanoparticles. A significant decrease in nanoparticle heating rate and increase in viability
of SNU-449 was observed between non-aggregated and aggregated gold nanoparticles. This suggested
that nanoparticle aggregation state affected the RF absorption cross-section and cancer therapy
outcomes.52

Others have reported RF hyperthermia in vivo. Curley and coworkers8? injected nude balb/c mice with
Panc-1 or Capan-1 human pancreatic carcinoma cells to form subcutaneous tumors. 10 nm gold
nanospheres were functionalized with anti-EGFR or PAM4 antibodies to target EGFR or MUC-1 receptors,
respectively on pancreatic cells. No thermal injuries were observed in mice due to RF exposure (13.56
MHz, 600 W, 10 min) because any effects of excess electric current were prevented by attaching conductive
tape to the extremities of the mice. Treatment with RF and nanoparticles resulted in a bulk Panc-1 tumor
temperature increase of 3°C above body temperature. After six weeks treatment, tumor growth was
significantly impeded with the dual treatment compared to a significant volume increase with untreated mice
or nanoparticles/RF exposure alone. Mass spectrometry analysis of organs revealed that there was
accumulation of the nanopatrticles in the tumor (25.1 £ 6.4 mg), but also the spleen (257.6 + 7.6 mg), liver

(302.7 £ 82.5 mg), kidneys (4.1 + 0.1 mg), and lungs (4.0 + 0.3 mg) of mice. Surprisingly, no tissue damage
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was reported in those non-tumor regions, even with the substantial accumulation of nanoparticles in the
liver and spleen. In the Capan-1 tumors, PAM4 gold nanoparticles and RF exposure seemed to slow growth
in the first few weeks, but did not significantly reduce tumor size after 7 weeks. Since PAM4 is more
pancreas cancer-specific than anti-EGFR, the reduced effectiveness of PAM4 gold nanoparticles in RF
cancer therapy was unexpected. This suggested that the chosen nanoparticle ligand was influential in
successful RF therapy.®®

In 2014, Raoof et al.5* carried out RF hyperthermia in conjunction with chemotherapy in vivo using C225
antibody-functionalized gold nanospheres. The gold nanospheres were loaded with the chemotherapeutic
gemcitabine to enhance tumor cell destruction. BalbC/Nu mice bearing 0.5 cm subcutaneous
hepatocarcinoma tumors, were intraperitoneally injected with 10 nm gold nanospheres (10 mg/kg
nanoparticles, 1.2 mg/kg gemcitabine) 24 h prior to RF exposure. Mice were treated two times a week for
three weeks with gold nanoparticles/RF exposure (13.56 MHz, 600 W, 10 min). Afterwards, mice treated
with the gold nanoparticles alone, or nanoparticles in conjunction with RF exposure experienced a
significant reduction in tumor weight compared to untreated tumors or RF exposure alone. There was also
a 50% reduction in tumor weight/volume between mice treated with gold nanoparticles alone and gold
nanoparticles plus RF exposure. This suggested that gold nanoparticle delivery followed RF exposure may
have reduced tumor growth.%4

There has been one commercial attempt for application of RF-based cancer therapy with gold
nanoparticles, which was initiated in 2005.%5 The system employs a patented RF field generator, called the
Kanzius machine, (Figure 4.6) and 3—40 nm antibody-functionalized gold nanopatrticles, requiring 2—3 RF
treatments per week and multiple weeks of treatment.’® There are no reports of clinical trials on
clinicaltrials.gov, but clinical application for cancer therapy was the eventual goal of the organizations
involved.®” The rights to the Kanzius machine technology were recently purchased from AkesoGenX by
NeoTherma Oncology.58 Human clinical trials with the device only (no nanoparticles) are pending approval
in Italy during 2016 to determine the effect of RF exposure alone to cancer cells.t® However, as there is a
debate surrounding the effect mechanism of RF hyperthermia with gold nanopatrticles, it would be useful to
resolve the fundamental scientific questions in order to further cancer therapy with this technology.

Areport by D. Li et al.”® investigated RF heating in nanoparticle colloids and their supernatant solutions.
Citrate-coated gold nanospheres (5-200 nm) were separated from the other components in solution by
centrifugation. Nanoparticle and supernatant samples were exposed to RF fields (13.56 MHz, 25 W, 2.5
kV/m) and heating rates were monitored over time. The results suggested that it was actually the ionic
components and impurities in the supernatant which absorbed the majority of RF radiation and led to Joule
heating, not the gold nanoparticles.5>71 A separate investigation by X. Liu et al.”? exposed citrate-coated
gold nanospheres (10-30 nm) to stronger RF fields (13.56 MHz, 600 W, 16 kV/m, 10 min), and came to the
conclusion that there was very little heat generated by gold nanoparticles after RF exposure. A follow up
report by Corr et al.”® carried out a study to evaluate the impact of nanoparticle size and concentration on
RF heating (13.56 MHz, 100-950 W, 90 kV/m) using unpurified and purified citrate gold nanospheres (5-50
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nm). They acknowledged that while impurities may have contributed to the majority of RF heating observed
in many of the previous reports, gold nanoparticles are RF “active” when the diameter is <10 nm, and high-
power RF electric fields (=90 kV/m) are used. They also noted that heating is strongly dependent on
nanoparticle concentration but did not suggest a new mechanism.”?

Together, these reports necessitate further investigation on the amount of heat which can be generated
using RF exposure to gold nanoparticles. It is quite encouraging that Curley and coworkers have observed
a great deal of consistency in temperature changes, and persistent effectiveness in treatment of cancer in
vitro and in vivo using their RF system in conjunction with gold nanopatrticles.”*7” However, it is concerning
that there is a paucity of reports by other groups that confirm these findings. The field of RF-mediated
thermal therapy with gold nanoparticles could be further advanced if other researchers investigated and

reported upon the effects of size, shape and surface chemistry on heat generation and cancer cell death.

Table 4.1 Summary of references using RF heating of gold nanopatrticles for cancer therapy.

Reference Nanoparticle Dose and Animal model or RF Results
P exposure cell line conditions
: 13.56 35% cell death (3 min),
Cardinal®® nanoi'"haet’fego'ld3 | anman HepG2 MHz, 35 | 60% cell death (5 min),
pheres, W, 3-7 min | 80% cell death (7 min)
13.56
. 60.6% Panc-1 cell
Glazer®! Anti-EGFR gold 50 nM, 3 h Panc-1 and MHz, 200 death, 6.3% Cama-1
nanospheres, 20 nm Cama-1 W, 10-15
- cell death
kV/m, 5min
aggregated or non- 13.56 ~40% cell
aggregated anti- MHz, 600 death (aggregated) and
Raoof5? 100 pg/mL, 4 h SNU-449 W, 12.4
EGFR gold ~55% cell death (non-
kV/m, 9
nanospheres, 10 nm min aggregated)
Panc-land 3°C tumor temp
ANti-EGER or 10 mg gold/kg Capan-1 13.56 increase and significant
63 ; g ! subcutaneous ' reduction in Panc-1
Glazer PAM4 gold intraperitoneal . . MHz, 600
L tumors in the right . tumor volume, but no
nanospheres, 10 nm | injection, 36 h W, 10 min o h
flank of nude significant decrease in
balb/c mice Capan-1 tumor volume
~50% reduction in
C225-functionalized | 10 mglkg, hS“b"“ta“.eous 13.56 tumor weight with
o4 - . ; epatocarcinoma nanospheres alone,
Raoof gemcitabine gold intraperitoneal - MHz, 600 A
A tumors in balb/c : ~75% reduction in
nanospheres, 10 nm | injection, 24 h . W, 10 min . .
mice tumor weight with
nanospheres + RF
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4.4 PHYSICAL INVESTIGATIONS INTO PHOTOTHERMAL HEATING WITH GOLD NANOPARTICLES
Due to strong NIR light absorption, the majority of interest in gold nanoparticle cancer therapy is in
photothermal therapy, so the amount of heat generated is an area of research interest. H.-C. Huang et al.”®
theoretically and experimentally evaluated spatiotemporal changes in temperature from NIR irradiation of
PEG-functionalized gold nanorods (Amax = 800 nm). They employed a heat transfer model based on the
Pennes’ bioheat equation to estimate temperature distributions in 16 mm well plates containing evenly
distributed nanorods. Samples were irradiated with a continuous wave (CW) laser (800 nm, spot size 2
mm, 20 W/cm?, 15 min) and temperature was monitored at different positions using thermocouples. In the
first experiment, the optical density of gold nanorods was varied from 0.065-0.50 and higher optical density
resulted in greater increases in temperature up to 45°C.78 It is reasonable that increased concentration of
nanorods would result in stronger light absorption and greater photothermal heating, but there is a limit to
this effect in solution. Other researchers have demonstrated increased gold nanorod optical density can
decrease light penetration, resulting in restricted depth to photothermal heating.” Both the experimental
data and model predictions revealed that a steady-state temperature was reached within 20 min after
irradiation. When thermocouples were placed 4 mm from the center of the well, and at the edge of the well,
there was a difference in radial temperature (Figure 4.7a). This was in agreement with the prediction that
the temperature would decrease further from the focused laser spot. NIR laser power also affected heating,
and 8-32 W/cm? laser energies resulted in steady state temperatures from 36-60°C. Photothermal heating
of PC3-PSMA human prostate cancer cells was carried out. At a gold nanorod optical density of 0.2,
increased laser irradiation times from 0-20 min greatly increased temperature (Figure 4.7b), and decreased
cell viability (Figure 4.7c). Despite the spatial differences between the middle and edge of the wells, it was
still possible to achieve high rates of cancer cell death due to the susceptibility of cancer cells to heating.
In addition, there was strong agreement between the heat transfer model and experimental data. This
demonstrated that models can be used to successfully predict the effects of nanoparticle concentration,

laser power, and irradiation time on photothermal therapy.”®
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Figure 4.7 (a) Predicted spatiotemporal distribution after NIR irradiation within a well for gold nanorod
optical density of 0.45. The temperature is reported in K, and approximate locations of thermocouples are
shown by the red X's. (b) Temperature measurements (circles) and model predictions (solid lines) for a
gold nanorod solution with 0.2 optical density. (c) PC3 cancer cell viability 24 h after different laser irradiation
times (circles) and corresponding predictions (solid line) at 0.2 gold nanorod optical density. Adapted with
permission from Reference 78. Copyright (2010) American Chemical Society.
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Photothermal conversion efficiency (n) is the ratio of absorption to extinction and is used to describe
the efficiency of the light-to-heat conversion. Recent simulation work has demonstrated that there is
opportunity to optimize nanoparticle LSPR maximum for greater heating efficiency. Wang and coworkers®®
reported a systematic study of the photothermal conversion efficiency in gold nanorods. Temperature was
directly monitored by inserting a thermocouple into an aqueous nanorod dispersion. Gold nanorods coated
with the surfactant cetyltrimethylammonium bromide (CTAB) with widths 10-20 nm, lengths 20-65 nm and
LSPRs ranging from 520-960 nm were prepared via seed-mediated growth. After CW laser irradiation (809
nm, 30 min) a temperature rise of 55°C to 76°C was observed when the LSPR was at 810 nm and therefore
resonant with laser wavelength (Figure 4.8a). The temperature increase is 5°C less when the LSPR was
50 nm blue-shifted or red-shifted from the laser wavelength (Figure 4.8b), and can be attributed to the
decreased extinction and NIR absorption.8° Interestingly, no matter the LSPR, all of the traces
demonstrated a plateau after ~20 min of irradiation, the same trend observed by H.-C. Huang et al.”®
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Figure 4.8 (a) Experimental (symbols) and calculated (solid lines) temperature traces for irradiated gold
nanorod samples in pure water. The numbers indicate the longitudinal plasmon wavelengths of the
nanorods. (b) Dependence of the final temperature on the longitudinal plasmon wavelength. The end
temperature is the average of the last 5 points for each trace. (c) Dependence of the experimental and
calculated photothermal conversion efficiency on nanoparticle radius. Adapted with permission from
reference 80. Copyright (2010) John Wiley and Sons.

Heating efficiency versus volume was determined both experimentally and theoretically with gold
nanorods and nanobipyramids having the same Amax but different absolute dimensions (Figure 4.8c).
Photothermal heating efficiency was experimentally determined to be the highest at 95% with 10x38 nm
gold nanorods and lowest at 51% with 77x173 nm nanobipyramids.®® We note that the maximum
experimental photothermal conversion efficiency reported is 97-103% for 20 nm gold nanospheres which
absorb at ~530 nm.8! The authors determined that greater particle size/volume was generally correlated
with decreased photothermal conversion efficiency, and this conclusion has been supported by other
works.8082 The absorbance/scattering ratio is greatest in nanoparticles with smaller radii, so it follows that
the nanoparticles with smaller volume were more efficient light converters.'” However, as extinction is
reduced with smaller nanoparticles, this effect may be limited.8® Interestingly, in the FDTD simulations the
photothermal conversion decreased from 96% to 13% so the effect of nanoparticle radius was more

pronounced (Figure 4.8c). Potentially, the experimental efficiencies were higher due to scattering and
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subsequent reabsorption in solution, which would increase with nanoparticle size. Nonetheless, the trend
observed was similar to the experimental data, demonstrating the size effect in photothermal heating.8°
The absorption cross-section and LSPR peak position are shape-dependent, and may therefore impact
light to heat conversion and resulting tumor temperature. Several studies have experimentally investigated
photothermal conversion efficiencies of gold nanoparticles of varying shapes and sizes.8*% The n values
from some of these reports are listed in Table 4.2, and efficiency does vary quite a bit (22 — 100%). We
note that these n values were not calculated in vitro or in vivo, and it is possible that exposure to
physiological conditions would change aggregation state and potentially the LSPR of the nanopatrticles.
Potentially, some of the variation in these reported values is due to the different laser irradiation conditions
and nanoparticle dose. However, unlike nanoparticle volume, there is no apparent trend with particle shape.
It is difficult to compare efficiencies between studies due to the different experimental conditions; therefore,
we cannot make a definitive statement on the optimum shape for heating. Because of this variation, we
suggest it may be useful to calculate/estimate the photothermal conversion efficiency of a nanoparticle

shape in a physiological environment before considering an application in photothermal therapy.

Table 4.2 Examples of experimentally determined photothermal conversion efficiencies (n), listed from
highest to lowest, of gold nanoparticles of various shapes when excited at/near the Amax.

Reference Nanoparticle Nanoparticle size Amax Laser n
. Gold 0.28 W, CW laser
81 - ! 1 - 0,
Richardson nanospheres 20 nm 532 nm 97-103%
Chen?8® Gold nanorods 10x38 nm 810 nm CW laser, 809 nm 95%
Huang?®* Gold bellflowers 145x123x10 nm ~800 nm 1W/cm?, 808 nm 74%
Edge length, 45 nm 805-810
Zeng® Gold nanocages Wall thickness, 5 am 0.4 W/cmZ2, 808 nm 64%
nm
Ayala- Gold CW laser, 2 W/cm?, 0
Orozco® nanomatryoshkas 88 nm 783 nm 810 nm 63%
Coles® AulAU2S 50 nm ~810 nm 815 nm 59%
nanoshells
Nanoporous gold CW laser, 0.1
87 ~ 0,
Santos disks 400 nm 1100 nm W/mm2, 700-900 nm 56%
Coles8 Gold nanorods 13x44 nm 780 nm 815 nm 55%
Chent® Gold 77x173 nm 809nm | CW laser, 809 nm 51%
nanobipyramids
Pattani®® Gold nanorods 7x26 nm 770 nm 2 W/cm?2, 808 nm 50%
- 2
Avala- =1 5014 nanoshells 152 nm 796 nm | CW laser, 2 Wiem?, 39%
Orozco 810 nm
Huang?®® Biodegradable 207 nm 800Nm | 1Wicmz, 808 nm 37%
gold vesicles
Coless AU/SIO. 154 nm ~815 nm 815 nm 30%
nanoshells
Zeng® Gold hexapods 60 nm ~810 nm 0.4 W/cm?, 808 nm 30%
Pattani® Gold nanoshells 145 nm 780 nm 2 W/cm?, 808 nm 25%
Zeng® Gold nanorods 17x56 nm ~810 nm 0.4 W/cm?, 808 nm 22%
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The surface chemistry of gold nanoparticles is usually considered when attempting to increase tumor
targeting or blood circulation times, but ligands may also affect thermal conductance. Within short time
scales after laser irradiation (< 1000 ps), a change in the transient absorption signal of gold nanoparticles
can be observed due an increase in temperature in the immediate surroundings of the nanoparticle. J.
Huang et al.®* measured thermal dissipation in gold nanorods using pump-probe transient absorption
spectroscopy. Gold nanorods (12x56 nm, AR ~3.9, Amax = 776 nm) were prepared with varied amounts of
CTAB or coated with charged polyelectrolytes via layer-by-layer addition of negatively and positively
charged polymers to investigate the effect of surface coating on photothermal heating. Transient absorption
was measured following femtosecond pumping (785 nm, 1.5 mW, <0.5 ps pulses, 80 MHz) of aqueous gold
nanorod dispersions. The thermal conductivity could be extracted from the change in transient absorption.
Below the critical micelle concentration for CTAB (1 mM), the thermal conductivity of gold nanorods was
0.24 W/mK and decreased to 0.18 W/mK above 1 mM. Interestingly, thermal conductivity actually increased
from 0.32 to 0.45 W/mK with multiple layers of poly(acrylic acid) but decreased from 0.58 to 0.53 W/mK
with additional layers of polyallylamine hydrochloride. Together, these results suggested that greater water
penetration within the CTAB bilayer or polymer layers increased thermal conductivity and heat capacity of
gold nanorods and may play a role in photothermal heating efficiency.%!

Strong laser irradiation can impact the physical dimensions of gold nanopatrticles, sometimes resulting
in melting and fragmentation. Altering the shape may affect gold nanoparticle optical properties and
consequently photothermal heating ability.92 Ungureanu et al.®® investigated these changes in gold
nanorods using pulsed lasers under different irradiation conditions. CTAB gold nanorods (Amax = 713 hm or
810 nm) were irradiated at their transverse and longitudinal LSPRs (700 nm or 810 nm). Exposures were
1 min with a 10 Hz frequency and laser fluence ranged from 1-20 mJ/cm? per 6 ns pulse. It was possible to
observe the “melting” of nanorods to nanospheres by simply monitoring the absorbance spectrum for a
decrease in amplitude of the longitudinal LSPR as a function of time. In both types of gold nanorods the
laser fluence threshold for 50% reshaping was 3.5 mJ/cm?2 and 6 mJ/cm? for 95% reshaping. The authors
also investigated the impact of laser fluence on gold nanorods functionalized with the HER81 monoclonal
antibody via a PEG linker. At 4.3 mJ/cm? there was only a small decrease in the amplitude of longitudinal
LSPR, but the LSPR peak completely disappeared at 62 mJ/cm?. Potentially, the antibody-functionalized
gold nanorods were more resistant to reshaping due to higher heat diffusivity of the PEG chains compared
to CTAB. HER2 positive SKBR3 human breast carcinoma cells were then incubated with gold nanorods for
24 h (18x10° nanorods/mL), but irradiation (700 nm, 20 mJ/cmZ2 or 100 mJ/cm?) did not cause any significant
cell death. Instead, the energy of the absorbed laser pulses reshaped the nanoparticle crystals from a rods
to a spheres. However, when the cells were irradiated with a 532 nm laser at the same conditions, significant
cell death was observed, potentially due to plasmonic coupling and greater stability of the transverse
plasmon band. This result revealed that laser settings can be adjusted to maintain nanoparticle optical

properties.%3
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Simulated and experimental investigations into the effects of nanoparticle design and irradiation
conditions demonstrate that photothermal heating can be quite complicated. Together, these reports
suggest that nanoparticle characteristics such as volume, LSPR wavelength, surface ligand, and
concentration affect photothermal heating efficiency and subsequent temperature changes. However,
heating is also influenced by irradiation conditions including irradiation time, laser power, and laser
wavelength. There does not appear to be a “silver bullet” in irradiation conditions for photothermal therapy,
so scientists will likely have to investigate and optimize these parameters for maximum heating in any

chosen physiological system.

4.5 MECHANISMS OF IN VITRO CELL DEATH DUE TO PHOTOTHERMAL TREATMENT

Traditional cancer hyperthermia results in thermal damage and temperatures in the extracellular matrix
ranging from 41-48°C. Cancer cell death from traditional hyperthermia can result from: damage to the cell
membrane, denaturation of intracellular proteins, damage/impairment of RNA/DNA synthesis, changes in
gene expression, and induction of cell death via apoptosis.® Heating may also increase susceptibility or
sensitize cancer cells to other cancer treatments, including radiation and chemotherapy.® The effects of
photothermal heating on cancer cells can be similar to traditional hyperthermia. However, as demonstrated
by the ongoing debate in the literature between death by apoptosis or necrosis, one singular mechanism
may not be sufficient to describe the effects of photothermal therapy with gold nanoparticles.% Apoptosis,
also called programmed cell death, is characterized by membrane blebbing, nuclear fragmentation and
apoptotic body formation. The apoptotic bodies are eventually recognized by the immune system and are
removed by phagocytes. Necrosis, originally thought to be a more passive form of cell death, results from
toxicity or damage and is characterized by membrane collapse, cell swelling, resulting in rupture and
release of the cellular contents.®” The following reports in this section on observed mechanisms of cell
death after photothermal therapy are summarized in Table 4.3.

A report by Tong et al.®® investigated the mechanism of photothermal injury to malignant KB cells in
vitro using folate-functionalized gold nanorods (length 46.5 nm, AR 3.7, Amax = 765 nm). Cells were
incubated with the gold nanorods for 6 h to maximize binding to cellular surfaces or 17 h to ensure
intracellular delivery to the perinuclear region. CW laser irradiation (765 nm, 6-60 mW, 81.4 s) was carried
out to induce photothermal damage. Interestingly, the cells with internalized gold nanorods required 60 mW
laser intensity versus only 6 mW for surface-bound nanorods. This demonstrated that nanoparticle location
in or on cells was a critical factor in the success of photothermal heating, with the surface-bound gold
nanorods being the more effective photothermal transducers. Ethidium bromide staining revealed that cell
death was due to membrane cavitation by gold nanorods. Furthermore, actin staining demonstrated
disruption of actin filaments by an influx of extracellular Ca?*, resulting in extensive membrane blebbing.%
Blebbing is the result of disruption of the connections between the cell membrane® and cytoskeleton and

was proposed to be the cause of cell death via apoptosis.®®
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X. Huang et al.1% investigated how targeting gold nanoparticles to specific locations inside cancer cells
affected photothermal treatment. Gold nanospheres (30 nm, Amax = 526 nm) were functionalized with an
arginine-glycine-aspartate peptide (RGDRGDRGDRGDPGC) to bind alpha v beta 3 integrin receptors and
localize in the cytoplasm, or the nuclear localization sequence (GGGPKKKRKVGG) peptide to target the
cell nucleus. Human oral squamous cell carcinoma (HSC-3) cells were incubated with the nanopatrticles for
24 h, and then irradiated using a CW laser (514 nm, 25 W/cm?, 5 min) or a nanosecond-pulsed laser (532
nm, 0.3-0.8 mJ, 6-7 ns). The energy threshold to induce cell death with pulsed lasers was 0.3 mJ for
nuclear-targeted and 0.8 mJ for cytoplasm-targeted gold nanoparticles. In contrast, the energy threshold
for cell death using CW laser irradiation was 210 J for nuclear-targeted and 60 J for cytoplasm-targeted
nanoparticles. Potentially, the nanoparticles were distributed more evenly in the cytoplasm but were more
aggregated at the nucleus. Non-linear absorption of aggregated gold nanoparticles may have enhanced
the heating efficiency of pulsed lasers at the nucleus whereas slower CW laser heating was more effective
in the cytoplasm. The researchers then stained the treated cells to determine the pathway of cell death. In
nucleus-targeted cells, CW irradiation exhibited signs of early apoptosis, followed by necrosis while pulsed
laser irradiation triggered only necrosis due to immediate cell death. In cytoplasm-targeted targeted cells,
apoptosis was observed with CW irradiation at energies below 120 J, but necrosis with pulsed lasers or at
CW energies higher than 120 J. This demonstrates that the effects of location and heating method are quite
complex and may affect cell death mechanisms in photothermal therapy.19°

J.-L. Li et al.’01 also varied laser energy during photothermal heating of gold nanorods. Gold nanorods
(AR 4.0, Amax = 795 nm) were functionalized with transferrin to target transferrin receptors which are
overexpressed in rapidly dividing cancer cells. Then, the particles were incubated with HelLa cervical cancer
cells for 6 h. Cells were irradiated with a femtosecond pulsed scanning laser (800 nm, 13.9-55.6 W/cm?)
and stained with Annexin V-Cy3.18 and propidium iodide to indicate apoptotic or necrotic cell death,
respectively. At a laser power of 27.8 W/cm?2, 10 scans were sufficient to induce apoptosis was observed,
while 30 scans resulted in necrosis. However, at 13.9 W/cm?2 and 9.5 W/cm?, cell death was caused only
by apoptosis. Increasing power to 55.6 W/cm? resulted in necrosis after only 1 scan. This suggested that
laser power could be used to influence pathways of cell death.10?

C.-L. Chen et al.192 monitored cancer cells in real-time to better understand changes in cellular
morphology that occur during photothermal heating. Gold nanorods (AR 3.9, Amax = 800 nm) were
functionalized with the negatively charged polyelectrolyte polystyrene sulfonate to enhance nanorod
biocompatibility. EMT-6 breast cancer cells were incubated with gold nanorods overnight to facilitate cellular
uptake into the endosomes or lysosomes. Endocytosis resulted in the uptake of a few hundred to a few
thousand nanorods per cell. Irradiation with a femtosecond pulsed laser (790 nm, 0.5 ms) seemed to
explode the lysosomes in the cells, but interestingly, cell death was not immediate. Photothermal treatment
caused a great amount of cell damage due to the formation of 10 uM cavities, and then led to rupture of

the plasma membrane. Subsequent intracellular responses eventually resulted in death of the cells within
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4 min of laser irradiation at 185 W/cm? and 222 W/cm? (Figure 4.9). The authors proposed that cell death

was mainly the result of oncosis (Ischemic cell death) due to sudden swelling.102

initial excitation

Figure 4.9 Images of EMT-6 tumor cells at various time-points during photothermal heating by
polyelectrolyte-coated gold nanorods at (a-d) 222 W/cm? or (e-h) 185 W/cm? laser power. Location of gold
nanorods was observed using two-photon photoluminescence and are indicated by the purple dots, but
disappear after irradiation due to gold nanorod “melting”. YOPRO-1 (green stain), indicates increased cell
membrane permeability and propidium iodide (red stain) is indicative of cell death. Arrows represent the
formation of characteristic cavities due to photothermal damage. Adapted with permission from Reference
102. Copyright (2010) Elsevier.

A recent report by Pérez-Hernandez et al.1%3 examined the cellular pathways which lead to apoptotic
cell death via photothermal heating using triangular gold nanoprisms. The gold nanoprisms (Amax = 1080
nm) were functionalized with glucose to enhance uptake into cell lysosomes via carbohydrate receptors.
SV40-transformed murine embryonic fibroblasts (MEF cells) were exposed to the nanoprisms overnight
and upon CW irradiation (1064 nm, 5 W/cm?, 10 min) a temperature rise by 13°C was observed and resulted
in 58% cell death. Cells were stained with Annexin V and 7-Aminoactinomycin D, used to recognize
apoptosis or necrosis, respectively. Their results suggested that under these experimental conditions, MEF
cell death was first driven by apoptosis, and then secondary necrosis, but could also be regulated by
irradiation duration and intensity. For example, only apoptosis was observed in cells irradiated for 30 s at 5
W/cm?, but only necrosis was observed in cells irradiated for 2 min at 30 W/cm?2. Further investigation of
apoptotic cell death was carried out by examining biomarkers of cellular pathways. The expression of heat
shock proteins was detected using Western blot in photothermally treated cells. In addition, mitochondrial
outer membrane permeabilization and activation of the protein caspase-3 indicated that apoptosis was
intrinsic/mitochondrial. Apoptosis was initiated by Bid activation via lysosomal disruption (Figure 4.10).103

These authors, and others,%* suggested that because apoptosis does not cause inflammation, and is a
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more efficient and a “cleaner” form of cell death compared to necrosis, photothermal treatments should be

designed to trigger apoptosis.
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Figure 4.10 Proposed mechanism of apoptosis resulting from laser irradiation of MEF cells incubated with
gold nanoprisms. MEF cells were irradiated with an unfocused laser beam for 4 min produce apoptosis via
activation of Bid. Activation of the pro-apoptotic BH3-only protein Bid leads to oligomerization of Bak and/or
Bax in the outer mitochondrial membrane, which forms a pore allowing the release from the intermembrane
space of molecules including cytochrome c. This interacts with Apaf-1, dATP and pro-caspase 9, forming
a complex termed apoptosome that facilitates the activation of caspase 9 and consequently downstream
executioner caspases-3, -6, or -7, which ultimately are responsible for apoptotic cell death. Adapted with
permission from Reference 103. Copyright (2015) American Chemical Society.

Due to the great variation in methods of nanoparticle delivery, dosing and irradiation conditions in
photothermal treatment, the cellular responses to photothermal therapy seem to also vary. These particular
studies demonstrated that photothermal treatment may result in cancer cell death via apoptosis or necrosis,
but oncosis has also been observed. Higher laser powers, and pulsed lasers appeared to trigger necrosis
while lower laser powers and continuous wave lasers resulted in apoptosis. Heating with continuous wave
lasers, resulting in apoptosis, is the same mechanism observed in traditional hyperthermia. This may
potentially be due to similar changes in temperature near cancer cells, which would be influenced by heating
conditions. However, gold nanoparticle location on the surface, in the cytoplasm or at the cell nucleus also
influenced photothermal therapy. Further investigations into the effect of irradiation conditions are required
to gain a more complete picture of what influences each pathway. One avenue not yet explored is the
effects of cancer cell type on the mechanism of death. Differences between death mechanisms in cancer
cell types may also be due to the elevation of heat shock proteins, and may greatly affect the success of
thermal therapy. If scientists are better able to understand the mechanisms and pathways that lead to cell
death in a specific type of cancer, photothermal heating conditions can potentially be tailored to enhance

the success of cancer treatment.
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Table 4.3 Summary of references investigating the effect

cancer cell death.

of photothermal therapy on the mechanism of

Reference Nanoparticle Dose and (?e” NlR Cell death Death
exposure line conditions mechanism
6 mW with surface-
; Fplate_— 0.02nM, 6 h CW laser, bound nanorods
08 unctionalized KB 765 nm, 6- . .
Tong (surface) or 17 and 60 mW with Apoptosis
gold nanorods, . - cells 60 mW, . .
_ h (internalized) internalized
Amax = 765 nm 8l4s
nanorods
210 J to cause
Pentide- death with nucleus-
-ptide CW laser, targeted .
functionalized 514 nm, 25 | nanospheres and 60 Apoptosis
X. Huang% gold 0.2nM,24h | HSC-3 » P and
W/cm?, 5 J to cause death .
nanospheres, . . necrosis
A = 526 nm min with cytoplasm
max = targeted
nanospheres
0.3 mJ to cause
Pulsed death with nucleus-
targeted
laser, 532
100 nanospheres and :
X. Huang - - - nm, 0.3 or Necrosis
0.8 mJ to cause
0.8 mJ, 6-7 .
ns death with
cytoplasm-targeted
nanospheres
Transferrin- Pulsed Cell death with 10
. functionalized laser, 800 scans at 27.8 Apoptosis
_ 101 ’
J-Lu gold nanorods, 0.5nM,6h Hela nm, 13.9- W/cm? or 1 scan or necrosis
Amax = 795 nm 55.6 W/cm? 55.6 W/cm?
Polyelectrolyte- | A few thousand Femtosecon
functionalized to a few d pulsed Cell death at 185 .
_ 102 .
C-L. Chen gold nanorods, hundred per EMT-6 laser, 790 W/cm? Oncosis
Amax = 800 nm cell, overnight nm, 0.5 ms
Glucose-
Pérez- functionalized 1%\&";’:??’5 Apoptosis
- ! 0,
Hernandez103 golq MEF W/em2, 10 58% cell death then'
nanoprisms, min necrosis
Amax = 1080 nm
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4.6 RECENT NANOPARTICLE DESIGNS FOR IN VITRO PHOTOTHERMAL TREATMENT

There has been a great deal of interest in modifying gold nanoparticle surface chemistry for more
selective cancer cell targeting and enhanced photothermal destruction. The following reports in this section
describing some of recent advancements in gold nanoparticle design for in vitro photothermal treatment (
Tables 4.4 and 4.5). Van de Broek et al.19 prepared branched gold nanoparticles (60 nm, Amax = 628 nm)
functionalized with anti-HER2 and anti-PSA nanobodies. Nanobodies are the small antibody fragments
(~15 kDa) that bind antigens, and research has suggested that minimizing domain size increases target
affinity. Flow cytometry revealed anti-HER2 nanoparticles were successful in binding to HER2 positive
SKOV3 ovarian cancer cells but not to HER2 negative CHO cells. In addition, anti-PSA nanoparticles
(negative control) exhibited little non-specific binding to SKOV3 cells. Laser irradiation (690 nm, 38 W/cm?2,
5 min) of SKOV3 cells incubated with anti-HER2 nanopatrticles resulted in a 28°C temperature increase and
cell death. Under these same conditions, no death was observed in the negative control.19 Yuan et al.106
successfully targeted 50 nm gold nanostars to cancer cells using the TAT cell-penetrating peptide (CPP).
CPPs are chains of 30 or less amino acids that facilitate transport across cellular membranes and enhance
nanoparticle intranuclear cellular delivery via macropinocytosis. Enhanced uptake of functionalized gold
nanostars into BT549 breast cancer cells was observed compared to bare or PEG-functionalized nanostars
(Figure 4.11) within 1 h of exposure. Extremely low pulsed laser irradiation (850 nm, 0.4 W/cmZ, 3 min) of
BT549 cells incubated with the TAT gold nanostars was sufficient to cause significant cell death, and no

cell damage was observed in the controls. Even lower irradiation (0.2 W/cm?) resulted in some cell death.%
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Figure 4.11 (a) Schematic for TAT coating on gold nanostars. Bare nanostars were coated with PEG, then
with cysteine-terminated TAT. (b) Transmission electron microscopy images demonstrating cellular uptake
of 0.1 nM bare (red arrows), PEG-functionalized (no uptake) and TAT-functionalized (white arrows) gold
nanostars into BT549 cells. N = cell nucleus, C = nuclear cleft and scale bars = 2 pm. TPL (two-photon
luminescence) images of 125x125 um? area of BT549 cells. White patterns represent locations of gold
nanostars. Adapted with permission from Reference 106. Copyright (2012) American Chemical Society.
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Ali et al.19” demonstrated enhanced photothermal therapy of two sizes of gold nanorods (3.5x17 nm or
10x47 nm) functionalized with the targeting agent rifampicin. Rifampicin is actually an antibiotic but was
observed to enhance internalization of gold nanorods into the endosomes of HSC human squamous
carcinoma cells. Photothermal heating of the smaller gold nanorods resulted in ~80% cell death versus
~35% without rifampicin. The larger gold nanorods were somewhat less efficient with ~65% cell death with
rifampicin and ~20% cell death without it. Nevertheless, rifampicin enhanced photothermal heating.
Together, these three studies demonstrate how innovative surface functionalization may be effective in
enhancing photothermal therapy via targeted uptake of gold nanoparticles into cells.%7

Researchers have also explored multifunctional nanocomposites containing gold nanoparticles in vitro
to impart cell imaging or diagnostic functionalities in addition to photothermal treatment. Qian et al.108
reported a preparation of 70-80 nm gold-decorated NaYF4:Yb,Er/NaYFa/silica core/shell/shell
nanocomposites for photothermal therapy and imaging via upconversion fluorescence. The addition of the
silica shell reduced fluorescence emission quenching by the gold shell. The nanocomposites (Amax ~ 500-
560 nm) were incubated with SK-N-BE(2)-C human neuroblastoma cells and then irradiated with a CW
laser (980 nm, 20W/cm2, 20 min). Photothermal heating resulted in a temperature increase of 9°C and
67.5% cancer cell death compared to only a 4°C increase and 9.4% cell death in silica-gold nanocomposites
without the upconverting core. Potentially, heating was enhanced because green emission from the
upconverting core was absorbed by the plasmonic particles.1%Wu et al.1%® combined photothermal therapy
with surface-enhanced Raman scattering (SERS) for cancer detection. The researchers prepared 100-120
nm gold-silver bimetallic nanoparticles functionalized with the S2.2 aptamer to target MUC1 receptors on
MCEF-7 breast cancer cells. The nanoparticles were surrounded by a gold shell which prevented potential
silver toxicity and the combination of gold and silver in the core enabled SERS of the Raman reporter Rh6G
for MCF-7 cell detection. Targeting studies demonstrated enhanced nanoparticle uptake by MCF-7 cells,
but little binding to HEPG2 liver cancer cells or MCF-10A breast cancer cells. Subsequent low power laser
irradiation (808 nm, 0.06-0.25 W/cm2, 60 min) of these bimetallic particles resulted in 97% breast cancer
cell death.1%? Ke et al.11° prepared 2.3 um gold-nanoshelled polymeric microcapsules containing ultrasound-
responsive poly(lactic) acid. Enhancement of kidney ultrasound contrast imaging in New Zealand white
rabbits were observed after injection of the microcapsules. In addition, NIR laser irradiation (808 nm, 4
W/cm?, 10 min) of HeLa cervical cancer cells incubated with the particles resulted in 80% cell death due to
photothermal damage. No cell death was observed after irradiation of cells without the microcapsules,
indicating that laser irradiation did not damage cells.1® Khan et al.!!! prepared single-walled carbon
nanotubes decorated with gold nanocages for enhanced confocal fluorescence imaging. The hybrid
materials were functionalized with the A9 RNA aptamer to target prostate-specific antigen on LNCaP human
prostate cancer cells and then exposed to NIR irradiation (1064 nm, 1-2 W/cm?, 10 min). Photothermal
heating resulted in 95% cancer cell death at 2 W/cm? for LNCaP cells versus <10% cell death in PC-3 or

HaCAT which do not over express prostate-specific antigen. Confocal fluorescence imaging showed a

96



similar selectivity in binding.1* Together, these examples demonstrate the potential imaging versatility and
multifunctionality when other nanostructures are combined with gold to form nanocomposites.

Targeted delivery of chemotherapeutic drugs to tumors using nanoparticles is of widespread interest in
the cancer community due to the undesirable side effects of conventional cancer treatments.''> When drug
delivery is combined with photothermal therapy, there is potential to design optically responsive drug
release systems and/or to have a synergistic effect on cancer treatment.® X. Yang et al.11® used 60 nm
mesoporous silica-coated gold nanorods (AR 3.8, Amax ~800 nm) carrying the well-known chemotherapeutic
drug doxorubicin (DOX) for light-triggered photothermal chemotherapy. DOX was loaded into the pores,
and the silica surface was functionalized with the AS1411 DNA aptamer to target nucleolin receptors on
MCF-7 breast cancer cells. Some cytotoxicity (20%) was observed when the DOX-loaded gold nanorods
were incubated with the cells, indicating that some DOX leaked out. NIR irradiation (808 nm, 1.2 Wcm?, 10
min) triggered dehybridization of the DNA aptamers and resulted in greater DOX release. Over 90% of
MCEF-7 cells were killed by the DOX-gold nanorods, much higher than the 5% with nanorods alone or 40%
with DOX alone.113

Shi et al.114 designed pH-responsive ligands to trigger DOX release from 50 nm porous gold nanocages.
The pores in carboxylate-functionalized, DOX-loaded nanocages were blocked with 10 nm calcium
phosphate-coated iron oxide nanopatrticles. The calcium phosphate could be dissolved after internalization
of the nanocages in an acidic endosome environment, triggering DOX release (Figure 4.12a). DOX release
was further enhanced by NIR light (808 nm, 1 W, 5 min) and resulted in 47% cell death versus 15% with

nanocages alone or 23% with DOX alone (Figure 4.12b).114
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Figure 4.12 (a) Release kinetics of DOX from DOX-loaded gold nanocages in PBS buffer at pH 7.4 and
4.5 with or without 808 nm laser irradiation. (b) MCF-7 cell viability after a 24 h incubation with different
concentrations of free DOX, gold nanocages (AuNCs) with NIR irradiation and DOX-loaded AuNCs with or

without NIR irradiation. Adapted with permission from Reference 114. Copyright (2012) Royal Society of
Chemistry.

Ma et al. 115 incorporated gold nanoshells, DOX and magnetic nanoparticles into 272 nm nanomicelles

made from cholesteryl succinyl silane. In the presence of a magnetic field, laser photothermal heating (808
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nm, 4 W/cm2, 10 min) triggered micelle collapse and resulted in a 90% reduction in viability of HeLa cells
compared to 65% with gold alone or 20% with DOX alone.5 Each of these reports demonstrate that cancer
cell death can be enhanced when photothermal heating is combined with chemotherapy. It is possible that
enhanced cell death is due to sensitization of cells after heat treatment, rendering them more susceptible
to chemotherapeutics.?® If this is the case, then combination drug/heat therapy may be useful in cancer
treatment.

Other researchers have combined photothermal therapy with photodynamic therapy (PDT) to enhance
cancer cell death. Photosensitizers are usually tetrapyrrole structures with absorption peaks 600-800 nm,
and are clinically approved for cancer treatment. When oxygen is present, excitation of photosensitizers at
their absorbance maxima can result in the generation of reactive oxygen species such as cytotoxic singlet
oxygen (*O2). This often results in cell death via apoptosis or necrosis due to damage to nearby cells, and
tumor vasculature.1® L. Gao et al.l'? incorporated the photosensitizer hypocrellin into lipid vesicles and
used them to coat 45 nm gold nanocages (Amax = 800 nm). Femtosecond pulsed laser irradiation (790 nm,
85.5 pJ/pulse, 300 s) was carried out at the two-photon absorbance maximum for hypocrellin. Combination
photothermal/photodynamic therapy resulted in 83% death of HeLa cells versus 35% with hypocrellin alone
or 45% with gold nanocages alone.” Wang et al.'8 functionalized gold nanorods (AR 3.3, Amax ~ 750 nm)
with an aptamer switch probe linked to the photosensitizer chlorin 6. The aptamer, sgc8, could bind to the
protein tyrosine kinase-7 on CCRF-CEM acute lymphoblastic leukemia T-cells. Chlorin €6 has absorbance
maxima at 397, 510 and 664 nm. Irradiation with white light (2 h), and then a NIR laser (812 nm, 10 min)
resulted in a temperature increase from 25°C to 55°C and 60% cell death with chlorin e6-loaded nanorods.
This was more effective compared to 20% with chlorin e6 alone or 37% with gold nanorods alone.1® Kuo
et al.'?® incorporated the hydrophilic photosensitizer indocyanine green onto anti-EGFR antibody-
functionalized 100 nm gold nanospheres. Indocyanine absorbance max is around 800 nm, and could
therefore sensitize oxygen by NIR light. Laser irradiation (808 nm, 20 W/cm?2, 2 min) resulted in over 90%
cell death of A549 adenocarcinoma cells versus 20% with indocyanine green alone.!® Together, these
examples, the combination of photodynamic therapy with photothermal therapy resulted in greater cell
death than with separate treatments.

In vitro photothermal treatment of cancer has progressed in many directions in the last several years.
Innovative gold nanoparticle ligands have been developed for more efficient cell targeting, and
photothermal therapy has been combined with cell imaging/diagnosis, chemotherapy and photodynamic
therapy for more effective cancer treatment. Further investigation with nanoparticle design will likely
produce even more avenues for multifunctionality in gold nanoparticle-mediated photothermal therapy. The
in vitro studies described here used 2D cell culture which is a rapid way to screen potential therapies;
however, 2D cultures may not adequately represent in vivo cell-cell and cell-matrix interactions. We
anticipate that future in vitro studies of photothermal therapy will include 3D cell culture such as hydrogels
or spheroids. 3D cell culture may be a better way mimic in vivo environments and a good next step in

evaluating the effectiveness of these photothermal therapies.120.121
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Table 4.4 Summary of references on the recent advancements in nanoparticle design with targeting agents

or imaging agents for in vitro photothermal therapy.

Reference Nanoparticle Dose and Cell line NIR Results
exposure conditions
Anti-HER2 nanobody- . Optical density 1-2 no cell
Van de functionalized branched d opt[cal CW laser, 699 death, optical density 4-6
105 : _ ensity 1- | SKOV3 | nm, 38 W/cm?, ; R
Broek gold nanoparticles, Amax = . induced significant cell
6,1h 5 min
628 nm death
TAT peptide- Pu:]ss\(/j Iizesr, L Significant cell death at 0.4
Yuan10é functionalized gold 0.3nM, 4h BT549 S W/cmZ2, some cell death at
pJ/pulse, 0.4 2
nanostars 2 : 0.2 W/cm
W/cm?, 3 min
“Small” ~80% cell death
“Small” and “big” with or ~35% cell death
. rifampicin-functionalize .1 nM, aser, without rifampicin and “big
Alj107 if icin-functionalized 0.1 nM HSC Cw I 808 ithout rif ici d “big”
gold nanorods, Amax~770 0.5-24 h nm, 2 min ~65% cell death with or
nm ~20% cell death without
rifampicin
Gold-decorated 0 )
NaYF4:Yb,Er/NaYF4/silica 67.5 % cell death with
CW laser, 980 upconverting/silica/gold
108 core/shell/shell 120 pg/mL, SK-N- ) -
Qian Ubconversion 15 min Be(2)-C nm, 20W/cm?, composite and 9.4% cell
nanocgmposites [ 20 min death with silica/gold
3y max .
500-560 nm composite
Aptamer-functionalized No death at 0.06W/cm?,
P L <iver bimotalr CW laser, 808 25% cell death at
Wuloe gold-stiver bimetatlic 30 min MCF-7 | nm, 0.06-0.25 | 0.13W/cm?, 46% cell death
nanoparticles, Amax~ 580 » _ 2 070
nm W/cm?, 60 min at 0.19 W/cm?, 97% cell
death at 0.25W/cm?
Gold-nanoshelled 0.05-05 CW laser, 808 40% cell death at 0.05
Kell0 polymeric microcapsules m /mL HelLa nm, 4 W/cm?, mg/mL, 80% cell death at
Amax ~ 650-900 nm 9 10 min 0.5 mg/mL
Aptamer-functionalized o
single-walled carbon CW laser, 1064 95@};’:]“22?5(1”18?/‘32? 2
Khantt nanotubes decorated with 24 h LNCaP | nm, 1-2 Wcm?, o =i
: death without aptamer
gold nanocages, Amax ~ 10 min 3 U
functionalization
800 nm
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Table 4.5 Summary of references on the

recent advancements

chemotherapeutics or photosensitizers for in vitro photothermal therapy.

in nanoparticle design with

Conjugated
Reference Nanoparticle drug or Dose and C.:e” NIR Results
photosensitizer exposure line conditions
Aptamer- Nanorods + DOX
functionalized, Doxorubicin. 38 CW laser, = 97% cell death,
X Yangtts mesoporous m nanor'ods 0.05-0.4 MCE-7 808 nm, 1.2 nanorods alone =
’ 9 silica-coated H9 ?DOX) mg/mL, 4 h W/cm2, 10 5% cell death,
gold nanorods, min DOX alone = 40%
Amax~ 800 nm cell death
Nanocages + DOX
Porous gold_ = 47% cell death,
nanocages with 20 yg/mL, 24 CW laser, nanocages alone
Shiti4 pH-responsive | DOX, 1.1 ug/mL ”gh ' MCF-7 | 808 nm, 1w, | anocad L death
carboxylate 5 min = 15% cell death,
ligands DOX alone = 23%
9 cell death
Nanomicelles Nanomicelles +
containing gold | — ono I
nanoshells and 0.01-0.2 g(\)/g aserA,f DOXd— Q%A’ ce
115 . .01-0. nm, eath,
Ma narrlnc?gz:rﬁgfes DOX, 5 pM mg/mL Hela W/cm?, 10 nanomicelles
R 0.900 min alone = 65%, DOX
max am alone = 20%
Nanocages +
Femtosecond hypocrellin =
Sgé?e';axﬁﬁ??s Hypocrellin B, pulsed laser, 82.6% cell death,
L. Gaoll? vesicles. A p_ absorbance at 35pM, 6h HeLa | 790 nm, 85.5 nanocages alone
800 'nn;"ax‘ 790 nm, 7 uM pJ/pulse, 300 = 45.5%,
S hypocrellin alone =
35.4%
Gold nanorods +
Aptamer- Chlorin e6 White light (2 Ceb = 60% cell
Wang® functionalized (Ce6), absorbs 0.2nM. 2h CCRF- | h)then CW death, gold B
gold nanorods, white light CEM laser, 812 nanorods alone =
Amax~ 750 nm 9 nm, 10 min 37% cell death,
Ce6 alone = 20%
Anti-EGFR Indocyanine CW laser Gold nanospheres
. . ’ - 0,
KUoLLo functionalized green (ICG), 12 h AB49 808 nm. 20 +I1CG = 90% ceII_
gold absorbance at W/em2. 2 min death, ICG alone =
nanospheres 800 nm, 3.7 mM ! 20% cell death

100



4.7 RECENT NANOPARTICLE DESIGNS FOR IN VIVO PHOTOTHERMAL TREATMENT

In vivo animal studies are commonly the next step after in vitro experiments toward advancing gold
nanotherapeutics for clinical use. The following reports in this section describing recent advancements in
nanoparticle design for in vivo photothermal therapy are summarized in Tables 4.6 and 4.7. Recently,
researchers have demonstrated combined photothermal therapy and imaging/diagnosis in vivo using
multifunctional nanocomposites. Jin and coworkers!?? designed 300 nm PEG-coated gold nanoshelled
perfluorooctoylbromide nanocapsules for photothermal therapy and bimodal contrast imaging via
ultrasound and X-ray computed tomography. The authors were able to enhance contrast in U87 human
glioblastoma tumor bearing nude mice and photothermal heating (808 nm, 1.3 W/cm?2, 10 min) resulted in
a 35°C temperature increase and decreased tumor volume by 68% after 16 days.?? Y. Gao et al.1®
prepared 150 nm nanomatryoshkas (Amax = 780 nm), multilayered nanoshell structures of alternating layers
of gold and silica for SERS. Thermal imaging of MDA-MB-231 breast cancer tumors in mice revealed tumor
temperatures increased by 33°C after NIR irradiation (808 nm, 2 W, 5 min), more than sufficient for tumor
destruction. In addition, enhanced Raman signals of the Raman reporter 4-mercaptobenzoic acid in the
tumor region demonstrated the potential for SERS for tumor detection.?® A. Lin et al.'?* combined T2
magnetic resonance imaging (MRI) and photothermal heating using 60 nm PEG-functionalized gold
nanoshells containing Fes04/Ag cores (Amax = 800 nm). B16-F10 melanoma tumors were implanted in
C57BL/6 mice and could be detected by MRI when the nanopatrticles were present. Photothermal treatment
(808 nm, 4 W/cm?, 30 s) resulted in complete elimination of the tumor after 13 days when the nanoshells
were injected directly into the tumor. However, treatment only slowed growth when the nanoparticles were
injected intravenously.’?* Sun et al.’?> successfully radiolabeled 25 nm arginine-glycine-aspartic acid
peptide-modified gold nanorods with 4Cu. Radionuclide-based positron emission tomography imaging in
U87 human glioblastoma tumor bearing Athymic nude mice revealed that it was possible to determine in
vivo nanoparticle biodistribution. Tumor temperature increased by 27°C and tumor size decreased by 50%
after photothermal treatment.1?> Together, these examples demonstrate the potential versatility of
multifunctional gold nanopatrticles for in vivo diagnostic imaging and photothermal therapy. Systems such
as these may be beneficial for clinical application because therapy can be limited to the detected diseased
area, potentially preventing side-effects associated with part or whole-body treatments.

Photothermal chemotherapy of gold-drug nanoconjugates has also been employed in vivo to enhance
tumor destruction. H. Liu et al.1?6 prepared 160 nm gold nanoshelled silica nanorattles (Amax ~ 810 nm)
containing the chemotherapeutic Docetaxil and then functionalized them with transferrin. Balb/c mice
having MCF-7 tumors were treated with the functionalized gold nanoshells and NIR light (808 nm, 2 W/cm?,
3 min) demonstrated a tumor temperature increase by 15.2°C. Tumor volume was measured under several
treatment conditions but complete tumor regression was only observed in the group treated with NIR light
and targeted gold nanoshells containing Docetaxil. This treatment was more effective compared to the drug
alone, nanopatrticles alone or nanoparticles without transferrin which all exhibited increased tumor volumes
(Figure 4.13).1%6 Shao et al.*?” functionalized 33 nm gold nanospheres (Amax = 535-540 nm) with PEG and

101



TNF-a. Pulsed laser irradiation (690 nm, 1 J/cm2, 1 min) resulted in suppression of tumor growth in A/J
mice with SCK mammary cancer tumors after 7 days versus 3-7 fold volume increases in all of the control
groups. The authors also carried out photothermal treatment at the Amax with @ 532 nm laser, but observed
inflammation in the surrounding tissues, an undesirable side effect.’2” Nam et al.128 designed 10 nm gold
nanospheres (Amax = 535-540 nm) with pH-responsive ligands covalently linked to DOX via carbodiimide
coupling. In the acidic tumor environment DOX release was triggered via hydrolysis. Also, the negatively
charged surfaces were converted to a mixture of charges, reducing electrostatic repulsion, and resulted in
rapid nanoparticle aggregation and a broadening/red-shift in the LSPR to ~650 nm. Laser irradiation (660
nm, 0.5 W/cm2, 5 min) in nu/nu nude mice having B16-F10 melanoma tumors, demonstrated tumor
temperature increases of 15°C and tumor growth was halted. This was more effective than DOX or
nanoparticles alone, which only slowed tumor growth.1?® These examples reveal that combination
photothermal chemotherapy treatment can also be synergistic and effective in vivo for tumor destruction.
Further work to maximize drug conjugation and better control release rates in vivo may serve to increase

their potential for clinical application.
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Figure 4.13 (a) Photo of an MCF-7 tumor-bearing balb/c nude mouse and the tumor site is indicated by the
arrow. (b) Photo of mouse under 808 nm NIR laser light irradiation. (c-d) Photo and infrared thermal image
of the tumor side at 6 h post intravenous injection of gold nanoshelled silica nanorattles before (c) and after
(d) NIR laser irradiation at 2 W/cm?, 3 min. (e-f) Infrared and thermal image of the non-tumor side before
(e) and after (f) NIR laser irradiation. The color bars relate the relative temperature values in °C. (g) In vivo
antitumor activity of control group (saline), gold nanoshells + NIR, Texotere (Docetaxel), gold nanoshells +
Docetaxel + NIR, and transferrin-functionalized gold nanoshells + Docetaxel + NIR. (h-j) Photos of mice
with tumors at day 17 representing the (h) control group, (i) gold nanoshells + NIR, (j) and transferrin-
functionalized gold nanoshells + Docetaxel + NIR. Adapted with permission from Reference 126. Copyright
(2011) John Wiley and Sons.
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Combination photothermal photodynamic therapy has been applied to increase tumor destruction in

vivo. J. Lin et al.»?° loaded chlorin e6 into 280 nm plasmonic gold vesicles (Amax~ 650-800 nm) made from
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26 nm self-assembled block copolymer-functionalized gold nanospheres. Athymic nude mice with MDA-
MB-435 breast cancer tumors injected with the gold vesicles were laser irradiated (671 nm, 2 W/cm?2, 6 min)
resulting in a 10°C temperature increase. Because chlorin €6 has a peak at 650 nm, this wavelength of
laser irradiation could sensitize singlet oxygen. After 14 days, the combined photothermal/photodynamic
treatment prevented any tumor growth while the tumors treated with photothermal or photodynamic therapy
alone more than doubled in volume.'?® Vijayaraghavan et al.130 synthesized lipid-coated 350 nm gold
nanoechinus, nanoparticles with many spiky nanorods sticking out from the surface and a broad
absorbance profile. Interestingly, in addition to photothermal therapy, gold nanoechinus are capable of
sensitizing singlet oxygen for photodynamic therapy at 915 or 1064 nm laser excitation as measured by
phosphorescence emission at 1267 nm. C57BL/6J mice having B16-F10 melanoma tumors were irradiated
(808, 915 or 1064 nm, 130 mW/cm?). Maximum tumor temperature increase was 10°C at 808 nm and 6°C
at 915 and 1064 nm. However, tumor volume was reduced by 97% at 915 nm and 1064 nm irradiation
compared to significant tumor growth at 808 nm. Although irradiation at 915 and 1064 nm did not generate
as much photothermal heat, the additional generation of reactive oxygen species significantly increased
tumor destruction.3 Jang et al.’¥'conjugated the photosensitizer AlIPcS4 (absorbance at 675 nm) to RRLAC
peptide-functionalized 34 nm gold nanorods (AR 3.7, Amax ~ 800 nm) via electrostatic immobilization.
Photothermal heating released the bound photosensitizers from gold nanorod surfaces, freeing them for
photodynamic therapy. Photothermal therapy (810 nm, 3.82 W/cm?2) followed by photodynamic treatment
(670 nm, 331 mW/cm?) of SCC7 squamous cell carcinoma tumors in balb/c-nu mice resulted in a maximum
tumor temperature of 65°C. Surprisingly, the tumor had disappeared at day 3, but appeared again on day
6 and exhibited growth. After 8 days, tumor volume was 96% compared to the untreated control. However,
this treatment was more effective than photothermal or photodynamic treatment alone which had 25% and
79% volume reduction, respectively.13? Together, these examples demonstrate that photodynamic
therapies can be combined with photothermal therapies in vivo for enhanced tumor destruction.

There have been many recent in vivo investigations into gold nanoparticle-mediated photothermal
therapy for cancer treatment. Many researchers have combined photothermal therapy with
diagnostic/imaging, chemotherapy and photodynamic therapy using multifunctional nanoparticles.
However, researchers may want to consider if the extra effort involved in synthesis and preparation of these
nanostructures is worth the benefits of multifunctionality in vivo. Some of these studies demonstrated
reduced tumor growth while others were successful in complete tumor destruction. The variation in success
of photothermal treatments in vivo may potentially be due to the disparities in experimental procedures
between researchers. There is great variation in types of cancers, animal models, tumor sizes,
dosing/irradiation conditions. This may complicate the ability of scientists to evaluate the potential of
nanoparticle systems or to optimize treatments due to the cost/effort involved. Further investigation into
standardization of modeling methods and optimization of dosing/treatment strategies may aid in furthering

in vivo photothermal gold nanotherapeutics.
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Table 4.6 Summary of references with recent advancements in nanoparticle design with imaging agents
for in vivo photothermal therapy.

Reference Nanoparticle Imagl_n_g Dose and Animal NlR Results
capability exposure model conditions
PEG- 35°C increase in
functionalized Ultrasound 2Org p/ancL)f 2 260 mm? CW laser, tumor
122 gold nanoshelled and X-ray __mgimt, U87MG 808 nm, 1.3 temperature,
Ke intravenous ; 2
nanocapsules, computed LT tumors in W/cm?, 10 67.6% decrease
injection in : . .
Amax ~ 300-900 tomography S mice min in volume after
the tail vein
nm 16 days
100 pL of 4 o ; .
123 | Nanomatryoshka mg/mL, MDA-MB- gognm,2 | 33°Cincreasein
Y. Gao _ SERS . 231 tumors . tumor
S, Amax = 780 nm intravenous _— W, 5 min
ST in mice temperature
injection
Complete tumor
- 12 imi i
EEG . 10 ' B16-F10 elimination gfter
functionalized nanoparticles, subcutaneo 13 days with
A Lini2¢ gold nanoshells T2 MRI intravenous US TUMOrsS 808 nm, 4 intratumoral
) with FesO4/Ag or in C57BL/6 W/cm?, 30 s | injection, stunted
cores, Amax = 800 intratumoral . tumor growth
N mice .
nm injection with intravenous
injection
. o . . 27.2°C increase
Suni? V\Ethh 640U, A ~ é)mission intravenous athvmic W/cm?, 10 temperature,
 hmax injection, 24 h ymi min 50% reduction in
780 nm tomography nude mice tumor size
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Table 4.7 Summary of
chemotherapeutics or photosensitizers for in vivo photothermal therapy.

references with

recent

advancements

in nanoparticle design with

Referen . Conjugated Dose and Animal NIR
Nanoparticle drug or L Results
ce . exposure model conditions
photosensitizer
. 15.2° C tumor
Trarllsferfln- 200 pL of 5x5 mm CW laser, temperature
functionalized 1 mg/mL, MCE-7 808 i
196 . . - nm, 2 increase,
H. Liu gold nanoshelled Docetaxil intravenou . 2
- S tumors in W/cm?, 3 complete tumor
silica nanorattles, s injection, balb/c mi . . ft
Ao ~ 810 M 6h alb/c mice min regression after
max 17 days
PEG- Pulsed Nanospheres +
functionalized .250 ug/kg, 7-8 mm SCK | laser, 5 ns, TNF = tumor
intravenou . 100 Hz .
Shao'?7 gold TNE-a s tail vein | tumorsin the ' regression,
nanospheres, iniection. 8 hind limb of | 532nm, 1 | nanospheres only
Amax = 535-540 jecton, AlJ mice Jem?2 1| =7x, and 690 nm
nm min laser = 5x
nanospﬁl?alges with 100 uL of 5-10 mm terr;r[;jen::trure
H-responsive L uM, subcutaneou | CW laser, increase of 15°C
Nam?28 ﬁgandsp Ao = Doxorubicin, 2.4 | intravenou s B16-F10 660 nm, 0.5 and halted tumor
3y max — . . . 2
520 nm and shifts mg/kg ?nt'zltl:t\ilc?rlwn tuwlc;r:klgfthe wi ?ann > growth, and DOX
to ~650 nm at J24 h ' nu/nu mice or PTT just slowed
low pH tumor growth
Plasmonic 60 mm?3 terrTuer?:trure
vesicles S0 L, MDA-MB- CW laser, increas?a 10°C and
- 129 containing gold Chlorin e6 (Ce6), | 368ug/mL, ; 671 nm, 2
J. Lin - 435 in 2 prevented tumor
nanospheres, 18.4 wt.% intratumor hvmi W/cm?, 6 h. and
Amax ~ 650-800 alinjection | _&tymic min growth, and tumor
max am nude mice volume with PTT
or PDT doubled
mW}gr?wz at 97% decrease in
- Lipid-coated gold 40 mg/kg, B16-F10 tumor volume at
Vijayara . : 808 nm, 11
havan! nanoechinus, . percutane tumors in min. or 915 915 and 1064 nm
9 30 Amax = 600-1700 ous C57BL/6J ' and significant
L - and 1064
nm injection mice tumor growth at
nm, for 10
) 808 nm
min
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temperatures
20 mm3 CW laser, increased to 65°
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Jangi3t functionalized absorbance at intravenou | subcutaneou | 3.82 W/cm? | was 4% of control
9 gold nanorods, 675 nm, s injection, s tumors in then 670 versus 75% with
Amax ~ 800 nm 2500/nanorod 24 h balb/c-nu nm at 331 gold nanorods
mice mW/cm? alone or 21% with
photosensitizer
alone

105



4.8 IN VIVO BIODISTRIBUTION OF GOLD NANOPARTICLES FOR PHOTOTHERMAL THERAPY

A key factor in the success of any nanoparticle-based therapy is the ability to understand and/or control
nanopatrticle fate in vivo.132 Work by Sonovane et al.133 has previously demonstrated that citrate-capped
gold nanoparticles of various sizes (15-200 nm) can bioaccumulate in body tissues. Most of the gold
accumulation was in the liver, lungs, spleen, and kidneys, but was also found in the blood, stomach, and
pancreas, and particles even penetrated the blood-brain barrier to enter the brain.13 For photothermal
treatment of cancer to be successful, nanoparticles need to accumulate at the tumor site; however, issues
of blood half-life, transport, and long-term toxicity/biodistribution are not fully understood. Researchers have
therefore explored the individual effects of shape, size, targeting ligand and delivery method as potential
avenues to increase gold nanoparticle accumulation in and/or near tumors for photothermal therapy. Tumor
uptake of gold nanopatrticles in these various studies are summarized in Table 4.8.

Y. Wang et al.13* explored how shape of gold nanoparticles affects their pharmacokinetics. They
prepared PEG-functionalized nanohexapods (~ 50 nm, Amax = 805 nm) which are octahedral cores with six
arms, nanorods (9x36 nm, Amax= 800 nm), and nanocages (47 nm, Amax = 802 nm). The nanoparticles (100
uL, 4 nM) were injected them intravenously into the rear flanks of athymic Nude-Foxnlnu nude mice having
MDA-MB-435 breast cancer tumors (100-300 mm?3). Gold content in various organs was determined by
mass spectrometry at 6 h, 24 h and 7 days post-injection (Figure 4.14a-c). The liver and spleen had the
highest accumulation after 6 h, but it decreased slightly after 7 days. Interestingly, the blood had some
accumulation at 6 h, but after 7 days there was almost no presence of gold, potentially due to renal
clearance. Other organs with slight accumulation included the lungs, kidney and heart. After 24 h exposure,
7.2% of nanohexapods, 2.6% of nanocages and 8.4% of nanorods had accumulated in the tumor due to
EPR. Photothermal treatment (808 nm, 1.2 W/cm2, 10 min) resulted in localized heating at the tumor site
with temperature increases to 56°C for nanohexapods, 49°C for nanocages and 53°C for nanorods (Figure
4.14d,e). Furthermore, 24 h post-treatment, tumor metabolism was decreased by 90% with nhanohexapods
and nanorods, 80% with nanocages, and no visible tumors were observed in treated mice, demonstrating
successful tumor eradication. This study suggests that shape and morphology of nanostructures influences
circulation and biodistribution which would impact the outcome of photothermal treatment on tumors.34

Ayala-Orozco et al. 135 prepared PEG-functionalized gold nanomatryoshkas (88 nm, Amax = 783 nm) and
gold nanoshells (152 nm, Amax ~ 800 nm) to investigate how nanopatrticle size affects tumor uptake and
photothermal therapy. MDA-MB-231LM2 triple negative breast cancer tumors (1000 mm3) were grown near
the ribcages in Harlan Sprague Dawley athymic nude mice. Nanomatryoshkas and nanoshells (200 pL of
1.5 mg/mL) were injected intravenously into the tail vein and gold biodistribution was determined at various
time points post-injection. At 4 h, the highest accumulation of gold was in the spleen and blood, but after
24 h there was very little gold present in the blood. The authors attributed greater tumor accumulation of
nanomatryoshkas to their smaller size. Laser irradiation (808 nm, 3 W/cm?, 5 min) 4 h after injection
increased tumor temperature by 25°C for nanomatryoshkas and 19°C for nanoshells and 13°C for laser

alone and cancer cell morphology was disrupted.13® This result suggested that nanoparticle size can also
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impact photothermal heating in vivo. However, the tumors continued to grow after a few days and

photothermal treatment just extended survival, rather than completely removing aggressive tumors.
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Figure 4.14 In vivo biodistribution of PEGylated gold nanohexapods, nanocages and nanorods after they
had been intravenously injected into tumor-bearing mice for (a) 6 h, (b) 24 h, and (c) 7 days. (d)
Thermographs of tumor-bearing mice receiving photothermal treatment for different periods of time. (e)
Plots of average temperature increase within the tumor region as a function of irradiation time. Adapted
with permission from Reference 134. Copyright (2013) American Chemical Society.

Puvanakrishnan et al.1%¢ investigated the impact of nanoparticle size and dosing strategy on tumor
accumulation using PEGylated gold nanoshells (135 nm, Amax = 810 nm) and smaller gold nanorods (7x24
nm, Amax ~780 nm). The nanoparticles were injected into Swiss nu/nu mice, having 8-10 mm subcutaneous
tumors of CRL-1555 human epithelial carcinoma. The mice were injected with single or multiple (3 or 5)
nanoparticle doses, of the same optical density, at 24 h intervals. Gold accumulation in the tumor and liver
was determined using neutron activation analysis for each of the dosing strategies. For a single dose,
accumulation in the tumor, by percent of the injected dose, was 12 times for gold nanorods compared to
gold nanoshells. As expected, both tumor and liver accumulation of gold nanoshells increased with
increasing dose. Interestingly, the gold nanorod accumulation was highest in both the liver and tumor at 3

doses and decreased with 5 doses, but was still greater than a single dose.3¢ These results suggested
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smaller size nanopatrticles, and a multiple dosing strategy may be beneficial to enhance nanoparticle
accumulation in tumors prior to photothermal therapy.

In previous sections, we have described methods scientists have used to attach targeting ligands so
gold nanopatrticles can more specifically bind to tumor cells. A persistent question in the literature is whether
the effort involved in active targeting is useful in enhancing accumulation of gold nanoparticles in tumors,
and if this increases success of photothermal therapy in vivo compared to relying on the EPR effect alone.
C. H. J. Choi et al.’¥7 investigated the impact of active targeting by varying the amount of transferrin (0-
144/nanopatrticle) bound to PEG-functionalized gold nanospheres (50 nm). Many types of cancer cells over
express transferrin receptors, so transferrin-functionalized nanoparticles can accumulate in cancer cells via
receptor-mediated endocytosis. Female A/J mice bearing subcutaneous Neuro2A neuroblastoma tumors
were injected with the nanoparticles in the tail vein. Biodistribution after 24 h was determined by mass
spectrometric analysis of the digested organs. Despite the differences in transferrin functionalization,
nanoparticle accumulation in the liver/spleen were always the highest. Nanoparticle accumulation in the
tumors was only 2-3% of the injected dose, and there was little difference in accumulation with the different
amounts of transferrin. However, there was higher intracellular accumulation of the transferrin-
functionalized nanoparticles in the tumor cells, as determined by transmission electron microscopy. This
result suggested the effort to functionalize the nanoparticles with a tumor targeting agent did not effectively
increase bulk tumor accumulation but did affect nanoparticle localization within tumor cells.137

Other studies which compare active and passive targeting using functionalized gold nanoparticles show
similar results. Active functionalization is effective in increasing binding/uptake of gold nanoparticles in cells
in vitro, but in vivo tumor accumulation is usually less than 10% of the intravenous dose.138139 One reason
for limited tumor uptake is the strong accumulation of nanoparticles by the mononuclear phagocyte system
(formerly called the reticulo-endothelial system).4% Monocytes, dendritic cells and macrophages, which are
present in the liver, spleen, and blood, sequester particles larger than ~100 nm. Particles smaller than ~5
nm are rapidly cleared by kidneys. A large percentage of particles ~5-100 nm can also be taken up by
macrophages but perhaps not to the same degree as larger particles. Specific targeting ligands are known
to prevent macrophage uptake, but PEGylation of nanoparticles is thought to decrease uptake by the
mononuclear phagocyte system.#! This may explain why the vast majority of nanoparticles in vivo are
found in the liver and spleen, despite differences in nanoparticle design.

Perhaps another reason for limited tumor accumulation is the formation of a protein corona around gold
nanoparticles in physiological matrices. Protein binding on nanoparticle surfaces, resulting in the formation
of “hard” and “soft” coronas, is well-documented in the literature and a current area of research interest.142
The ability to understand and protein adsorption to various nanoparticle constructs may allow scientists to
better predict and potentially control the “face” which a nanoparticle presents, and therefore its fate in a
physiological environment.*4> However, nanoparticle protein coronas also become more complicated in
vivo. The biomolecular corona may play a role in reducing the effectiveness of targeting agents in binding

to tumor cells because proteins may shield an attached ligand, and reduce its targeting functionality.4*
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Therefore, while active tumor targeting can improve nanoparticle intracellular accumulation, the effect on
bulk tumor accumulation is marginal at best, and perhaps is not worth the effort involved.14

Once nanoparticles travel to the tumor, it is beneficial if they are able to penetrate the tumor center for
photothermal heating to result in more effective tumor destruction. J. Chen et al.1*¢investigated nanoparticle
tumor penetration using PEG-functionalized gold nanocages (48 nm, Amax = 800 nm) and Athymic nu/nu
mice bearing U87TMGWtEGFR human glioblastoma tumors. At 96 h post injection (100 uL, 10 mg/mL) ~6%
of the injected dose was in the tumor. After laser irradiation (808 nm, 0.7 W/cm?2, 10 min), tumor
temperatures reached 54°C and tumor metabolic activity was reduced by 70%. The tumors were then
dissected to determine spatial nanocage distribution. The edges had more than twice the amount of
nanocages as the center, potentially due to the greater presence of blood vessels in the outer areas.14¢
Mooney et al.1*” used neural stem cells to facilitate delivery of gold nanorods (10x40 nm, Amax = 810 nm)
which were functionalized with 11-mercaptoundecyltrimethylammonium bromide into tumors. 5-7 mm MDA-
MB-231.Ffluc breast cancer tumors were grown in Charles River Athymic nude mice and were injected with
neural stem cell-loaded nanorods or free nanorods. After 3 days, free gold nanorods remained in the tumor
core while the neural stem cell-loaded nanorods were evenly distributed throughout the tumor (Figure 4.15).
Irradiation (811 nm, 2 W/cm?, 5 min) resulted in complete tumor ablation but some of tumors regrew. After
100 days, 60% of the mice treated with gold nanorod-loaded neural stem cells and 20% of the mice treated
with free nanorods survived while all the mice in the control group were dead by day 30. Potentially, spatially
distributed heat generation resulted in more effective thermal destruction by the neural stem cells loaded

with gold nanorods.4”

Figure 4.15 Comparison of free gold nanorods and neural stem cell (NSC)-loaded gold nanorod distribution
after intratumoral injection. 3 days after nanorod injection, tumors were sectioned and imaged using dark-
field microscopy. (a, b) Tiled, flattened, dark-field micrographs of entire cross sections of tumors injected
with (a) free nanorods) or (b) NSC nanorods. (c, d) Mapped cross-sections of tumors injected with (c) free
nanorods or (b) NSC nanorods. (e, f) 3D projection of all mapped nanorods (red) and tumor (blue) traces
generated using Reconstruct software in tumors that received (e) free nanorods or (f) NSC nanorods. Scale
bars =1 mm. Adapted from Reference 147 (not subject to U.S. copyright).

109



Together, these studies demonstrate that gold nanoparticle design appears to affect biodistribution and
therefore the success of gold nanoparticle photothermal therapy in vivo. Only one of the in vivo studies
mentioned here used intratumoral injection, and the majority of researchers injected gold nanoparticles
intravenously, relying on the EPR effect to increase tumor accumulation. Shape, size, targeting ligand, and
dosing strategy appear to influence whether nanoparticles extravasate into tumors, accumulate in the
liver/spleen or are cleared by the kidneys. In addition, nanoparticles location in a tumor is a factor to be
considered because nanoparticles which travel into the tumor center are effective in aiding photothermal
tumor destruction. However, while the EPR effect is well-known in tumors, it is also not ubiquitous, but also
heterogeneous and seems limited because usually less than 10% of intravenously injected nanoparticles
actually end up in the tumor. Nanoparticles extravasate into tumors because of the “leakiness” of the
vasculature, but pore sizes in tumors may vary depending on cancer type, tumor size, and cancer state (i.e.
primary versus metastatic). Therefore, we cannot suggest one specific gold nanoparticle design that would
be generally successful in accumulating in all tumor types.'*® We direct readers interested in more
information on biodistribution to recent reviews on the subject.*>47.149 |n order to increase the effectiveness
of photothermal therapies, we suggest researchers continue to explore how design and dosing strategies
affect biodistribution and tumor accumulation of gold nanopatrticles in a variety of cancers. More in vivo
studies which investigate the effect of active and passive tumor targeting in conjunction with shape, size,

and surface chemistry would be useful in this area.
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Table 4.8 Summary of references which analyze gold nanoparticle biodistribution in vivo.

Tumor uptake (%
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vein mice Y
100 pL of 4 nM Subcutaneous MDA- o o
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vein mice Y
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4.9 PROGRESSION OF PHOTOTHERMAL THERAPY TO CLINICAL USE

Currently, only one gold nanoparticle photothermal treatment system has progressed to clinical trials.
Nanospectra Biosciences, Inc., founded in 2002, is a company focused on commercializing photothermal
therapeutics for destruction of solid tumors. AuroLase® Therapy consists of AuroShell® particles which are
150 nm gold nanoshells (Amax = 780-820 nm) and functionalized with a 5,000 molecular weight PEG-thiol.
The nanoshells are injected intravenously and PEGylation allows them to circulate in the blood long enough
to accumulate in tumors via the EPR effect. Then, a fiber optic NIR laser (808 nm) is inserted through the
skin into or near the tumor and subsequent irradiation(s) may result in cancer cell death and tumor
regression.150 A fiber optic laser is used because NIR light can only penetrate up to 10 cm in tissue so
tumors in deep areas of the body cannot be treated with lasers at/above the skin.15! The use of a fiber optic
laser inserted into the body is a useful solution to the problem of limited penetration depth. This was
demonstrated by Schwartz et al who used an optical fiber to carry photothermal treatment in a venereal
tumor in a canine brain model.52

There have been two human clinical trials for photothermal treatment using gold nanoshells. The
AuroLase® pilot study began in April 2008 and was completed August 2014. This trial consisted of a single
dose nanoparticle treatment for 5 patients with refractory and/or recurrent tumors of the head and neck,
who would be observed in the 6 months following treatment. No results have yet been posted.153 The
second clinical trial began in October 2012 and is ongoing with a projected end date of June 2016. This
trial is for the treatment of primary and/or metastatic lung tumors, and patients are given a systemic infusion

of the gold nanoshells followed by escalating doses of NIR irradiation.154

4.10 CONCLUSIONS AND PERSPECTIVES

There has been a great deal of development in the field of gold nanoparticle-mediated cancer therapy
in vitro and in vivo in the last 13 years. The potential of radiofrequency hyperthermia using gold
nanoparticles has been investigated and has been demonstrated to be effective under certain conditions,
and the treatment may merit further study. Many researchers have also demonstrated effective cancer
treatment, at least in the lab, with photothermal therapy. The effects of structure, composition, and surface
chemistry of gold nanomaterials have been investigated to better understand photothermal heating
efficiency. Researchers have demonstrated enhanced nanoparticle accumulation and cell death in cancer
cells and tumors by attaching targeting ligands to gold nanoparticles or by taking advantage of the EPR
effect. Photothermal therapy has also been combined with imaging modalities or other methods of cancer
treatment including chemotherapy and photodynamic therapy to achieve synergistic cancer treatment in
vitro and in vivo. Recent advancements in nanoparticle design and a better understanding of the effects of
photothermal heating demonstrates that there is potential for this therapy in clinical applications. In addition,
the continuation of AuroLase® to a second human trial is encouraging. If these clinical trials of AuroLase

Therapy demonstrate effective treatment, then maybe other gold nanoparticle treatment systems will follow.
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Thus far, scientists have found many ways to destroy cancer cells in vitro and in vivo in mice, but
translation to commercial clinical use has not yet occurred. The following characteristics of a treatment are
attractive for photothermal cancer therapy with gold nanoparticles: scalability in production, effective tumor
targeting and tumor penetration, effective destruction of cancer, and demonstration of low/no long-term in
vivo toxicity. One large barrier to application and commercialization may be the lack of nanoparticle model
standards to test the effectiveness of photothermal therapy. All the studies described here used gold
nanomaterials, but factors such as size, shape, surface coating, injected dose, animal model and cancer
model varied and can make comparison between the studies a significant challenge.55 Also, despite the
demonstrations of scaled-up synthesis, nanomaterial synthesis is notorious for being irreproducible, and
no two nanoparticle batches are the exact same. Variation in nanoparticle structure/composition may affect
tumor targeting ability and penetration along with photothermal heating efficiency. In addition, the toxicity
of nanomaterials is not well-understood and could also vary with structure/composition. Therefore, for
photothermal cancer therapy to be realized, it would be beneficial if all treatments are standardized or
compared to a known reference material, cancer type, and animal model. This way, improvements in
targeting and therapy can be correlated with more effective cancer therapy in humans.

Another significant barrier to commercialization of photothermal therapy may be the cost and time
involved in preparing and studying nanomaterial treatment systems. Y. Wang et al.*** injected 100 pL of 4
nM PEGylated gold nanoparticles into 5-6 week old Athymic Nude-Foxnlnu nude mice, which they treated
using photothermal therapy. If we assume these mice weigh on average of ~17 g,1%¢ we can extrapolate
that the dose required to treat a 75 kg human subject would be 450 mL of 4 nM gold nanoparticles and we
can estimate treatment cost. NanoHybrids charges $500 for 1 mL of 120 nM PEGylated gold nanorods with
an LSPR at 808 nm.157158 Therefore, 15 mL of these PEG functionalized gold nanorods would cost
approximately $7500 for a single treatment. It is well known that the costs of cancer treatment can be quite
high in the United States.'®® For example, the average cost per patient for chemo/radiation therapy during
treatment of pancreatic cancer was $8700 between the years 2000-2007.16° In 2006 the price of various
chemotherapy or radiative treatments of advanced cervical cancer in women was $1997-10705.161 Given
that a single dose of nanoparticles for photothermal therapy approaches the cost of these treatments, the
price of photothermal therapy should be evaluated in its ability to eradicate cancer in a cost-effective
manner.

Another potential barrier to commercialization is that many of the systems described in the literature
are quite complicated in design, and are often referred to as theranostic (therapeutic and diagnostic). The
added multifunctionality in active targeting ligands, imaging modalities or photodynamic/chemotherapeutic
loads while fundamentally interesting and potentially useful, also may complicate syntheses a great deal.
This might translate to a significant added cost and extra time involved in investigating nanotoxicity, gaining
clinical approval, and achieving large-scale nanoparticle production and commercialization. Additionally,
the added costs are not guaranteed to add to the effectiveness of the treatment due to limited nanoparticle

accumulation in tumors. In fact, the nanoparticle constructs, which have been clinically approved for various
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treatments/diagnostic tests, are more simple in design — one type of core particle with one surface functional

group/ligand.’#> Perhaps it would be better if scientists, clinicians and researchers interested in gaining

clinical approval photothermal therapy focus on better synthetic control and characterization of

nanomaterials as well as improvement of the pharmacokinetic profiles and photothermal conversion

efficiencies of simple nanoparticle systems. We are not yet in the era of personalized medicine.2 For now,

the route to improved patient outcomes may be in working to carry out photothermal therapy using “simple”

nanostructures - this is exemplified by the AuroLase treatment, which is simpler in design.
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CHAPTER 5:
PHOTOTHERMAL INACTIVATION OF THE THERMOPHILIC BACTERIUM
GEOBACILLUS STEAROTHERMOPHILUS USING GOLD NANORODS

5.1 INTRODUCTION

The interface between bacteria and metal nanopatrticles is a growing field of research and is interesting
for a variety of reasons.!® For example, gold nanoparticles can be prepared via microbial synthesis,** and
it is thought that the environmental fate of gold nanomaterials is strongly tied to nanoparticle-bacterial
surface interactions.-8 Additionally, gold nanoparticles have been used in applications related to microbial
sensing or antibacterial treatment. It is possible to detect or quantify pathogens using techniques such as
fluorescence spectroscopy,® light-scattering,1%-12 colorimetric assays,'31> or surface-enhanced Raman
spectroscopy.16-20 Gold nanoparticles have also been used as antibacterial agents with surface coatings
that are antimicrobial,??® as delivery agents to carry antibiotic drug payloads,?*?” or to carry
photosensitizers for enhanced photodynamic therapy.?8-31 These applications are possible because of the
unique size-dependent optical properties of gold nanomaterials, and they are realized by careful control of
nanopatrticle size, shape and surface chemistry.1-3

Laser photothermal heating is another potential application of gold nanoparticles which might be used
to kill bacteria.?2 Photothermal heating is a well-known phenomenon, and occurs because of the strong
absorbance of light by gold nanoparticles. Gold nanoparticles absorb light at frequencies which are
resonant with their localized surface plasmon resonance (LSPR).%2 The LSPR is the coherent oscillation of
conduction band electrons. The LSPR wavelength is dependent upon the size and shape of a plasmonic
nanoparticle, and shape can be synthetically controlled, resulting in LSPR tunability from the visible to the
near-infrared (NIR). When gold nanoparticles absorb light, the LSPR is excited and the energy absorbed
by the crystal lattice can be dissipated as heat via electron-phonon and phonon-phonon interactions on
picosecond timescales. This can heat up the surrounding medium by tens of degrees and the local
temperature rise around a gold nanoparticle can be even greater.33

If laser-irradiated gold nanoparticles are bound to or near a cell surface, the heat generated can be
great enough to cause cell death. Photothermal therapy using NIR irradiation has been carried out in a
variety of cancer cell lines in vitro and in vivo, and has been used in clinical trials for the treatment of head,
neck, and lung cancers.®® Photothermal heating has also been demonstrated to kill pathogenic
bacteria.?3334 In those reports, gold nanoparticles are usually functionalized with a targeting ligand which
facilitates particle binding to the bacterial surface. Subsequent laser irradiation of the suspension by
continuous or pulsed lasers can result in a significant amount of bacterial cell death or inactivation.
Researchers have demonstrated successful killing of a variety of bacterial strains including Escherichia
coli,’¢ Bacillus subtilis, Exiguobacterium,3” Streptococcus,®® Salmonella typhimurium,3°4° Pseudomonas
aeruginosa,*! and Staphylococcus aureus.314243 The success of systems such as these are promising and

exciting as the threat of antibiotic resistant bacteria continues to increase.**
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To our knowledge, while there have been many demonstrations of photothermal inactivation of various
strains of bacterial cells, no researchers have investigated photothermal inactivation of bacterial
endospores. Because of their resistance to extreme conditions, bacterial endospores are a useful candidate
for laser photothermal heating studies. Sporulation is a process which is triggered in certain strains of Gram-
positive bacteria when they encounter conditions which are unfavorable for growth. Bacterial endospores
are living structures which exist in a dormant state.*> They have no metabolism and are highly resistant to
extreme environmental conditions such as extreme heat, UV light, or harsh chemicals.*% This is due to the
dehydrated nature of the spore core and the presence of a thick spore coat, cortex and cell wall which
reduces access to the spore interior. Endospores can therefore be more antibiotic resistant than their
vegetative cell counterparts.*” However, while spores are not hazardous in their dormant state, this does
not render them harmless. An endospore can exist for thousands of years, and when conditions are
favorable for growth, a series of signaling events take place, and the spore will germinate to form a new
vegetative cell. Spore-forming bacteria such as Bacillus anthracis, Bacillus cereus, and Clostridium
botulinum have been implicated in terrorist attacks and foodborne illnesses, and might pose a threat to
public health.*>47 Therefore, it is worth investigating alternative methods which can be used to inactivate
bacterial endospores.

In this report we investigate the application of gold nanorods in photothermal inactivation of endospores
and vegetative cells of the thermophilic, Gram-positive spore-forming bacterium Geobacillus
stearothermophilus. G. stearothermophilus is a non-pathogenic, biosafety level 1 organism, and its spores
are known to be resistant to sterilization by heat, plasma, microwaves, steam or chemical agents.*851
Additionally, G. stearothermophilus endospores are a standard biological indicator to test steam-based
sterilization methods so they serve as an excellent model organism for photothermal studies.>?2 In this study,
we compare the effect of photothermal heating on G. stearothermophilus using gold nanorods having four
different cationic, anionic and neutrally charged polymer coatings. Gold nanorods having different surface
chemistries are prepared and characterized. The nanorods are incubated with spores and vegetative cells,
and then are irradiated with a continuous wave 785 nm laser diode. Inactivation of G. stearothermophilus
is measured by a colony counting technique. The interaction between the nanorods and spore surfaces is
investigated by scanning electron microscopy to determine if there is any change in endospore morphology
after nanorod exposure or photothermal treatment. Additionally, photothermal treatment of vegetative cells
is compared to heating in a water bath.

5.2 MATERIALS AND METHODS
5.2.1 MATERIALS

Cetyltrimethylammonium bromide (CTAB, 299.0%), hydrogen tetrachloroaurate trihydrate
(HAuUCI4-3H20, 299.9%), sodium borohydride (NaBH4, 299%)), silver nitrate (AgNQOs, 299.0%), poly(acrylic
acid sodium salt) (PAA, MW ~15,000, 35 wt.% in H20), polyallylamine hydrochloride (PAH, MW ~15,000)
polydiallyldimethyl ammonium chloride (PDDA, MW ~200,000-350,000), phosphate buffered saline (10X
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PBS), and Tween80 were purchased from Sigma-Aldrich. Methoxyl polyethylene glycol thiol (PEG-SH,
5000 g/mol) was purchased from Nanocs. L (+)-ascorbic acid (99%) was purchased from Acros Organics.
Butterfield’s buffer and Petrifilm Aerobic Count Plates were purchased from Nelson-Jameson. Geobacillus
stearothermophilus (ATCC 7953, ~10% CFU/0.1 mL) vegetative cells were purchased from ATCC and
endospores were purchased from NAMSA. All solutions and experiments used deionized water (18 MQ)

from a Milli-Q Millipore water purification system. All chemicals and materials were used as received.

5.2.2 SYNTHESIS AND FUNCTIONALIZATION OF GOLD NANORODS

Gold nanorods were synthesized following the seed-mediated growth procedure described in a
previous report.>® The addition of AQNOs to the growth solution promotes gold nanorod formation and allows
for the control of gold nanorod aspect ratio. Silver concentration was therefore adjusted so the longitudinal
absorbance band maximum of the gold nanorods would overlap with the 785 nm laser for more efficient
photothermal heating.

After synthesis, the gold nanorods were purified via centrifugation at 11,500 rcf for 20 min. The CTAB-
coated gold nanorods were functionalized with PAA, PAH, PDDA, or PEG to reduce toxicity and to enhance
their stability against aggregation. First, 10 mL of 1 nM CTAB gold nanorod were centrifuged a second time
at 11,500 rcf for 20 min to remove any excess CTAB. The polyelectrolytes PAA, PAH, and PDDA were
wrapped around the gold nanorods by following a layer-by-layer deposition technique.>*5® The supernatant
was removed and the pellet was resuspended in 10 mL of deionized water. Then, 2 mL of a polyelectrolyte
solution (10 mg/mL polyelectrolyte solution and 1 mM NaCl) and 1 mL of 10 mM NaCl was added to the
gold nanorod solution. The solutions were mixed via vortex, and then left overnight (12 h) to allow for
maximum wrapping. The wrapped gold nanorods were centrifuged at 10,000 rcf for 20 min to remove
excess polyelectrolyte, and then were resuspended in deionized water. For PAA coating, one layer of the
negatively charged polyelectrolyte was wrapped around the positively charged CTAB gold nanorods. For
positively charged polyelectrolyte coating, the CTAB gold nanorod were first wrapped in PAA, and then
wrapped in the PAH or PDDA following the same technique. CTAB gold nanorods were also functionalized
with PEG following a ligand exchange technique.5¢ A solution of PEG-SH (2 mg/mL) was added dropwise
to a pellet of concentrated gold nanorods and the solution was mixed for 24 h. The gold nanorods were
purified via centrifugation at 10,000 rcf for 20 min. After functionalization, all of the coated gold nanorods
were diluted to 3 nM with deionized water.

Functionalized gold nanorods were characterized to determine LSPR peak position, nanorod
concentration, absolute dimensions, hydrodynamic size, and surface charge. UV-vis absorbance
measurement of gold nanorods was carried out on a Cary 5000 UV-vis spectrophotometer (Agilent, USA).
Gold nanorod concentration was determined using known extinction coefficients, which were determined
in a previous report.5” Transmission electron microscopy (TEM) images were obtained on a JEOL 2100

cryo TEM (JEOL, Japan). ImageJ analysis of TEM images (100 particles) was carried out to determine the
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average dimensions and aspect ratio of the gold nanorods. Dynamic light scattering and {-potential

measurements were carried out on a ZetaPals zeta-potential analyzer (Brookhaven, USA).

5.2.3 LASER PHOTOTHERMAL HEATING EXPERIMENTS

Functionalized gold nanorods were used in laser photothermal heating experiments with vegetative
cells and endospores of the bacterium G. stearothermophilus. 20 pL of 3 nM gold nanorods were incubated
with 10 uL of vegetative cells or spores which were ~108 CFU (colony-forming units) per 0.1 mL for at least
10 min. The cells were vortexed prior to incubation to ensure consistency between experiments. The
solutions were irradiated with a laser for 25 minutes (785 nm, 50 mW, continuous wave (CW)). Parallel
samples of a control of deionized water with cells, and a control of nanorods and cells without laser
exposure were also prepared to determine the effect of nanorod exposure. Laser irradiation of cells with
deionized water was carried out to control for laser exposure. Also, the effect of heat on vegetative cells
was demonstrated by heating them in a water bath at 50°C, 60°C or 69°C for 25 min. Growth or inactivation
of G. stearothermophilus was determined by colony counting. All experiments were carried out in triplicate.
Additionally, scanning electron microscopy (SEM) imaging of spores alone, incubated with nanorods, and
treated by photothermal heating were carried out on a Hitachi 4700 SEM. Spore samples dropcast on glass
slides were sputter-coated in Au/Pd for 30 s prior to imaging. ImageJ analysis of SEM images (150

endospores) was carried out to determine the average lengths and widths of the spores.

5.2.4 QUANTIFICATION OF INACTIVATION OF GEOBACILLUS STEAROTHERMOPHILUS

After treatment, growth or inactivation of G. stearothermophilus was determined by serial dilution and
colony counting (Scheme 5.1). The 30 yL samples containing cells/endospores and nanorods/deionized
water were quantitatively transferred to a 10 mL solution of sterile PBS solution containing 0.1% Tween80
(called 1XPBST). The presence of the surfactant Tween 80 is used to break up any clumps of G.
stearothermophilus.5® Serial 10-fold dilutions of the suspension were carried out by transferring 1 mL to
tubes containing 9 mL of Butterfield’s buffer, and the solutions were vortexed to ensure homogenous
mixing.%® Then, 1 mL aliquots of each dilution concentration (up to 10 of the original concentration) was
spread onto a Petrifilm plate.®° The plates were incubated at 55°C overnight (~18 h) to allow enough time
for growth of G. stearothermophilus.6! Colonies appeared as red dots on the plates after growth. Colonies
were counted visually, and the number of CFU after treatment was determined based on the dilution volume
which had been used.

5.3 RESULTS AND DISCUSSION

There have been several studies which investigate gold nanopatrticle interactions with vegetative cells
and spores in a range of bacterial strains. Gold nanoparticles have been designed to bind to bacterial
surfaces by several methods. Active targeting to proteins on a bacterial cell wall is possible by covalent

attachment of specific antibodies to a nanoparticle surface.6?64 Additionally, specific binding can be
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achieved by modifying nanoparticles with sugar moieties such as mannose and galactose. This allows
nanoparticles to bind to a bacterial surface via carbohydrate-protein interactions.®5-67 Non-specific
nanoparticle attachment is also possible by exploiting electrostatic interactions between a nanoparticle and
the negatively charged bacterial surface.®® Researchers have demonstrated that self-assembly of various
types of cationic gold nanoparticles on many species of bacterial cells is possible by electrostatic
attachment in a variety of applications.®%7* These studies demonstrate that gold nanoparticles can attach
to bacterial cell walls, but they do not observe uptake of nanoparticles into bacterial cells. Even though
nanoparticles are likely not internalized by bacteria, nanoparticle exposure can still result in cytotoxicity.
This has been observed by concentration-dependent changes in viability, cell morphology and gene
expression of bacteria after nanoparticle exposure in a variety of report.”>7® Therefore, it is important to
consider the impact of nanoparticle exposure on bacteria when investigating photothermal treatment.

In this report we work to expand the range of photothermal therapy to investigate inactivation of
vegetative cells and spores of G. stearothermophilus using polymer-functionalized gold nanorods. Gold
nanorods were prepared following the well-known, seed-mediated, silver-assisted growth procedure. The
longitudinal LSPR in gold nanorods can be controlled by changing the aspect ratio, making it possible for
them to absorb laser light at 785 nm.5 The UV-vis spectrum of the as-synthesized gold nanorods (Figure
5.1) shows a longitudinal LSPR maximum at 790 nm. ImageJ analysis of TEM images of the gold nanorods

revealed that they are aspect ratio 3.6 and are 43 £ 5 nm in length and 12 + 2 nm in width.

Normalized absorbance

N

400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 5.1 UV-vis absorbance spectrum of CTAB gold nanorods. The red line represents the wavelength
of the continuous wave laser used in photothermal heating experiments. Inset is a TEM image of aspect
ratio 3.6 gold nanorods which are 43 £ 5 nm in length and 12 + 2 nm in width. Scale bar = 50 nm.

Gold nanorods prepared by this method are coated in the surfactant cetyltrimethylammonium bromide
(CTAB). In addition to being more prone to aggregation in physiological environments, CTAB gold nanorods
can be cytotoxic due to the presence of free CTAB which desorbs from the gold surface. However,

cytotoxicity and aggregation issues can be reduced by coating positively charged CTAB nanorods with
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polyelectrolytes via layer-by-layer sequential wrapping of anionic and cationic polymers, or by
functionalizing gold nanorods with a thiolated polyethylene glycol (PEG) via ligand exchange (Figure
5.2).56:80
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Figure 5.2 Routes to modification of CTAB gold nanorods. Sequential wrapping of polyanions and
polycations is possible using layer-by-layer chemistry. PEG-SH can displace CTAB via Au-S chemistry.

It has been previously demonstrated that bacterial endospores can be encapsulated by multilayer
polyelectrolyte shells using layer-by-layer assembly. Balkundi et al.8! coated Bacillus subtilis endospores
with 20-100 nm shells using cationic polylysine, polyallylamine hydrochloride (PAH) or polydiallyldimethyl
ammonium chloride (PDDA), and anionic sodium polystyrene sulfonate or polyglutamic acid. This was
possible because a spore surface is negatively charged, so cationic polyelectrolytes could adsorb to the
surface by electrostatic attachment. We chose to use negatively charged polyacrylic acid (PAA), and
positively charged PAH and PDDA for polyelectrolyte coating and neutral PEG on gold nanorods (Table

5.1) to investigate the impact of electrostatic interactions on gold nanorod attachment to bacterial surfaces.

Table 5.1 Characterization data for gold nanorods from UV-vis, DLS and {-potential measurements.

Hydrodynamic

Surface coating Abbreviation LSPR di ¢-potential
iameter
Cetyltrimethylammonium

. CTAB 790 nm 155+ 0.6 nm 19+1mV

bromide
Polyacrylic acid PAA 770 nm 32.0+£0.3nm 26 £ 1 mV
Polyallylamine hydrochloride PAH 787 nm 47 £ 1 nm 49+ 2 mV
Pond|aIIyId|metr_1yl ammonium PDDA 826 nm 98 + 1 nm 62 +1mV

chloride
Methoxyl po't}’]?gl‘y'e”e glycol PEG 785 nm 10.0 £ 0.1 nm 2+5mV

After functionalization with PAA, PAH, PDDA, or PEG, gold nanorods were characterized by UV-vis
absorbance, dynamic light scattering (DLS), and {-potential measurements. The data from these analyses

technigues are shown in Table 5.1. UV-vis measurements revealed small shifts in the longitudinal LSPR
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peak position relative to the original CTAB gold nanorods. These shifts are typically observed with polymer
coating and may be due to a change in the refractive index or hydration at the nanorod surface.82 Changes
in the hydrodynamic diameter and ¢-potential of gold nanorods after coating were also observed after
polymer coating. These differences are evidence that the polymer coatings effectively altered material
characteristics.

Laser photothermal heating experiments and colony counting was carried out following the procedure
outlined in Scheme 5.1. The gold nanorods were incubated with spores and vegetative cells of G.
stearothermophilus with ~10°% cells or spores and 10!° nanorods for at least 10 min. Then, the
nanorod/bacterial suspension was irradiated using a 50 mW, continuous wave, 785 nm laser diode for 25
min. Control samples included spores/cells alone in deionized water, spores/cells exposed to the nanorods
without the laser, and spores/cells exposed to the laser without nanorods present. This made it possible to
compare the individual effects of laser irradiation and gold nanorod exposure on growth of vegetative cells
and spores. Some condensation formed after laser irradiation with the gold nanorods present, which was
not observed when gold nanorods were not present (Figure 5.3). The condensation indicates that heating
did occur, and was due to irradiation of the gold nanorods at a wavelength resonant with the longitudinal
LSPR maximum. After treatment, the amount of inactivation of G. stearothermophilus spores was measured
by a colony counting, serial dilution technique. It is not possible to calculate viability using live/dead cell
stains, so spore inactivation is usually quantified by counting the number of colony forming units (CFU).
The CFU were calculated for each treatment condition from plates which had been incubated at 55°C. This

is within the optimum temperature range (55-60°C) for G. stearothermophilus germination and growth.6?

Spread onto

50 mW CW laser Dilute to 10 Petrifilm
> ——- >
785 nm, 25 min Grow at 55°C for
~18 h
~10° cells or
spores +
10%° nanorods 10 mL of 1XPBS with Butterfield’s Count
0.1% Tween80 buffer colonies

Scheme 5.1 Experimental procedure for photothermal treatment. Gold nanorods were incubated with
spores or vegetative cells of Geobacillus stearothermophilus in an Eppendorf tube for 10 min. The
spores/cells were then exposed to a 785 nm continuous wave (CW) laser (50 mW) for 25 min. The treated
spores/cells were transferred to a 1XPBST solution and then serially diluted in Butterfield’'s buffer. Aliquots
(1 mL) of the diluted spores/cells were spread onto Petrifilm and incubated for ~20 h at 55°C before counting
colonies. Control samples included spores/cells in deionized water, spores/cells in deionized water with
laser exposure, nanorods and cells without laser exposure, and cells in deionized water heated up to 69°C
in a water bath.

128



Figure 5.3 Photographs of Eppendorf tubes containing (a) spores and gold nanorods or (b) spores alone
both (left) before and (right) after laser irradiation at 785 nm. Laser irradiation of gold nanorods heated the
solution as demonstrated by the condensation which appeared after irradiation.

The effects of the various treatment conditions on colony formation of endospores are shown in Figure
5.4, and the results are quite interesting. Laser irradiation did not significantly alter colony growth compared
to untreated spores; however, there were significant reductions in colony formation after gold nanorod
exposure for all four types of polymer coatings. The greatest decrease in CFU by 13% was due to exposure
to PDDA nanorods, followed by an 11% decrease with PAH nanorods, 6% with PEG nanorods, and 5%
with PAA nanorods. It has been observed that exposure to nanomolar concentrations of polymer-coated
gold nanorods can decrease eukaryotic cell viability by around ~10%, and these results are consistent with
that report.8% This suggests that there may have been some surface chemistry-dependent interaction

between gold nanorods and spores which inactivated the spores and prevented germination.
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Figure 5.4 Effect of laser irradiation, nanorod (NR) exposure and photothermal heating on growth of G.
stearothermophilus spores as determined by colony counting. Values for colony forming units (CFU) are
calculated from four separate experiments (* p < 0.1, ** p < 0.05, *** p < 0.01).
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Photothermal heating of spores incubated with all four types of polymer-coated gold nanorods also
resulted in significantly decreased CFU. The greatest decrease was 48% for PDDA nanorods, followed by
a 44% decrease with PAA nanorods, 28% with PAH nanorods, and 15% with PEG nanorods compared to
the untreated control. G. stearothermophilus spores are known to be resistant to heating, and exposure of
spores to temperatures at or above 100°C is required for inactivation.5%51 A previous report of laser
irradiation under similar irradiation conditions has suggested that laser photothermal heating resulted in
solution temperatures of 30-40°C, far below inactivation temperatures.>* Though condensation formed
above the suspension (Figure 5.3a) it did not appear that the solutions were boiling. Therefore, we propose
that while the solution temperature may not have been high enough to inactivate the spores, the local
temperatures around the nanorods may have been higher, and resulted in spore inactivation and the
decreased CFU after laser irradiation. If there were differences in interactions and attachment of the
polymer-coated gold nanorods to the spore surfaces, this may account for the observed differences CFU.

Spores were examined using scanning electron microscopy (SEM) to investigate differences in how
the gold nanorods attach to the spore surfaces. SEM images of untreated spores are shown in Figure 5.5.
They are football-shaped structures and the surfaces appear smooth. The endospores are aspect ratio 1.9
and approximately 1.6 ym long and 0.9 ym wide. SEM images of spores exposed to gold nanorods and
treated by photothermal heating are shown in Figure 5.6. There are areas on the spores where bright spots
are present — these are likely gold nanorods, because these are not present in untreated spores. It appears
that PAA, PAH, and PDDA gold nanorods can attach to the surfaces of the spores while PEG nanorods
appear to have very little interaction with the spores. PEG is known to increase biocompatibility and reduce
nonspecific adsorption of gold nanorods in vivo.5® Therefore, it is not expected that there is little interaction
with the spore surface, and this can be correlated with the smallest reduction in CFU after photothermal
treatment (Figure 5.4). Attachment of PAH and PDDA nanorods to spores is expected because cationic
gold nanorods might bind to the anionic spore surface electrostatically. However, anionic PAA nanorods
also appear to attach, but perhaps not as much as PAH and PDDA. This suggests that electrostatic

interactions may not have been the only factor which influenced gold nanorod attachment to spores.

Figure 5.5 Example SEM images of G. stearothermophilus spores. Scale bars =1 um.
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Figure 5.6 Example SEM images of G. stearothermophilus spores incubated with (a, b) PAA, (c, d) PAH,

(e, f) PDDA, and (g, h) PEG gold nanorods, (a, c, e, g) before and (b, d, f, g) after photothermal treatment.
Scale bars =1 pm.

SEM was also used to observe any changes in morphology which could be correlated with reductions
in CFU due to nanorod exposure and/or photothermal treatment. Balkundi et al.8! observed that coating G.
stearothermophilus spores with polymers reduced permeability and decreased germination rates. It is
possible that nanorods coating the spore surfaces had the same effect on germination rates and therefore
CFU. After photothermal treatment, some of the spores appear to fuse together or break open which might
be a sign of physical damage. However, it is difficult to correlate these observed changes in morphology
with reductions in CFU.

A previous report found that the absolute dimensions of G. stearothermophilus spores changed after

plasma sterilization, and this was quantified by SEM image analysis.*® Therefore, ImageJ analysis of the
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length and width of spores was carried out to determine if there were any quantifiable change in dimensions
after nanorod exposure and/or photothermal treatment. Morphology was quantified by aspect ratio
(length/width) and area per spore (1*[length]*[width]*0.25) and the results are shown in Table 5.2. There
are small changes in the lengths and widths of the spores which resulted in decreased aspect ratio and
increased area per spore compared to the untreated control. These results seem to somewhat correlate
with the observed changes in CFU after nanorod exposure or photothermal heating (Figure 5.4). The
greatest decrease in aspect ratio and increase in area was observed in spores with photothermal treatment
using PDDA nanorods. Therefore, photothermal heating using gold nanorods may be causing physical
changes to spores, which could be causing spore inactivation and/or preventing spore germination.
Sterilization is usually counted by log scale reductions in CFU. While we do observe reductions in CFU
and small changes in morphology, these changes are not as great as the effects from other more

commonly-studied sterilization techniques, like plasma exposure.*

Table 5.2 Average dimensions, aspect ratio and area of G. stearothermophilus spores which are untreated,
exposed to gold nanorods (NRs) and treated by photothermal heating.

Treatment condition Length Width Aspect ratio Area per spore
Control spores 1.60 £ 0.21 ym 0.85% 0.09 um 1.90 £ 0.06 1.06 pm?
PAA NRs 1.61 £ 0.22 ym 0.85+0.11 um 1.90+£0.01 1.07 pm?
PAA NRs + laser 1.61+0.19 ym 0.86 £ 0.09 um 1.87 £ 0.02 1.08 pm?
PAH NRs 1.60 £ 0.19 ym 0.86 £ 0.09 um 1.87 +0.04 1.08 pm?
PAH NRs + laser 1.59 £ 0.22 ym 0.86 £ 0.12 ym 1.85+0.01 1.08 ym?
PDDA NRs 1.61+0.22 ym 0.87 £0.12 uym 1.85+0.01 1.09 ym?
PDDA NRs + laser 1.62 £ 0.23 ym 0.89£0.12 ym 1.81+0.02 1.13 ym?
PEG NRs 1.60 + 0.23 ym 0.85 £ 0.08 um 1.88 + 0.09 1.07 pym?
PEG NRs + laser 1.61 £ 0.25 ym 0.86 £ 0.09 ym 1.87+£0.10 1.08 ym?

Vegetative cells of G. stearothermophilus were exposed to the same treatment conditions in order to
determine the effect of photothermal heating on cell type. The effects of the various treatment conditions
on colony formation of vegetative cells are shown in Figure 5.7. Again, laser irradiation alone did not
significantly alter colony growth but there was no reduction in CFU from exposure to PAA or PEG nanorods.
The only significant reduction in CFU was a 78% decrease with PDDA nanorods, but there was also a 12%
decrease in CFU with PAH nanorods. Photothermal heating of vegetative cells incubated with all four types
of nanorods also significantly decreased CFU. The greatest decrease was 91% with PDDA nanorods,
followed by a 51% decrease with PAH nanorods, 21% with PEG nanorods and 17% with PAA nanorods
compared to the untreated control. It appears that the positively charged surface coatings have a greater

impact on growth and inactivation of vegetative cells. While these results are slightly different than the
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changes in CFU observed with spores, again, it seems there are surface chemistry-dependent interactions

between gold nanorods and bacterial surfaces which might influence the impact of photothermal heating.
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Figure 5.7 Effect of laser irradiation, nanorod (NR) exposure and photothermal heating on growth of G.
stearothermophilus vegetative cells as determined by colony counting. Values for colony forming units
(CFU) are calculated from four separate experiments (* p < 0.1, ** p < 0.05, *** p < 0.01).
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Figure 5.8 Effect of heating in a water bath on growth of G. stearothermophilus vegetative cells as

determined by colony counting. Values for colony forming units (CFU) are calculated from three separate
experiments (*** p < 0.01).

Vegetative cells are thought to be more susceptible to heat than spores because they do not have the
thick spore coat. Therefore, the effect of heat on vegetative cell growth was examined by heating the cells
in a water bath at temperatures of 50, 60 and 69°C, and the results are shown in Figure 5.8. Heating at
50°C or 60°C did significantly alter colony growth, which is expected since those temperatures are within

the range for vegetative cell growth. However, there was a 19% decrease in growth at 69°C. It is possible
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that there was a similar increase in solution temperature after photothermal heating, which caused cell
inactivation. However, because there were differences in CFU with gold nanorod coating type, the effect of

surface chemistry and gold nanorod attachment to cells should not be ignored.

5.4 CONCLUSIONS

Here, we have investigated the impact of photothermal heating on endospores and vegetative cells of
the Gram-negative bacterium Geobacillus stearothermophilus. Gold nanorods with an LSPR ~785 nm were
prepared and characterized. The nanorods were coated with four different neutral or charged polymers
(PAA, PAH, PDDA, and PEG) to investigate the impact of electrostatic interactions on cell attachment and
inactivation. The effects of gold nanorod exposure and photothermal heating using a 785 nm laser on colony
growth of spores and vegetative cells revealed greater reductions in CFU with positively charged nanorods.
Additionally, spore morphology was examined before and after treatment. There were changes in
morphology observed as increasing area per spore and decreased spore aspect ratio which were
somewhat correlated with inactivation. These results demonstrate that while it is possible to use
photothermal heating with gold nanorods to inactivate heat-resistant bacterial endospores, the effects of
photothermal heating on spores is not as great as traditional sterilization methods. However, further work

with gold nanorods which are specifically targeted to cell surfaces may enhance photothermal effects.
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CHAPTER 6:
ENHANCED OPTICAL STABILITY OF MESOPOROUS SILICA-COATED GOLD
NANORODS

6.1 INTRODUCTION

Gold nanorods have unique optoelectronic properties due to the presence of a localized surface
plasmon resonance (LSPR). When excited at resonant frequencies, conduction band electrons in gold
oscillate along the transverse and longitudinal axes. This results in strong absorbance of light, and the
observance of transverse and longitudinal LSPR peaks which can be tuned from the visible to the near-
infrared (NIR). Light absorbance, resonant scattering and the production of strong electromagnetic fields
are a few of the optical phenomena which occur at a gold nanorod surface.® These optical properties can
be useful in a variety of nano-enabled applications.?3 For example, refractometric sensing is possible by
monitoring LSPR peak position of gold nanorods after binding of a target analyte.* In photothermal therapy,
gold nanorods can be targeted to cancer cells, and dissipation of absorbed laser light energy as heat can
cause cancer cell death.5> Additionally, molecular signals from fluorophores or Raman-active molecules can
be enhanced near a gold nanorod surface.®’ Optical applications such as these are possible because of
the exquisite ability researchers have to control size and shape of gold nanomaterials.8

For optical applications to be realized, it is critical that gold nanorods maintain their morphology and
optical properties, in non-ideal conditions. Gold nanorods are synthesized in the presence of the surfactant
cetyltrimethylammonium bromide (CTAB); however CTAB gold nanorods have been observed to quickly
aggregate in physiological environments, or in non-aqueous media.® Surface functionalization strategies
by ligand exchange and polyelectrolyte wrapping can be employed to reduce this sort of aggregation which
results from a destabilized surface.1112 The physical dimensions of gold nanorods can also be significantly
altered when they are exposed to high intensity radiation from pulsed lasers. For example, Link et al.13
monitored the power-dependent shape transformation of CTAB gold nanorods (Amax = 800 nm). Gold
nanorods were exposed to high energy femtosecond laser pulses (100 fs, 800 nm, 1 kHz) or nanosecond
laser pulses (7 ns, 800 nm, 10 Hz). UV-vis absorbance measurements demonstrated a decrease in the
magnitude of the longitudinal LSPR over time. Analysis by transmission electron microscopy revealed that
gold nanorods “melted” and became spheres under femtosecond laser pulses, and fragmented into smaller
particles under nanosecond pulses. This resulted in drastic modification of gold nanorod optical properties.

This sort of shape transformation occurs because of electron dynamics within a gold nanorod. Absorbed
NIR laser pulses excite free electrons in the plasmon band, called electron thermalization, which cool via
electron-phonon interactions. The gold nanorod lattice is heated, and heat is transferred from the
nanoparticle to its surroundings through phonon-phonon interactions on a timescale of ~100 ps.2* This can
heat up the surrounding medium by tens of degrees and is often used in photothermal heating applications.®
However, when the energy deposition rate is faster than the rate of energy dissipation by phonon-phonon

interactions, such as with femtosecond pulsed lasers, the electronic temperature can become higher than
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the melting temperature of bulk gold. This results in reshaping (700K) and/or melting (1337K) of gold

nanostructures, in a process called surface melting (Figure 6.1).1°
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Figure 6.1 Proposed femtosecond laser-induced reshaping process of gold nanospheres (3-10 ps). Fast
energy absorption heats the nanoparticles above the melting temperature, and induces reshaping and
melting. Adapted from Reference 15. Copyright (2016) American Chemical Society.

The process of reshaping of gold nanomaterials is dependent on a variety of factors. Of course laser
parameters such as pulse length, pulse width, pulse energy and laser wavelength can affect the final
morphology of the irradiated particles. However, nanoparticle material characteristics such as shape, size,
crystal structure, metal composition, and surface coating are also important. These nanoparticle features
can modify electron dynamics, alter melting and evaporation threshold temperatures, and change how
energy is dissipated from the particle surface.'>1¢ Thermal heating has also been observed by researchers
to result in surface melting, and can produce changes in gold nanorod morphology. Petrova et al.}” found
that heating gold nanorods at temperatures from 100-250°C resulted in reshaping of the nanorods to
spheres in timescales of hours to days. Mohamed et al.'® proposed that this reshaping was due to the
decomposition and instability of the gold nanorod surface after thermal heating.

It is possible to better preserve optical properties of gold nanorods by altering surface characteristics.
Researchers have shown that it is possible to reduce these aforementioned changes in gold nanorod
morphology, which are induced by laser irradiation or thermal heating, by coating gold nanorods with shells
of mesoporous silica.’®?” To our knowledge, no researchers have investigated how functionalization of
silica-coated gold nanorods with organic silanes may preserve optical properties against heat or laser
irradiation. Here, we prepare a library of mesoporous silica-coated gold nanorods functionalized with four
different commercially available silanes. We investigate gold nanorod optical properties and morphology by
transmission electron microscopy and UV-vis absorbance after heating to 150°C. Additionally, CTAB, silica-
coated and amine-functionalized silica-coated gold nanorods are exposed to charging from exposure to
high energy electron beams, or irradiation with femtosecond pulsed lasers. We demonstrate that changes
in morphology and optical properties are reduced compared to silica-coated or CTAB gold nanorods. These
results suggest this is a useful method to modify gold nanorod surface chemistry to better preserve gold

nanorod optical properties in gold nanorod-enabled optical applications.
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6.2 MATERIALS AND METHODS
6.2.1 MATERIALS

Cetyltrimethylammonium bromide (CTAB), gold tetrachloroaurate (HAuCls*3H20), sodium borohydride
(NaBHa4), silver nitrate (AgNO3), ascorbic acid, sodium hydroxide (NaOH), tetraethylorthosilicate (TEOS),
methanol (MeOH), ethanol (EtOH), dimethyl sulfoxide (DMSO), 3-aminopropytrimethoxy silane (APTMS),
3-mercaptopropytrimethoxy silane (MPTMS), and 3-chloropropyltrimethoxy silane (CPTMS) were
purchased from Sigma-Aldrich (USA). 2-[methoxy(polyethyleneoxy)s-12propyl] trimethoxysilane (PEG-
silane) was purchased from Gelest. Unless otherwise noted, solutions were made in 18 MQ Nanopure

deionized water. All chemicals were used as received.

6.2.2 SYNTHESIS, SILICA COATING AND SILANE FUNCTIONALIZATION, OF GOLD NANORODS

Five-hundred milliliter batches of CTAB gold nanorods were prepared following a previously published
protocol.® Briefly, gold seeds were prepared by reduction of HAuCls with NaBHa4 in the presence of CTAB.
The seeds were aged at least 1 h before addition to a growth solution containing CTAB, AgNOs and HAuCl4
which had been reduced by ascorbic acid. The gold nanorod solutions were aged 12 h before purification
by centrifugation (11,500 g, 15 min), and the supernatant was removed. The pellets were combined and
redispersed in 50 mL of deionized water for long-term storage at room temperature (25°C).

Silica coating was carried out by a modified Stober process.®28 Individual aliquots (15 samples of 1 mL)
of CTAB gold nanorods were diluted to ~ 1 nM with deionized water to 10 mL volumes, and the nanorods
were centrifuged a second time (11,200 g, 20 min) to remove excess CTAB. The supernatant was removed,
and the 15 samples were combined into three, 50 mL centrifuge tubes. Then, 400 uL of 0.1 M CTAB was
added to each tube, and the solutions were diluted to 50 mL with deionized water. CTAB was allowed to
equilibrate on the surface overnight (~12 h) by mixing on a Stovall Belly Dancer lab shaker. Then, 200 L
of 0.1 M NaOH was added to each tube and the solutions were mixed for 30 min. Next, 450 pL of 20%
TEOS in MeOH (freshly made) was added and the solutions were mixed for 20 h. After coating, nanorods
were purified by centrifugation (8000 g, 20 min) and were separated into 15 tubes, and each sample was
diluted to 10 mL with EtOH.

Silane-functionalization was carried out by adding equimolar amounts of an organic silane to silica-
coated gold nanorods in EtOH. APTMS (50 L), MPTMS (53 uL), CPTMS (52 pL) or PEG-silane (175 uL)
was added to the solutions and they were mixed for 48 h at room temperature. The functionalized gold
nanorods were purified by centrifugation (8000 g, 20 min) and were resuspended in DMSO and diluted to
a final concentration of 1 nM. Three separate samples were prepared for each type of silane. Additionally,

three samples of regular silica-coated gold nanorods were suspended in DMSO.
6.2.3 CHARACTERIZATION OF GOLD NANORODS

UV-vis absorbance measurements of gold nanorods in water, EtOH and DMSO were carried out on a

Cary 5000 UV-vis spectrometer (Agilent, USA) to determine LSPR wavelength and gold nanorod
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concentration. Extinction coefficients of gold nanorod solutions were known from a previous report.2°
Transmission electron microscopy (TEM) images were obtained on a JEOL 2100 cryo-TEM (JEOL, Japan).
ImageJ analysis of TEM images (100-300 particles per sample) was used to determine average length,
width, aspect ratio (length/width) of gold nanorods and thickness of silica shells. We note thickness of silica
shells was measured from the sides, not the ends. Prior to analysis by TEM, gold nanorod solutions in
water or EtOH were dropcast onto lacey Formvar copper TEM grids (Ted Pella). Dynamic light scattering
(DLS) and C-potential measurements of CTAB, silica-coated, and silane-functionalized gold nanorods in
deionized water were carried out using a ZetaPALS analyzer (Brookhaven, USA). Prior to analysis by TEM,
DLS and -potential, 0.5 mL of gold nanorods in DMSO were centrifuged (8000 g, 20 min) and resuspended

in 1.5 mL of deionized water.

6.2.4 THERMAL HEATING OF GOLD NANORODS

Thermal stability measurements were carried out in triplicate on CTAB gold nanorods in water and
silica-coated and silane functionalized gold nanorods in DMSO with help from Andrei Andreev. Aliquots (3
mL) of gold nanorods were transferred to glass vials and loosely capped. The vials were heated at 50, 75,
100, 125 and 150°C for 2 h intervals. After each cycle of heating, the solutions were allowed to cool to room
temperature before analysis. 100 pL aliquots of each sample were then diluted in 1 mL of water or DMSO,
and the absorbance spectrum was measured. After the final heating cycle at 150°C, aliquots of gold

nanorods in DMSO were centrifuged and resuspended in deionized water for TEM analysis.

6.2.5 EXPOSURE OF GOLD NANORODS TO CHARGING FROM AN ELECTRON BEAM

Imaging of CTAB, silica-coated and silane-functionalized gold nanorods was typically carried out on a
JEOL 2100-cryo TEM with a 200 kV electron beam. An image of the gold nanorods was quickly captured
at 100K magnification. Then the electron beam was focused to a spot of ~ 200 nm diameter for 30 s.

Another image was captured after the exposure to the focused electron beam.

6.2.6 EXPOSURE OF GOLD NANORODS TO FEMTOSECOND PULSED LASER IRRADIATION

Gold nanorods were exposed to femtosecond laser pulses. The laser system used was a Spitfire Ace
laser system (Spectra-Physics) in the Materials Research Laboratory Laser & Spectroscopy Facility with
assistance from Julio Soares. A Nd:YLF Q-switched laser (532 nm, 14 mJ, 1 kHz repetition rate) seeds the
regenerative amplifier producing high energy pulses (120 fs, 2.5 mJ, 800 nm) with a power of 1.9 W. Gold
nanorod samples (200 pL, ~1 nM) in a quartz cuvette were exposed to the laser for 10 min. UV-vis
absorbance and TEM analysis before and after exposure was carried out to examine the effect of high

energy radiation on morphology and optical properties.
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6.3 RESULTS AND DISCUSSION
6.3.1 PREPARATION AND CHARACTERIZATION OF GOLD NANORODS

Due to their high surface area-to-volume ratio, gold nanorods have a high surface energy and are
therefore susceptible to material deformation by pulsed lasers,315 thermal heating,'’-'° or charging by
electrons.3%31 For any optical application to be effective, gold nanorods must maintain their morphology and
retain their unique optical properties in high energy conditions. Silica coating is generally a useful
modification technique to stabilize a gold nanorod surface.32 An inorganic mesoporous silica shell can
increase the stability of gold nanorods against aggregation in organic solvents while also preserving gold
nanorod optical properties.®1%-27 A silica surface is also quite versatile because the reactive silanols can be
modified with other silane-functionalized ligands, or to carry payloads for light-controlled drug release. 63334

Many researchers have investigated how a porous silica matrix or mesoporous silica shells can stabilize
gold nanorods against thermal heating to temperatures up to 700°C, or high energy laser irradiation. Here
we further investigate the stability of mesoporous silica-coated gold nanorods which are functionalized with
four different commercially available silanes: 3-aminopropyltrimethoxy silane (APTMS), 3-
mercaptopropyltrimethoxy silane (MPTMS), 3-chloropropyltrimethoxysilane (CPTMS), or 2-
[methoxy(polyethyleneoxy)e-12propyl] trimethoxysilane (PEG-silane). The chemical structures of these
silanes are shown in Figure 6.2.
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Figure 6.2 Chemical structures of silanes used for surface functionalization of mesoporous silica-coated
gold nanorods. 3-aminopropyltrimethoxy silane (APTMS), 3-mercaptopropyltrimethoxy silane (MPTMS), 3-
chloropropyltrimethoxysilane (CPTMS), and 2-[methoxy(polyethyleneoxy)e-12propyl]jtrimethoxy silane
(PEG-silane).

Silica coating and silane functionalization was carried out following the procedure outlined in Scheme
6.1 Cetyltrimethylammonium bromide (CTAB)-capped nanorods were prepared following the well-known
seed-mediated, silver-assisted synthesis.3>3¢ The nanorods were aspect ratio 3.5 and approximately 45 +
6 nm in length and 13 + 2 nm in width with a longitudinal LSPR at 770 nm. As-synthesized nanorods were
purified by two rounds of centrifugation to remove excess reactants. For silica coating to be successful, it
is important for CTAB concentration to be in the 0.1 — 2 mM range. Silica coating was carried out by the
hydrolysis and condensation of the silica precursor TEOS at pH 10.6 and a CTAB concentration of 0.8 nM.
At this CTAB concentration mesoporous silica shells are produced which are ~22 nm thick.5 After silica
coating, the gold nanorods were purified by centrifugation and redispersed in EtOH for silane
functionalization. The functionalized gold nanorods were purified by centrifugation and resuspended in

dimethyl sulfoxide (DMSO) and diluted to a final concentration of ~1 nM for all studies.
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Scheme 6.1 Process for silica coating and surface functionalization of CTAB gold nanorods. Gold nanorods
were coated in mesoporous silica by hydrolysis and condensation of the silica precursor
tetraethylorthosilicate (TEOS) at pH 10.6 and CTAB concentration of 0.8 mM. After coating, silica-coated
gold nanorods purified by centrifugation and were redispersed in EtOH. The nanorods were functionalized
with various silanes (Figure 6.2) at room temperature for 48 h. Silica-coated and silane-functionalized gold
nanorods were purified by centrifugation and redispersed in DMSO for all stability studies.

CTAB, silica-coated and silane-functionalized gold nanorods dispersed in water were characterized by
UV-vis absorbance, dynamic light scattering, and {-potential measurements to ensure functionalization was
successful, and that there was no aggregation of gold nanorods. The data from these measurements are
summarized in Table 6.1. The longitudinal LSPR peak shifted after silica coating and silane
functionalization. It is known that longitudinal LSPR in gold nanorods is highly sensitive to the refractive
index at the surface, so small shifts in the peak position are an indication of a changed environment at/near
the nanorod surface. Since silica has a higher refractive index than water, a red-shift in the absorbance is
expected after silica coating.# Additionally, we note that there was no evidence of aggregation of nanorods
in the UV-vis spectra (not shown) because there was no broadening in the longitudinal LSPR peaks. After
silica coating and silane functionalization the hydrodynamic diameter was increased, as measured by
dynamic light scattering. Also, {-potential measurements demonstrated that silica coating of positively
charged CTAB gold nanorods resulted in a negatively charged surface. Silane functionalized gold nanorods
had increased -potentials compared to the silica-coated gold nanorods. Together, these characterization

data suggest that silica coating and silane-functionalization was successful.

Table 6.1 Characterization data for CTAB, silica and silane-functionalized gold nanorods in water.

Sample Longitudinal peak Hydrodynamic diameter ¢-potential
CTAB 770 nm 18.2+ 0.2 nm 31+2mV
silica 774 nm 44.0 £ 0.7 nm -34 £ 4 mV

APTMS 762 nm 153 + 38 nm 4+1mV

MPTMS 790 nm 55.8 £ 0.4 nm -17+£1mV

CPTMS 785 nm 53.5+ 0.2 nm -18+2 mvV

PEG-silane 784 nm 44.8 £ 0.3 nm 0.2+2.6mV
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6.3.2 EFFECT OF THERMAL HEATING ON GOLD NANORODS

Gold nanorods were heated in an oven at 50, 75, 100, 125 then 150°C for 2 h intervals to examine the
thermal stability of the various surface coatings. The boiling point of DMSO is 189°C so silica-coated and
silane-functionalized gold nanorods remained dispersed in solution, even at the highest temperature. We
note that the CTAB gold nanorods in water evaporated at/above 100°C, but dried samples could be
redispersed in water by sonication. Photographs of the gold nanorod solutions before and after heating are
shown in Figure 6.3. There is a noticeable color change of the gold nanorod solutions which is an indication
of changes in gold nanorod optical properties. Before heating the solutions were brown, which is typical of
nanorods with a longitudinal plasmon ~780 nm. After heating the solution of CTAB gold nanorods turned
purple while silica-coated, and CPTMS and PEG-functionalized gold nanorod solutions turned green. The
APTMS and MPTMS-functionalized nanorod solutions appeared more brownish/gray. These differences in

color suggested that the surface coating can alter how gold nanorods respond to heat.

before CTAB silica APTMS MPTMS CPTMS PEG-silane

Figure 6.3 Photographs of solutions of CTAB, silica-coated, and silane-functionalized gold nanorods before
(black outline) and after (red outlines) heating to 150°C.

UV-vis absorbance measurement of gold nanorods was carried out to monitor the change in optical
properties after each interval of heating. Plots of peak shift versus temperature for each type of surface
coating are shown in Figure 6.4a. Shifts represent the peak shift in the longitudinal LSPR relative to the
original peak position of the nanorods before heating. Example UV-vis absorbance spectra of silica-coated
gold nanorods in DMSO before heating, and after each heating interval are shown in Figure 6.4b. There
are noticeable blue-shifts in the longitudinal LSPR of the silica-coated gold nanorods after heating which
indicates that thermal heating can significantly alter optical properties. However, the peak shift observed in
the silica-coated gold nanorods (73 hm) was not as great as the CTAB gold nanorods (149 nm). This result
confirms the conclusions from previous reports that a mesoporous silica coating can improve the stability
of gold nanorod optical properties. However, Figure 6.4a also demonstrates that functionalization of the
silica coating with an organic silane can further improve thermal stability. Peak shifts were reduced for all
of the silane-functionalized silica-coated gold nanorods. However, it is interesting to note that there were
differences in peak shifts between the silanes. After heating to 150°C, the blue shift observed in APTMS-
functionalized nanorods was only 7 nm, followed by MPTMS (19 nm), CPTMS (50 nm) and PEG-silane (55
nm). This indicates that silane functionalization of mesoporous silica coatings can further preserve gold

nanorod optical properties, but the chosen silane does seem to matter.
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Figure 6.4 (a) Temperature versus peak shift of the longitudinal LSPR of gold nanorods relative to the
original peak position after heating in an oven at 50, 75, 100, 125 and 150°C for 2 h intervals. Shifts are
from CTAB gold nanorods in water, and silica-coated, and silane-functionalized gold nanorods in DMSO.
(b) Example UV-vis spectra of silica-coated gold nanorods in DMSO at room temperature (25°C) and after
heating in an oven at 50, 75, 100, 125 and 150°C for 2 h intervals.

The morphology of gold nanorods before and after heating to 150°C was examined using transmission
electron microscopy (TEM). Example TEM images of CTAB, silica coated and APTMS-functionalized gold
nanorods before and after heating are shown in Figure 6.5. After heating, CTAB gold nanorods became
more spherical and some large aggregates formed (Figure 6.5d). This obvious shape change did not occur
in silica-coated (Figure 6.5e) or APTMS-functionalized (Figure 6.5f) gold nanorods which were more stable
(Figure 6.4a). However, it did appear as if the silica-coated gold nanorods became shorter after heating.
Analysis of the TEM images was carried out using ImageJ to determine if there was a change in aspect
ratio of the gold nanorods or in silica shell thickness.

The results of the analysis for CTAB, silica-coated and silane-functionalized gold nanorods are shown
in Table 6.2. The nanorods with the greatest peak shifts (Figure 6.4a) also had the greatest decreases in
aspect ratio. The decreases in aspect ratio occurred because the nanorods got shorter but wider after
heating (length and width data are not shown). The presence of a shell reduced that change. It is also
interesting to note that there was a slight increase in silica shell thickness for the silica-coated gold nanorods
and most of the silane-functionalized gold nanorods after heating. We note that silica shell thickness was
measured from the sides of the gold nanorods, not the ends. Therefore, it is likely that the shortening and
widening in the nanorods also resulted in shortening and widening of the silica shell.

Heating causes gold nanorod morphology to become more rounded/spherical, a result of decreased
surface energy. Other researchers have suggested that the silica shell is flexible, but does not typically
deform at these temperatures, and a change in shape of the silica shell is due mechanical stress is exerted
on the shell by deforming gold nanorods.?® It is possible that silane functionalization further stabilized the
shell, which reduced surface energy, and therefore less gold nanorod deformation was observed. An

alternative explanation is that the thermal conductivity of gold nanorods was enhanced by surface coating.3”
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Silica coated gold nanorods can more efficiently transfer heat to the surroundings, so material deformation
is reduced.?¢ If there were differences in thermal conductivity of the organic silanes on the surface, this may
have impacted thermal conductivity of the silica shell. However, regardless of the mechanism, it is apparent
that morphology is better preserved by silica coating and functionalization, and this results in better

preserved optical properties of gold nanorods.

Figure 6.5 Example TEM images of (a, d) CTAB, (b, e) silica-coated, and (c, f) APTMS-functionalized gold
nanorods (a-c) before and (d-e) after heating in an oven to 150°C.

Table 6.2 Aspect ratio and silica shell thickness of CTAB, silica-coated, and silane-functionalized gold
nanorods before and after heating in an oven to 150°C.

Aspect ratio Shell thickness

Sample Aspect ratio (heated to 150°C) Shell thickness (heated to 150°C)
CTAB 3.57 £0.02 1.55+0.01 - -
silica 3.35+0.08 241 +0.10 21.6+15 222+13
APTMS 3.52+0.14 3.42+0.04 222+12 23.0+1.3
MPTMS 3.45 +0.07 3.24+0.01 21.6+1.2 219+1.2
CPTMS 3.44 +£0.22 2.95+0.19 219+15 223+14
PEG-silane 3.44 +0.13 2.83+0.10 21.7+13 21.7+1.3

6.3.3 EFFECT OF CHARGING BY AN ELECTRON BEAM ON GOLD NANORODS

It has been observed that gold nanorods can deform when they undergo charging from electrons. The
longitudinal LSPR is especially sensitive to surface perturbation by electron injection because the electron
density within a particle is altered. This was demonstrated by blue-shifts in the absorbance spectrum after

the introduction of the reducing agent NaBHa or by an applied potential into a solution of gold nanorods.30:31
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Electron beams can also be used to pattern gold nanostructures, and may therefore be a powerful tool to
perturb the gold nanorod structure.383°

During TEM imaging of gold nanorods an electron beam is usually spread over a portion of the sample
hundreds of nanometers or microns in diameter. To further investigate the stability of gold nanorods, TEM
grids of gold nanorod samples were exposed to charging from a focused electron beam (200 kV, 150
pa/cm?, 30 s). By focusing the electron beam to a smaller area (200 nm) it was possible to introduce enough
electrons to the sample to generate noticeable changes in gold nanorod morphology. TEM images of CTAB,
silica-coated and APTMS-functionalized gold nanorods before and after charging from an electron beam
are shown in Figure 6.6. The CTAB gold nanorods appear to fuse together after the exposure (Figure 6.6d).
This fusion was not observed in the silica-coated (Figure 6.6e) or APTMS-functionalized (Figure 6.6f) gold
nanorods which seemed protected by the silica shells. However, it did appear that the silica shells became

thinner and less porous after exposure to the focused electron beam.

d (C) '

© N =0

Figure 6.6 Example TEM images of (a, d) CTAB, (b, e) silica-coated, and (c, f) APTMS-functionalized gold
nanorods (a-c) directly before and (d-e) after exposure to an electron beam (200 kV, 150 pA/cm?, 30 s).
Scale bars =50 nm.

Analysis of the TEM images was carried out to determine if there was a change in aspect ratio or silica
shell thickness after dosing gold nanorods with electrons, and the results are shown in Table 6.3. There is
a decrease in aspect ratio observed with the CTAB gold nanorods which resulted from a decrease in length
and increase in width of the nanorods (length and width are not shown). As described by the above
references,30:31 this deformation this is likely due to perturbation of the LSPR by electron injection. However,
there was no significant change in dimensions or aspect ratio with the silica-coated or APTMS-
functionalized gold nanorods. This demonstrates that silica coating and functionalization may enhance the

stability of gold nanorods in highly charged environments. Interestingly though, there was a measurable

148



decrease in silica shell thickness after electron exposure. The TEM images of the shells appear as if
porosity was lost due to the shells annealing (Figure 6.6e,f). Annealing of mesoporous silica, resulting in
complete loss of porosity, has been observed to occur at high temperatures due to complete hydrolysis and
condensation silanol groups.%4? It is possible that the collapse in pore structure resulted in annealing,

further strengthening the silica shell and prevented deformation of the gold nanorods.

Table 6.3 Aspect ratio and shell thickness of CTAB, silica-coated, and APTMS-functionalized gold
nanorods before and after exposure to an electron beam (200 kV, 150 pA/cm?, 30 s).

Sample Aspect ratio (e'IAesc?reoCr: La;i;n) Shell thickness (Serl]eetlzltrtgacggins)
CTAB 3.37+0.12 3.12+0.10 - -
silica 3.45+0.08 3.43+0.01 241+1.1nm 19.9+2.3nm
APTMS 3.39+0.03 3.41+0.01 22.8+1.4nm 20.1+ 1.4 nm

6.3.4 EFFECT OF FEMTOSECOND PULSED LASER IRRADIATION ON GOLD NANORODS

Exposure of gold nanorods to irradiation from femtosecond pulsed lasers is a common method to heat
up gold nanorods in photothermal therapy applications.> However, if gold nanorods are quickly deformed
by high energy pulses, this limits their effectiveness in photothermal heating.#? Surface melting occurs
because rates of energy absorption are higher than thermal dissipation. However, if a gold nanorod surface
coating has lower thermal resistance,?® or enhanced rigidity,?! it may be possible to reduce the effects of
laser-induced deformation. Gold nanorods were exposed to femtosecond pulsed laser irradiation to
determine if silica coating and silane functionalization could prevent/reduce changes in gold nanorod
morphology. The laser used was 800 nm, so there was strong overlap with the longitudinal LSPR of the
gold nanorods (Figure 6.7). Solutions of CTAB, silica-coated and APTMS-functionalized gold nanorods
were exposed to the laser for 10 min (120 fs pulse width, 1 kHz repetition rate, 2.5 mJ/cm?).

UV-vis absorbance spectra before and after laser irradiation are shown in Figure 6.7. The longitudinal
peak in the spectrum of the CTAB gold nanorods shifts to ~650 nm and is smaller in magnitude compared
to the transverse peak. This is an indication of a significant change in morphology. The silica-coated gold
nanorods also are blue shifted, and the longitudinal peak is larger in magnitude compared to the transverse
peak. This indicates that there was a change in morphology and optical properties in silica-coated nanorods,
but it was not as great as the CTAB gold nanorods. Interestingly, laser irradiation of APTMS-functionalized
gold nanorods displayed a longitudinal peak ~720 nm, but there was a noticeable decrease in magnitude
of the peak and significant broadening, which is suggestive of aggregation. These spectra show that
femtosecond laser irradiation of gold nanorods can result in surface chemistry-dependent changes in optical
properties. In the case of silica coating and APTMS functionalization, the shift in the longitudinal LSPR was
not as great as in CTAB gold nanorods. Therefore, silica coating and silane functionalization can reduce,

the changes in gold nanorod optical properties after pulsed laser irradiation.
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Figure 6.7 UV-vis absorbance spectra of CTAB, silica-coated and APTMS-functionalized gold nanorods
before and after exposure to femtosecond pulsed laser irradiation (800 nm, 1 kHz, 120 fs, 1.9 W, 10 min).

TEM images of the gold nanorods before and after laser irradiation are shown in Figure 6.8. CTAB gold
nanorods (Figure 6.8a) appear to become large spheres after irradiation or large agglomerated structures
(Figure 6.8d,g). The silica-coated gold nanorods (Figure 6.8b) appear to form dimers, spheres, and
aspheroidal structures inside the shells. However, no aggregates of gold nanorods are present after laser
irradiation, likely due to the silica shell. Additionally, there are small dark particles around/near the rods.
Formation of dimers appears to occur because of a loss of gold at the nanorod sides/middle regions. The
most likely explanation for the presence of these small particles is that pieces of nanorods, which were
produced by laser irradiation, escaped through the pores in the silica shell. The APTMS-functionalized gold
nanorods (Figure 6.8c) also form dimer structures after irradiation, but it appears that there are many
bowtie-shaped particles present (Figure 6.8f,i)). The bowties may be an intermediate structure which
nanorods take before forming dimers. Again, small particles of what may be gold are apparent on the silica
surfaces. TEM images of CTAB, silica-coated and APTMS-functionalized gold nanorods, were analyzed to
determine the shape composition after laser irradiation. The results of the analysis are shown in Figure 6.9.
The shapes that were present were nanorods, aspheroids, bowties, dimers, spheres and aggregates. The
CTAB gold nanorods formed ~50% spheres after laser irradiation, followed by aggregates, aspheroids and
nanorods. There were few bowties and no dimers present. Silica-coated gold nanorods formed mostly into
aspheroids and dimers after laser irradiation. Interestingly, the most common structure found in TEM
images of the laser-irradiated APTMS-functionalized gold nanorods was bowties. These differences in
shape composition suggest that the gold nanorod surface coating had an impact on thermal dissipation and
melting. This could have resulted in different shapes of gold nanostructures forming after laser irradiation.

The results of shape transformation in this work are different from previous reports which describe
femtosecond pulsed laser irradiation of mesoporous silica-coated gold nanorods.2%:21.25 |n those reports the
nanorods ends are shortened which results in a gap in the silica shell at the ends, or the nanorods become
shorter and wider. Only one other report has observed the formation of nanodumbbells. They suggest that
melting started at the ends of the rods and stopped at the sides before complete transformation to a sphere.
However, this only occurred in a small population of the nanorods.*® We observe no such gap and the

shape change to aspheroids/bowties/dimers appears to occur as loss of gold at the nanorod sides.
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Figure 6.8 Example TEM images of (a, d, g) CTAB, (b, e, h) silica-coated, and (c, f, i) APTMS-functionalized
gold nanorods (a-c) before and (d-i) after exposure to femtosecond pulsed laser irradiation (800 nm, 1 kHz

repetition rate, 120 fs pulse width, 2.5 J/cm? pulse energy, 10 min). Black scale bars = 50 nm. White scale
bars = 200 nm.
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Figure 6.9 Shape distribution of CTAB, silica-coated, and APTMS-functionalized gold nanorods after

exposure to femtosecond pulsed laser irradiation (800 nm, 1 kHz repetition rate, 120 fs pulse width, 2.5
mJ/cm? pulse energy, 10 min).

It is known that there are differences in melting behavior of the crystal faces on gold, and some crystal

faces in gold nanorods could more stable than others.#44¢ EI-Sayed and coworkers, have previously
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investigated melting in multiple twinned gold nanorods which are icosahedral and consist of 20 tetrahedra
with {111} facets. They determined that femtosecond laser-irradiation induced defects, which converted
{110} facets into the more stable {100} and {111} facets, to minimize surface energy. They concluded that
surface melting begins with formation of defects followed by surface reconstruction and atomic diffusion.4”
This is different from thermal melting of gold nanorods, where the melting starts at the surface and causes
different shape changes in gold nanorods (Figure 6.5). If laser-induced deformation is influenced by the
crystal facets present on the gold nanorods, which can be different depending on the synthesis technique,
then this might explain the morphological changes observed here.#84° If the deformation is driven by
differences in surface energy, the less stable crystal faces would be deformed before the more stable faces.
If silica coating and silane functionalization reduces surface energy of the crystal faces, then this might

have resulted in less deformation of the gold nanorod structures and different changes in optical properties.

6.4 CONCLUSIONS AND FUTURE WORK

In this work we have examined how inorganic silica coating and silane functionalization of gold
nanorods may better preserve their optical properties after energy input by a variety of methods. Thermal
heating in an oven and charging due to electron beam exposure caused shortening and widening of gold
nanorods, and also resulted in decreased in aspect ratio. However, these changes in morphology and
optical properties were greatly reduced by silica coating and functionalization. Pulsed laser irradiation also
altered gold nanorod optical properties, and interesting changes in gold nanorod morphology were
observed. Together, these results suggest that silica coating and silane functionalization improve the shape
stability of gold nanorods and therefore may help to preserve the optical properties, especially compared
to CTAB gold nanorods. The two possible reasons for these observations are that there are changes in
heat diffusion rates or reductions in surface energy by silica coating and functionalization. Investigation of
heat transfer dynamics in these gold nanorods by pump-probe IR spectroscopy may reveal the mechanism
of how nanorod morphology is preserved. In the future, parameters such as silica shell thickness, silane

amount, laser power and exposure time would be useful to further optimize gold nanorod optical stability.
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CHAPTER 7:
ENGINEERED NANOMATERIALS IN THE ENVIRONMENT: STABILITY AND
RETENTION AT MODEL ENVIRONMENTAL INTERFACES AS A FUNCTION OF
NANOMATERIAL SURFACE CHEMISTRY

7.1 INTRODUCTION

The prevalence of engineered nanomaterials in commercial products continues to increase.? Over the
past two decades billions of dollars has been invested in research and development of nanomaterial-
enabled consumer products in areas such as skin care, sporting goods, industrial catalysis, antimicrobials,
and cancer therapeutics.37 As nanomaterials are produced in ever greater quantities to meet demand, and
proliferate in consumer products, it is inevitable that engineered nanomaterials will be released into the
environment. Recent legislation in the United States has banned the use of plastic microbeads (<5 mm) in
personal care products due to issues of waterway contamination.® There has been no such regulation in
the use of engineered nanomaterials due to their still unknown environmental fate and effects.® In order to
appropriately regulate nanomaterial-enabled industries and to accurately estimate the environmental risk
functionalized nanomaterials pose, it is necessary to investigate the connection between nanomaterial
properties and their fate and transport within environmental systems.10.11

Functionalized nanomaterials represent a unique class of environmental contaminants. They exist in a
size regime (~1-200 nm) that is much closer to the colloidal materials which make up naturally occurring
sediment rather than the typical molecular-scale contaminants.!? It is also challenging to predict how
chemical properties of engineered nanomaterials can be successfully related to the risk these materials
may pose to environmental and human health. Inside a chemistry laboratory engineered nanomaterials
may possess a well-defined structure, with known shape, dimensions, and surface chemistry. However,
once nanomaterials have entered the environment, size, shape, or surface chemistry may be significantly
altered. This may lead to unpredicted behavior, because the interactions of nanomaterials with biological
and environmental systems are strongly influenced by material properties. In order to develop an accurate
risk assessment profile for engineered nanomaterials released into the environment, it is essential that we
develop an initial understanding of nanomaterial fate within different environmental matrices. This includes
investigation into how long they retain their original size, shape, and surface chemistry, and how mobility
can be connected to structure and properties.13:14

The behavior of functionalized gold nanoparticles within different environmental matrices is of particular
interest for three significant reasons. First, because gold nanoparticles are relatively stable against
oxidation, easy to track and characterize, and gold occurs at an extremely low background level in most

environmental samples, gold nanoparticles are ideal probes for investigating the fate and transport of

* This chapter was written with major contribution of writing/data from Samuel E. Lohse, and prepared in
collaboration with Michael Zoloty, Jason C. White, Lee A. Newman, and Catherine J. Murphy.

155



nanoparticles in the environment. Second, the size, shape, and surface chemistry of gold nanoparticles can
be controlled in exquisite detail.’>1° Therefore, the fate and transport of gold nanoparticles in the
environment can be closely correlated with material properties. Finally, because gold nanoparticles are
being investigated for use in applications such as biomedical imaging and cancer therapy,” we can expect
a marked increase in the prevalence of gold nanoparticles in the environment in the coming years. As a
result, it is imperative to examine the environmental behavior of gold nanoparticles in common
environmental matrices such as soil and water in detail.

To date, there have been several studies investigating the environmental fate of gold nanomaterials.
However, many of these studies are limited by using only one type of nanoparticle, or they investigate fate
in only one environmental medium. Additionally, interactions of nanoparticles with natural organic matter is
not considered.?%21 In order to gain a better understanding of the implications of nanomaterial exposure to
the environment, it is necessary to consider variation in nanomaterial characteristics, as well as the chosen
environmental medium.

Here, we examine the stability of a library of functionalized gold nanopatrticles in simulated groundwater,
as well as the mobility of functionalized gold nanopatrticles in two types of soils and alginate as a function
of gold nanoparticle shape and surface chemistry. We also investigate how the physiochemical properties
of the gold nanoparticles change as a result of groundwater, alginate, or soil exposure. Two types of soil
samples were used in these studies: a sample of residential soil and a sample of agricultural soil. The
polysaccharide alginate is secreted by organisms such as brown algae, seaweed, and bacteria such as
Pseudomonas aeruginosa, and Azotobacter vinelandii during formation of bacterial biofilms.2225 Thus,
alginate is a useful matrix to investigate interactions between nanomaterials and natural organic matter.

We prepare a library of functionalized gold nanoparticles containing spherical citrate (Cit) and
cetyltrimethylammonium bromide (CTAB gold nanoparticles, and CTAB, sodium polyacrylate (PAA),
polyallylamine hydrochloride (PAH) gold nanorods. We find that gold nanoparticles functionalized with
positively-charged ligands (CTAB, PAH) are immobilized following exposure to soil and alginate columns,
but negatively-charged gold nanoparticles (Cit, PAA) were highly mobile, being quickly eluted from the
columns. We also find that CTAB spherical gold nanoparticles may undergo aggregation following
incubation in simulated ground water and soil, but the type of soil appears to have a minimal effect on

nanoparticle mobility.

7.2. MATERIALS AND METHODS
7.2.1 MATERIALS

Gold tetrachloroaurate trihydrate (HAuCls*3H20), sodium borohydride (NaBHa), ascorbic acid (CsHsOs),
sodium polyacrylate (PAA, 30 wt.% solution, 15,000 g/mol), polyallylamine hydrochloride (PAH, 15,000
g/mol), alginic acid (sodium salt), and silver nitrate (AgNOs) were obtained from Aldrich.
Hexadecyltrimethylammonium bromide (CTAB), L-ascorbic acid, sodium chloride (NaCl), and trisodium
citrate (Cit, NasCeHsO7) were obtained from Sigma. Calcium chloride dihydrate (CaCl2 « 2H20) and
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magnesium chloride hexahydrate (MgClz « 6H20) were obtained from Fisher. Sodium chloride was obtained
from EMD Millipore. Deionized water (18.2 MQ) was prepared using a Barnstead NANOPURE water
filtration system. Unless otherwise noted, all nanomaterial syntheses and subsequent experiments were
carried out using deionized Nanopure water. Transmission electron microscopy (TEM) grids, SiO on copper
mesh (PELCO) were used for transmission electron microscopy. Standard laboratory chromatography sand

was obtained from Aldrich. Unless otherwise noted, all materials were used as received.

7.2.2 SYNTHESIS AND CHARACTERIZATION OF FUNCTIONALIZED GOLD NANOPARTICLES

Gold nanoparticles were synthesized and functionalized according to previously reported methods.
Citrate-stabilized spherical gold nanoparticles (6 nm) were synthesized using the Turkevich method, and
purified by centrifugation and washing (8000 rpm, 15 min).?6-28 15 nm CTAB-stabilized spherical gold
nanoparticles were synthesized using our previously reported seeded growth approach, and were purified
by centrifugation and washing (2 cycles, 6000 rpm, 11 min).2® CTAB-stabilized gold nanorods were
prepared using a silver-assisted seeded growth procedure, and were purified by centrifugation and washing
(2 cycles, 11000 rcf, 10 min).2%31 CTAB gold nanorods were then functionalized with either sodium
polyacrylate (PAA) or polyallylamine hydrochloride (PAH) using an established layer-by-layer
polyelectrolyte wrapping method.32 The polyelectrolyte-coated gold nanorods (PAA and PAH) were purified
by centrifugation and washing (2 cycles, 4500 rcf, 25 min). Functionalized gold nanoparticles were then
redispersed in Nanopure deionized water. Diagrams and TEM images of the functionalized gold
nanoparticle probes used in these studies are shown in Figure 7.1.

Gold nanopatrticles were characterized using a combination of UV-vis absorbance spectroscopy (Varian
Cary 500 UV-VIS-NIR Spectrophotometer), transmission electron microscopy (JEOL 2100 Cryo-TEM), and
dynamic light scattering/C-potential (Brookhaven ZetaPALS). For TEM analysis, dilute nanoparticle
solutions were dropcast onto TEM grids and allowed to dry for three hours. Dynamic light scattering (DLS)
and C-potential data for the as-synthesized gold nanoparticles were obtained from solutions dispersed in
Nanopure deionized water (pH = 5.8) at a concentration of 1 nM for gold nanorods and 5 nM for spherical
gold nanopatrticles. Nanoparticle concentrations in the majority of these studies were determined using

absorbance spectroscopy measurements, according to previously reported methods. 3334
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Figure 7.1 The functionalized gold nanopatrticles used in this study. (a) Diagrams of the gold nanoparticles
(AuNPs) and ligands used for functionalization. (b) Chemical structures of nanoparticle ligands. (c) TEM
images of 6 nm Cit AuNPs, 15 nm CTAB AuNPs, and aspect ratio 3.5 CTAB gold nanorods (AuNRS).

7.2.3 SOIL SAMPLE CHARACTERIZATION

Two distinct soil samples were used in these studies: an agricultural soil sample from Lockwood Farms,
and a Chlordane residential soil sample. These soil samples were obtained from the Connecticut
Agricultural Experiment Station (New Haven, CT). Prior to use in the nanoparticle retention experiments,
the soil samples were hand ground with an aqua regia-cleaned, oven-dried mortar and pestle for 5 min,

and mixed with sand on a 1:5 soil: sand (w/w) basis. Soil characterization data is provided in Table 7.1.

Table 7.1 Summary of soil sample physical properties and chemical characteristics.

Soil property Lockwood Farms soil Chlordane residential soil

Moisture content (w:w) 1.1% 1.5%
pH 6.2 5.9
Organic matter (w:w) 25% 4.4 %
Surface area 4.6 m3/g 7.9 m3/g
Cumulative surface area 18.9 m?/g 15.2 m?/g

Cumulative porosity 0.0056 cm?3/g 0.0048 cm?d/g
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7.2.4 GOLD NANOPARTICLE STABILITY IN SIMULATED ENVIRONMENTAL CONDITIONS

The stability of the gold nanoparticles against aggregation was investigated under three different
environmental conditions: incubation in simulated groundwater (5 ppm CaCl2/MgClz), simulated
groundwater in the presence of alginic acid (2 ppm), and immersion in an aqueous slurry of soil (1 g of soll
in 5 mL of Nanopure deionized water). To probe the stability of the gold nanoparticles in these media, 1 mL
of a 5 nM gold nanoparticle solution was added to 4 mL of the chosen environmental medium (for spherical
gold nanopatrticles), or 1 mL of a 5 nM solution was added to 4 mL (for gold nanorods). The aggregation
state of the gold nanoparticles was monitored by a combination of UV-vis absorbance spectroscopy and

DLS. The stability of the nanoparticles was monitored over a 48 or 72 h period.

7.2.5 GOLD NANOPARTICLE RETENTION IN SOIL AND ALGINATE COLUMNS

The retention of functionalized gold nanoparticles in the soil samples and alginate hydrogels was
studied by constructing columns which were similar to chromatography columns described by Tripathy et
al.3® The columns contained two different layers or either soil:sand (1:5 w:w) or an alginate hydrogel and
sand. Liquid alginate was made in 2 wt.% and the solution was stirred overnight. Alginate hydrogels were
formed by adding 3 mL of 0.1 M CaCl. to 15 mL of liquid alginate.?33¢ The gels were allowed to sit for 15
min for crosslinking, and then were rinsed with water before being placed in the columns. Images of the

alginate and hydrogels are shown in Figure 7.2.

Lo . ) 3 o
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Figure 7.2 Alginate hydrogel formed from alginic acid. From left to right: (top left) alginic acid powder, (top
middle) dissolved liquid alginate, and (top right) alginate hydrogel formed by the addition of CaClz *2H20.
Scanning electron microscopy images are of an alginate hydrogel.

Schematics of the soil and alginate columns used in retention experiments are shown in Scheme 7.1.

For soil column retention experiments, 2 mL of a 5 nM spherical gold nanoparticle solution (or 2 mL of 1
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nM gold nanorod solution) was added to the column, and allowed to settle into the soil for 20 min, prior to
elution. The functionalized gold nanoparticles were eluted using either Nanopure deionized water or
simulated groundwater (5 ppm CaCl2/MgCl2), in separate experiments. The percent of gold nanoparticles
retained in the columns was determined by UV-vis absorbance spectroscopy if the gold nanoparticles
showed no signs of aggregation after elution. For alginate column retention experiments, the column was
hydrated with Nanopure deionized water. Then, 2 mL 0.5 nM were loaded into the column. The gold
nanoparticles were allowed to diffuse through until they were at the top of the sand layer, then 30 mL of
Nanopure deionized water was added above the sand. Two fractions of eluent (15 mL) were collected.
Another 10 mL of water was added above the sand and a 13 mL fraction was collected. UV-Vis absorbance
of each of the fractions was used to determine the percent of gold nanoparticles that were transported

through the column.

Soil retention studies Alginate retention studies
<«<— Nanoparticles @ <«— Nanoparticles
Soil sample

(1:5 soil:sand) <+<— Sand

Alginate hydrogel
(2% alginate in H,0)

<— Sand «—— Sand

= =

Scheme 7.1 Basic experimental setup for retention studies. Schematics of the soil and alginate columns
used in retention studies. Nanoparticles were eluted through columns containing soil/sand or sand/alginate.

7.3 RESULTS AND DISCUSSION
7.3.1 PREPARATION AND CHARACTERIZATION OF THE GOLD NANOPARTICLE LIBRARY

We prepared a library of functionalized gold nanoparticles that possessed various sizes, shapes and
surface chemistries, and used these probes to investigate the stability of the nanoparticles against
aggregation in soil and groundwater. The library contained spherical gold nanoparticles protected with labile
ligands of different charges and surface chemistries: 6 nm citrate gold nanoparticles (Cit AuNPs) and 15

nm CTAB gold nanoparticles (CTAB AuNPs). In addition, the library contained gold nanorods (aspect ratio
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3.5) coated with CTAB, PAA, and PAH (CTAB AuNRs, PAA AuNRs and PAH AuNRs). This provided gold
nanorods with both positive and negative surface charges, and coated with both labile (monomeric) and
non-labile (electrostatically adsorbed polymers) capping agents. The nanoparticles were characterized
using UV-vis, TEM, {-potential and DLS (Figure 7.1, Table 7.2). The citrate and CTAB capping agents are
considered to be relatively labile, since the capping agents are bound to the gold nanoparticle surface as
individual monomers, which are electrostatically adsorbed to the AuNP surface (although some studies
have shown that the citrate capping agents can act as chelates, making the citrate less likely to desorb than
if it were truly bound as a monomer).3” In contrast, the gold nanorods coated with PAA and PAH, are
protected by multiple layers of electrostatically adsorbed polymers. The lability of citrate and CTAB with
respect to the gold nanoparticle surface (and compared to polymer-coated gold nanoparticles) in biological

media has previously been reported on a number of occasions.38-42

Table 7.2 UV-vis, -potential, TEM, and DLS data characterization data for functionalized AuNPs in water
prior to environmental exposure.

NP Sample Amax Size ¢-potential Dn

Cit AuNPs 521 nm 6.2+1.3nm -63+x7 mV 23+5nm
CTAB AuNPs 516 nm 14.7 £3.2 nm 15+£5mV 48 £5 nm
CTAB AuNRs 512 nm, 785 nm 50 nm x 12 nm 23+5 mV 36 £ 25 nm
PAA AuNRs 510 nm, 745 nm 50 nm x 12 nm -66 + 8 mV 190 £ 25 nm
PAH AuNRs 516 nm, 739 nm 50 nm x 12 nm 70£5mV 83 £ 11 nm

Unlike other engineered nanoparticles, the core of gold nanoparticles has been shown to be resistant
to oxidation (or dissolution) in most biological and environmental media; however, gold nanopatrticles may
still aggregate in sufficiently high ionic strength solutions.4344 Therefore, this study is primarily focused on
investigating the stability of gold nanoparticles against aggregation. We investigated the changes in
morphology and aggregation state of the functionalized gold nanoparticles under three environmentally
relevant conditions: (1) dispersion in simulated groundwater, (2) dispersion in simulated groundwater
containing natural organic matter (in this case, alginic acid), and (3) incubation in agricultural and residential
soil samples. The changes in nanopatrticle physiochemical properties were assessed using a combination
of TEM, UV-vis absorbance spectroscopy, and DLS/C-potential analysis. Having developed a basic picture
of gold nanoparticle transformation under different environmentally relevant conditions, we sought to
examine the mobility of these gold nanoparticles in columns containing alginate, or agricultural and

residential soils as a function of nanoparticle surface chemistry.

7.3.2 GOLD NANOPARTICLE STABILITY IN SIMULATED GROUNDWATER
In order to understand how the physiochemical properties of gold nanoparticles change when they are

dispersed in simulated groundwater, the functionalized gold nanoparticles were dispersed in a simulated
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groundwater solution (5 ppm CaCl2/MgClz). The final gold nanoparticles concentration in the samples was
5 nM for the gold nanopatrticles, and 1 nM for the gold nanorods after dilution in the simulated groundwater.
The aggregation state of the particles was monitored for a 48 h incubation period (Figure 7.3). Both UV-vis
absorbance spectroscopy and DLS measurements indicated that the Cit AUNPs and CTAB AuNPs
completely aggregated within several hours of being dispersed in groundwater. This aggregation is
evidenced by a loss of the surface plasmon absorbance peaks in the visible and/or near-infrared regions
of the absorbance spectra and a rapid increase in the hydrodynamic diameter (Dn) in the DLS analysis
(Table 7.3). This aggregation appears to be irreversible, as the aggregated Cit AuNPs and CTAB AuNPs
could not be fully resuspended by sonicating the solution. TEM images of the resulting aggregates were
also obtained (Figure 7.3). While electron microscopy does not provide an accurate picture of the size or
morphology of the aggregates in solution (due to drying effects and other artifacts), TEM imaging may
provide some supplementary insight into the morphology of the aggregated gold nanoparticles. It is
interesting to note that the TEM images of the spherical gold nanoparticles, which are stabilized by relatively
labile, monomeric capping agents, show that the gold nanoparticles might have fused during the
aggregation process, forming what appear to be extended networks of larger particles or amorphous
nanostructures (Figure 7.3a,b). The formation of such large, permanently aggregated structures would be
consistent with the fact that the aggregates of the Cit AUNPs and CTAB AuNPs cannot be visibly
redispersed by extensive sonication of these solutions. Similar irreversible aggregation of Cit AUNPs and
AgNPs in moderately hard water has been reported.4>46

In contrast to the spherical gold nanoparticles, while the CTAB AuNRs and PAA AuNRs show some
loss of stability in simulated groundwater, the aggregation was less rapid as evidenced by UV-vis and DLS
(Figure 7.3). The PAH AuNRs show little evidence of aggregation, as the UV-vis spectra of these rods
remains essentially unperturbed after 48 h. Additionally, the hydrodynamic diameter of the nanorods show
relatively minor increases over the 48 h incubation period, when compared to the spherical Cit and CTAB
AuNPs (Table 7.3). The AuNRs investigated do not show any significant evidence of aggregation (either by
UV-vis or DLS) until nearly 24 h of incubation time. Aggregation is slow in these samples for both the
polyelectrolyte-coated rods (which are stabilized by multiple electrostatic interactions with the gold nanorod
surface) and for the CTAB AuNRs (labile ligand). In these cases, TEM analysis of the aggregated rod
samples indicated that the while the gold may have aggregated, they do not show the same morphology
changes as the spherical gold nanopatrticles, and the plasmon absorbance bands could be restored.
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Figure 7.3 UV-vis absorbance spectra and TEM images of functionalized AuNPs exposed to simulated
groundwater (5 ppm CaClz/MgCl2) after 0, 24, or 48 h. (a) 6 nm Cit AuNPs, (b) 15 nm CTAB AuNPs, (c)
CTAB AuNRs, (d) PAA AuNRs, and (e) PAH AuNRs.

Table 7.3 Physiochemical characterization data for AUNPs after incubation in simulated ground water (5
ppm CaClz/MgClz) for 48 h.

AuNP sample Dy (nm) ¢-potential (mV)
Cit AuNPs - 20+ 2
CTAB AuNPs 5720 + 560 -3+4
CTAB AuNRs 394 + 22 1+7
PAA AuNRs 194 + 3 -53+4
PAH AuNRs 24+1 46 +5

These observations indicate that functionalized gold nanopatrticles, which are generally considered to
be relatively stable against oxidation,164344 are susceptible to physiochemical transformations. These
transformations may substantially alter their size and shape, due to aggregation, likely coupled with capping
agents being released from the nanoparticle surface. This result demonstrates that stability of the

nanomaterials in environmental media likely depends not only on the core material, but also on the surface
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chemistry. In this case, it is not only the surface charge that influences nanoparticle solubility, but also the

chemical nature of the interaction between the capping agent and the nanomaterial surface.

7.3.3 GOLD NANOPARTICLE STABILITY IN SIMULATED GROUNDWATER WITH ALGINIC ACID

In addition to dissolved ions, most natural water sources contain some source of natural organic matter
(NOM), whether it be algae, humic acid, or some other material. It has previously been shown that the
presence of NOM in natural waters can have a stabilizing effects which reduce aggregation of functionalized
nanopatrticles, depending on the pH and ionic strength of the solution.4”48 This is because NOM may adsorb
to the surface of the nanoparticle, stabilizing the nanoparticles against aggregation, or because NOM may
surround the nanoparticles, linking them together in larger heteroaggregate structures.*®

Accordingly, we explored whether the addition of a small amount of NOM, in the form of alginic acid,
might mediate gold nanoparticle aggregation following gold nanoparticle dispersion in the simulated
groundwater. The polysaccharide alginate is secreted by many types of organisms; thus, alginate is a useful
matrix to investigate interactions between nanomaterials and NOM. gold nanoparticles were dispersed in
simulated groundwater containing a small amount of alginic acid (1 ppm). Changes in gold nanoparticle
physiochemical properties were monitored over the course of 72 h. The incubation period in these trials
was extended because the gold nanoparticles were observed to aggregate very slowly in the presence of
the alginic acid. In the presence of alginic acid, UV-vis absorbance spectroscopy indicated that the rate of
gold nanoparticle aggregation may be significantly reduced (Figure 7.4). This was indicated by the fact that
the absorbance spectra of all the gold nanoparticles remained relatively unperturbed when alginic acid was
present in the water. Only the Cit AUNPs showed any evidence of aggregation as indicated by a noticeable,
but minor red shift and broadening of the plasmon absorbance. The UV-vis absorbance spectra alone do
not provide a complete picture of the aggregation state of the gold nanoparticles. The spectra may not be
perturbed if gold nanoparticles form heteroaggregates with the alginate if the particles are within the
aggregate at sufficient distances apart so that the plasmons of the individual gold nanoparticles do not
couple. In order to form a better picture of the aggregation states of the gold nanoparticles in the presence
of alginate, the alginate-gold nanoparticle complexes were also characterized by DLS, {-potential analysis,
and TEM imaging (Figure 7.4 and Table 7.4)

Dynamic light scattering of the gold nanopatrticle-alginate complexes shows that the hydrodynamic
diameter of the gold nanopatrticles noticeably increases in the presence of alginate; however, the diameters
are generally smaller than gold nanoparticles which aggregated in simulated groundwater in the absence
of alginate (Table 7.3). Regardless of the initial gold nanoparticle surface charge, the {-potentials of all the
nanoparticles were altered following immersion in the solution, and became largely negative, similar to the
C-potential of the alginate itself. This suggests that gold nanoparticles do adsorb alginate from the aqueous
solution. In many cases, the gold nanopatrticle hydrodynamic diameter increases, without the corresponding
absorbance spectra being perturbed following alginate incubation. This supports the proposition that at

some of the gold nanoparticles investigated here form heteroaggregates with the alginate polymer, but the
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nature of this heteroaggregation process is not clear. Alginic acid monomers can cross-link to form polymers

in aqueous solutions of Ca2*.%0 |t is possible that alginate monomers adsorb to the gold nanoparticle

surfaces first, and then alginate-coated gold nanoparticles are cross-linked by alginate polymerization, or

that alginate polymerization occurs first, and then the gold nanoparticles aggregate with the alginate.

—~
QD
L

Absorbance

Absorbance

Wavelength (nm)

(e)

400 500 600 700 800 900 1000 1100

Absorbance

= 0h

24 h

— 72 h

“'\q

Wavelength (nm)

400 500 600 700 800 900 1000 1100

(b)[
—oh
24h
@ — 72h
c
®©
2
o
1%2]
Q
<
400 500 600 700 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
(d)
—o0h
24h
8 — 72h
c
®©
2
o
1]
Qo
<
= _‘\
400 500 600 700 800 900 1000 1100

Wavelength (nm)

Figure 7.4 UV-vis absorbance spectra and TEM images of functionalized AuNPs exposed to simulated
groundwater (5.0 ppm CaCl2/MgCl.) in the presence of alginate after 0, 24, or 72 h. (a) 6 nm Cit AuNPs,
(b) 15 nm CTAB AuNPs, (c) CTAB AuNRs, (d) PAA AuNRs, and (e) PAH AuNRs.

Table 7.4 Physiochemical characterization data for purified AUNPs after incubation in simulated ground
water (5 ppm CaCl2/MgCl2) containing 2 ppm aqueous alginic acid for 7 days.

AuNP sample Dn (nm) ¢-Potential (mV)
Cit AuUNPs 110+ 3 43+ 1

CTAB AuNPs 249+ 7 -31+2

CTAB AuNRs 229+ 26 30+2
PAA AuNRs 69+2 -31+2
PAH AuNRs 30+0.8 401
Alginic acid 5040 + 2440 -59 + 6
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To further investigate the structure of these gold nanoparticle-alginate species, TEM imaging of the
gold nanopatrticles following alginate incubation was carried out (Figure 7.4). In many of these images, a
thin semi-transparent film can be seen around extensive chains of gold nanoparticles on the TEM grids,
which would be consistent with both of the proposed explanations. Unfortunately, TEM of dried samples
does not provide direct information as to the structure of the gold nanoparticle-alginate aggregates in
solution, since drying effects during sample preparation will strongly influence the appearance of the gold
nanoparticles on a grid surface. However, all the data taken together indicate that the gold nanoparticles
adsorb and/or adsorb to the alginate polymer, mediating the surface charge and aggregation state of the
gold nanopatrticles in the simulated groundwater. Thus, the alginate acts as a stabilizer, preventing the rapid
aggregation observed when the gold nanoparticles are dispersed in simulated groundwater alone.
Additionally, it appears that in the presence of alginate, gold nanoparticles exist in simulated groundwater
as some type of heteroaggregate with alginate, regardless of the initial surface chemistry.

The formation of gold nanoparticle-NOM heteroaggregates in simulated groundwater would have
significant implications for gold nanoparticle stability and transport within the environment. While the
alginate appears to improve the stability of the AUNPs against aggregation in groundwater, this stability
appears to be the result of heteroaggregation with alginate polymers, which means that gold nanopatrticles,
regardless of their initial surface charge, most likely are transported through the environment as large
aggregates with natural organic matter. This transformation would greatly effect nanoparticle environmental
fate because these gold nanopatrticles are no longer the well-defined nanostructures synthesized in the lab.
It has been previously shown that the majority (60%) of CTAB AuNRs exposed to an environmental system
accumulate in biofilms.5! In addition to bacteria, it is known that a biofilm matrix contains water, DNA,
proteins, and NOM, such as the polysaccharide alginate.?* Potentially, the formation of NOM-gold nanorod
heteroaggregates was what drove accumulation of gold nanorods in biofilms. Therefore, we might expect
that regardless of core composition, shape and surface chemistry, nanoparticle environmental fate is

closely tied to interactions with NOM.

7.3.4 GOLD NANOPARTICLE ADSORPTION TO SOIL COLLOIDS

The stability of the gold nanoparticles were examined in the chosen soil samples (Lockwood Farms
and Chlordane residential). In order to isolate the influence of the soil samples alone on gold nanoparticle
stability, gold nanoparticle samples were dispersed in Nanopure deionized water and then mixed with the
soil samples briefly at vortex. The soil slurry was allowed to settle out, and the supernatant was examined
by UV-vis, TEM, DLS, and -potential analyses. Exposure to either soil sample did not induce significant
aggregation among the different types of gold nanoparticles, as evidenced by the UV-vis absorbance
spectra. However, the gold nanopatrticles stabilized with positively-charged ligands (CTAB and PAH) were
strongly adsorbed to both soil types tested, as evidenced by the significant decrease in the intensity of the
surface plasmon absorbance following soil incubation for the 15 nm CTAB AuNPs, the CTAB AuNRs, and

the PAH AuNRs. TEM analysis of the dropcast supernatants further supports this observation, as the
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positively-charged AuNPs were found to be closely associated with colloidal materials present in the soil
samples, while “free” Cit AuNPs and PAA AuNRs were much more common in their respective
supernatants, and were not found to be closely associated with the soil colloids. The UV-vis and TEM data
from these experiments using Lockwood Farm soil is shown in Figure 7.5, and the corresponding data for

the Chlordane residential soil are quite similar (the data are not shown).
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Figure 7.5 UV-Vis absorbance spectra and TEM images of functionalized AuNPs incubated in a slurry of
Lockwood Farms soil for 2 h. (a) 6 nm Cit AuNPs, (b) 15 nm CTAB AuNPs, (c) CTAB AuNRs, (d) PAA
AuNRs, and (e) PAH AuNRs.

Interestingly, small spherical particles (~ 2 nm) were seen to be prevalent in the TEM images of the 15
nm CTAB AuNPs and the CTAB AuNRs. Smaller nanoparticles were also found, although in smaller
amounts, in the TEM images of the CTAB AuNPs and CTAB AuNRs prior to incubation with the soil
samples. As gold nanoparticles and gold nanorods were prepared by seeded growth syntheses, and seeds
are 1-3 nm,52 these small particles are likely gold nanoparticle seeds that were not sufficiently removed
during purification. These small gold nanopatrticles are seen both as free nanoparticles and associated with
soil colloids in the TEM images of the soil incubation samples. It should be noted that the optical absorbance

of gold nanoparticles of this size are so weak, that their presence in the supernatant may not be easily
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detected in the supernatants of the soil incubation samples. Accordingly, it is worth considering that these
seed gold nanoparticles may have significantly different fate and transport properties than larger gold
nanoparticles with the same surface chemistry, and when examining the environmental fate and transport
of gold nanoparticles prepared by seeded growth methods, the presence of these potential impurities
should be considered and accounted for.

Combining the data from all of these stability studies, we can develop a much clearer picture of gold
nanoparticle physiochemical properties in the environment. Functionalized gold nanoparticles are typically
considered to be “stable” under environmental conditions (particularly compared to silver NPs or metal
oxide nanoparticles which can oxidize or sulfidize under environmental conditions). However, we find that
gold nanoparticles stabilized with labile ligands are indeed susceptible to aggregation in simulated
groundwater, quickly giving rise to large aggregates, rather than individual gold nanoparticles. This is an
important consideration, as the majority of previous studies that have examined gold nanoparticle fate and
transport in mesocosms or uptake into plants have used Cit AUNPs or CTAB AuNPs.51%5 The rapid
aggregation of these gold nanoparticles may have a significant impact on how the gold nanoparticles
partition in the environment, or how they biomagnify within the food chain. This rapid aggregation may also
have significant consequences for gold nanoparticles that are used in ecotoxicity studies using typical

indicator organisms (e.g., Daphnia or zebrafish).4556.57

7.3.5 GOLD NANOPARTICLE RETENTION IN SOIL AND ALGINATE COLUMNS

Transport and retention of gold nanoparticles, through columns containing various types of
environmental media, has been demonstrated to be a useful method to examine nanoparticle fate in the
environment.3%%8-60  Therefore, having investigated how the physicochemical properties of gold
nanoparticles are altered following environmental exposure, we sought to understand how the
physiochemical properties of gold nanoparticles might influence their retention in columns of soil and
alginate. Schematics of these setups are in Scheme 7.1. Soil columns were set up, in which the gold
nanoparticles were briefly allowed to incubate at the top of the soil for 20 minute incubation. The gold
nanoparticles were then eluted with Nanopure deionized water, in order to observe how the gold
nanoparticles interacted with the soil in the absence of aggregation. UV-vis absorbance spectroscopy was
used to quantify the amount of gold nanoparticles that had eluted from a given soil column, and the amount
of AuUNPs retained in the soil column was determined by subtraction. It almost immediately became evident
that the positively-charged gold nanoparticles were strongly retained in columns prepared from either soil
sample type. In fact, in the Lockwood Farms soil column, none of the positively-charged gold nanoparticles
(CTAB AuNPs, CTAB AuNRs, and PAH AuNRs) could be eluted from the soil column (Figure 7.6a) In
contrast, the Cit AUNPs, and the PAA AuNRs were eluted almost immediately from the soil columns. The
same general trend was observed in the Chlordane residential soil columns (Figure 7.6b), except that the
positively-charged gold nanoparticles were not quantitatively retained by this soil type. It is likely that the

positively-charged gold nanopatrticle s are strongly retained in these soil types mirrors the strong affinity for
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the soil samples that was observed in the soil incubation studies. There is strong interaction between the
positively charged gold nanoparticles and the silicates and aluminates present in the soil (although NOM
may also play a role in this regard).
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Figure 7.6 Percent of gold nanoparticles retained in (a) Lockwood Farms soil columns, (b) Chlordane
residential soil columns, and (c) alginate columns. The eluent was Nanopure deionized water and gold
nanoparticle concentration of eluted fractions was determined by UV-vis absorbance spectroscopy.

Similar transport experiments through columns containing alginate hydrogels were carried out. The
amount of gold nanoparticles retained by these columns were calculated by subtracting the amount in the
samples eluted from the column from the initial known amount added to the columns using UV-vis
absorbance spectroscopy. The results from the transport experiments are shown in Figure 7.6¢c. Generally,
gold nanopatrticle retention in alginate was lower than in the soil columns; however, the trends with shape
and surface chemistry are similar. As expected, the positively charged CTAB AuNPs, CTAB AuNRs, and
PAH AuNRs exhibit greater retention than the negatively charged Cit AUNPs or PAA AuNRs. This result
demonstrates that the surface charge on gold nanoparticles can influence interactions with an
environmental matrix (in this case, negatively charged alginate). However, there were also differences in
retention by shape/size and surface coating. For example, the CTAB AuNPs were not as strongly retained
in the columns as the CTAB AuNRs. Interestingly, the PAH AuNRs had reduced retention compared to
both the CTAB AuNPs and the CTAB AuNRs. These differences suggest that many nanomaterial
characteristics (e.g. size, shape, and surface chemistry) can greatly influence the fate of gold nanoparticles

in the environment.

7.4 CONCLUSIONS

The increased prevalence of nanomaterials in a range of applications will inevitably lead to
nanomaterial contamination of soil and groundwater. It has been shown that nanomaterials’ physiochemical
properties such as size, shape, and surface chemistry ultimately control the majority of their interactions
with biological and environmental systems. The precise manner in which nanoparticle properties may
change in response to environmental exposure; however, is not well-understood. Gold nanoparticles are

excellent model probes to assess the fate of functionalized nanopatrticles in environmental media, because

169



their size, shape, and surface chemistry can be exquisitely controlled, and their transformation in and
progress through complex matrices can be closely monitored using simple instrumental techniques.

Here we investigated how gold nanoparticle shape and surface chemistry influenced their stability and
transport within environmental systems. A library of spherical and rod-shaped gold nanoparticles was
prepared with different surface chemistries using a polyelectrolyte layer-by-layer coating strategy.
Nanoparticle stability against aggregation in simulated groundwater was investigated using UV-vis
absorbance spectroscopy and dynamic light scattering. Even though gold nanomaterials are relatively
stable against oxidation, gold nanoparticle surface chemistry had a strong influence on stability against
aggregation in simulated groundwater. The stability of the gold nanoparticle probes depended on both the
surface charge imparted by the capping agent, and the nature of the interaction between the gold
nanoparticle surface and the capping agent. Gold nanoparticles protected with relatively labile capping
agents, like cetyltrimethylammonium bromide or citrate are more susceptible to irreversible aggregation in
groundwater than polyelectrolyte-coated gold nanorods. However, in the presence of alginate, the gold
nanoparticles formed heteroaggregates with the alginate polymers, regardless of the initial gold
nanoparticle surface coating. The charge and capping agent interaction also exerts a strong influence on
functionalized gold nanoparticle retention in these columns. Negatively-charged gold nanoparticles were
only weakly retained in soil and alginate, and hence, are potentially much more mobile in environmental
matrices than nanoparticles carrying positive surface charges. Together, these data suggest that the
environmental fate of nanopatrticles is strongly influenced by their surface chemistry, as well as their core

material and size.
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