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Abstract

This work investigates new frontiers in Nanomedicine to overcome tumor
heterogeneity by developing traceable theranostic platforms that can distribute site-
specifically in areas of interest. This study was made possible due to the close
collaboration between Politecnico di Torino, Turin, Italy, and the Department of

Nanomedicine at the Houston Methodist Research Institute, Houston, Texas.

To date, heterogeneous distribution of drugs or treatment modalities within the
tumor mass has been a crucial limiting factor for a vast range of theranostic
applications. Understanding the interactions between a nanomaterial and the tumor
microenvironment would help to overcome the challenges associated with poor
distribution due to tumor heterogeneity as well as the clinical translation of
nanotheranostic materials. The delivery of small molecules and anticancer agents
to specific regions within solid tumors is limited by penetration depth and poor
spatial drug distribution, hindering efficacy. Another major issue is biofouling, the
unwanted adsorption of cells, proteins, or intracellular and extracellular bio-
molecules that can spontaneously occur on metal nano-complexes. This
phenomenon leads to a protein corona and destabilizes a colloidal solution,
resulting in undesired macrophage-driven clearance, and consequently causing

failed delivery of a targeted drug cargo.

In this thesis, surface passivation of metal nanomaterials, such as Gold
Nanoparticles (GNPs), with various chemical functionalities results in observed
behavioral differences in cellular uptake and intratumoral distribution. We show
that when the nanoparticle surface chemistry is altered, dramatic changes occur in
their penetration and localization in heterogenous solid tumors. Gold nanoparticles
were synthesized, passivated with different molecules, and administered in vitro
and in in vivo models of Non-Small Cells Lung Cancer. The main result and
contribution of this work is that GNP surface passivation affects nanoparticle

transport behavior within the cellular and tumor microenvironment. Controlled



delivery of GNPs passivated with different surface chemistries resulted in
differences in intratumoral distribution as well as zonal delivery within the tumor.
These results are useful for directing anticancer therapies to regions of biomarker

overexpression.

We found changes in the surface functionalization of gold nanomaterials can
alter their cytotoxicity or improve their biocompatibility. For instance, gold
nanorods (GNRs), nanoparticles with tunable light absorption properties, have a
controversial safety profile, limiting their clinical translation due to surfactant
stabilization during synthesis. We explored changing the charge of the surfactant
used to stabilize the GNRs, and the resulting effects on lung and cervical cancer
cell viability. Altering the GNR surface charge using an anionic surfactant
improved cell survival and reduced cytotoxicity when compared to cationic
surfactants. Changing the surfactant net charge resulted in significant dose-

dependent as well as time-dependent effects of nanorod treatment on cell viability.

Finally, plasmonic silica-gold core-shell nanoparticles, known as gold
nanoshells (GNS) were investigated for their photothermal properties. We tested
the ability of GNS to generate heat and create ablation lesions due to light
excitation. GNS can be synthesized to exhibit strong optical resonances across the
electromagnetic spectrum depending on their core-to-shell ratio. This optical
absorption can be tuned to longer wavelengths, such as the near infrared.
Importantly, as the particles are gold-coated, they are resistant to oxidation and
remain biocompatible, allowing for their use clinically. Here, we show that light
exposure of near-infrared sensitive (NIRS) gold nanoshells to their resonant
wavelength (808 nm) reveals local heating to temperatures greater than 50 °C,
inducing cell death. Further, we show that under continuous exposure to light for
over 1000 seconds, temperatures between 50-60 °C can be maintained without
continued rise. These results indicate the possibility to create photothermal ablation

lesions via nanoparticle-induced heating in deep regions of target tissue.

Vi



Overall, the work presented in this thesis demonstrates that modifying the GNP
surface chemistry changes their physicochemical properties, which can be exploited
to enhance nanoparticle biodistribution in heterogeneous tissues, thereby making

GNPs versatile and valuable tools for biomedical applications.

Keywords: Gold Nanoparticles;Non-Small Cell Lung Cancer, Peritumoral;
Cytotoxicity;, Biodistribution;, In Vivo;, In Vitro;, Theranostics;, Computed
Tomography Imaging; Surface Passivation; Inductively Coupled Plasma Optical
Emission Spectrometry
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Chapter 1

Introduction to Gold Nanoparticles and the
Role of their Physicochemical Properties



1.1 Introduction

This chapter aims to illustrate the research work conducted at the Houston
Methodist Research Institute during my Ph.D. and to underline the logic of the
research presented in this thesis. Dr. Filgueira's research laboratory studies
nanotechnology-based platforms for long-term sustained release of therapies for
both local and body-wide applications to prevent and treat chronic diseases. By
engineering nanomaterials, and in particular nanoparticles, the obstacles of
conventional therapeutic intervention can be surpassed through sustained release,
targeted drug therapy, and local delivery to a specific site of action. In fact, local
delivery of these nanoparticles improves the bioavailability of the therapeutic and
reduces off-target adverse effects without altering their ability to act as diagnostic
tools.

The scope of this Ph.D. thesis is to demonstrate that controlling the surface
properties at the nanoscale can significantly improve upon their use as diagnostic
materials as well as enhance treatment outcomes. To achieve this goal, we exploited
the surface proprieties of metal nanoparticles, in particular colloidal gold in
different sizes and shapes at the nanoscale. GNPs were chosen over other metals
mainly for three reasons:

(1) the high chemical and physical stability, indicating the intrinsic
biocompatibility of gold nanostructures

(i)  the multitude of optical properties related to surface plasmons

(iii))  the ease of surface functionalization of GNPs with organic and
biological molecules

In fact, GNPs have been demonstrated to be biocompatible and have unique
optical properties, since they can generate a plasmonic effect when incident light
interacts with their free electrons. Modifying their size and shape, researchers can
obtain a unique surface plasmon resonance which can be useful in applications for
cancer imaging, spectroscopic detection, and photothermal therapy.

Another important advantage of using GNPs is related to their ability to absorb
X-rays. In fact, colloidal gold has been demonstrated to act as a contrast agent in
experimental setups and encouraging results suggest that their use in the field of
clinical diagnostics can overcome numerous obstacles associated with traditional
iodine-based contrast agents. For instance, in clinical oncology, they allow for
visualization of the tumor microenvironment using morphological imaging



techniques, such as computed tomography. Therefore, due to their high X-ray
attenuation values, tissue structures, vasculature, and biodistribution can be better
resolved, improving our ability diagnose as well as treat individuals.

In addition, modifying the physico-chemical properties of GNPs allows for
improvements in their biocompatibility and uptake efficiency. The GNP surface can
be functionalized through electrostatic and covalent interactions, generating
different responses when placed in contact with malignant cells. In this thesis,
modifications in surface passivation were exploited to improve nanoparticle
biodistribution in vivo in tissues with high spatial heterogeneity, such as solid
tumors. The main contribution to the scientific research is that in engineering the
nanoparticle surface chemistry, we were able to direct particles toward specific
zones of malignant tissues, obtaining minimal systemic exposure via intratumoral
injections performed with an injection pump.

1.2 Physicochemical Properties of Gold Nanoparticles

In the context of medicine and biology, nanotechnology is described as the
engineering of functional systems at the molecular scale, including materials and
devices with a structure and function from nanometers (10~ m) to micrometers (10~
®m) [1]. Nowadays, there is an increasing interest in nanoparticles fabricated from
noble metals, such as silver [2], copper [3], or titanium [4]. However, colloidal gold
is the most studied and used inorganic nanomaterial, mostly due to its unique
physicochemical characteristics, including simple preparation, controllable size,
biocompatibility, good acceptance of surface modifications or bioconjugation, and
specific surface plasmon resonance (SPR) [5].

In particular, the SPR effect is an important physical feature of GNPs which
occurs when the frequency of the oscillation of free electrons at the surface of the
nanoparticle resonates with the frequency of the incoming light radiation, resulting
in a plasmon band. These easily polarizable conduction electrons generate
preferential interaction between GNPs with electromagnetic fields with the
consequent generation of nonlinear optical phenomena. In fact, compared to other
organic and inorganic chromophores, GNP diameters >2 nm produce a larger
extinction cross-section, with the possibility to reach 100% light-to-heat conversion
efficiency, as well as high photostability and the ability to amplify the
electromagnetic field at nanometric distance from the metal surface [6].



The extinction coefficients of the SPR bands are extremely high (10" M~! cm™
1, and they can be several orders of magnitude greater than those of common
organic dyes [7]. Depending on size and shape, type of solvent, surface ligand, core
charge, temperature, and the proximity of other nanoparticles, GNPs offer
absorption and scattering effects, manipulating the electron charge density on the
particle surface (Figure 1.1). In the case of spherical GNPs with diameter sizes <50
nm, the SPR peak absorbance appears around 500-550 nm, and this characteristic
contributes to their red color at macroscopic level [8]. For anisotropic nanoparticles,
like gold nanorods (GNRs), two plasmon bands are observed due to the electron
oscillation along the length (longitudinal plasmon band) and the width (transverse
plasmon band), exhibiting plasmon bands with maxima ranging from 500 to 1600
nm, depending on the length/width ratio [9].
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Figure 1.1 Plasmonic gold-based nanoparticles investigated in this thesis. Gold
nanospheres in the diameter of ~40 nm, with surface plasmon resonance (SPR) peak at 530
nm; gold nanorods with ~120 nm in length and ~50 nm in width, with surface plasmon
resonance (SPR) peak at 800 nm; gold nanoshells in the diameter of ~150 nm, with surface
plasmon resonance (SPR) peak >800 nm. Microscopic pictures of the particles here
presented are captured with scanning electron microscopy and transmission electron
microscopy. For comparison, optical photos of each type of nanoparticle are reported,
showing the color change in the visible light depending on their size and shape.



When plasmons occur in particles with sizes much smaller than photon
wavelength, such in the case of GNPs (wavelength 500 nm >> diameter 50 nm) or
GNRs (wavelength 500-1600 nm>>diameter 50-120 nm), they are non-propagating
excitations classified as localized surface plasmons (LSPs) because the resulting
plasmon oscillation is distributed over the whole particle volume [10]. LSPs can be
changed by alterations in the refractive index around the particle such as by making
chemical modifications to the GNP surface, through conjugation with thiolated
ligands or adsorption of ions and small molecules. Therefore, nanoparticle surface
modifications can generate a shift in the LSPs, (such as a red-shift or change in
absorbance to a longer wavelength due to an increase in the refractive index).
Changes in the LSP can be used to confirm successful surface modifications and
for monitoring the stability of colloidal gold over time.

In addition, light absorption can be used in photothermal therapy, which is a
non-invasive method for treating cancer. Here, light is absorbed by the GNPs and
this leads to enhancement of heat, which can be exploited to destroy malignant or
abnormal cells. After the release of free electrons from the GNP plasmon band by
laser excitation, the heat generated in the crystalline network can be transferred to
the environment by electron-electron scattering, electron-phonon coupling, and
phonon-phonon reaction [11]. Lasers in two treatment windows ranging from 650
to 940 nm (NIR) and from 1000 to 1350 nm (IR) have been demonstrated to
generate the least absorption in peripheral tissues, while generating less severe side
effects [12]. Finally, light scattering can be used in imaging techniques such as
computed tomography (CT). This property will be discussed more in details in the
following section.

1.3 X-ray absorption properties of GNP and their use in
biomedical imaging

Imaging techniques for noninvasive cell tracking are becoming crucial for
elucidating the mechanisms of the distribution, migration, and kinetics of
nanomaterials in medical imaging [13]. In fact, imaging techniques may allow for
real-time monitoring of the location and concentration of particles inside the body,
enhancing clinical outcomes [14]. In this regard, advanced techniques have been



investigated in the field of nanomedicine, combining clinical therapies and
diagnostic imaging in a single treatment to guide personalized medicine [15].

In X-ray based imaging, contrast is based on the differences in the X-ray
absorption of distinct tissues, meaning that small absorption differences among
materials results in weak contrast, which produces low-quality images. The image
intensity generated by X-ray attenuation obeys the Beer-Lambert law: I = [,e™H*,
where I is the transmitted X-ray intensity, lo is the incident intensity, x is the
thickness of the matter, and p is the mass attenuation coefficient, which increases
when the atomic number increases and decreases when the X-ray energy source
intensifies [16]. Therefore, a contrast media with a high atomic number generates
superior X-ray attenuation when compared to other elements, producing useful
images for diagnostics.

To intensify X-ray contrast, and thus increase image resolution, gas phase
contrast agents or liquefied iodinated derivatives are normally used in standard
clinical practices. However, standard contrast agents present several limitations,
including poor contrast in over-weight patients, the need for characterization in
several cases, and high osmolarity, which generates occasional renal or pre-renal
toxicity [17]. Furthermore, the instantaneous distribution and rapid clearance of
contrast agents allow very short time windows for CT imaging, especially for
vascular applications [18].

GNPs have both a higher atomic number as well as high X-ray absorption,
lending them as potential candidates to enhance imaging and delineate areas of
interest for clinicians. GNPs can be used in contrast-enhanced computed
tomography (CT) applications and importantly, have a higher X-ray absorption
coefficient compared to standard iodinated contrast agents. In fact, at 100 keV, the
X-ray absorption efficiency of GNPs (5.16 cm?/g) is three times higher than that of
iodinated agents (1.94 cm?/g), as well as much higher than that of bones (0.186
cm?/g) and soft tissues (0.169 cm?/g) [19]. In addition, compared with low-
molecular-weight iodine solutions, GNPs remain longer in circulation, prolonging
imaging time. Therefore, GNP contrast media improves visualization, and GNPs
have demonstrated to be effective in multifunctional applications for diagnostics
and therapies, especially for combinatorial or multimodal cancer treatment [20],
[21].

Recent progress towards nanomedicine-based CT imaging has been made by
Ashton et al. using GNPs as a contrast agent for targeting the epidermal growth



factor receptor, which is expressed on the cell surface of most lung
adenocarcinomas [22]. CT imaging performance was evaluated in vivo in mice
subcutaneous tumors, showing high tumor accumulation and suggesting a
possibility to better differentiate malignant lung cancers from benign lesions. Early
diagnosis of hepatocellular carcinoma was achieved by Rand et al. using surface-
modified gold nanoparticles in combination with X-ray imaging, distinguishing
cells containing GNPs from cells without gold in X-ray scatter images and detecting
in vivo tumors smaller than a few millimeters in size [23]. Similarly, GNPs
approximately 30 nm in diameter [24] or smaller [25] have been injected
intravenously and detected by X-ray imaging in vivo in computed tomography,
specifically for hepatoma in the liver, generating visible images in both cases.

It has been shown that GNP size does not significantly affect their contrast
generation with CT for sizes ranging from 4 to 60 nm [26]. Further when comparing
spherical GNPs with GNRs, no significant variation in attenuation depending on
particle size was observed, demonstrating that contrast enhancement is less
dependent on size than on shape of the nanoparticles [27]. However, particle size
affects biodistribution and organ accumulation: 15 nm or smaller particles have
long blood circulation times, while larger GNP (>15 nm) were shown to accumulate
in the liver and spleen more rapidly [28].

Non-invasive imaging techniques, especially those involving contrast-
enhanced CT, enable a deep understanding of the internalization mechanisms of
GNPs into tumor cells and an assessment of specific receptor binding. In this regard,
Shamalov et al. longitudinally CT-tracked the migration of intravenously injected
natural killer-cells labeled with GNPs, observing a cluster accumulation at the
tumor site for up to 72 h [29]. Yu et al. reported an innovative labeling strategy
based on temperature-responsive GNPs, using CT imaging to track transplanted
human mesenchymal stem cells for 10 days and obtaining high cell labeling
efficiency and extended intracellular retention duration [30].

Therefore, due to their strong X-ray attenuation, GNPs may offer
improvements in the quality of clinical care and treatments, including predictive,
preventive, and personalized medicine. However, it is important to assess their
potential clinical implementation by studying their long-term biodistribution,
intrabody stability, dose toxicity, and clearance while addressing concerns related
to their excretion profile. In the next several chapters of this thesis, an effective
protocol to quantify the biodistribution of GNPs within cells and tissue in pre-



clinical research will be presented and the usage of GNPs in different applications
will be discussed.

1.4 Importance of Surface Functionalization of Gold
Nanoparticles

Chemical synthesis of GNPs generally involves capping agents such as sodium
citrate, ascorbic acid, sodium borohydride or sodium hydride to provide stability in
a pH-neutral solution through electrostatic repulsion and to overcome van der
Waals forces to avoid agglomeration in solution [31]. However, persistent problems
related with aggregation upon pH change and nonspecific adsorption of serum
proteins to the GNP surface have been reported [32]. This phenomenon can lead to
conformational changes of serum proteins and enzymes, resulting in toxicity [33].
Indeed, a direct interaction between the GNP surface with cells can damage the
integrity of membrane structure, which in some cases results in leakages. Another
possible effect related to particle stability is their rapid removal by the
reticuloendothelial system once they are introduced into the body [34]. In addition,
GNP surface charge and surface hydrophobicity both play an important role in
cytotoxicity, DNA damage, and ROS production, with potential toxic consequences
dictating immune responses [35]. Therefore, for their use in clinical applications,
long-term storage of GNPs in solution requires a high degree of stability to prevent
their agglomeration, which in turn, will increase their blood circulation time.

To address some of these challenges, the GNP surface can be functionalized
with a diverse variety of organic and inorganic molecules. Surface functionalization
of GNPs can be achieved via non-covalent and covalent bonds. Non-covalent
interactions, such as hydrogen bonding, electrostatic, or van der Waals forces, are
relatively simple to achieve and can be used in different applications [36].
Electrostatic interactions occur when an equal number of oppositely charged ions
present in the liquid dispersion media border the GNP surface, generating an overall
electro-neutral double layer. This electrostatic repulsion prevents the agglomeration
of nanoparticles in the solution phase and can be further modified by controlling
significant variables, such as pH, concentration, and temperature. Steric
stabilization is obtained using stabilizing agents, such as hydroxyl groups,
surfactants, and different oligomers/polymers, which obstruct the free GNP
movement during synthesis reactions, generating a protective layer at the outer
surface of the nanoparticles. Finally, surface stabilization can be also manipulated



using polyelectrolytes as a polymeric surfactant, which generates an electric double
layer around the particles with their end chains extended and polar head group near
the particle surface [37]. Although non-covalent bonds are easier to maintain in
colloidal media, pH and ionic strength affect the stabilization of nanoparticles as
well as their potential for agglomeration and oxidation processes [38].

Multiple linker molecules can be used to form covalent bonds between ligands
and the GNP surface, which provide functional groups (ex: —COO-, —NH3+,
—CHO, and so on) or charges that can be exploited for bioconjugation or ligand
exchange [39]. For ligand exchange, the new ligand molecule must have a stronger
affinity to the inorganic core in order to quickly and effectively replace the original
surfactant molecule. For instance, functionalization of citrate-capped GNPs is
relatively easy, due to the weakness of the Au—citrate interaction. This interaction
is electrostatic in nature and can be substituted with stronger ligands, such as sulfur-
containing ligands, obtaining a direct conjugation to form thiol-protected GNPs
[40].

The high affinity of GNPs to bind thiols, amines, and polymers provides a
convenient way to introduce reactive functional groups that can be utilized for
targeting specific regions of tissue. Antibodies, peptides, aptamers, and
carbohydrates, offer means to conjugate therapeutic agents, such as drugs,
radionuclides, photosensitizers, siRNA and genes to the nanoparticle for drug
delivery applications [41]. In particular, thiol groups demonstrate the highest
affinity to noble metal surfaces, such as gold (200 kJ mol™), creating a strong
covalent bond, which better stabilizes the nanoparticles to prevent aggregation at
high salt concentrations or acidic pH [42].

Efficacy of the Au—S bond for chemical conjugation to aid in cancer detection
and treatment has been tested in vitro with different cancer cell lines. For instance,
Gao et al. conjugated GNPs to epidermal growth factor receptor antibodies using
thiol ligands, demonstrating the ability to target cancer cells evaluated with dark
field microscopy [43]. Zhang et al. utilized the thiol group of glutathione to
passivate GNPs for the detection of human cervical carcinoma cells via
transmission electron microscopy and confocal laser scanning microscopy [44]. Ye
et al. synthesized retinoic acid-poly(ethylene glycol)-thiol gold nanoparticles,
which were not only selectively delivered to cervical carcinoma cells but also
showed growth inhibition 12 and 24 h after incubation [45]. Furthermore, the use
of thiol chemistry to modify GNPs with different therapeutics has been used to
demonstrate targeted drug delivery in several in vivo studies. For instance,
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doxorubicin-loaded paramagnetic gold nanoparticles were successfully retained
throughout the tumor, showing improved therapeutic anticancer activity and low
systemic toxicity, compared to that of free doxorubicin in immunogenic murine
squamous cancer [46] and in Ehrlich ascites carcinoma [47]. Additionally,
paclitaxel-conjugated GNPs were shown to improve circulation times due to their
high stability in vivo, targeting and releasing the drug inside tumor cells, while
increasing tumor cell killing efficiency in hepatoma solidity cells [48].

Functional groups conjugated on the surface of nanoparticles can affect their
circulation time and major excretion route, producing differences in blood kinetics,
organ distribution, and elimination. For instance, when injected intravenously in
mice, the GNP deposition rate at an organ site after 24h was found to be different,
depending on their functional groups, whereby PEG-coated GNPs accumulated in
the mesenteric lymph node, kidney, brain, and testis, while COOH-GNPs
accumulated in the liver, and NH>-GNPs in the spleen, lung, and heart [49]. Many
other research works have studied the tissue distribution of GNPs after intravenous
injection in animal models [50],[51],[52]. However, intravenous injection of
nanomedicines presents several drawbacks, such as off-target effects. Therefore,
the advantages of local administration of nanotherapeutics over systemic delivery
and how surface functionalization can affect the local distribution of nanomaterials
will be discussed in the next several chapters of this thesis.

Investigating the effects of surface functionalization will improve our ability to
produce stable GNPs in multi-environmental conditions, as well as help determine
the optimum surface coverage and stabilizing agent to reduce immunotoxicity [53].
While GNPs are generally shown to be noncytotoxic, further functionalization must
be rigorously tested to better improve their long-term safety and stability. Further
studies are also needed to wunderstand how GNP biodistribution and
pharmacokinetics can be modulated to enhance accumulation in target tissues and
organs. The research conducted in this thesis takes into account these considerations
and aims to investigate how GNP surface passivation can improve our ability to
distribute and retain a nanotherapeutic within a target tissue.

1.5 Thesis outline

The progression of this thesis to evaluate metallic nanoparticles and how their
properties can be exploited for biomedical and theranostic applications, which
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develops across several steps and chapters. The thesis starts by introducing gold as
a nanoparticle substrate and discussing its physical properties as well as chemical
properties for surface attachment (Chapter 1). In Chapter 2 we demonstrate gold
nanoparticle (GNP) synthesis and characterization and show that spherical GNPs
with diameters in the range of 40-50 nm have superior X-ray properties compared
to standard iodinate contrast agents and that this property can be utilized for
enhanced CT imaging in vivo. The reader will find application of these results in
Chapter 3, in which an in vivo investigation of biodistribution and retention of
intratumorally (IT) injected GNPs capped with a protein (bovine serum albumin,
BSA), known to bind to metal complexes, is reported for study in a murine model
of lung cancer.

Additionally, in Chapter 3 we focus attention on how the GNP surface
modification with Bovine Serum Albumin results in a more homogeneous and
uniform tumoral distribution and how changing the pH of the colloidal solution with
surface stabilizing agents can also generate an effect on intratumoral particle
distribution (section 3.3). An effective protocol is presented to inject GNPs locally
using an injection pump which offers an alternative and more efficient methodology
compared to manual intratumoral injection [54].

In Chapter 4, this methodology is investigated in more detail, discovering a
zonal diffusion pattern of the particles inside the tumor dependent on the GNP
surface properties and functionalization. A mathematical model describing the
spatiotemporal dynamics of free and bound GNPs while interacting with the ECM
and cancer cells with partial differential equations was developed and validated on
experimental data.

Chapter 5 is a natural extension of the results previously obtained, investigating
the GNP zonal diffusion pattern in the case of ligand-mediated targeting to tumor
cells. GNP were functionalized with hyaluronic acid which binds specific receptors
overexpressed on mammalian malignant cells. Ligand-mediated targeting was
demonstrated over time, resulting in a significant major escape of unfunctionalized
GNPs from the tumor site to other organs (such as the liver) compared to those
functionalized with hyaluronan [55].

In Chapter 6 we shift attention to discussion on how particle surface
functionalization can affect cytotoxicity, a major problem that has hampered the
clinical translation of metallic gold nanorods (GNRs). In fact, gold nanorods
(GNRs) present a controversial safety profile because of surfactant stabilization
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during their synthesis. Our results suggest that altering the GNR surface charge to
negative values using anionic surfactant generates less cytotoxicity than cationic
surfactants in in vitro models of lung and cervical cancer [56].

Finally, Chapter 7 will investigate surface functionalized gold nanoshells
(GNSs), metallic core-shell nanoparticles with high X-ray absorption and
photothermal properties, for their potential use cardiac arrhythmia treatment as a
novel means to photothermally ablate myocardial tissue [57].

This thesis ends with a summary chapter, which will focus on the impact of the
results generated by this PhD thesis as well as the future challenges that need to be
addressed to further advance clinical translation of metallic gold nanoparticles.
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Chapter 2

Intratumoral Gold Nanoparticles-Enhanced
CT Imaging: An in Vivo Investigation of
Biodistribution and Retention
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2.1 Introduction

Non-small cell lung cancer (NSCLC) ranks among the most common type of
lung cancer, accounting for ~85% of all lung cancer diagnoses, with 5-year cause-
specific survival rates ranging from 13% to 32% and local failure rates of 42% to
49% when treated with conventional radiotherapy alone [58]. The engagement to
reduce the radiation dose and damage to healthy tissues without losing efficacy in
cancer therapy have focused the research on exploiting gold nanoparticle (GNP)
properties in enhancing radiation effects via physical, chemical, and biological
interactions with ionizing radiation [59]. However, challenges concerning in vivo
efficacy still limit the clinical translation of GNP radiosensitizers mainly due to the
lack of colloidal stability, clearance, and possible long-term toxicity [60].
Therefore, the ability to predict and determine GNP in vivo biodistribution will
provide further information about the preferred uptake pathways for achieving
precise dose deposition as well as a better understanding of mechanisms behind
radiosensitization [61]. To quantify the biodistribution of GNPs within cells and
tissue, several imaging techniques can be employed due to the physical properties
of GNPs that allow them to act as imaging agents [62], [63]. This study focuses on
Computed Tomography (CT) as an imaging modality to provide insight into the
GNP local biodistribution in Lewis Lung Carcinoma (LLC) tumor-bearing mice
based on CT attenuation levels. CT is an inexpensive diagnostic imaging system
routinely used in practice with a high capability of deeply tissue permeation and
density resolution which allows for 3-dimensional (3D) reconstructions of X-ray
images. CT contrast agents are commonly administered to improve the contrast
among tissues with similar or lower attenuation values by increasing the signal-to-
noise ratio without additional radiation doses to the patient. Nevertheless, different
drawbacks in the use of iodine-based contrast agents such as renal toxicity,
deficiency in the targeting process, and insufficient circulation time as well as
amplification in DNA damage during CT scans, restrict their application [64].

Several studies confirm GNPs as excellent contrast agents for CT imaging and
multimodalities [28], [65], [66]. So far, CT image-guided cancer treatments using
radio-enhancing GNPs has not been thoroughly investigated in preclinical NSCLC
models. The main contribution of this study is to give a better understanding of the
in vivo IT distribution and retention of citrate-capped and BSA-capped GNPs using
CT imaging.
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2.2 Experimental

2.2.1 GNPs Synthesis and characterization

Multi-faceted GNPs (Figure 2.1A) are synthesized using an adapted protocol
by Turkevich et al. [67] to tune the particle size to a value of approximately 40 nm.
Briefly, 1 g of gold chloride (AuCls, purity > 99.99%) is added to 100 mL of Milli-
Q water and filtered through a 0.22 um nylon filter, and 1 g of citric acid (CsHsO7)
was dissolved in 100 mL of Milli-Q under stirring.

Respectively, 4.8 mL of the 1% (w/v) citric acid solution and 7 mL of 1% (w/v)
gold chloride premade reagents are added to 600 mL of boiling Milli-Q water. The
synthesis is complete when the color has changed from black to dark red. The GNPs
are characterized with UV-Vis Spectroscopy and electron microscopy (SEM,
TEM). Dynamic Light Scattering (DLS) was used to rapidly and qualitatively size
the particles and obtain a polydispersity index (PDI). Zeta Potential was also
measured (Malvern).

The resulting particles yielded a surface plasmon peak at ~530 nm with a
hydrodynamic diameter of 43.89 £+ 15.45 nm (Figure 2.1B). The particle diameter
extracted from SEM and TEM images is 39.1 £ 15.0 nm, which is in accordance
with the value obtained with DLS (< 11% error). The particle solutions yield Z-
potentials of -40.0 = 6.0 mV.

2.2.2 BSA capping and characterization

The GNP surface is then modified by passive absorption of Bovine Serum
Albumin (BSA) to increase colloidal stability and biocompatibility. To perform
BSA-capping on the GNP surface, lyophilized BSA in a concentration of 2% (w/v)
is added to the solution of colloidal gold already prepared and characterized. The
mixture is stirred vigorously until complete dissolution of BSA. The absorption of
BSA on the particle surface is evaluated by analyzing the UV-Vis spectrum of the
solution. A positive passivation of the particles is confirmed by a red-shift in the
gold SPR peak at 535 nm and the presence of a BSA absorption peak at 280 nm.
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Figure 2.1 Size distribution (n>100) and TEM image of citrate-GNPs (A). Average
particle size: 39.1 + 15.0 nm. Absorbance spectra of citrate-capped GNPs and BSA-GNPs
with absorbance maxima occurring at 530nm and 535nm, respectively (B). A direct

comparison between hydrodynamic diameter and surface zeta-potential for the citrate-
GNPs and BSA-GNPs.

2.2.3 CT phantom imaging

In order to prepare the samples for clinical CT phantom imaging, GNP
solutions in concentrations ranging from 0 to 10mg/mL are aliquoted in 100 pL
tubes and scanned with a Siemens Inveon High-Resolution CT to assess the CT
contrast properties (Figure 2.2). The phantom experiment was carried out using CT
parameters with slice thickness of 105 pm, in plane resolution of 105 um, tube
voltage at 80 kV, tube current at 500 pA, exposure time of 240 ms, and by placing
the samples directly on the animal bed.

X-ray attenuation intensity was determined in Hounsfield unit (HU) by
processing the digital CT images (DICOM files) using 3DSlicer and selecting a 3D
reconstructed region of interest (ROI) for each sample and then recording the mean

attenuation value and plotting as a function of gold and/or iodine concentration in
mg/mL.
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As expected, an increase of CT attenuation occurred when the mass
concentration of the GNPs increased. Both citrate-GNPs and BSA-GNPs absorb
more X-rays than Omnipaque350 (a standard iodine-based CT contrast agent) as
shown in Figure 2.3. The range of CT values for LLC-LUC solid tumor 8 days after
cell inoculation is included in the graph for comparison.
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Figure 2.2 CT contrast properties of ~40 nm citrate and BSA-capped GNPs Compared
with those of Omnipaque350. Photos of the phantom dilution series from 0 (water) to 10
mg/mL concentrations for Omnipaque350 (blue), citrate-GNPs (green), and 2% (w/v)
BSA-capped GNPs (red) (A). Representative 3D volume rendered CT images and sample
phantom images from Siemens Inveon High Resolution CT scanner (B). For a better
understanding and comparison is reported a ROI of the LLC tumor 8 days after cell
inoculation and immediately before GNP injection (C).
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Figure 2.3 X-ray attenuation changes in Hounsfield Units (HU) versus concentration
for citrate and BSA-capped GNPs compared with those of Omnipaque350. Data are
reported in terms of mean value of the 3D reconstructed voxel attenuations and standard
deviations. To trace the thresholds for choosing the optimal concentration to inject, the
LLC tumor tissue density range 8 days after cell inoculation and immediately before GNPs
injection is reported (yellow range).

2.2.4 In vivo CT imaging

High-resolution CT imaging is then exploited to compare the biodistribution of
citrate and BSA-capped GNPs in a LLC murine model of NSCLC. /x vivo imaging
experiments were performed using six-week-old female C57/BL6 mice, purchased
from Taconic Bioscence (Rensselaer, NY, USA).

The mice received an injection of 2x10° LLC cells in the right flank
subcutaneously once their weight reached an average of 18.4g. After
approximately 10 days post-injection, the volumes of tumor nodules appeared
spherical and 100 mm? in volume. The mice were anesthetized using isoflurane,
and 100 pL of citrate or BSA-capped GNPs were injected IT (3.5 mg/mL of gold).
CT images pre-injection were recorded as a baseline for the biodistribution analysis.
All the CT imaging was performed using a Siemens Inveon Multi-Modality (MM)
System controlled with the Inveon Acquisition Workplace (IAW). In vivo
experiment was carried out using CT parameters with slice thickness of 103.25 pm,
in plane resolution of 103.25 um, tube voltage at 80 kV, tube current at 500 pA,
and exposure time of 240 ms.
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The mice were imaged at different time intervals (day O pre-injection, day 0 post-
injection, day 3 post-injection, day 6 post-injection, day 9 post-injection, and day
10 post-injection). The CT images were acquired and reconstructed with 3DSlicer
software.

2.3 Data Analysis

Figure 2.4 shows the 3D renderings of three significant timepoints during the ten
day post-injection time period. Although both citrate and BSA-capped GNPs
exhibited excellent biocompatibility and sustained retention post IT injection, the
citrate-GNPs were observed to stably cluster in situ over the ten days, while the
BSA-GNPs were less likely to locally agglomerate within the tumor (Figure 2.4B,
Figure 2.4C). Therefore, the BSA helps to facilitate the biodistribution of the GNPs
in the tumor area, preventing the formation of clusters.

BSA-GNPs GNP

Figure 2.4 Representative 3D volumes rendered CT images at day 0 immediately after
IT injections of 100puL BSA-capped GNPs (red) and citrate-GNPs solutions (green), day 6
and day 10 after IT injection. All the images are displayed at window width of 1500 HU
and window level 700 to cover bone, metal and tumor tissue attenuations. The voxel size
of the images is 105um. The grayscale look up table is then shown in a more natural-like
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color and GNPs are displayed in yellow. Insets show CT slices of mice bearing tumors,
cropped specifically in the tumor region immediately after BSA-GNPs injection (red) and
citrate GNPs (green), where the clustering process is more evident.

This evidence is also supported by Figure 2.5, which shows the differences in
particle distribution volume within the tumor tissue. On day 0, the 3D reconstructed
volume of the citrate-GNPs from the attenuation values extracted from the CT
images is four times smaller than those created by the BSA-GNPs injection. 72h
after particle injection, both the citrate and BSA-capped GNPs follow the same
constant trend in volume until the tenth day.

] n=8 -o- citrate-GNPs

7 -~ BSA-GNPs

CT Extracted GNPs Volume

0 2 4 6 8 10 12
Days Post GNPs Injection

Figure 2.5 3D reconstructed volumes (mm3) of the GNPs from the attenuation values
extracted from the CT images over the imaging timepoints.

In order to better understand the IT biodistribution pattern over time and
eventually the clearance of the particles, we quantified the contrast in several organs
at different time points. Figure 2.6 represents the CT values of attenuation (HU) of
the heart, brain, kidneys, liver, intestine, tumor and bladder, extracted from circular
ROIs selected on the CT images at the different time points after administration of
citrate and BSA-capped GNPs. Due to the presence of clusters in the case of
injections of citrate-GNPs, the analysis is divided into sub-measures for the tumor:
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1. GNPs Intra-cluster (IC) to indicate the ROI inside the tumor and inside the
cluster of GNPs

2. GNPs Extra-cluster (EC) to indicate the ROI inside the tumor and outside
the cluster of GNPs.

As seen in Figure 2.6A, citrate-GNPs clusters are well enclosed in the tumor
and remain there even after 10 days. The extra-cluster tumor area doesn’t show the
presence of particles over time. The absence of citrate-GNPs over time in this area
indicates a biodistribution capability of the particles under the limits of detection.
The CT attenuation results here suggest that the citrate-GNPs are not excreted in 10
days. This conclusion is further deduced because when compared to the baseline,
no visible attenuation increments are distinguishable in other organs over time.

Conversely, the CT results from the images of BSA-GNPs-injected mice
confirm contrast enhancement in the tumor ROI at the first time point (immediately
after injection of BSA-GNP) with attenuation values of 354 HU, ~8% higher than
the baseline (325 HU). Furthermore, the contrast remains stable over the subsequent
3 days, while at day 10, comes back to baseline levels. Despite the high
accumulation in the intestine and partial changes in the other organs (heart, brain,
kidneys, liver and bladder), the results suggest that the particles could be excreted
after 10 days. Heart, brain, kidneys and liver all returned to baseline levels after 10
days, while the CT signals of the intestine increased gradually, indicating bile
excretion of the particles. Accumulation in the bladder is still present after 10 days.

This could indicate a nearly complete excretion of the particles from the body after
10 days.
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Figure 2.6 The CT attenuation values (HU) of various organs at different time points
after administration of (A) citrate-GNPs and (B) BSA-GNPs. The analysis for citrate-GNPs
divides the tumor ROIs in GNPs Intracluster (IC) and GNPs Extracluster (EC).

Despite their good biodistribution capabilities, a point of discussion is the lack
of in vivo contrast enhancement of the BSA-GNPs when compared to the citrate-
GNPs (~50% and ~8%, respectively). It becomes clear that a better and more
immediate distribution in the tumor environment compromises CT contrast
properties. Hence, the importance of calibrating the CT attenuation of the GNPs
before in vivo injection for tracing a safe threshold and leveraging the CT-contrast
proprieties of the particles.
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2.4 Conclusion

In conclusion, the permanence of the GNPs into the tumor after ten days suggests
the significance of GNPs as a potential theranostic agent. Further, the more
homogeneous and uniform IT distribution of the BSA-GNPs may offer further
advantages for surface passivation.
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Chapter 3

Effects of Surface Protein Adsorption on the
Distribution and Retention of Intratumorally
Administered Gold Nanoparticles
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3.1 Introduction

Theranostic nanomedicine for cancer management offers innovative strategies
to non-invasively detect and diagnose the disease at its earliest premalignant state
and to provide specific therapy against its progression and reoccurrence [68], [69].
However, one of the most significant challenges associated with the translation of
theranostic nanomedicine to the clinic is the interaction between the nanomaterial
and the tumor microenvironment [70]. In particular, when nanoparticles enter a
biological system, their interaction with proteins can lead to the formation of a
protein-corona adsorbed on their surface via electrostatic, hydrophobic, and van der
Waals forces [71], which can alter particle stability [72], [73], dispersibility [74],
[75], biodistribution [76], pharmacokinetics [77]-[79], and the toxicity profile
[80]-[82].

Due to their unique optical properties [83]-[85], combined with their high
biocompatibility and lack of toxicity [86]-[88], gold nanoparticles (GNPs) have
demonstrated success among nanotheranostic cancer-related applications [89]. In
addition to solid gold particles of various shapes and dimensions (nanobelts [90],
nanowires [91], nanostars [92], etc.), core-shell gold coated particles[93]-[95] have
also been rationally designed for application in cancer therapies [96], [97].
However, successful in vivo outcomes of the use of GNPs are strongly dependent
on the interactions between the protein corona layer and the surrounding cells [98],
[99]. Understanding GNP-protein interactions is crucial for the development,
manufacturing, and translation of GNP-based nanotheranostics [100], [101]. An
extensive body of literature has shown the effects of surface chemistry and size of
spherical GNPs on the protein corona with the intent to control opsonization on
GNPs [102]-[104].

The protein corona formed around the particle when administered in vivo is
composed of a complex range of adsorbed proteins, such as albumin,
immunoglobulin, glycoproteins, and apolipoproteins [105], which are proteins of
lower affinity and higher-abundance that bind initially, while over time, are
replaced by higher affinity proteins, such as fibrinogen or lysozyme [106]. There
are mainly two layers of proteins: an inner layer of irreversibly bonded proteins
interacting directly with the GNP surface which is called the hard corona, and an
outer layer of proteins linked through weak protein—protein interactions, called the
soft corona [107]. Displacement of the hydration layer which leads to the formation

26



of the overall particle corona is a complex, dynamic, and competitive process to
stabilize the GNPs in a physiological environment [108]. In this configuration,
epitopes which are normally buried in the interior sites of proteins can be exposed
outwards from the soft corona layer of the particle [109], making GNPs
recognizable for phagocytes [67], and consequently producing rapid clearance of
the nanoparticles from plasma as well as accumulation in the liver and spleen [111].
Understanding how to control the physiological properties of GNPs can help
mediate processes such as cellular uptake [112], immunological response [113],
toxicity [114], circulation time [115], and transport from one organ to another, as
well as their clearance [116]. While many studies focus on the protein content of
blood and harnessing the enhanced permeability and retention effect (EPR) for
particle accumulation near the tumor after systemic administration, similar
principles related to the protein absorption can be considered for intratumoral
injection since other biological compartments of the body, such as the interstitial
fluid of tumors, also contain a high protein content [117] that can effect particle
behavior. Therefore, the mechanisms studied related to formation of a protein
corona from the hematic system can also be applied for other fluids.

In this study, we aim to evaluate the influence of protein surface adsorption on
GNP in vivo biodistribution and retention after intratumoral injection. To study our
nanoparticle conjugates, we used a Non-Small Cell Lung Cancer (NSCLC) murine
model because its heterogeneity involves not only cancer cells but also tumor-
infiltrating cells as well as the surrounding microenvironment [118]. Lung cancers
and other solid tumors also contain stromal cells, such as fibroblasts and endothelial
cells. Further, LLC tumors are considered highly heterogeneous as they contain
subpopulations of cells of widely differing metastatic potential [119]. Tumor
heterogeneity is an important cause of therapy resistance due to non-uniform drug
distribution [120]. We hypothesize that by controlling the adsorption of proteins on
the GNP surface, we can modulate the zonal distribution of the particles in the
tumor. We previously demonstrated that our spherical GNPs have a significant
radio-sensitization nature in vitro [121], inducing DNA damage in Lewis Lung
Carcinoma (LLC) cells as well as excellent properties as contrast agents for
Computed Tomography (CT) in vivo [122]. However, these preliminary studies
didn’t consider the hypothesis that surface protein adsorption can affect
intratumoral distribution and retention of the particles. Therefore, we exploit CT
imaging as non-invasive pre-clinical method to monitor and quantify the
biodistribution of functionalized GNPs and highlight the differences in terms of
spatial heterogeneity modulated by surface passivation.
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3.2 Material and Methods

3.2.1 Synthesis of Gold Nanoparticles

Spherical GNPs were fabricated using citric acid (Sigma, St. Louis, MO, USA,
C3674) rapidly combined with gold (III) chloride (Sigma, St. Louis, MO, USA,
379948). To achieve particle synthesis, an Erlenmeyer flask containing 600 pL of
MilliQ water was allowed to boil using a heating mantle. After 30 s of refluxing in
the flask, 4.8 mL of 0.039 M aqueous citrate was combined using a serological
pipette. While continuing to boil, 7 mL of 0.033 M gold (III) chloride was next
added in a single continuous motion, and the solution was left undisturbed as the
color gradually transition from yellow to black to the final dark red. After room
temperature equilibration, the pH of the solution was measured (pH = 3.5), and the
sample stored for further use. This protocol results in the synthesis of citrate-
stabilized GNPs in the size range of 30-40 nm. The average mean size and error per
batch was measured by obtaining electron microscopy images of the sample and
importing the images into Matlab for analysis (see section 2.3). The pH of the
solution was adjusted up to 6 using drop-by-drop addition of a 1 M NaOH solution.
GNPs (pH = 6) were centrifuged at 1500 x g for 5 minutes with an Eppendorf
Centrifuge 5810R (Hamburg, Germany) using Amicon Ultra-15 100K filters
purchased from Sigma-Aldrich (St. Louis, MO, USA, UFC910008). The filtrate
solution, the water filtered from centrifugation, was stored for future dilutions and
functionalization. Particles were concentrated up to 10 mg/mL, and stored at 4°C.

3.2.2. Surface Passivation of Gold Nanoparticles

We selected Bovine Serum Albumin (BSA, molecular weight 66.5 kDa) as a
protein model since it is a soluble constituent of blood plasma and, therefore, it can
be considered suitable for in vivo investigations. BSA powder (Sigma, St. Louis,
MO, USA, A4503) was dissolved in the filtered water after particle centrifugation
to obtain a 1 mg/mL solution. Only freshly prepared BSA solutions were used in
these experiments and pH was monitored and maintained. Different volumes taken
from this initial stock solution were added to the concentrated GNPs and allowed
to incubate for 1h at room temperature for surface passivation (See Section 2.4.1).
The solution was stored at 4°C.
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3.2.3 Characterization and Physicochemical Properties of Gold
Nanoparticles

Fabricated GNPs were characterized with spectroscopy using a UV/Vis
Scanning Spectrophotometer (DU 730, Beckman Coulter, Inc., Brea, CA, USA).
Typically, the UV—Vis spectrum of spherical non-aggregated GNPs has a band
around 530 nm, due to the surface plasmon resonance (SPR), plus an absorption
edge at shorter wavelengths due to inter-band transitions of d-band electrons.
Dynamic light scattering (DLS) offered an analytical means to determine the
particle size and polydispersity index (PDI), and Zeta Potential measurements were
obtained using a Zetasizer Nano ZS (Malvern Panalytical, MA, USA). For DLS,
the sample at a concentration below 1 mg/ml and at a volume of 1 mL was placed
in a four-sided cuvette and measured at 25 °C. For this technique, the Brownian
motion is measured and related to particle size by illuminating the particles with a
laser and analyzing the intensity fluctuations in the scattered light to report a mean
size. For Zeta Potential, I mL of particle sample was placed in a four-sided cuvette
capped by the universal dip cell ZEN1002. For this technique, the instrument
determines the electrophoretic mobility by performing an electrophoresis
experiment on the sample and measures the velocity of the particles using Laser
Doppler Velocimetry. Particles were imaged with a FEI Nova NanoSEM 230 (FEI
Co., Hillsboro, Oregon, USA) under STEM mode with the vacuum set to 15 KV
for both bright and dark field and measured using Matlab (v9.9.0.1467703, R2020b,
The MathWorks, Inc., Natick, Massachusetts). Surface-enhanced Raman scattering
(SERS) spectra of 3 uM BSA-GNPs were obtained using a custom Raman
microspectrometer [123] with a 785 nm wavelength light source to calculate Raman
shift values and tentative band assignments due to particle passivation. The sample
was measured in a capillary tube where the beam spot was focused through an
objective 50 pm past the glass/solution interface. An unenhanced Raman spectrum
of BSA solution was recorded and subtracted from the BSA-GNPs SERS spectrum
to remove any unenhanced Raman contributions.

GNP solutions in concentrations in the range 0 - 10mg/mL were aliquoted into
microcentrifuge tubes and imaged using a Siemens Inveon High-Resolution micro-
CT to assess their CT contrast properties and compare with a standard contrast agent
(Omnipaque™ iohexol for injection 350 mg I/mL, GE Healthcare, USA). To avoid
concentration gradients that can be created by larger particle sediments, samples
were vortexed immediately before imaging. The CT parameters were a slice
thickness of 105 pm, in plane resolution of 105 pm, tube voltage at 80 kV, tube
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current at 500 pA, and exposure time of 240 ms. X-ray attenuation intensity was
calculated in Hounsfield unit (HU) by processing the digital CT images (DICOM
files) using 3DSlicer [124]. Quantification analysis was performed using 3DSlicer
and selecting a 3D reconstructed region of interest (ROI) for each sample and then
recording the mean attenuation value and plotting as a function of gold and/or
iodine concentration in mg/mL. Weber contrast was calculated using the Equation
3.1:

W, = 100 (3.1)

where I is the attenuation value (HU) of a tumor ROI after GNPs/contrast
injection and It is the attenuation value (HU) of the tumor baseline. GNP
concentration was determined applying the Beer-Lambert Law on the SPR peak
calculated by UV-Vis spectroscopy, assuming that the particles are spherical.
Concentrations were also confirmed by ICP-OES.

3.2.4 BSA Adsorption on Gold Nanoparticles

The interaction of proteins with GNPs depends on variables, such as the
chemistry of the adsorbed material and the medium components [58]. In this
section, we investigate the nature and concentration of the BSA to be adsorbed, and
its relationship with the pH of the immobilization medium.

3.2.5 Preparation of BSA-GNP Conjugates at Different pH Values

As the pH of the medium increases, the sorption properties of the GNPs change,
generating a transition of monolayer protein immobilization to multilayers.
Sotnikov et al. [125] demonstrate that pH of the immobilization medium can effect
protein adsorption on GNPs: as the pH is modified from 4-5 to 8-10, an increase
occurs in the maximum amount of adsorbed protein molecules on a GNP surface,
likely due to this protein immobilization layer transition. In alkaline solutions,
however, the GNP surface is not fully saturated, so that interactions can occur
between the BSA-GNPs and other proteins in the body which can alter the protein
corona structure, consequently also changing the proprieties of the particles.
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However, our interests are more focused towards application in a slightly acidic
environment, such as the tumor environment [126]. To determine saturation of the
GNPs surface and protein layer, the GNP solution was adjusted to a desired pH, as
described above. BSA solution was then added to the centrifuged GNP solutions to
reach a final concentration ranging from 0.5 to 15 pM. pH values for these studies
were maintained at 4.7, 6, 7, and 8.5. All experiments were conducted at ambient
room temperature.

3.2.5 Adsorption Model

The adsorption model adopted here follows the work from Dominguez-Medina
et al.[127] and Rocker et al.[128]. We approximated a BSA molecule as an
equilateral triangular prism with height 3.4 nm, and the GNP, as a sphere with
hydrodynamic radius (R) obtained by DLS measurement before surface
passivation. Therefore, an increase in height below 2 times 3.4 nm corresponds to
no more than single layer adsorption of BSA on the spherical GNP surface. The
dependence of the hydrodynamic radius r([BSA]) on the number of protein
molecules bound to a spherical GNP, assuming that the protein-coated nanoparticle
can still be approximated by a sphere, is expressed by the following formula from
[127] (Equation 3.2):

VBSA N
r([BSA) =R *|1 +

VGNP

1+ ( (3.2)

K n
[BSA]

where N represents the average number of protein molecules bound to the
nanoparticles at a specific BSA concentration in the solution, n is the Hill
coefficient (unitless), and K (mol/L) is the dissociation coefficient, which quantifies
the strength of the protein—nanoparticle interaction, VNP is the volume of the
uncoated particles (L), V554 is the molecular volume (L) of the bound protein
(BSA). The experiment was performed by adding BSA solutions in different
concentrations to the GNPs. The concentration of gold was kept constant, while the
BSA concentration was variable. No aggregation or flocculation occurred
(confirmed by UV-VIS spectroscopy). DLS measurements were performed on each
sample in triplicate, and the hydrodynamic radius (Z-average divided by 2) was
calculated. Data were analyzed by fitting an adsorption isotherm over the
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considered range of BSA concentrations using the modified Langmuir model
(Equation 3.2) and standard Langmuir model (Equation 3.2, n = 1). Data fitting was
performed with Matlab (Isqnonlin, v9.9.0.1467703, R2020b, The MathWorks, Inc.,
Natick, Massachusetts).

3.2.6 Characterization in Various Media

To investigate changes in the effect of BSA adsorption on the GNP protein
corona, particles were dispersed in media representing different sources of protein.
We tested the particles dispersed in either 600 uM BSA enriched PBS, plasma
obtained from healthy porcine (Male Castrated Yucatan Minipig, ~38 kg, S&S
Farms, Ramona, California, USA), and Fetal Bovine Serum (FBS) (ATCC,
Manassas, VA, USA, 30-2020). To obtain plasma, whole blood was collected in
EDTA-treated tubes and centrifuged for 15 minutes at 2,000 x g. We performed
DLS measurements to calculate the hydrodynamic diameter and UV-Vis
spectroscopy as described in section 3.2.3.

3.2.6 Cellular Uptake of GNPs and Cytotoxicity In Vitro

Since each nanoparticle formulation is unique, accurate toxicity testing is
needed for any proposed contrast agent in both preclinical research and potential
clinical translation. To evaluate potential cytotoxicity as well as cellular
internalization of the GNPs, Lewis Lung Carcinoma cells (LLC) were used as
murine model of NSCLC. We performed MTT and trypan blue assays to estimate
particle toxicity, and ICP-OES to quantify the gold content uptaken by the cells.
Scanning transmission electron microscopy (STEM) was also used to confirm
cellular uptake of GNPs as well as provide insight into the mechanisms of particle
internalization.

3.2.7 Maintenance and LLC Subculture

Murine Lewis lung carcinoma (LLC) cells were purchased from ATCC®
(American Type Culture Collection, Manassas, VA, USA) and cultured in either T-
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75 or T-175 flasks. Cells were passaged for subcultured by first aspirating the
culture medium with a pipette, rinsing with 1x phosphate buffered saline (PBS,
Thermo Fisher Scientific, Waltham, MA, USA, SH30256FS), aspirating off the
PBS, then rinsing with 0.25% trypsin - 0.53 mM EDTA solution (Thermo Fisher
Scientific, Waltham, MA, USA, 25-200-056) and the neutralized with complete
growth media consisting of Dulbecco’s Modified Eagle’s Medium (DMEM,
ATCC®, Manassas, VA, USA) with 10% fetal bovine serum (FBS, USDA
approved, ATCC®, Manassas, VA, USA), and 1% Penicillin-Streptomycin (10,000
U/mL, Thermo Fisher Scientific, Waltham, MA, USA). Cells were modified to be
luciferase expressing (LLC-Luc) as previously described[121] through use of
plasmid pLenti PGK V5-LUC Neo [129] (Addgene, Cambridge, MA, USA) which
was packaged in lentiviral particles and performed at the Baylor College of
Medicine (BCM) vector core facility. For the luciferase-expressing cells, 1%
Geneticin (Thermo Fisher Scientific, Waltham, MA, USA) was added to the media
to maintain culture. Cells were maintained in a HERAcell 150i CO2 incubator
(Thermo Fisher Scientific, Waltham, MA, USA) set to 37 °C and 5% humidity.

3.2.8 Trypan Blue Assay

At a concentration density of 3x10° cells/well LLC-Luc cells were seeded into
6-well plates containing 4 mL of complete media. Cells in each well were treated
by adding from a solution of ~4 mg [Au]/mL, 50 uL of either citrate or BSA-GNPs
(3 uM BSA). Each treatment was performed in triplicate wells and after treatment
the plates were incubated. After 24 h incubation at 37 °C and 5% humidity, the
wells were washed three times with 1x PBS and detached using 0.5 mL per well of
0.25% trypsin—0.53 mM EDTA solution. Cells where then resuspended with 1 mL
of complete media and 10 pL of the samples were treated with 10 uL of Trypan
Blue to determine cell count and viability using a Countess™ II FL. Automated Cell
Counter (Invitrogen). The remaining cells were centrifuged at 100G for 5 min, the
supernatant removed, and used for ICP-OES quantification of gold content. Cells
were monitored during GNP treatment using optical microscopy (Nikon Eclipse
Ts2 Microscope, Nikon Instruments Inc., Melville, NY, USA).
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3.2.9 Quantification of Intracellular Gold Content using ICP-OES

ICP-OES is a common technique for quantification of the cellular uptake of
metal NPs since it offers high selectivity for elemental analysis. Measurements
were performed on a Varian Agilent 720-es ICP spectrometer (Agilent, Santa Clara,
CA, USA). Calibration curves for gold were obtained from a calibration standard
(Au 1000 mg/mL in 10% HCI, Perkin Elmer) diluted in 1% trace metal grade nitric
acid (Thermo Fisher Scientific, Waltham, MA, USA, A509) and 10% HCI (Thermo
Fisher Scientific, Waltham, MA, USA, A508). Yttrium (Sigma Aldrich, St. Louis,
MO, USA, Cat#01357) was used as internal standard for all ICP-OES
measurements. Wavelengths of 242.794 nm and 267.594 nm were used to measure
gold emission. Using the ICP-OES software (ICP Expert II), the gold concentration
at each wavelength was calculated from the obtained calibration curve, and the
measurements were averaged from both wavelengths. The reported concentrations
were obtained by dividing the gold content obtained from ICP-OES by the total
number of cells after 24h of particle incubation. 1mL aqua-regia solution (nitric
acid and hydrochloric acid in a molar ratio of 1:3) was added to the vial containing
the pellet of the cells. The solution was placed on a hot plate (T = 60 °C) in a
chemical fume hood for digestion of the cellular matrix. After complete digestion,
the solution was resuspended in 10 mL of standard diluent (10% HCI, 1% Nitric
Acid) and filtered using 0.6 um filters (MilliporeSigma™ Stericup Quick Release-
GP Sterile Vacuum Filtration System).

3.2.10 MTT Assay for Cytotoxicity

The MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) Cell
Proliferation Assay is used to quantify changes in the rate of cell proliferation by
reduction of tetrazolium salts and spectrophotometric measurements. LLC-Luc
cells were seeded at a concentration of 4x10* cells/well into 96-well plates and
incubated overnight for adhesion. Cells were treated with different concentrations
(1.5ng [Au]/well and Sug [Au]/well) of particles (in a volume of 10 pL) and
incubated for 24h. After particle incubation, 10 pL of MTT Reagent (ATCC®,
American Type Culture Collection, Manassas, VA, USA) was added to each well
including control wells (consisting of either media alone, media with GNPs, or cells
with media without GNPs) and incubated at 37°C for 2 to 4h (until a purple
precipitate was visible under the microscope). Then 100 uL of Detergent Reagent
(ATCC®, American Type Culture Collection, Manassas, VA, USA) was added to
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each well (including controls) and stored at room temperature in the dark for 2 to
4h. Absorbance readings were performed at 570 nm and at 690 nm using a
Synergy™ H4 Hybrid Microplate Reader (BioTek Instruments, Inc., Winooski,
VT, USA).

3.2.11 Scanning Transmission Electron Microscopy (STEM) to
Confirm GNP Uptake

The cells treated as described in Section 3.2.7 were fixed by resuspending the
pellet after centrifugation in 1 mL of 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA, USA). Three washes of 0.1 M PBS were performed on the
samples for 10 min each. After the cells were fixed, samples were treated for 2 h at
room temperature with 2% osmium tetroxide (OsO4) in cacodylate buffer. The
samples were then washed again three times for 10 min in 0.1 M PBS followed by
dehydration using a series of graded ethanol (30%, 50%, 70%, 90%) for 10 min
each. The final washes used 90% acetone for 10 min and 100% acetone for 15 min
repeated three times. To achieve resin embedding, the steps included: 2 h pre-
inclusion in resin / 100% acetone (1:1), overnight pre-inclusion in resin / 100%
acetone (2:1), 3 h pre-inclusion in 100% resin and finally, embedding in 100% resin
using flat molds. To achieve complete polymerization, the samples were incubated
in a 60°C oven for 48 h and sectioned using a diamond knife to generate 100 nm
ultrathin sections. These ultrathin sections were mounted on copper grids (200
mesh) (Ted Pella, Inc., Redding, CA, USA), stained with uranyl acetate and lead
citrate, and imaged in a bright field setting at STEM mode and a vacuum of 15 KV
with a FEI Nova NanoSEM 230 (FEI Co., Hillsboro, Oregon, USA).

3.2.12 C57BL/6 Mice and LLC Model

In vivo experiments were performed using six-week-old female C57BL/6 mice,
purchased from Taconic Biosciences (Rensselaer, NY, USA). All experiments
conducted on the mice were approved by the Institutional Animal Care and Use
Committee (IACUC) at the Houston Methodist Research Institute and were
performed according to the principles of the NIH Guide for the Care and Use of
Laboratory Animals, the provisions of the Animal Welfare Act, PHS Animal
Welfare Policy, and the policies of the Houston Methodist Research Institute.
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Housing and care were provided in accordance with the regulations of the Animal
Welfare Act and recommendations of the Guide for the Care and Use of Laboratory.
Under the effects of sedation, subcutaneous injection of 2x10° of LLC-Luc cells
was performed into the right flank, when the mice weight was around 20 g. Intra-
tumoral (IT) injections of either saline (control group, n = 4), citrate-GNPs (50 pL,
4 mg/mL (low dose) for n = 8 mice or 15 mg/mL (high dose) for n=3 mice, pH =
6) or BSA-capped GNPs (50 puL, 4 mg/mL (low dose) for n = 8 mice or 15 mg/mL
(high dose) for n = 3 mice, pH = 6, 3 puM BSA) occurred once the tumor volume
reached around 100 mm?. All injections were performed after anesthetizing the
animals with isoflurane. Injections were performed either manually or
automatically using a syringe pump (KD Scientific Inc., Holliston, MA, USA) set
to 0.43 pL/s. Animals were monitored daily to ensure good body condition,
adequate food/water, and clean cages. CT imaging was performed pre-injection (as
a baseline for the biodistribution analysis) as well as immediately post-injection,
and on days 3, 6, and 9 post-injection. CT imaging was achieved using a Siemens
Inveon Multi-Modality (MM) System controlled with the Inveon Acquisition
Workplace (IAW), with slice thickness of 103.25 pum, in plane resolution of 103.25
um, tube voltage at 80 kV, tube current at 500 pA, and exposure time of 240 ms.
Tumor volumes (V) in mm? were calculated through daily measurements of the
tumor axes using digital calipers and the following formula in Equation 3.3:

Dxd=xd
=— (3.3)
where D and d represent respectively the major and the minor axis of the tumor
measured in mm. Study endpoint was determined as 19 days post tumor cell
injection OR tumor volume greater than 2 c¢m?®, tumor interfering with normal
physiological function, surgical complications, or other symptoms as outlined in
the HMRI Guidelines and Policies for Determination of Humane Endpoints and
Tumor Monitoring Policy as well as recommendation of the CMP veterinary staff.

3.2.13 Determination of Au in Organs and Blood

Mouse tumors, livers, kidneys, spleens, and lungs, were harvested upon
euthanasia, 9 days after low dose particle injection (n = 8/group) and mouse tumors,
livers, kidneys, spleens, lungs, hearts, brains and blood were harvested 3, 6, or 9
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days after high dose particle injection (n = 3/group) and were weighed and flash
frozen at —80 °C. Organs and blood were then dissolved in 2 mL of fresh aqua regia,
heated at 60°C for 1h, and left under the hood until the samples were completely
dissolved. After complete digestion, the solution was resuspended in the standard
diluent (10% HCI, 1% Nitric Acid) to 10 mL and filtered using 0.6 pm filters
(MilliporeSigma™ Stericup Quick Release-GP Sterile Vacuum Filtration System).
Gold concentration was determined using a Varian Agilent 720-es ICP-OES
spectrometer (Agilent, Santa Clara, CA, USA).

3.2.14 Statistical Analysis

GraphPad Prism 8§ (version 8.3.0; GraphPad Software, Inc., San Diego, CA,
USA) was used for statistical analyses. Mean + s.e.m. values were calculated for all
results. One-way analysis of wvariance (ANOVA) with Tukey's multiple
comparisons test was used to assess statistical significance.

3.3 Results

3.3.1 GNP Characterization and Physicochemical (Charge, Size,
Functionalization, X-ray Attenuation) Properties

Spherical GNPs were synthesized and measured with electronic microscopy to
have a particle diameter of 36 & 5 nm for the citrate-GNPs and 41 = 8 nm for the
BSA-coated GNPs (mean + SD). Since the optical properties of spherical GNPs are
dependent on particle diameter, we chose this particle size as it produced a strong
SPR peak. While smaller particles might diffuse more easily and faster, the SPR
band for GNPs with size smaller than 10 nm is largely damped [83]. Finally, it
should be noted that the CT contrast properties are not dependent on particle size
[28]. Histograms of both particle types are shown in Figure 3.1A. Unfunctionalized
and BSA functionalized particles appeared similar in color, spherical and well
rounded, and with low polydispersity (insets of Figure 3.1A). The hydrodynamic
diameters of the GNPs as measured by DLS, were within error of the core diameters
estimated from STEM. GNP surface charges were found to be negative as expected.
Both sample types displayed similar optical absorption spectra (Figure 3.1B) in the
UV-VIS. The 4 nm red shift of the SPR peak (from 530 nm to 534 nm) and
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representative SERS spectrum of BSA with gold nanoparticles (Figure 3.1C)
confirm protein surface passivation. Assigned band positions are in accordance with
previous studies [130]. CT phantom imaging was performed to demonstrate the
high X-ray attenuation properties of the particles. As shown in Figure 3.1D, the
change in the attenuation levels expressed by the percentage variation in the Weber
contrast compared to the tumor background linearly correlates with GNP
concentration. Both citrate-GNPs and BSA-GNPs present significant greater
attenuation values compared to a standard contrast agent (Omnipaque350) for
concentration above 3 mg [Au]/mL (**p<0.005, ****p<0.0001). No significance
was highlighted between the citrate-GNPs and BSA-GNPs.
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Figure 3.1 GNP surface passivation and characterization. (A) Distribution analysis,
size and charge: histograms (n>700) for citrate-GNPs and GNPs functionalized with BSA
(BSA-GNPs) calculated using a MATLAB algorithm based on STEM images. Insert table
shows DLS diameter and {-potential. (B) Absorbance spectrum of citrate-GNPs (dashed
line) and BSA-GNPs (solid line) as well as their size and shape captured by scanning
electron microscopy (SEM) (inset represents citrate-GNPs). (C) Surface-enhanced Raman
scattering (SERS) spectrum of BSA-GNPs and table of Raman shift values and tentative
band assignments. (D) Weber contrast calculated based on computed tomography (CT)
phantom and tumor background. Citrate-GNPs and BSA-GNPs present higher X-ray
attenuation properties compared to a standard contrast agent (Omnipaque350). Significant
differences between GNPs (citrate-GNPs and BSA-GNPs) and standard contrast agent for
concentration above 3 mg/mL (** p < 0.005, **** p <(0.0001). Number of repetitions for
each experiment: 3.
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3.3.2 BSA Adsorption Models on GNPs

After the citrate-reduction synthesis, GNPs can have acidic or slightly acidic
pH (in the range of 3-6) depending on relative concentrations and particle size
[131]. Without any pH modifications, our particle solution pH is 3.5. Figure 3.2
shows the adsorption isotherms obtained fitting the hydrodynamic radii,
experimentally determined with DLS as a function of BSA concentration and pH.
BSA adsorption saturates according to the predicted model. The dotted lines (black
and gray) in Figure 3.2B-E respectively represent the Langmuir model for
adsorption (with Hill’s coefficient n = 1) and the modified Langmuir model (where
n < 1) for anti-cooperative binding, which indicates strong repulsive forces between
free and bound BSA molecules that increase in number as more binding sites on the
surface become occupied. The adsorption isotherm for 35 nm GNPs at pH 4.7, 6.0,
and 7.0 follows an anti-cooperative binding model, while at pH = 8.5, follows a
cooperative binding model. Adsorption beyond a monolayer is predicted to be
negligible for GNPs at pH 4.7, 6.0, and 7.0.
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Figure 3.2 Adsorption isotherms (T = 25 °C) showing hydrodynamic radii
experimentally determined with Dynamic Light Scattering as a function of BSA
concentration and pH. (A) Adsorption of BSA on the GNP surface at different pH values
above and below the Isoelectric Point (pI) of BSA (pI =5). The y-axis in (A) was calculated
by subtracting the hydrodynamic radius of the citrate-GNPs (R0) at their respective pH
from the hydrodynamic radius of each adsorption point experimentally determined (RF).
Data is fit using the Langmuir model and results are reported for (B) pH = 4.7, (C) pH =
6.0, (D) pH= 7.0, and (E) pH = 8.5. Isotherms with returned best fit Hill coefficient where
n is variable (gray dashed line) or non-cooperative binding model where n = 1 (dashed
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black line). The adsorption isotherms for 35 nm GNPs at pH 4.7, 6.0, and 7.0 follow an
anti-cooperative binding model, while at pH 8.5 follow a cooperative binding model.
Number of repetitions for each experiment: 3.

We also monitored the citrate-GNP and BSA-GNP particles (3 pM) visually
and spectroscopically as well as changes in the hydrodynamic diameter when
resuspended in either water, a solution of 600 uM BSA enriched PBS (which
corresponds to the average physiological level of proteins), plasma, or FBS (Figure
3.3) to mimic a simulated physiological environment. We observed (Figure 3.3A)
no macroaggregation or flocculation phenomena, as well as no visible change in
color, when dispersing the particles in a source of protein as a function of surface
functionalization at these pH values. We also found that the hydrodynamic diameter
of the particles (Figure 3.3B) increased when the particles were dispersed in media
containing an external source of protein, whereby the increasing trend in size went
from water to BSA enriched PBS to FBS and finally to plasma. Interestingly, in the
plasma, the sizes were larger for the BSA-GNPs than the citrate-GNPs indicating
that proteins from the plasma were likely adding layers to the corona rather than
displacing the BSA. The DLS data is complemented by the UV-Vis spectra (Figure
3.3C-F) of the particles in various media. There is an observed SPR shift from 530
to 535 nm when the particles are coated with BSA in water (Figure 3.3C) and this
shift remains apparent in all three protein-rich media (Figure 3.3E-F) even for the
citrate-GNPs, indicating that they become passivated with protein from the media
under these conditions. We decided to maintain GNPs at pH = 6.0 for the in vivo
experiments, because they are stable in a simulated physiological environment and
their pH is closer to the extracellular pH of the tumor environment, which is slightly
acidic (6.0 — 7.4) because of the extra secretion of lactic acid and CO> by the tumor
cells [132].
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Figure 3.3 Optical photo, hydrodynamic diameter, and UV-Vis spectra of GNPs as a
function of surface functionalization and immobilization media. (A) Photographic image
showing wells containing citrate-GNPs (pH = 6) and BSA-GNPs (3 uM, pH =6 or pH =
7) dispersed in water, 600 uM BSA enriched PBS, plasma, and FBS. (B) DLS
measurements show changes in hydrodynamic diameter as a function of surface
functionalization and dispersion media at these pH values. (C-F) UV-Vis extinction spectra
of citrate-GNPs and BSA-GNPs dispersed in (C) water, (D) 600 uM BSA enriched PBS,
(E) plasma, and (F) FBS. Number of repetitions for each experiment: 3.

3.3.3 In Vitro Uptake of GNPs

In vitro assessments with optical microscopy of the LLC-Luc cells incubated
with citrate-GNPs and BSA-GNPs after 24h showed aggregation of the citrate-
GNPs (Figure 3.4A1), while the BSA-GNPs remained stable and micro-clusters of
the particles were not visible (Figure 3.4Aii). The intracellular content of gold after
incubation of the LLC-Luc cells with citrate-GNPs and BSA-GNPs for 24h was
clearly visible with electronic microscopy (Figure 3.4A-iii-iv). The inset of Figure
3.4Aiii shows particle internalization by macropinocytosis, in which the particles
are taken into an endocytic vesicle in a nonspecific bulk fluid uptake. We noticed
that the BSA-GNPs are internalized in larger vesicles (1-2 um), while in the case
of citrate-GNPs, macropinocytosis is accompanied by the presence of particles
uptaken by endosomes in different stages of maturation (early endosome, late
endosome and lysosome). This is not surprising as GNPs have been found to
undergo both endocytosis and exocytosis patterns into cells [133]. Analysis of
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MTT and Trypan blue assays after 24h of particle incubation shows that a high
concentration of functionalized and unfunctionalized nanoparticles does not impact
cytotoxicity (Figure 3.4B). The lack of any noticeable toxicity from citrate-GNPs
and BSA-GNPs or cell proliferation suppression compared to untreated cells
provides evidence for safe application in vivo both with functionalized and
unfunctionalized particles. ICP-OES was used to quantify the Au mass in the LLC-
Luc cells. Figure 3.4C shows Au concentration per cell. No statistical significance
is highlighted between groups, although the citrate-GNP content is higher than the
BSA-GNP content in LLC-Luc cells. This result can be partially explained by the
saturated protein corona formed in the case of BSA-GNPs, which decreases the
uptake efficacy of GNPs by cells. However, whether are significantly time

dependent or cell type dependent are issues that need to be addressed in future
studies.
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Figure 3.4 Evaluation of particle uptake and viability with LLC-Luc cells. (A) Optical
microscopy (i-ii) and STEM (iii-iv) images of cells treated and incubated for 24h. (B) MTT
and Trypan Blue assays for cells treated and incubated for 24 h. No significant differences
between groups. (C) Quantification of GNPs internalized in LLC-Luc by ICP-OES after
24h. In (B) and (C) cells were treated and incubated in triplicate wells and data are plotted
as the mean with s.e.m. Dashed line represents 100% cell viability. Number of repetitions
for each experiment: 3.

3.3.4 Manual Intratumoral Injection of Low Dose GNPs

Representative CT images acquired from follow-up scans after manual low
dose (50 puL of 4 mg/mL) GNP injection are shown in Figure 3.5A and indicate that
the injected nanoparticles produce strong CT contrast. 9 days post injection, we
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were still able to locate particles in the tumor volume. We quantified the
intratumoral contrast at different time points (Figure 3.5B) as well as the volume of
the visible particles diffused in the tumor area (Figure 3.5C). Mean attenuation
values were calculated in Hounsfield Units (HU) within the GNP volume over time.
Sustained strong CT contrast highlighted a significant difference between the BSA-
GNPs when compared to both the control group (saline) and citrate-GNPs (*p <
0.05, **p < 0.005). This result is consistent with the increase in BSA-GNP volume
over time in Figure 3.5C: the more the BSA-GNPs diffuse throughout the tissues,
the less they attenuate the X-rays. Citrate-GNP volume is constant over time,
confirming the preliminary results we previously obtained [122]: citrate-GNPs do
not diffuse over time intratumorally, but instead form a single cluster of particles.
Overall, a heterogenic intratumoral distribution pattern was found for both citrate-
GNPs and BSA-GNPs. However, we can’t exclude those particles may be
forcefully spread out by the tissue as the tumor grows. The BSA-GNPs particles
accumulated mostly in the tumor periphery, even though smaller depositions were
found throughout the whole tumor region. Elemental Analysis performed with ICP-
OES (Figure 3.5D) also confirms the presence of the particles in the tumor 9 days
post-injection. Significant differences are highlighted between the saline and BSA-
GNP groups (***p < 0.0005, Tukey’s multiple comparisons test) and the citrate-
GNP and BSA-GNP groups (**p < 0.005, Tukey’s multiple comparisons test). This
outcome validates the hypothesis that the protein corona of GNPs influences
intratumoral distribution and retention of nanoparticles. We also performed
elemental analysis for the spleen, kidneys, liver, and lungs of the mice 9 days post
GNP injection. Although both particle types were administered through
intratumoral injection, we surprisingly saw evidence of gold content in these other
organs, however, no statistical significance was determined.
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Figure 3.5 microCT and ICP-OES results both confirm that particles remain in the
tumor 9 days post-injection. (A) Representative 3D volume renderings of microCT images
of concentrated GNPs manually intratumorally injected into solid LLC-Luc tumors grown
on the right flank of C57BL/6 mice (9 days follow up). Images are rendered at a window
level of 1090 HU with 930 HU window width. With this color look up table, solid tumors
are shown in pink (40% transparency) and contrast arising from the injected GNPs is shown
in dark red (GNP clusters). Images are displayed with a voxel size of 100 pm. (B) Mean
attenuation values in Hounsfield Units (HU) calculated within the GNP cluster volume over
time using CT follow-up images. Significant difference of BSA-GNPs vs saline group and
citrate-GNPs over time (*p < 0.05, **p < 0.005 Tukey’s multiple comparisons test). (C)
GNP cluster volume over time calculated using CT follow-up images. (D) Biodistribution
of citrate-GNPs and BSA-GNPs in digested organs 9 days post-injection (n = 8 mice per
group) using ICP-OES. Saline injections were performed on 4 mice as a negative control
group (black bars). A two-way ANOVA test was done to compare the interactions between
each group. Significant difference of BSA-GNPs vs saline group and citrate-GNPs (**p <
0.005, ***p < 0.0005 Tukey’s multiple comparisons test).

3.3.5 Automatic Syringe Pump Intratumoral Injection of High Dose
GNPs

Ex vivo photographs of tumors taken after sacrificing the mice on days 3, 6,
and 9 post-injection (Figure 3.6A) and representative CT images (Figure 3.6B) with
corresponding mean attenuation values (Figure 3.6C) acquired from follow-up
scans after automatic high dose (50 pL of 15 mg/mL) GNP injection allow for
comparison of intratumoral distribution. Data reported here are consistent with the
results shown in Figure 3.5, the higher dose citrate-GNPs also appear more as a
single central cluster of particles, while the BSA-GNPs are more diffuse around the
tumor edge. Figure 3.6D shows the volume of GNPs quantified intratumorally for
both treatment groups over time. When compared with Figure 3.5C, where we
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observe less than 25 mm?® in volume (equating to less than 50% of the injected
volume in the tumor), under these conditions the volume is around 50 mm?
(equating to close to 100% of the injected dose). Also, the gold quantified in the
solid tumors from ICP-OES analyses show close to 100% for both treatment groups.
We did notice a drop in the percent of gold accumulated in the tumors of two BSA-
GNP injected mice: one from day 3 and one from the day 6 group. In most of the
other organs and blood analyzed, the quantity of gold measured was negligible
except for the liver, lung, and spleen of these same two mice. Overall, we attribute
the greater percent gold quantification in the tumors through both CT and ICP-OES
shown in Figure 3.6 due to the use of the injection pump and a more concentrated
sample.
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Figure 3.6 MicroCT and ICP-OES demonstrate particle distribution at different time
points after high-dose intratumoral injection using an injection pump. (A) Ex vivo LLC
solid tumors at different sacrifice time points. (B) 3D renderings of the intratumoral
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biodistribution of citrate-GNPs and BSA-GNPs from microCT images. Residual
intratumoral GNPs are rendered in dark red, tumor tissue is rendered in pink (40%
transparency). (C) Mean attenuation values in Hounsfield Units (HU) calculated within the
GNP cluster volume over time using CT follow-up images (GNP pre-injection: dark gray
area, GNP post-injection: dark gray area). (D) GNP cluster volume over time calculated
using CT follow-up images. (E) Biodistribution of citrate-GNPs and BSA-GNPs in
digested tumors, organs (liver, lung, spleen, kidneys, brain, heart), and blood over time (n
= 3 mice per group) using ICP-OES. Saline injections were performed on 3 mice as a
negative control group. All data in the figure are reported as mean + s.e.m. Dashed lines
represent 100% of the injected dose.

3.4 Discussion

We demonstrated the fabrication and characterization of citrate-stabilized and
BSA surface passivated GNPs, assessed their cellular uptake and lack of
cytotoxicity in vitro, and evaluated their biodistribution and retention in an in vivo
murine model of NSCLC. Recent studies have demonstrated the significant effects
of albumin on the physicochemical properties of nanoparticles which inhibits
plasma protein adsorption and decreases blood clearance time [134], [135].
However, there still remains a lack of knowledge regarding how the surface
chemistry of GNPs can influence particle distribution within a tumor
microenvironment. Evaluating and providing better understanding the effects of
surface passivation may help advance their clinical translation as theranostic tools.

Several works have studied protein corona formation after intravenous injection
of particles [80], [136]. The advantage of direct administration of nanomaterials
into the bloodstream is related to their rapid distribution throughout the vasculature.
However, this feature can also result in a rapid clearance by organs, such as the
kidneys and liver or the reticuloendothelial system. In this study, we overcome this
limitation through intratumoral injection. This approach enables administration of
highly concentrated nanoformulations. With this strategy, we were able to
demonstrate that the particles are retained intratumorally for 9 days, without
significant accumulation in other organs.

Although intratumoral injections enable direct delivery of the nanomaterial into
the interstitium of cancerous tissue, the interstitial tumoral pressure is higher than
healthy tissue. This elevated interstitial fluid pressure gradient generally pushes the
injected formulation out of the tumor and produces higher leakage of the drug into
the surrounding tissue. Identifying the intra-tumoral distribution of nanoparticles is
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clinically relevant because it can help determine the success of nanomedicine-based
therapy and has often been considered a physical mechanism of drug resistance.

It is now known that both chemical and biological components play roles in the
radiosensitization process in addition to physical processes,[61] therefore, it is
expected that the observed different distribution patterns dependent on the particle
functionalization would effect radiosensitization. These effects may be due to
aspects such as the quantity and distance of nearby particles and the percent uptake
and location of the particles inside or near various cell types undergoing different
phases of replication. For example, it is generally understood that cells that are
dividing quickly and are highly active metabolically are more radiosensitive.
Therefore, protein surface modification that results in higher particle distribution in
high turnover cells would likely further enhance radiosensitization effects which
may prove useful in future clinical application.

In vivo results from this study show that the intratumoral biodistribution of
GNPs is dependent on surface passivation and can result in significant
heterogeneity throughout the tumor microenvironment. Predominately perfusion of
BSA-GNPs occurs throughout the tumor periphery with reduce deposition covering
the entire tumor volume. While some of this could be attributed to off centered
injection or the fact that tumor growth will further spread out the particle
distribution, we attribute the majority of this response to the abnormal and
heterogeneous vascular structure of the LLC tumor, suggesting perfusion rather
than permeability of the GNPs as the limiting factor for tumor accumulation.
Despite perivascular accumulation, we demonstrate that BSA surface passivation
can affect the intratumoral distribution and retention of GNPs.

3.5 Conclusions

In summary, we investigated whether protein surface adsorption can influence
GNP biodistribution in a NSCLC animal model by applying high-resolution
preclinical CT imaging. By controlling protein absorption on the GNP surface, we
obtained a significant difference in the intratumoral distribution and retention of the
particles, as demonstrated through quantitative CT and ICP-OES analysis.
Moreover, our investigations revealed that surface passivation of GNPs controls the
mechanism of cellular uptake in vitro. Further evaluation will expand our
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knowledge in how to better control the surface passivation of GNPs and prove
useful for clinical translation of nanoparticle-based therapies.
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Chapter 4

Zonal Intratumoral Delivery of Nanoparticles
Guided by Surface Functionalization
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4.1 Introduction

Overcoming challenges associated with therapeutic and nanoparticle tumor
uptake and tissue penetration is critical for establishing effective cancer therapies.
Accompanying systemic administration, challenges include off-target effects and
associated toxicities. Intratumoral delivery has emerged as a means to enhance
delivery locally and directly into the tumor microenvironment (TME), thereby
limiting systemic toxicity while permitting lower dosages [137], [138], [139, p.]
Significant research is dedicated toward enhancing delivery to the TME and
bypassing systemic administration, yet reproducible means to target zones within
the TME itself have not been identified. As the TME is notoriously heterogeneous,
this creates challenges in homogeneous therapeutic distribution. Current strategies
to enhance nanoparticle diffusion into tissue with abnormal vasculature, such as
solid tumors, include increasing vasculature permeability through approaches such
as preconditioning with local hyperthermia to elevate intratumoral interstitial fluid
flow [57], [140] delivery of transient anti-angiogenic therapies to temporarily
increase blood flow [141] and administration of anti-vascular endothelial growth
factor receptor antibody to improve tissue perfusion [142]. While both morphologic
and functional vasculature normalization have shown to temporarily improve agent
perfusion to facilitate intratumoral delivery, remodeling processes occur that,
ultimately, reduce vessel permeability and impair nanoparticle transport inside the
tumor [143].

As only a fraction of an injected dose reaches the TME through the vasculature
due to high interstitial fluid pressure [144] supporting methodologies are needed to
achieve tumor uptake and retention. Strategies to enhance particle accumulation
into specific tumor regions include magnetic nanoparticles directed by external
magnets [114], [115] ultrasound-mediated delivery to induce mechanical
membrane stretching and pore formation [147] tumor recruitment of nanoparticle-
containing monocytes and macrophages [148] and pH-responsive surface coatings
which improve retention upon entering an acidic TME [149], [150]. However,
challenges related to scale-up and resource-efficiency limit their use [151]. These
techniques also depend on additional external environmental or internal factors,
such as chemoattractive gradients needed to recruit nanoparticle-loaded monocytes
or metabolic shifts to direct nanoparticle accumulation.

Regarding Gold Nanoparticles (GNPs), those ranging from 40-50 nm in
diameter have been reported to accumulate predominantly (>80%) in the spleen and
liver after systemic injection, with only a negligible fraction (~1%) localized inside
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the tumor. This reduced dose within the tumor, attributed to their sequestration by
the reticuloendothelial system, results in suboptimal nanoparticle uptake and
heterogeneous GNP spatial distribution that significantly diminishes therapeutic
and diagnostic efficacy [152], [153]. Loco-regional administration of
nanotherapeutics mitigates many issues related to dose reduction following
systemic exposure, overcoming important biological barriers to absorption in solid
tumors such as stiffening of the extracellular matrix (ECM) and increased
interstitial pressure [154], [155]. Despite the limitations of intratumoral injection,
such as the inability to directly target inaccessible metastatic lesions [156] and
deep-seated tumors [157] these challenges can be resolved through initiation of a
host immune response and abscopal effect[158] to induce regression of distant
untreated lesions [159]. Local, intratumoral delivery provides direct access to
organized tertiary lymphoid structures within the tumor, [157] subsequently
targeting lymphocytes and other immune cells that travel through lymphatic
vessels. Understanding how loco-regional agents accumulate after intratumoral
injection within the TME could advance our ability to molecular engineer them
such that they distribute with higher concentrations at regions of enriched
biomarkers or immune cells.

In addition to administration method, the intratumoral GNP distribution profile
is strongly dependent upon their physicochemical properties; especially size,
surface charge, surface functionalization, and shape [160]-[163]. We previously
demonstrated the importance of surface passivation to control GNP distribution in
a murine model of lung cancer [54], [55], [164]. However, a thorough
understanding of these properties for customize nanoparticle design to achieve
desired intratumoral pharmacokinetics and spatiotemporal distribution profiles
could be the holy grail of cancer nanomedicine, promising to advance drug delivery
and optimize outcomes.

In this work, we demonstrate controlled spatial delivery of intratumorally
injected GNP (zonal delivery) by leveraging different surface chemistries while
minimizing variables in administration through injection with a syringe pump set at
constant dispense volume and flow rate. We experimentally observed differences
in intratumoral distribution patterns of GNPs coated with three different chemical
moieties (citrate, phosphothioethanol PTE, and polyethylene glycol PEG). To
mechanistically characterize differences in GNP intratumoral distribution patterns,
studies are complemented with mathematical modeling [165]-[167] of particle
transport following intratumoral injection that considers particle reactivity over
time.
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Nanoparticle transport modeling has traditionally focused on tumoral delivery
following systemic injection [165], [167] rather than local. To this end, Mahesh et
al. modeled nanoparticle tumoral transport following intratumoral injection using a
convection-diffusion equation, and studied effects of nanoparticle size, injection
site, and vascular normalization on intratumoral distribution [168]. They
incorporated interstitial fluid flow to obtain interstitial fluid pressure and velocity
profiles in the tumor to investigate transvascular clearance of nanoparticles from
the tumor interstitium. However, their model does not include nanoparticle
interaction with cellular components and ECM of the tumor. Similarly, Klapproth
et al. developed a physiologically-based pharmacokinetic model to study whole-
body distribution of superparamagnetic iron oxide nanoparticles following
intratumoral injection and compared results to intravenous injection [169]. Their
model is limited to temporal evolution of nanoparticle concentration inside the
tumor and other organs and does not study nanoparticle spatial distribution profiles.
Here, we hypothesized that upon intratumoral injection, nanoparticle transport in
the tumor interstitium is strongly governed by nanoparticle interaction with
cancerous cells and ECM components, which in turn is affected by differences in
surface chemistries, leading to distinct intratumoral GNP distribution patterns. To
test our hypothesis, we modeled GNP transport following intratumoral injection
using reaction-diffusion equations, which simulate spatiotemporal evolution of
GNPs inside the tumor. We chose a macroscopic scale continuum approach adapted
from our previous work involving transport modeling of hydrogel-embedded
nanoparticles injected intratumorally into glioblastoma tumors [170]. Integration of
mathematical modeling with in vivo experimentation allows us to quantitatively
characterize the nanoparticle biodistribution intratumorally towards the
establishment of zonal-directed drug delivery within a tumor. These exciting results
provide a foundation for the development of region-specific cargo delivery that can
advance our ability to modulate various processes driving cancer progression as
well as provide control over the retention and distribution of agents toward their
specific surface target within the TME.

4.2 Methods

4.2.1 Animal Model

All experiments conducted on the animals were approved for study (protocol #
IS00005178 approved 6 May 2019 and protocol # IS00005819 approved 26 March

52



2021) by the Institutional Animal Care and Use Committee (IACUC) at the
Houston Methodist Research Institute and were performed according to the
principles of the NIH Guide for the Care and Use of Laboratory Animals, the
provisions of the Animal Welfare Act, PHS Animal Welfare Policy, and the policies
of the Houston Methodist Research Institute. Housing and care were provided in
accordance with the regulations of the Animal Welfare Act and recommendations
of the Guide for the Care and Use of Laboratory Animals. Six-week-old female
C57BL/6 mice (Taconic Biosciences) (n=60) were used in this study. Two million
Lewis Lung Carcinoma (LLC) cells were suspended in 100 pL of PBS (Cytiva) and
injected subcutaneously into the right flank of the mice with an average weight of
18.28 + 1.68 g. Tumors were grown for 8 days to ~200 mm? before GNP treatment.

4.2.2 Chemicals and Reagents

All chemicals were used without further purification. Deionized water was
provided by a Millipore Milli-Q Integral 10 Water Purification System (Millipore
Sigma).

ICP-OES Chemicals. Acids (HNO3, HCI) were purchased as trace metal grade
(ThermoFisher Scientific). The gold pure standard solution (Au 1000 pg/mL in
10% HCI and 1% HNO3) was purchased from Perkin Elmer. Yttrium (1000 mg/L)
was used as internal standard and purchased from Sigma-Aldrich. Seven standards
were prepared to generate a calibration curve for Au content (100 pg [Au]/L, 250
ug [Au]/L, 500 pg [Au]/L, 1000 pg [Au]/L, 2500 pg [Au]/L, 5000 pg [Au]/L, and
10000 pg [Au]/L), as dilutions from the gold pure standard solution. All
measurements were performed on triplicate samples (or more when indicated) using
a Varian 720-es ICP spectrometer (Agilent). All elemental analyses were performed
using the ICP Expert II software (Agilent) by averaging the signal from the 242.794
nm and 267.594 nm emission lines. Each of the samples were filtered using 0.22
um filters (MilliporeSigma) prior to ICP-OES measurement.

4.2.3 Nanoparticle Synthesis and Characterization

Gold nanoparticles were prepared as previously described[54], [164]. Briefly,
gold nanoparticles (~35 nm in diameter) were synthesized by boiling 4.8 mL of
0.039 M aqueous citrate (Sigma-Aldrich) and 7 mL of 0.033 M gold (IIT) chloride
(Sigma-Aldrich) in 600 mL of deionized water until a transition in color from
yellow to black occurred, and the colloidal solution appeared dark red. After GNP
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synthesis, the pH of the solution was measured to be 3.6. 1 M NaOH solution
(Fisher Scientific) was added dropwise to the solution to adjust the pH to 6.0. GNPs
were centrifuged at 1500g for 5 min in Amicon Ultra-15 100K filters (Sigma-
Aldrich). Nanoparticle concentration was measured by ICP-OES and ultraviolet
visible (UV—vis) spectroscopy and nanoparticle size was determined by dynamic
light scattering (DLS) and scanning transmission electron microscopy (STEM).

4.2.4 Surface functionalization of concentrated GNPs with PTE

Concentrated GNPs were conjugated to phosphothioethanol (PTE) using thiol
chemistry. 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol (Sodium Salt) also
known as 1,2-dihexadecanoyl-sn-glycero-3-phosphothioethanol (sodium salt) (730
Da, 16:0 PTE; Avanti Polar Lipids) was dissolved in 200 proof ethanol
(ThermoFisher). The PTE solution (1.45 mg/mL, 118 pL) was added to the GNP
solution (18.56 mg/mL, 500 pL) at a ratio of 1 PTE molecule/nm? and incubated
for 1 h at room temperature to let the ethanol evaporate completely. Once
completely evaporated, the ethanol was replaced with the same volume of deionized
water (118 pL).

4.2.5 Surface functionalization of concentrated GNPs with PEG

Concentrated GNPs were conjugated to polyethylene glycol (PEG) using thiol
chemistry. Poly(ethylene glycol) methyl ether thiol (6000 Da, mPEG-SH; Sigma-
Aldrich) was dissolved in deionized water at a concentration of 1.2 mg/mL. The
mPEG-SH solution (1.2 mg/mL, 118 pL) was added to the GNP solution (18.56
mg/mL, 500 pL) at a ratio of 1 PEG molecule/nm? and incubated for 1 h at room
temperature. We estimate a grafting of ~7,750 PEG chains per particle, using a
reported grafting density (o) of 1.55 chains per nm? obtained from a multi-
Lorentzian-splitting algorithm and proton NMR analytical approach [171].

4.2.6 In Vitro Cytotoxicity and GNP Uptake

LLC and HeLa cells were obtained from the American Type Culture Collection
(ATCC). Cell subculturing and GNP-based treatment and procedures have been
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previously described[54], [164]. For each cell line, we investigated three groups of
GNP treatment (citrate-GNPs, PTE-GNPs, and PEG-GNPs) with two different
treatment doses (15 pg [Au]/mL per well and 50 pg [Au]/mL per well). The amount
of GNPs internalized by each of these cell lines as well as cell viability after particle
treatment were measured in triplicate wells.

MTT Assay for cytotoxicity. Briefly, cells were seeded (4 x 10* cells/well) into
96-well plates (Thermo Fisher Scientific) and allowed to attach overnight. Cells
were treated with each of the nanoformulations and incubated for 24 h. 10 pL of
MTT Reagent (ATCC) was added to each well and the plate incubated for 2 h or
until a purple precipitate appeared. Then, 100 puL of Detergent Reagent for MTT
(ATCC) was added to each well to solubilize the purple precipitate for 4 h prior to
absorbance measurements at 570 nm and 690 nm using a Synergy™ H4 Hybrid
Microplate Reader (BioTek Instruments, Inc.).

ICP-OES quantification of GNP uptake. Briefly, cells were seeded (3 x 10°
cells/well) into 6-well plates (Thermo Fisher Scientific) and allowed to attach
overnight. Cells were treated with each of the nanoformulations and incubated for
24 h. Cells were washed with sterile 1x PBS (Cytiva), detached with 0.25% trypsin-
0.53 mM EDTA solution (Thermo Fisher Scientific), neutralized with complete
media, counted with an automated cell counter (Invitrogen) using a solution of 0.4%
Trypan Blue (Thermo Fisher Scientific), and pelleted. All collected pellets were
digested for 1 hina I mL solution of aqua-regia (1:3 HNOj3 to HCI) and then diluted
in 2 mL of acidic solution (10% HCI, 1% HNO3) for ICP-OES.

STEM assessments of GNP intracellular internalization. Sample preparation and
procedures for electron microscopy were previously reported[172]. Images were
obtained using the bright field setting in sTEM mode (FEI Nova NanoSEM 230)
under a vacuum of 15 kV.

4.2.7 In Vivo GNP biodistribution

Mice received intratumoral injections of citrate-GNPs, PTE-GNPs, or PEG-
GNPs (50 pL, 15 mg [Au]/mL, n = 20 mice/group), once their tumor volumes
reached ~200 mm?>. To minimize the possible errors due to the challenges of
consistent intratumoral administration and to assure maximum reproducibility, all
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injections were performed with an automatic syringe pump (KD Scientific Inc.,
0.43 pL/s) while the animals were maintained under anesthesia with isoflurane.

In vivo imaging and intratumoral GNP tracking. In vivo imaging was performed
with micro-Computed Tomography (LCT) using a Siemens Inveon Multi-Modality
System and an Inveon Acquisition Workplace. Imaging parameters were the
following: slice thickness, 103.25 pum; in-plane resolution, 103.25 um; tube voltage,
80 kV; tube current, 500 pA; exposure time, 240 ms. Baseline images were acquired
pre-injection and immediately after injection. Follow-up imaging occurred on days
3 (n =3 mice/group), 6 (n = 3 mice/group), and 9 (n = 3 mice/group) post-injection
of each treatment. Imaging analysis was performed with 3D Slicer (v4.11) on this
dataset of acquired images.

Intratumoral GNP content and biodistribution. Biodistribution of the GNPs was
determined after intratumoral injection in a mouse model of lung cancer by
quantifying the amount of gold in the solid tumor as well as in different organs
(liver, spleen, lung, heart, kidneys, brain) and blood using ICP-OES. Mice sacrifice
and tissue collection occurred 3 (7 = 8 mice/group), 6 (n = 8 mice/group), and 9 (n
= 4 mice/group) days post-injection. Blood was collected via cardiac puncture
immediately after death and tissues were weighed, flash frozen in liquid nitrogen,
and stored at —80 °C for further analysis. For elemental analysis, the whole tissue
was digested, except certain tumors on day 3 (n = 4 mice/group) and day 6 (n =4
mice/group) that were further sub-sectioned. From each of these tumors, 4
dissections were obtained (medial periphery, medial core, lateral periphery, and
lateral core), following the previously described approach[55]. Samples were
digested as previously described[54]. Briefly, each tissue or blood sample was kept
for 1 h in 2 mL of fresh aqua regia at 60 °C until complete digestion, and then
diluted in 8 mL of acidic solution (10% HCI, 1% HNO3). The gold content of each
sample was measured and normalized to the injected dose (ID) of the GNPs and
expressed as percentage of the ID.

Histopathology. At day 9 post-injection, harvested tumors were fixed in 10%
formalin, paraffin embedded, and sectioned. Each section was stained with
hematoxylin and eosin (H&E) to evaluate the effects of nanoparticle treatment type
on intratumoral zonal distribution. All samples were examined using a bright field
microscope (EVOS Cell Imaging System Models, Thermo Fisher Scientific).
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4.2.8 Model development

Following intratumoral injection, GNPs in the tumor interstitium diffuse away
from the site of injection, while interacting with the ECM and cancer cells. Thus, a
fraction of the injected mass of GNPs continues to bind with cancer cells and
components of the ECM, while the remaining unbound fraction continues to diffuse
away. We describe the spatiotemporal dynamics of the free and bound GNPs with
the following partial differential equations (PDEs).

Equation 4.1 for concentration of free GNPs (Cﬁp(g, t)):
Diffusion Interaction

ac%f“) Dyp - V2CL(x,t) = 1(x,t) 4.1)

where Dyp represents the diffusivity of NPs in tumor interstitium and 1 (g, t) is
the NP interaction term that describes the collective rate of interaction of GNPs
with cancer cells and components of the ECM and is characterized as a Michaelis-

CNP( )

m+CNP(x t)
rate of reaction and K, is the Michaelis-Menten constant. Note that in our
parsimonious model we have ignored advection as a transport mechanism of GNPs
due to the occurrence of high interstitial fluid pressure in solid tumors [173].

Menten process, such that 1 (g, t) = lIpax * Here, I« 1s the maximal

Equation 4.2 for concentration of bound GNPs (C%p (g, t)):

Interactlon

—aCN"(x ) I(x t) (4.2)

We assume that GNPs once bound cannot unbind, hence the equation for bound
NPs only contains the previously defined interaction term.

Numerical solution. To solve the above PDEs, we used a numerical approach
known as the finite difference method, for which we assumed a two-dimensional
square lattice grid discretized into square elements to calculate the diffusion and
interaction of GNPs at discrete time points. The 2D domain has a side [ = 2 cm and
is discretized into 400x400 elements, with each element of side A = 50 um. The
tumor is assumed to be a 2D circle located at the center of the domain and has a
radius R, = 0.5 cm. For simplicity, we assume the tumor to be static, i.e., it does
not evolve over time. At every time step, the concentration of free and bound GNPs
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at a given grid element (i, j) is estimated by the following expressions based on the
explicit method:

fit ft fit ft fit fir
crde _ ~ft (Ci+1,j+Ci—1,j+Ci,j+1+Ci,j—1_4ci,j) _ Cij dt (4.3)
ij My NP AZ max Km+Cl.f]’.t .
i
coerde — o g S g (4.4)
i,j i,j max Km'*'Cif}"t .

where subscripts i and j represent row and column number of a given grid
element, respectively, and superscripts f and b indicate free and bound GNPs,
respectively. We imposed a Neumann boundary condition at the tumor periphery

a . —y
such that a—i =0, i.e. no flux occurs at the tumor boundary. For the initial

conditions, we assumed a concentration of free GNPs C, at the site of injection (at

Rtum

a distance from the center of the tumor on its equator), and zero concentration

everywhere else. All the simulations were performed in MATLAB R2020b.

Model parameter estimation. One of the key model parameters that we discuss
here is referred to as the Damkdohler number (D,,), which is a dimensionless number
defined as the ratio of rate of reaction to the rate of diffusion of GNPs, such that

_ Imax
=
DNP/RtZum

concentration to make D, dimensionless. Since the gold core of the various GNPs

. It is worth noting that D, is implicitly divided by a unit

investigated in this study have a comparable size (¢np~30 nm), we assumed the
same rate of particle diffusion among groups (given that rate of diffusion is a
function of particle size as per the Stokes-Einstein equation). However, we
hypothesized that due to the difference in surface chemistry of GNPs, the rate of
reaction across groups will vary. Hence, to simulate GNPs with different rates of
reaction (or I,,x), we use different D, numbers. Specifically, we model three
different scenarios to compare the simulations to the three types of GNPs
investigated in this study, such that D, = 0.1 for highly reactive GNPs, D, = 0.01
for moderately reactive GNPs, and D, = 10~ for weakly reactive GNPs.

4.2.9 Data and Statistical Analysis

Experimental results are presented as a mean of three replicates (n = 3) +
standard error of the mean (s.e.m). Data were evaluated using a nonparametric two-
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way analysis of variance (ANOVA). Subsequent analysis occurred in terms of a
Tukey’s multiple comparison posthoc test (GraphPad Prism 9 software, USA). Data
was considered significant when *p < 0.05, **p <0.01, ***p < 0.001, and ****p <
0.0001.

4.3 Results and Discussion

4.3.1 In vitro uptake of GNPs is governed by their surface
chemistry

We synthesized spherical GNPs using the citrate reduction method[174] and
surface functionalized them with either lipid bilayers (PTE) or polyether
monolayers (PEG), two biocompatible coatings commonly used to mimic
biological membranes[175], [176] and improve nanoparticle stealth[177]. 1,2-
Dipalmitoyl-sn-glycero-3-phosphothioethanol (16:0 PTE) offers a phospholipid
backbone structure with two alkane chain tails but with a modification of the
headgroup to include a S—H functionality which allows for stabilizing solid gold
particles with a biologically active species. We selected GNPs because they can be
visualized both in vitro using electron microscopy[178] and in vivo using micro
computed tomography[179] due to their superior x-ray absorption proprieties [ 180].
Figure 4.1 shows GNPs natively stabilized with citrate or surface passivated with
either PTE or PEG using conjugated thiol linkers. The synthesis and
characterization of these native nanomaterials have been previously described in
detail [54], [121], [164]. Surface chemistry modifications were achieved as
described in the methods section 4.2. The resultant solutions appeared deep red in
color and contained monodisperse spherical nanoparticles with hydrodynamic
diameters of 39.77 £ 2.06 nm, 51.66 = 0.58 nm, and 56.80 + 0.55 nm for citrate-
GNPs, PTE-GNPs, and PEG-GNPs, respectively. All three surface passivations
resulted in negatively charged particles with an observed 3-5 nm shift of their
localized surface plasmon resonance due to passivation with either PTE or PEG.
All three nanoformulations also displayed concentration dependent x-ray
attenuation with signal intensities stronger than that of a standard iodine-based
contrast agent, Omnipaque350.
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Figure 4.1 Gold nanoparticles (GNPs) surface stabilized natively with citrate and
surface passivated with poly(ethylene glycol) methyl ether thiol (PEG) and 1,2-
dipalmitoyl-sn-glycero-3-phosphothioethanol (PTE) using conjugated thiol linkers.

In order to determine if the modified surface chemistry of the GNPs affected
particle uptake within cancer cells, we performed visualization studies using
scanning transmission election microscopy along with elemental analysis to
quantify differences in cellular gold content. Cancer cells from established murine
(LLC) and human (HeLa) models were treated with each nanoformulation and
cultured for 24 hours prior to processing. Citrate passivated particles were more
greatly internalized within LLC cells as demonstrated by the large endocytic
vesicles containing dark clusters, while particles passivated with PTE and PEG
were found to a lesser degree (Figure 4.2A). Evidence of visualization correlated
with elemental analysis where the intracellular gold content from citrate-GNPs was
similar in both HeLa and LLC cell lines and significantly (**p < 0.005) greater than
that of the PTE-GNPs and PEG-GNPs (Figure 4.2B,D). Interestingly, PTE-GNPs
were more toxic on HeLa cells than LLC cells when compared with their nascent
particles (citrate) and PEGylated forms (Figure 4.2C,E). No dose-dependent
cytotoxic effect was highlighted in any cell line.
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Figure 4.2 GNP uptake is a function of surface passivation which affects cell viability
in a cell line dependent manner. (A) Representative scanning transmission election
microscopy images of LLC cells demonstrating uptake of (i) citrate-GNPs, (ii)) PTE-GNPs,
and (iii) PEG-GNPs. Elemental analysis performed with ICP-OES on (B) HeLa and (D)
LLC cell pellets 24 h after treatment. MTT assays for (C) HeLa and (E) LLC cells treated
and incubated for 24h with nascent and surface functionalized GNPs. (**p < 0.005 and
*EFED < 0.0001 by two-way ANOVA using Tukey’s multiple comparisons test). All data
in the figure are reported as mean + s.e.m in triplicate.

4.3.2 GNP diffusion patterns are dependent on surface chemistry

Tumors were induced in mice through subcutaneous injection of LLC cells on
their flank (see methods) and once the tumor volumes reached ~200 mm?, baseline
images from the tumor bearing animals were obtained with pCT. The animals were
intratumorally administered either citrate, PTE, or PEG coated gold nanoparticles
via syringe pump, and then imaged again with uCT immediately post-
administration (Day 0) as well as on days 3, 6, and 9. Following controlled
intratumoral injection, we observed via CT imaging that the citrate-GNPs
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consistently agglomerated as single clusters, a phenomenon also reported by our
group after manual injection [54], while the PTE-GNPs and PEG-GNPs diffused
predominantly in the tumor periphery. In vivo results demonstrated remarkable
differences in the intratumoral diffusion of the GNPs depending on the surface
passivation. The results are supported by gross inspection of the particles localized
to different regions of the tumor (Figure 4.3A), quantification of the amount of
intratumoral gold over time with inductively coupled plasma - optical emission
spectrometry (ICP-OES) (Figure 4.3B) and tracking GNP localization within the
solid tumor using pCT (Figure 4.3C). Interestingly, each surface functionalization
presents a different pattern of intratumoral diffusion. In Figure 2D, x-ray
attenuation of the nanoparticle treated tumors are reported over time and compared
with the tumor baseline signal. Attenuation levels of the tumors after GNP injection
demonstrate significant changes between the PTE and PEG passivation 3- and 6-
days post-injection (*p = 0.01, *» = 0.03). When comparing with the nascent
particles, PTE-GNPs displayed x-ray attenuation similar in intensity, while PEG-
GNP attenuation values were significantly lower 6- and 9-days post-injection (#p =
0.03, #p = 0.04). Despite this decrease, the PEG-GNPs still displayed an x-ray
attenuation signal ~35% greater than the tumor background 9-days post-injection,
demonstrating the capability of these particles to be tracked over time due to their
high x-ray absorption properties. Experimental results from elemental analysis
(Figure 4.3B) and CT attenuation (Figure 4.3D) significantly correlate using
Pearson correlation analysis (p = 0.004). Accumulation of nascent and
functionalized GNPs in other organs over time is shown in the Supporting
Information. The highest concentration of GNPs was found in both the liver and
spleen which offer a high number of extravasation sites. However, less than 10%
of the ID was found in these organs without any significant differences between
both treatment groups and days. This result confirms the advantages of loco-
regional administration in preventing unwanted accumulation of our
nanotherapeutic in non-specific sites.

4.3.3 Intratumoral transport modeling of GNPs

Experimental results highlighting the different GNP zonal distributions
dependent on particle surface passivation were confirmed through a parsimonious
mathematical model of GNP transport following intratumoral injection, adapted
from our previous work [170]. Since citrate coated GNPs have the smallest
diameter, this nanoformulation can be expected to have the highest diffusivity (as
per Stokes-Einstein equation) and thus, the highest intratumoral coverage area.
However, as observed in Figure 4.3A,C, the intratumoral coverage area of the
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citrate coated GNPs was the lowest, which led us to hypothesize that surface
functionalization-induced interaction of NPs with the tumor microenvironment
competes with the effects of size-dependent diffusion on NP transport. Thus, the
mathematical model was based on reaction-diffusion equations to investigate the
relative effect of NP diffusivity and reactivity on the spatiotemporal evolution of
GNPs inside the tumor. To characterize the relative strength of reactivity and
diffusivity of GNPs, we defined a dimensionless parameter referred to as the
Damkohler number (D,) and tuned it to reproduce the experimental observations
qualitatively.

To complement the experimental in vivo timeline (Figure 4.3A,C), snapshots
of the tumor mathematical model simulations are presented at days 3, 6, and 9 post-
injection (Figure 4.3E). The area coverage of NPs in the tumor domain is indirectly
proportional to their Damkdhler number (D). This indirect relationship suggests
that GNPs with a greater rate of reaction to the tumor microenvironment tend to
travel the least distance from the site of injection. The simulation results are in good
qualitative agreement with the experimental observations for the GNPs, indicating
that citrate coated GNPs remain more localized near the site of injection due to their
high reactivity (D, = 0.1), unlike the less reactive PTE- (D, = 0.01) and PEG-
coated GNPs (D, = 107) which distribute more widely across the tumor
interstitium, with PEGylated GNPs showing the greatest coverage area. We further
confirm this interpretation by quantifying the concentration kinetics of bound and
free (unbound) GNPs in the simulations. As shown in Figure 4.3F, the concentration
of bound GNPs (red curves) around the site of injection (off-centered and set at a

distance Rt% from the center of the tumor on its equator) follows the order D, =

0.1> D, =0.01>D, = 107>, while the reverse is the case for free GNP
concentration (blue curves). The average concentration of unbound GNPs across
the tumor diameter tends to decrease over time, with the highest change observed
for the highly reactive citrate-GNPs. This indicates that less reactive GNPs can stay
as freely diffusing for a longer period, thereby allowing such particles to diffuse
farther away from the site of injection in a larger quantity, eventually leading to a
more homogeneous particle distribution across the tumor diameter. It can thus be
inferred from these numerical experiments that more reactive GNPs tend to
distribute less across the tumor interstitium compared to less reactive GNPs, which
tend to diffuse more.
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Figure 4.3 GNP intratumoral biodistribution is dependent on surface passivation. (A)
Photos of ex vivo tumors harvested 3, 6, and 9 days post-injection show gross evidence of
differences in particle distribution. (B) Intratumoral gold quantified with elemental analysis
(ICP-OES) 3, 6, and 9 days post-injection. (C) 3D reconstructions of tumors (pink) and
particle distribution renderings (red) from pCT. (D) Intratumoral x-ray attenuation in
Hounsfield units (HU) show contrast enhancement after injection on days 0, 3, 6, and 9
when compared with tumor baseline (pre-injection) imaging (dashed line, *p <0.05,
#p<0.05). Pearson correlation was calculated between (B) ICP-OES and (D) pCT data,
identifying agreement between results (T1p < 0.005). (E) Snapshots of the tumor model
simulations taken at day 3, 6, and 9 post-injection show spatial distribution of the total
GNPs (free + bound) for particles with Da values of 0.1, 0.01, and 1x10”. These three
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values were featured as they qualitatively matched the experimental distribution patterns
for the citrate, PTE, and PEG functionalized particles shown in A and C. The dashed white
circle demarcates the tumor boundary. Color bar denotes NP concentration (mol m-3).
Scale bar = 1 cm. (F) Simulation quantification, where the graphs show the concentration
of GNPs across the tumor diameter with -1 being the left edge of the tumor boundary and
+1 being the right edge, obtained from model simulations. Red line indicates the
concentration of NPs that are bound while the blue line is the concentration of freely
diffusing (unbound) NPs in the tumor. Note that the y-axes are in log scale.

4.3.4 GNPs accumulate in different intratumoral zones depending
on their surface chemistry

To better quantify GNP zonal accumulation intratumorally, we performed local
elemental analysis, sectioning and digesting each section of each tumor separately.
As shown in Figure 4.4, we chose to cut the tumors in 4 regions and quantify the
gold (n = 4 tumors) 3 and 6 days post-injection. Interestingly, the data not only
confirms differences between groups treated with functionalized and nascent
particles but also demonstrates that PTE- and PEG-GNPs accumulate to a greater
degree in the lateral periphery over 3 days when compared with the citrate-GNPs.
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Figure 4.4 Intratumoral quantification of particle zonal accumulation. (A) Schematic
of methodology whereby the tumor was sectioned into 4 regions. Quantification of gold
performed with elemental analysis on n =4 tumors (B) 3 and (C) 6 days post-injection. Not
visible areas in the boxes represent values of gold <0.5 %.

4.3.5 The histopathological profile of GNP intratumoral diffusion
is dependent on particle surface chemistry

The consistently observed zonal distribution pattern delineated between
nanoformulation groups was also highlighted by histopathology (Figure 4.5). Solid
tumor nodules were identified in the mice both visually and with uCT (Figure 4.5A-
D), harvested and photographed (Figure 4.5E-H) and stained with hematoxylin and
eosin (H&E, Figure 4.51-L). For comparison across the different treatment groups,
we show a representative 2D central slice at 20x magnification which revealed
dense tumor growth within the fibroadipose tissue. The tumors consist of numerous
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irregular nuclei with frequent mitotic figures. In the untreated group, the tumors
were highly viable and mitotically active with only rare small foci of apoptosis. The
treatment groups showed a border zone (Figure 4.5J-K white arrow) with distinct
areas of viable tumor bordering areas of tumor necrosis (smaller foci). Interestingly,
the patterns of necrosis in the treated animals were similar to the GNP diffusion
patterns. The citrate-GNPs were primarily aggregated in the tumor center along
with observed necrosis, the PTE-GNPs consisted of multiple clusters throughout
similar to the necrosis pattern, and the PEG-GNPs concentrated at the tumor
periphery where necrosis was found along with extension of the particles into the
surrounding soft tissues. Surprisingly, while all the nanoformulations originate
from the same material, only the PEG-GNPs traveled across the tumor boundary
and into the surrounding stromal cells, demonstrating access to a secondary target
region. While most researchers focus on outside-in drug delivery and overcoming
the stromal boundary to penetrate into the tumor, these results show an inside-out
directed delivery into the surrounding stromal cells, which supports and maintains
the integrity of the tumor mass, thereby making it an important region to target.

Untreated citrate-GNPs PTE-GNPs PEG-GNPs

Figure 4.5 Effects of GNP treatment type on intratumoral zonal distribution. Groups
include untreated, citrate-GNPs, PTE-GNPs, and PEG-GNPs treated tumor bearing mice.
(A-D) In vivo CT slices of the tumors grown on the mouse flank, (E-H) ex vivo photos of
the excised tumors sliced on a plane close to the injection point, and (I-L) H&E stain of the
tumors (red boxes in E-H represent the area shown with 20x magnification in I-L, white
arrows in J-K represent border zone between viable and necrotic tumor). Scale bar
represents 200 um.
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4.4 Conclusions

We investigated GNP interactions with the tumor microenvironment for
nascent particles as well as particles surface passivated with lipid bilayers (PTE)
and polyether monolayers (PEG). We discovered in vivo different zone-specific
patterns of particle accumulation in the tumor dependent on surface
functionalization using a murine model of lung cancer. To better identify an
underlying mechanism of how surface functionalization affects particle distribution
after local injection, we modeled their intratumoral transport with reaction-
diffusion equations and, ultimately, predicted the spatiotemporal evolution of
GNPs. Using our parsimonious modeling approach, we demonstrated the
mechanistic basis for the effect of surface functionalization on intratumoral GNP
transport that has implications for drug delivery and treatment outcome. While the
model assumed simplifications such as a non-growing tumor and the absence of
advection, these assumptions do not necessarily impact the qualitative nature of our
results. Importantly, we demonstrate that the characterization of GNPs using the
Damkohler number (D,) can be a valuable means to understand the impact of GNP
properties on their transport behavior. While D, values were arbitrarily chosen as a
proof of concept in the current study, future in vitro experiments can provide the
necessary values of reaction rates to calculate D, and prospectively predict the
expected intratumoral behavior of GNPs.

For the field of cancer nanomedicine, there are several fundamental and applied
research directions that can be considered. From an applied perspective, a
mathematical framework that allows for particle distribution predictions based on
surface properties could revolutionize the current methods of personalized
medicine. Several applications have been identified in the last decade for gold
nanoparticles in cancer treatment. They can be used as cargo for chemotherapeutics,
mediators for photothermal therapy, and as contrast agents for imaging, helping to
track tumor size and determine molecular signatures. However, these applications
have been limited by the poor and heterogeneous accumulation of GNPs within
tumor tissues. For this reason, mathematical simulations and in silico approaches
may help optimize a combination of surface properties to better intratumorally
deliver a nanotherapeutic to a targeted region of the tumor.

We used reaction-diffusion equations to model the intratumoral transport of
nanoparticles and observed that the transport behavior of particles with high
reactivity (greater Damkohler number) resulted in greater distribution across the
tumor, while those with low reactivity remained localized. Using a reproducible
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intratumoral delivery approach (constant injection rate), we experimentally
observed that changes in particle surface passivation affected transport behavior
and resulted in remarkably different distribution patterns within the TME as
assessed through different modalities (imaging, elemental analysis, and histology).
Overall, the PEG functionalized GNPs consistently diffused in the tumor periphery
and resulted in the greatest tumoral surface coverage, permeating beyond the cancer
cells and into the stroma. As the stroma is known to play a role in promoting tumor
development and metastasis, permeation into this region allows for access across
the tumor-stroma barrier for therapeutic targeting. Finally, since the stroma
(typically not targeted by standard anticancer therapies) can induce therapeutic
resistance, its role in disease progression should not be overlooked, and identifying
methods to target and deliver drugs into this region as well as other zones within
the TME would offer a more comprehensive and integrative treatment approach.
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Chapter 5

Hyaluronate-Thiol Passivation Enhances Gold
Nanoparticle Peritumoral Distribution When
Administered Intratumorally in Lung Cancer
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5.1 Introduction

Tumor targetability and site-specific release are considered the most critical
factors in cancer diagnostics and therapy. To date, local chemotherapeutic and
immunotherapeutic drug delivery has demonstrated superior efficacy and safety
compared to systemic administration in murine models of cancer [181]-[183].
When a drug is retained within the tumor microenvironment (TME) at high
concentrations, its local therapeutic effect is enhanced and any off-target side
effects due to systemic exposure are minimized [184]-[186]. Unfortunately, local
intratumoral injection of free anticancer agents into solid tumors can be
compromised by their leaky vasculature [187] and elevated interstitial fluid
pressure [188], which leads to rapid escape of the drug from the tumor confinement
and can contribute to reduced sensitivity to therapy [189], [190] or primary
resistance [191].

To overcome these challenges, more investigations are needed to identify novel
successful strategies for site-directed drug localization within a solid tumor to target
and understand the body’s response toward the introduced material [192]. In this
context, gold nanoparticles (GNPs) have been investigated as anti-cancer drug
cargo carriers, whereby their anti-angiogenic and photothermal properties can be
used to potentialize drug action [193], [194], and their diffusive nature exploited
for multimodal synergistic diagnosis and therapy [195], [196]. However, uniform
intratumoral distribution of these particles with tumor site-specificity and retained
accumulation has not yet been achieved according to some recent pre-clinical
studies [197], [198].

Evaluating the tumoral distribution of a drug or particle-drug conjugate is an
important variable that is often neglected, as most drugs are assumed to distribute
homogeneously into a tumor [199]. In previous studies, we demonstrate that GNP
cellular uptake [56], [200], as well as intratumoral distribution and retention [201],
[202], is strongly influenced by surface chemistry. We have shown that when GNPs
are surface passivated with a bovine serum albumin (BSA) protein layer,
internalization of the particles into cancer cells occurs through larger vesicle
formation with reduced gold content per cell, and when injected intratumorally in a
murine lung cancer model, the BSA passivated particles diffuse more overtime
throughout the tumor tissue [201]. BSA modification shields the metal core and
prevents unwanted non-specific adsorption of other agents onto the particles.
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However, while BSA is inexpensive, easily accessible, and provides a model
substrate, its passivation is non-uniform, there is a possibility for other proteins to
overcoat the BSA, and it does not bind with high specificity to a receptor target
expressed on cancer cells [203]. Compared to passive targeting, active targeting of
GNPs is a promising strategy for nanoparticle-mediated drug delivery since it relies
on a biological interaction between ligands on the GNP surface and receptors on
the targeted cancer cell [204]. Nevertheless, when the GNP surface is functionalized
with targeting ligands, such as proteins, peptides, polysaccharides, apatmers, or
small molecules, the consequences of the corona must be considered. In fact, non-
specific interactions between engineered nanomaterials and the biological
microenvironment of the tumor lead to unwanted adsorption of molecules which
can mask or displace the conjugated ligands on the GNP surface. Further,
uncontrolled or unmonitored changes in nanoscale structure, chemical composition,
or molecular conformation may dramatically affect physiological response to a
pharmaceutical or nanoscale device [205]. In a biological context, this effect is
identified as biofouling, and it leads to the loss of targeting affinity of GNPs or in a
worst-case scenario, redirects the complexes to other undesired sites [206], [207].
Therefore, innovative anti-biofouling strategies must be investigated when a novel
diagnostic and/or therapeutic approach is proposed for cancer applications.

In this study, we investigate the effects of GNP surface passivation with
hyaluronate on particle intratumoral distribution in solid lung carcinoma.
Hyaluronate or hyaluronic acid (HA) is a negatively charged, non-sulfated, linear
biopolymer composed of alternatingly linked saccharide units of glucuronic acid
and N-acetylglucosamine [208]. HA is a naturally produced biocompatible material
since it is an essential component of the extracellular matrix [209]. It is found
abundantly in skin [210], cartilage [211], synovial fluid [212], and interstitial fluids
[213], and is naturally biodegradable. To date, it is used in clinical settings as an
injectable hydrogel [214] and biological scaffold [215] in different tissue
engineering applications, such as for dermatological fillers and osteoarthritis
treatment [216].

HA is the principle ligand of the Cluster of Differentiation 44 (CD44) receptor,
which is a glycoprotein expressed at low levels on the surface of hematopoietic and
epithelial mammalian cells [217], but overexpressed in many tumor cells, including
several non-small cell lung cancers [218]. Moreover, HA is a versatile compound
since it offers multiple sites for chemical modification, and it has been previously
reported to prevent undesired protein corona formation on the nanomaterial’s
surface [219]. In fact, if chemically modified with a thiol (-SH) functional group,
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forming a hyaluronate-thiol complex (HA-SH), it can covalently bind to the surface
of the GNPs, improving upon their stealth behavior as well as their targeting
specificity for CD44 receptors [220].

The aforementioned characteristics as well as its high viscoelasticity and
potential for chemical modifications to the backbone structure, all make HA an
ideal candidate for anti-cancer applications involving engineered gold-based
nanomaterials [221]. Many research works present different synthesis processes of
HA-GNP complexes [222] as well as their in vitro testing as drug carriers for
photothermal cytotoxic drug release in cancer cells [223]. We identified certain
studies involving pre-clinical cancer models, however the HA coated GNPs are
only administered systemically, and biodistribution is not evaluated [224]-[227].
Only a few studies assess HA-GNP distribution in various pre-clinical models, such
as the porcine eye, as HA is a widely used excipient in ocular drug delivery, and
rodent skin, as HA has the ability to stimulate fibrin development in the wound
healing process. For instance, Apaolaza et al. [228] immobilized low molecular
weight HA (5 kDa) on the surface of GNPs and visually observed that HA
passivation promoted enhanced particle distribution across the vitreous matrix and
ocular tissues after local injection in ex vivo porcine eyes. Sonntag et al. [229] also
conjugated thiolated HA to GNPs of various sizes (5, 60, 80, and 120 nm) and
quantified their distribution in the anterior chamber of the eye in an ex vivo porcine
model. The authors found that the HA coating prevented aggregation of NPs inside
the trabecular meshwork and yielded reduced gold content in off-target tissues in
the anterior eye, such as the cornea, lens, iris, and ciliary body. Mendes et al. [230]
performed a visual analysis of the wound area contraction in the skin of rats after
daily topical application of GNPs electrostatically functionalized with HA followed
by laser irradiation for 7 days, demonstrating a decrease in inflammatory infiltrate
and an increase in wound contraction post-photobiomodulation treatment. While
these studies all illustrate that HA coated GNPs can show improved tissue targeting
and efficacy, to our knowledge, there is no single pre-clinical study which evaluates
and quantifies the intratumoral distribution of HA-GNPs. Therefore, after
confirming successful surface modification and demonstrating their anti-biofouling
properties in plasma and cancerous cells, we exploit elemental analysis to quantify
site-specific HA-GNP accumulation in different tumor regions following local
particle administration in vivo. As the TME is notoriously complex and solid
tumors can be considered “abnormal organs” composed of multiple cell types [231],
identifying nanoparticle localization within particular tumor zones could be used to
improve drug delivery to specific cell types that direct and influence cancer growth
and progression.
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5.2 Materials and Methods

5.2.1 Gold Nanoparticles Synthesis

GNPs synthesis was achieved by combining 7 mL of 0.033 M gold (II)
chloride (Sigma, St. Louis, MO, USA, 379948) and 4.8 mL of 0.039 M aqueous
citrate (Sigma, St. Louis, MO, USA, C3674) into an Erlenmeyer flask containing
600 mL of boiling Milli-Q water, following a previously reported approach [200].
The dark-red colloidal solution obtained from this process was allowed to
equilibrate to room temperature for 24 h. Once cooled, the pH of the solution was
measured using a benchtop pH meter (Accumet AE150, Fisher Scientific, Hampton,
NH, USA). After synthesis, the GNPs have a native acidic pH due to their
stabilization with citric acid (pH = 3.6). We previously demonstrated that in this
condition, the particles lose their stability when immersed in biological media
[201]. To increase particle stability, the pH of the solution was adjusted to 6.0
through dropwise addition of a 1 M NaOH solution. The GNPs were concentrated
and washed by centrifuging 15 mL of the solution (pH = 6.0) at 1500 x g for 5 min
in Amicon Ultra-15 100K filters (Sigma-Aldrich, St. Louis, MO, USA,
UFC910008) using an Eppendorf Centrifuge 5810R (Hamburg, Germany), and the
pellet was then resuspended in 1 mL Milli-Q water at pH = 6.0. This process was
performed to remove any excess citrate that may impair the hyaluronate-thiol
surface functionalization. Prior to centrifugation, the stability of the colloidal gold
was assessed through visual inspection of the solution along with UV-VIS
spectroscopy.

5.2.2 Surface Passivation of the Gold Nanoparticles with
Hyaluronate-Thiol

For surface passivation of the GNPs with hyaluronate-thiol, HA-SH powder 10
kDa (Nanosoft Polymers Winston-Salem, NC, USA, Lot#246561003) was used in
this study, following the protocol described by Lee et al. [232]. HA-SH solution (5
mg/mL) was prepared by mixing 5 mg of HA-SH powder in 1 mL Milli-Q water
until complete dissolution. Next, 0.004 mL of the HA-SH solution was added to 1
mL of the washed GNP solution (obtained as described in section 5.2.1) and the
solution vortexed. UV-VIS spectra were acquired after 1 and 24 h to check particle
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stability and assess changes in the surface plasmon resonance (SPR). The solution
was stored at room temperature.

5.2.3 GNP Characterization

After synthesis, HA-GNP stability was assessed though visual inspection
(whereby no macro-aggregation or flocculation was observed, as well as no changes
in the dark-red color of the solution). The optical properties as well as the
morphology of the HA-GNPs were evaluated using UV-VIS spectroscopy and
scanning electron microscopy (SEM). Particle morphology was assessed using a
FEI Nova NanoSEM 230 (FEI Co., Hillsboro, Oregon, USA). Changes in surface
chemistry and opsonization/antifouling properties were evaluated with dynamic
light scattering and {-potential.

5.2.4 Ultraviolet-Visible (UV-VIS) Spectroscopy

For all the samples, absorbance spectra were obtained on a Beckman-Coulter
UV-VIS (200-1000 nm) spectrophotometer (DU 730, Beckman Coulter, Inc., Brea,
CA, USA). Low concentrations of sample (< 1 mg/mL) were used in 1 mL volumes
by combining a 1:1 ratio of particles in Milli-Q at pH 6.0 with either PBS (1x
phosphate buffered saline at pH 7.4, Thermo Fisher Scientific, Waltham, MA, USA,
SH30256FS) or plasma (at a measured pH 7.4), following a blank measurement
with Milli-Q water.

5.2.5 Dynamic Light Scattering (DLS) and {-Potential

To confirm passivation, assess surface charge, and test colloidal stability as
well as the antifouling properties of the GNPs in a biological medium, dynamic
light scattering and C-potential measurements were conducted on the samples
prepared as described in 5.2.4. Particle size (hydrodynamic diameter),
polydispersity index (PDI), and surface charge ((-potential) after synthesis and
passivation with HA was performed in Milli-Q water, PBS, and blood plasma using
a Zetasizer Nano ZS (Malvern Panalytical, MA, USA). Particle size was measured
using a standard cubic cuvette, while surface charge ({-potential) was obtained
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using a dip cell ZEN1002. In both analyses, low sample concentration (< 1 mg/mL)
was used in a 1 mL volume. All of the measurements were conducted at room
temperature. Whole blood from healthy porcine (Male Castrated Domestic Pigs,
~66 kg, Oak Hill Genetics, Ewing, IL, USA) following an approved protocol by the
Institutional Animal Care and Use Committee (IACUC) at the Houston Methodist
Research Institute (IS00005819 approved 26 March 2021) was collected in Buffer
K2 EDTA blood collection tubes (BD Vacutainer, Franklin Lakes, NJ, USA,
367861) and centrifuged for at least 15 min at 1200 x g.

5.2.5 Cell Line and Passaging

HeLa cells derived from human cervical cancer (ATCC®, Manassas, VA,
USA, ATCC® CCL-2) were grown in T-75 flasks using Eagle's minimum essential
medium (EMEM) supplemented with 10% fetal bovine serum (FBS, USDA
approved, ATCC®, Manassas, VA, USA) and incubated at 37 °C and 5% humidity
in a HERAcell 1501 CO2 incubator (Thermo Fisher Scientific, Waltham, MA,
USA). To expand and passage the cell line, the cells were first washed with sterile
Ix PBS and then 0.25% trypsin-0.53 mM EDTA solution (Thermo Fisher
Scientific, Waltham, MA, USA, 25-200-056) was added to the flask in a sterile field
to dissociate the cells from the flask and each other. After placing in the cell culture
incubator for 5 minutes, the cell suspension was neutralized with complete growth
media. The suspension was then centrifuged at 130 x g for 5 min, the supernatant
discarded, and the pellet containing living cells resuspended in at least 1 mL of
complete growth media. Final cell concentration was obtained using a Countess™
IT FL Automated Cell Counter (Invitrogen, Carlsbad, CA, USA).

5.2.6 MTT Assay for Cell Viability due to Metabolic Activity

Viability related to cell proliferation and metabolic activity after nanoparticle
treatment was evaluated through reduction of 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT) to the blue product formazan, assessed using
spectroscopy. HeLa cells were seeded into 96-well plates (Corning™ Costar™ 96-
Well, Cell Culture-Treated, Flat-Bottom Microplate, Thermo Fisher Scientific,
Waltham, MA, USA, 15250061) at a concentration density of 1x10° cells/mL and
allowed to incubate for 24 h. It has been previously shown that the administration
method of coated GNPs in cell culture can affect particle interaction with cells, such
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as macrophages, while colloidal stability is independent of administration method,
and pre-mixing the GNP solution in complete cell culture media prior to cell
exposure is the best method tested to date [233]. Therefore, after the cell attachment
incubation period, conditioned media was replaced with fresh complete media in
which the GNP treatment was pre-mixed to avoid unwanted particle deposition.
Triplicate wells containing only media and each of the GNP test treatments (wells
without cells) were used as controls to remove any background signal. Two
different GNP treatment concentrations were investigated: 15 pug [Au]/mL per well
and 50 pg [Au]/mL per well. After 24 h of HeLa cell incubation with each of the
GNP treatments, 10 uL of MTT Reagent (ATCC®, American Type Culture
Collection, Manassas, VA, USA) was added and mixed to each well, including the
wells without cells, and the samples placed back in the cell culture incubator for
approximately 2 hours. Once the purple precipitate was clearly visible under the
microscope (Nikon ECLIPSE Ts2 Inverted Microscope, Nikon Instruments Inc.,
Melville, NY, USA), 100 puL of Detergent Reagent (ATCC®, American Type
Culture Collection, Manassas, VA, USA) was added at room temperature to each
well to dissolve the formazan and create a homogeneous dark colored solution.
Absorbance of this solution in each well was measured using a Synergy™ H4
Hybrid Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA) at 570
nm and 690 nm.

5.2.7 Trypan Blue Assay for Cell Viability

Viability related to cell membrane integrity was performed using a Trypan blue
assay. Trypan blue enters the cells with compromised membranes and stains the
dead cells blue. The total number of viable and dead cells were obtained after each
GNP treatment (citrate-GNPs or HA-GNPs) and compared with a negative control
(untreated cells). To perform this assay, HeLa cells were seeded in 6-well plates
(Corning™ Costar™ Clear 6-Well Plate, Thermo Fisher Scientific, Waltham, MA,
USA, 07201588) at a concentration density of 1x10° cells/mL per well and placed
in the cell culture incubator for attachment and growth for 24 h. The media was
then replaced with fresh complete media in which the GNP treatments (50 pg
[Au]/mL per well) were pre-mixed to avoid unwanted particle deposition. Each
treatment (citrate-GNPs at 50 pg [Au]/mL per well, HA-GNPs at 50 pg [Au]/mL
per well, or media replacement without GNP) was administered to triplicate wells,
and the samples placed in the cell culture incubator for 24 h. After incubation, 0.4%
Trypan Blue Solution (Thermo Fisher Scientific, Waltham, MA, USA, 15250061)
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was used to differentiate between living and dead cells (1% of the cell volume
collected from each well was evaluated) and the cells counted using a Countess™
IT FL Automated Cell Counter (Invitrogen, Carlsbad, CA, USA). The pellet (99%
of the cell volume collected from each well) was used for inductively coupled
plasma optical emission spectrometry (ICP-OES) analysis.

5.2.8 Elemental Analysis to Quantify Intracellular GNP Uptake

Inductively coupled plasma optical emission spectrometry (ICP-OES) was used
for all of the elemental analysis performed in this study. Standard curves for
calibration of Au content were created using 7 different standard concentrations:
100 pg [Au]/L, 250 pg [Au]/L, 500 ug [Au]/L, 1000 ng [Au]/L, 2500 ng [Au]/L,
5000 pg [Au]/L, and 10000 pg [Au]/L. Each standard was prepared by serial
diluting a gold standard (Au 1000 pg/mL, Perkin Elmer, Waltham, MA, USA,
N9303759) in an acidic solution containing 10% trace metal grade hydrochloric
acid (HCI, Thermo Fisher Scientific, Waltham, MA, USA) and 1% trace metal
grade nitric acid (HNOs3, Thermo Fisher Scientific, Waltham, MA, USA).

To quantify the cellular uptake of the HA-GNPs and compare with the uptake
of the native particles, cell pellets (as described in section 5.2.7) were digested in a
chemical fume hood using a 1 mL solution of aqua-regia (1:3 nitric acid to
hydrochloric acid) for 1 h and then diluted in acidic solution (10% HCI, 1% HNO3).
To avoid any clogs in the tubing systems of the ICP-OES hardware, each sample
was filtered prior to analysis using 0.6 um filters (MilliporeSigma™, Burlington,
MA, USA, Steriflip Quick Release-GP Sterile Vacuum Filtration System). All
measurements were performed on triplicate samples using a Varian Agilent 720-es
ICP spectrometer (Agilent, Santa Clara, CA, USA), and the results were obtained
by averaging the signal from two gold emission lines (242.794 nm and 267.594 nm)
using the ICP Expert II software. The gold content found in each pellet was
normalized to the total number of counted cells (dead and alive). With this
normalization, we assume that nanoparticle internalization is homogenous across
the cells.
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5.2.9 Animal Model of Lung Cancer

Six-week-old female C57BL/6 mice (n = 20) were used in this study to evaluate
and quantify site-specific diffusion of the GNPs as a function of their surface
chemistry. The research protocol was granted Institutional Animal Care and Use
Committee (IACUC) approval (protocol # IS00005178 approved 6 May 2019) at
the Houston Methodist Research Institute. The animals were purchased from
Taconic Biosciences (Rensselaer, NY, USA). Female mice were chosen for study
because while both naive male and female C57BL/6 mice do not present lung
function differences at baseline [234], tumors grow more rapidly in female
C57BL/6 mice [235]. In addition, to date, worldwide statistics indicate biological
sex differences in human lung cancer, with higher lung cancer incidence rates for
women [236]. A Lewis lung carcinoma (LLC) cell line was used in this study as a
murine model of non-small cell lung cancer (NSCLC), since it is highly tumorigenic
and provides a reproducible syngeneic model for lung cancer in the C57BL mouse
[237]-[239].

5.2.10 Experimental Timeline

Under sedation, all mice (n = 20, average weight of 18.8 £ 1.3 g) received
manual subcutaneous injection of 2 x 10% LLC cells into their right flank. Tumors
were palpable 4-5 days after cell injection, and after 10 days, tumor volumes
reached an average of ~100 mm?. 10 days post tumor cell inoculation, GNPs
(citrate-GNPs: 50 pL, 10 mg/mL, n = 10 or HA-GNPs: 50 pL, 10 mg/mL, n = 10)
were intratumorally injected using insulin syringes (BD U 100 Insulin Syringe
Micro Fine Needle 28G, Becton, Dickinson and Company, Franklin Lakes, NJ,
USA, 329461) with a syringe pump (KD Scientific Inc., Holliston, MA, USA,
Model 100) set at a slow rate (0.43 puL/s) and 50 pL dispense volume. We previously
demonstrated that automatic injections in small rodents can reduce the variability
and error introduced by manual injections of nanoparticles [201]. In addition, we
consistently injected the particles in the same region of the tumor (the core) for each
animal. Mice weight and health conditions were monitored daily, ensuring adequate
nutrients (food and water ad lib.) and living conditions (clean cages, enrichment).
Tumor volumes were also measured daily using a digital caliper (McMaster-Carr,
Elmhurst, IL, USA, 2340A11). All animal procedures involving injections were
performed by anesthetizing the mice with isoflurane. The animals were sacrificed
3 days (n = 5 for each group) and 6 days (n = 5 for each group) post-intratumoral
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injection of each GNP treatment. Tumors were excised, weighed ex vivo, flash
frozen in liquid nitrogen, and stored at —80 °C for further analysis (see section
5.5.11.). During the necropsy, pictures of the tumor orientation and injection site
were taken to keep track of the relative spatial location in reference to the mouse
body, allowing for the creation of orientation maps during analysis. Blood was
collected by cardiac puncture immediately after death, and the brain, heart, lung,
liver, spleen, and kidneys were harvested and digested for elemental analysis. For
sample digestion, each organ tissue or blood sample was immersed in 2 mL of fresh
aqua regia, heated at 60 °C for 1 h until complete digestion, and resuspended in a
10 mL acid solution composed of 1% nitric acid and 10% hydrochloric acid. Each
sample was filtered using 0.22 pum filters (MilliporeSigma™, Burlington, MA,
USA, Z7359904) prior to ICP-OES measurement. Gold concentration was
determined following the same protocol as described above.

5.2.11 Site-specific Intratumoral Distribution of GNP: Elemental
Analysis

Frozen tumors were sectioned using a surgical blade to divide the medial and
lateral sides in reference to the mouse body. All the dissection procedures were
performed by the same investigator (R.T.) for consistency. From each side (medial
and lateral), the core was separated from the tumor periphery with a surgical blade.
Hypothesizing the tumor volume as a sphere of radius R in a spherical coordinate
system, we define the core as an internal sphere with Euclidean distance from the
origin O to R/2, and the periphery as the external shell of the tumor with Euclidean
distance from R/2 to R. We also established that the origin O coincides the site of
injection (see section 5.2.9). Therefore, from each tumor, 4 sections were obtained,
representing the 1) medial peritumor (MP), ii) medial core (MC), iii) lateral core
(LC), and iv) lateral peritumor (LP) as shown in Figure 5.3A. The procedure was
performed while the sample remained frozen to avoid any unwanted dispersion of
fluids and increase the precision of the dissection procedure. Each section was
digested for elemental analysis to determine any site-specific accumulation of gold
dependent on the surface chemistry. For sample digestion, tissues were immersed
in 2 mL of fresh aqua regia, heated at 60 °C for 1 h until complete digestion, and
resuspended in acid solution composed of 1% nitric acid and 10% hydrochloric
acid. Each sample was filtered using 0.22 pm filters (MilliporeSigma™,
Burlington, MA, USA, Z359904) prior to ICP-OES measurement. Gold
concentration was determined following the same protocol as described above.
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5.2.12 Statistical Analysis

All statistical analyses and graphs were obtained with GraphPad Prism (version
9.1.0; GraphPad Software, Inc., San Diego, CA, USA). Mean + s.e.m. values were
calculated and plotted in the results. Statistical significance was assessed by two-
way analysis of variance (ANOVA) with Tukey's multiple comparisons test as the
post-hoc test method, and multiple unpaired t test.

5.3 Results

5.3.1 GNP characterization

In this study, we synthesized spherical GNPs with the citrate reduction method
and surface passivated them with hyaluronate-thiol. We previously demonstrated
that nanoparticles produced using this synthesis protocol generate a strong surface
plasmon resonance peak and prominent X-ray attenuation, useful in
nanotheranostic applications [201]. Surface plasmon resonances occur in metal
nanostructures at frequencies governed by the material’s properties and geometry
[240]-[245], and spectral shifts can be indicative of changes in the local refractive
index, such as the presence of a nearby molecule [246]. The schematic in Figure
5.1A illustrates the molecular interaction and surface chemistry of GNPs stabilized
with citrate or thiol-modified hyaluronic acid. Figure 5.1B shows the absorbance
spectra of the citrate-GNPs and HA-GNPs in water at pH 6.0. There is an observed
2 nm red-shift in the SPR peak (from 530 nm to 532 nm) of the GNPs due to a
change in refractive index when the particles are passivated with thiol-modified
hyaluronic acid. When the solvent of the media is changed to either PBS (Figure
5.1C) or plasma (Figure 5.1D), both of which are at a pH of 7.4 and above the pKa
values of citric acid (pKa; = 3.13, pKa, = 4.76, and pKas = 6.39)[247], the intensity
of the single particle plasmon at ~530 nm decreases, evident of signs of aggregation
and particle instability. Interestingly, in both solvents (PBS and plasma), the HA-
GNPs show improved stability over the nascent particles indicated by the higher
absorbance values around 530 nm. Figure 1E depicts a SEM image, representative
of the particles after synthesis, demonstrating their spherical morphology, as well
as photographs of the prepared solutions, highlighting their uniform dark red color.
The similarity in red color for both surface functionalizations in water at pH 6.0 is
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indicative of their colloidal stability at this condition as no sample macro-
aggregation or flocculation was observed due to passivation. To assess the anti-
biofouling properties of the HA-GNPs and compare them with the citrate-GNPs in
a simulated physiological environment, changes in hydrodynamic diameter as well
as surface charge of the particles were measured after resuspending them in either
water, PBS, or plasma. Rather than using SEM, which can only provide an
estimation of the projected area of the particle, dynamic light scattering offers
information of the hydrodynamic diameter of the inorganic core along with any
coating material and solvent layer attached to the particle as it moves under the
influence of Brownian motion. Therefore, we present dynamic light scattering
measurements rather than estimate size using electron microscopy since it can be
obtained in solution and provides a deeper understanding of the surface chemistry,
which is crucial for optimizing GNP performance in biological assays and to predict
particle migration and biodistribution [248]. As demonstrated in Figure 5.1F, the
hydrodynamic diameter of the citrate-GNPs and HA-GNPs does not significantly
differ when dispersed in water at pH 6.0, although the average hydrodynamic size
of HA-GNPs increases slightly as a result of the HA coating. However, when
immersed in a media with properties similar to that of a biological environment
(either PBS for physiological pH or blood plasma as source of physiological pH
and proteins), both the citrate-GNPs and HA-GNPs increase in size when compared
to that obtained in Milli-Q water. Significant differences are highlighted (t test
unpaired) between the citrate-GNPs and HA-GNPs dispersed in PBS and plasma
(****p < 0.0005). Importantly, the increase in hydrodynamic diameter for the HA-
GNPs in both media is significantly less than that of the nascent particles, which is
consistent with the absorbance spectra in Figure 5.1C, D and indicative of particle
clustering in the slightly basic media. Further, the fact that the HA-GNPs do not
show such drastic changes in diameter is evidence that the HA coating is shielding
the particles and providing anti-biofouling properties. For the citrate-GNPs, the
average polydispersity indices were 0.32 (water), 0.23 (PBS), and 0.54 (plasma),
while for the HA-GNPs, the average of polydispersity indices were 0.32 (water),
0.21 (PBS), and 0.57 (plasma). The increase in polydispersity in PBS and plasma
for the nascent particles is also indicative of particle clustering due to instability.
Zeta potential measurements can also provide insights into particle stability. The
zeta potential of the citrate-GNPs and the HA-GNPs dispersed in Milli-Q water,
PBS, and plasma are shown in Figure 5.1F. A significant increase (**p < 0.005)
between the absolute value of the zeta potential for the citrate-GNPs and HA-GNPs
in water is notable, whereby the charge on the citrate-GNPs is ~50% less negative.
The zeta potential changes radically when both particle types are immersed in
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slightly basic media. However, while the HA-GNP surface charge remains negative
in both PBS and plasma (showing less of a change in charge of the particles), the
citrate-GNP surface becomes slightly positive, corroborating the spectroscopic
findings of particle instability in these media. According to our hypothesis, the
molecules and proteins which populate these biologically relevant media, in the
case of citrate-GNPs, displace and disrupt the citrate-shell, which charge stabilizes
the particles and prevents them from aggregating. We also measured the sizes and
surface charges of the particles as a function of time (after 6 h and 24 h of incubation
in PBS or plasma) finding no differences compared to the measurements reported
in Figure 5.1F and Figure 5.1G.
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Figure 5.1 (A) Schematic diagram of GNPs stabilized with citrate or surface passivated
with thiol-modified hyaluronic acid (where the number of monomers n is ~ 3). Absorbance
spectra of citrate-GNPs (gray line) and HA-GNPs (green line) dispersed in (B) water, (C)
PBS, and (D) plasma. (E) SEM image of the particles after synthesis (130000x) and optical
photographs of citrate-GNPs and HA-GNPs. Measurements of (F) hydrodynamic diameter
and (G) {-potential of citrate-GNPs and HA-GNPs dispersed in Milli-Q water, PBS, and
porcine plasma. Significance is calculated using a multiple unpaired t test (**p < 0.005,
*EEED < 0.0001).

5.3.2 In Vitro Cytotoxicity Assessments

In vitro analyses involving HeLa cells were performed to assess any cytotoxic
effects due to the GNP treatments. After 24 h of GNP incubation, cell viability,
measured by Trypan blue assay, showed that a high dose concentration of HA-
GNPs (50 pg [Au]/mL per well) significantly reduced cell viability by almost 40%
(***p < 0.0005) when compared to no treatment or treatment with citrate-GNPs, as
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shown in Figure 5.2A. However, it must be considered that despite the fact that dye
exclusion assays, such as Trypan blue, offer an easy and rapid technique to
selectively stain cells, viability is determined solely based on cell membrane
integrity, without considering any information regarding capacity to grow or cell
functionality. In fact, it has been proven that even though the cell membrane
integrity has been compromised, there is a possibility for the cell to self-repair and
become fully viable, affecting the results [249]. Another potential problem with this
assay is related to the dye uptake and limits of signal detection which assess
viability in a binary way: if a cell is partially disrupted with only a small amount of
dye uptaken and the signal is below the limit of detection, the cell will be classified
as viable. Therefore, the use of another complementary assay for viability is also
recommended to assess cytotoxicity due to treatment. After 24 h of GNP
incubation, cell viability measured by MTT assay showed that a moderate
concentration (15 pg [Au]/mL per well) of citrate-GNPs and HA-GNPs were not
cytotoxic for the cells. However, high dose concentration (50 pg [Au]/mL per well)
reduced cell viability by 22% in case of HA-GNPs (***p < 0.001) and almost 28%
in the case of citrate-GNPs (****p < (0.0001), as shown in Figure 5.2B. This data
indicates that treatment dose may be a more important factor on the effects of cell
viability over particle surface chemistry. Elemental analysis performed with ICP-
OES is reported in Figure 5.2C. The amount of gold is normalized per cell. The
amount of gold content quantified after citrate-GNP treatment was significantly
higher than that of HA-GNP treatment in HeLa cells: treatment with citrate-GNPs
yielded ~20% more gold content than treatment with HA-GNPs after a 24 h
incubation period (**p < 0.005). This result suggests that the presence of the HA
coating shields the particles from the formation of a protein corona which can occur
on nascent particles dispersed in a biological media, mediating their interaction and
uptake with cells. These results are similar to that reported by Karakocak et al. [250]
where nascent GNPs <40 nm administered to retinal pigment epithelial cells
(ARPE-19) showed greater cellular internalization than HA coated GNPs as
evaluated with ICP-MS.
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Figure 5.2 In vitro uptake of GNPs in HeLa cells after a 24h incubation. Cytotoxicity
assays (where cell viability is expressed as % of living cells divided by the total cells
counted) using (A) Trypan blue staining (50 pg/mL per well) and (B) MTT (15 pg/mL per
well and 50 pg/mL per well) after treatment with citrate-GNPs and HA-GNPs. (C)
Elemental Analysis performed with ICP-OES on HeL a cell pellets 24 h after treatment with
citrate-GNPs and HA-GNPs. A two-way ANOVA test was performed to compare the
interactions between each group (**p < 0.005, ***p < 0.001, ****p < 0.0001, Tukey’s
multiple comparisons test).

5.3.3 In Vivo Biodistribution in a Murine Lung Cancer Model

Figure 5.3A presents a schematic of the approach used in this study to
investigate differences in GNP accumulation across different regions of the tumor
depending on particle surface chemistry. We choose to subdivide the tumors into
four different groups which include differentiating between the medial and lateral
side of the tumor because we are not only consistently applying an external force
to inject the particles toward the medial side but also because of differences in
interstitial fluid pressure (IFP) across the tumor. In fact, Stapleton et al. previously
demonstrated that the heterogeneity of the IFP across the whole tumor volume
affects the intra-tumoral distribution of CT-liposomes in metastatic breast
adenocarcinoma-bearing mice [251], [252]. Moreover, spatial measurements of
permeability, perfusion, interstitial volume fraction, and plasma volume fraction,
revealed heterogeneous changes between the medial and lateral side of the tumor,
although this quantification was not thoroughly investigated. Three and six days
after intratumoral treatment with either citrate or HA passivated GNPs, mice
harboring lung cancer tumors were sacrificed and their tumors resected. Flash
frozen tumors were then divided into medial and lateral halves (in reference to the
mouse body positioning) and each half was subsequently subdivided into peritumor
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and core using a surgical blade. Figure 5.3B shows example photos taken from the
lateral side of the harvested ex vivo tumors. Differences in the distribution of the
particles between the two GNP treatment types are macroscopically evident
(particles are observed as dark spots in the tumor). The HA-GNPs distribute site-
specifically along the lateral side of the tumor, while the citrate-GNPs present a low
diffusion pattern, remaining close to the injection site (in the core of the tumor) for
all 6 days. These observations were also confirmed by elemental analysis performed
using ICP-OES on resected tumors. As shown in Figure 5.3C, 3 days post-GNP
injection, almost 50% of the HA-GNPs injected remained present in the tumor, with
preferential accumulation in the lateral periphery (LP). Gold quantified in this site-
specific area was significantly higher (**p < 0.005) in the HA-GNP treated mice
when compared with citrate-GNP administration. When compared with the data
obtained 3 days post GNP injection, the 6-day data shows an ~10% decrease in ac-
cumulation in the LP region for both particle types, while particle accumulation in
the medial periphery (MP) region increases (Figure 5.3D). This data suggests that
over time and as the tumor grows, both particle types diffuse more across the tumor
but are still retained intratumorally. Evaluation of the particle biodistribution using
ICP-OES in other organs (liver, spleen, lung, heart, blood, kidneys, and brain) for
the two different particle surface passivations are reported in Figure 5.3E-F.
ANOVA test reveals that the gold content in the citrate-GNP group is significantly
higher than that in the HA-GNP group in the livers examined for the data obtained
3 days post injection, and 6 days post injection (**p < 0.005, ***p < 0.001).
Notably, for the 6-day timepoint, citrate-GNP accumulation in the liver was six
times greater than that of the HA-GNP. These results suggest that clearance of the
citrate-GNPs from the tumor to other organs is higher for both follow up timepoints,
and that HA-GNPs are better retained in the TME, possibly due to receptor-
mediated inter-actions or interactions with the extracellular matrix. Further, in
comparing the 6 day post-injection data with the 3 day post-injection data, the
majority of the organs showed an increase in citrate-GNP content and a decrease in
the HA-GNP, indicative of their retention in the TME.
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Figure 5.3 In vivo assessments and quantification of GNP distribution in a murine
NSCLC model. (A) Schematic of tumor growth and atlas reference for the ex vivo analysis.
Tumors were divided in medial and lateral halves (in reference to the mouse body
positioning) and each half was subdivided into peritumor and core using a surgical blade.
(B) Photos of ex vivo LLC tumors taken 3 and 6 days after intratumoral injection of citrate-
GNPs and HA-GNPs. Tumors were photo-graphed exposing only the lateral side, which
allows for better appreciation of the GNP distribution with gross inspection (black areas
represent particle clusters). Under the same experimental conditions, HA-GNPs distribute
site-specifically in the lateral side of the tumor, while citrate-GNPs remain close to the
injection site (in the center of the tumor). Elemental analysis per-formed using ICP-OES
on resected tumors (n = 4/group) allow for site-specific comparisons between the citrate-
GNPs and HA-GNPs (C) 3 days or (D) 6 days post GNP injection. Biodistribution of GNPs
in organs calculated using ICP-OES, where gold concentration in each organ is quantified
as percentage of injected dose of GNP (% ID) (E) 3 days or (F) 6 days post GNP injection.
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A two-way ANOVA test was performed to compare the interactions between each group
(**p < 0.005, ***p < 0.001, Tukey’s multiple comparisons test).

5.4 Discussion

We fabricated and characterized citrate-GNPs, surface passivated with
hyaluronate-thiol, and assessed their in vitro cytotoxicity as well as cellular uptake
in HeLa cells. We tested the colloidal stability of the particles as well as their
antifouling properties using PBS and plasma to mimic biological media. We noticed
that the increase in hydrodynamic diameter for the HA-GNPs in both media is
significantly less than that of the nascent particles, proving that the HA coating is
shielding the particles and providing anti-biofouling properties. These findings,
along with optical spectroscopy and evaluations of surface charge, also suggest that
the presence of HA on the surface of GNPs helps to maintain stability of the
particles in biological media.

Metal nanoparticle surface modifications with HA have been used in previous
studies as biosensors to measure enzymatic activity of hyaluronidase [253], [254]
and to evaluate their ability to target cancer cells via HA receptors as well as their
efficiency in releasing drug cargo at a target site [255]. For instance, Kumar et al.
loaded metformin (an antihyperglycemic agent commonly used for the treatment of
diabetes also known to reduce the risk of developing hepatocellular carcinoma) on
HA capped GNPs, and the authors demonstrated that administration of this
formulation exhibited increased cytotoxic activity over free drug in liver cancer
cells in vitro without hindering zebrafish embryo development in vivo [256].
However, the authors did not report any information regarding biodistribution of
the particles in vivo, an important parameter for the clinical translation of this
nanoplatform. While a recent study by Xu et al. [257] did investigate
pharmacokinetics and particle biodistribution, this was performed for hyaluronic
acid-gold nanorods (HA-GNRs) administered intravenously into nude mice with
xenograft MCF-7 breast cancer tumors. The authors showed that 24 h after
administration, the majority of particles distributed to the liver (~50%) while <15%
were present in the tumors. Such a low percent of the administrated dose reaching
the tumor target not only reduces the possibility of particle retention in the tumor
over time but also decreases the efficiency of light-based therapy. Our study
overcomes these limitations by administering the particles locally into the tumor,
where we can monitor their retention over time and quantify site-specific
accumulation across different regions of the tumor. Further, in our biodistribution
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study, we show that post-intratumoral injection, there is <1% particle accumulation
in the off-target organs assessed and this percentage does not increase over time.

Although beyond the scope of this work, there are some other interesting
aspects of HA that should be discussed for future study. In the human body, HA is
typically present at a very high molecular weight (20 MDa) providing elasticity to
the tissues [258]. Kuehl et al. [259] tested different molecular weights of iodine-
125 labeled HA molecules in the lungs of mice, quantifying organ radioactivity
over time after intratracheal instillation. The study demonstrated that molecular
weights of HA between 7-67 kDa present rapid systemic distribution, while HA
with molecular weights between 67-215 kDa persist longer in the lungs, and HA
with molecular weights >215 kDa penetrate poorly to the lungs. Therefore, it may
be possible that different molecular weights of HA have an effect on GNP
distribution when HA is used as a surface coating. In our study, we used HA with
a molecular weight of 10 kDa, but further investigations are necessary to clarify the
role of molecular weight of HA and how it can influence diffusion of the metal
nanocomplexes in cancerous tissues.

Another point of discussion is how the presence of HA influences particle
uptake by cells as well as particle distribution in tissue in relation to expression of
its cell surface receptors, such as CD44, hyaluronan-mediated motility receptor
(HMMR), and intercellular adhesion molecule-1 (ICAM-1) [260]. Shen et al. [261]
demonstrated that hyaluronic acid functionalized lipid nanoparticles loaded with
paclitaxel showed more efficient uptake over lipid nanoparticles without HA in
B16F10 melanoma cells, facilitating delivery of the drug into these CD44-
overexpressing cancer cells. Chiesa et al. [262] observed that the uptake of
hyaluronic acid-chitosan nanoparticles by human mesenchymal stem cells occurs
through confinement in cytoplasmic vesicle-like regions ~1-3 pm in diameter,
located near the CD44+ membrane surface, also suggesting an endocytosis
mechanism for cellular uptake of these particles. However, these previous studies
were conducted with non-metallic nanocomplexes. In our investigation, we
evaluate the in vitro cytotoxicity as well as cellular uptake in HeLa cells, which are
known to express CD44 [263], but further research is required to clarify the
mechanisms of interaction between hyaluronic acid passivated gold nanoparticles
and HA cell surface receptors.
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5.5 Conclusions

In conclusion, in this study we fabricated GNPs and passivated their surface
with hyaluronate-thiol using an easy and reproducible method. We investigated
their physical characteristics and biofouling properties in biological media and
examined any cytotoxic effects in vitro using HeLa cells. Finally, we quantified the
site-specific distribution of nascent and HA-GNPs after intratumoral administration
in a murine model of lung cancer. Our results support the hypothesis that HA
enhances GNP distribution in the peritumoral region. This finding improves our
knowledge regarding how changes in the surface chemistry of nanocomplexes can
result in different localization of the agent across solid tumors, opening new
possibilities for applications of nanomedicine in cancer theranostics.
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Chapter 6

Improvements in Gold Nanorod
Biocompatibility with Sodium Dodecyl Sulfate
Stabilization
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6.1 Introduction

As a result of their geometry-dependent, unique surface plasmon properties,
gold nanorods (GNRs) have revealed great potential in applications involving
imaging, therapy, and biological sensing [232]-[235], [236]. In fact, among several
types of plasmonic metal nanoparticles, including spherical, pyramidal [269]-
[271], symmetry breaking [272]-[275], or other types of core-shell shaped-
nanoparticles, such as nanoshells, [95], [276], [277] GNRs have a higher light
absorption coefficient in the near-infrared (NIR) region of the electromagnetic
spectrum (600-900 nm) [278]-[280]. This characteristic permits a broad range of
innovative applications where GNRs can be employed as a multifunctional NIR
light-mediated platform. For instance, when the longitudinal localized surface
plasmon resonance of GNRs is tuned to NIR, they are able to photothermally induce
local cancer cell death after optical excitation [281], [282]. At the same time, GNRs
act as excellent contrast agents for photoacoustic imaging with long-lasting
photothermal stability [283], [284] during nanosecond-pulsed NIR laser
illumination. This NIR-absorption property has also been investigated for single-
particle level detection showing that GNRs can be used as small probes for early
cancer diagnosis [285], [286].

In addition to their NIR-absorption distinctive properties, researchers have
examined GNRs as contrast agents for computed tomography (CT), [287], [288]
since they exhibit a higher X-ray attenuation coefficient when compared with
iodinated contrast agents [289]. To date, iodine is the most commonly used CT
contrast agent to enhance contrast resolution in the body tissues, but it results in
short blood circulation time and rapid clearance from the kidneys [290]. Several
studies demonstrated that gold nanoparticles have prolonged circulation times
dependent on their surface chemistry, such that the particles can achieve a CT
outcome with good efficiency with retention times in the body longer than other
standard contrast agents [122], [291], [292]. Additionally, gold nanoparticles of
different sizes are able to enhance the effects of radiation.[200] All of these
characteristics along with the fact that the biological transparency window (~600—
1000 nm) coincides with the longitudinal plasmon band of GNRs,[293] make gold
nanorods suitable agents to aid in the clinical diagnosis and treatment of cancer with
high accuracy and sensitivity, such as through CT-guided photothermal therapy
[294], [295], photodynamic therapy [296], and cancer radiotherapy [297].
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One of the main challenges that limits the clinical translation of GNRs is their
controversial safety profile. There is a lack of knowledge concerning the undesired
consequences of GNRs or the byproducts associated with their synthesis when they
come into contact with a living organism [298]. For instance, the nature of their
toxicity is still under debate. The most common approach to synthesize GNRs is to
use cetyltrimethylammonium bromide (CTAB) as a growth-directing surfactant,
which assembles as a bilayer structure on the GNR surface. CTAB is essential for
nanorod growth because it stabilizes the particle size and permits growth into an
anisotropic shape, which allows for a tunable surface plasmon mode as a function
of aspect ratio. CTAB, however, is a moderately cytotoxic agent [299] which
interacts with the phospholipid bilayer of the cellular membrane to inhibit the
enzyme ATP-synthase by the centrimonium cation, leading to cell death [300].
Therefore, CTAB exchange, removal, or overcoating on the GNR surface is
required prior to any biological application [301]. Some studies indicate that GNR
cytotoxicity may be caused by impurity of surfactant, suggesting that cytotoxicity
is caused by free CTAB in solution [302] and the quantity of surfactant [303].
However, other researchers have proven that GNR cytotoxicity is mainly related to
the CTAB bilayer on particle surface rather than the free residual molecules in
solution [304].

Since the removal of CTAB causes instability of GNR suspensions, a major
challenge is to prevent GNR aggregation while maintaining a low toxicity profile
[305]. To solve this issue, several researchers exchanged the CTAB layers with
more biocompatible ligands, such as thiolated polyethylene glycol (PEG) [306],
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) phospholipid molecules,
[307] mercaptoundecanoic acid (MUA) [308], or thiolated polyamidoamine
(PAMAM) [309]. Others have used multistep exchange processes, whereby CTAB
was first exchanged with polystyrenesulfonate, which was then displaced with
citrate [299]. An alternative strategy is to completely encapsulate the GNR surface
with an additional biocompatible coating, for example bovine serum albumin
(BSA) [310] or human serum albumin (HSA).

In this study, we aim to investigate the effects of the charge of the GNR
surfactant on cell viability. We used sodium dodecyl sulfate (SDS) as an
overcoating agent which stabilizes the GNR surface, changing the net charge from
positive (CTAB) to negative. Since cationic-anionic surfactant mixtures, known as
“catanionics”, such as those composed of SDS/CTAB, exhibit properties different
from those of the individual surfactants, they can demonstrate improvements in
stability and also be used to mimic biological membranes [311]. SDS has been used
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in a recent study as anionic surfactant to replace the CTAB bilayer during the
synthesis of small GNRs (28 x 7 nm), showing improved cell viability in A549
adenocarcinomic human alveolar basal epithelial cells [312]. We optimized the
purification process of large GNRs (120 x 40 nm) and investigate the mechanisms
of their cellular uptake as well as their cytotoxic effects in a murine model of Lewis
lung carcinoma (LLC) and a human model of cervix adenocarcinoma (HeLa).

The selection of GNR dimensions for achieving efficient contrast for
bioimaging, as well as for photothermal therapeutic applications, is based on the
optical properties of the nanoparticles. In fact, the choice of larger nanorods derives
from previous observations which report that, generally, GNRs with aspect ratio ~3
and width <40 nm produced a stronger photoacoustic signal compared with smaller
nanorods (width < 25 nm) [266]. In addition, it has been proven that GNRs with a
larger effective radius and high aspect ratio produce the highest scattering contrast
for imaging applications [313] as well as greater effect on X-ray attenuation [289].
This size regime allows for powerful ablation and strong imaging contrast,
characteristics suitable for theranostic applications.

The outcomes presented here benefit in our understanding of the mechanisms
of the biological action of surfactants and their mixtures used as nanoparticle
stabilizers, and consequently, aid in the design of innovative GNR-based platforms
for cancer nanotheranostics.

6.2 Materials and Methods

6.2.1 Synthesis of Gold Nanorods (GNRs)

Gold nanorods were synthesized by a binary surfactant method modified to
produce sufficient quantities of gold nanorods that are approximately 40 nm in
transversal dimension and 120 nm in longitudinal length [314]-[316]. In this
method, gold(II) chloride is reduced to gold(I) ions in the presence of
cetyltrimethylammonium bromide (CTAB) and sodium oleate (NaOL). Gold
nanorod growth is then initiated by injecting separately synthesized gold
nanoparticle seed solutions. The nanorod synthesis can be monitored by tracking
the plasmon peak in the extinction spectrum in real time. When the peak is at the
desired wavelength, the growth solution is pelleted in a centrifuge, the growth
solution is removed, and the nanorods are resuspended in CTAB solution. If the
synthesis is not stopped, the nanorods will grow to become large and polydisperse.
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The growth solution was prepared in a round bottom flask with 50 mL of
deionized water heated to 50 °C on a temperature-controlled heating mantle. 1.5 g
of CTAB (Sigma Aldrich, St. Louis, MO, USA, H9151 lot 019K00241) and 0.247
g of NaOL (Sigma Aldrich, St. Louis, MO, USA, 07501 lot SLBR5187V) were
added, the solution was stirred until the powder dissolved, and then allowed to cool
to 30 °C. A 4 mM silver nitrate solution was prepared by adding 68 mg AgNO;
(Sigma Aldrich, St. Louis, MO, USA, 209139 lot MKCK0755) to 100 mL of water
at room temperature. A 20 mM gold chloride stock solution was prepared by adding
788 mg of HAuCls (Sigma Aldrich, St. Louis, MO, USA, 520918) to 100 mL of
deionized water. 2.5 mL of this stock solution was diluted into 47.5 mL of deionized
water held at 30 °C in a temperature-controlled bath. Once the surfactant mixture is
stable at 30 °C, 4.8 mL of the AgNOs solution is added, and the surfactant mixture
1s left undisturbed at 30 °C for 15 minutes. Next, the 50 mL HAuCls solution is
added to the surfactant mixture and set for medium stir at 30 °C for 90 minutes. The
solution is initially a yellowish orange color and over time becomes clear. During
the 90 minute incubation, 64 mM ascorbic acid (Sigma Aldrich, St. Louis, MO,
USA, 95209 lot 1442630V) solution is prepared by adding 565 mg of powder to 50
mL of deionized water and letting it dissolve in the 30 °C bath. To create the seed
particles, 0.125 mL of the 20 mM gold chloride stock solution is added to 4.875 mL
of deionized water. This 5 mL solution is combined with 5 mL of a 200 mM stock
solution of CTAB, which must be heated to completely dissolve the surfactant.
Next, 10 mM NaBHj (Sigma Aldrich, St. Louis, MO, USA, 480886 lot MKCJ8009)
was prepared by adding 38 mg of powder to 100 mL of deionized water. The
solution was gently swirled and immediately used (between 1 and 2 minutes from
the time it was dissolved as NaBHj is not a stable solution and creates hydride ions
that reduce the gold ions to create the seed particles). Note that the hydride ion
concentration varies over time and is sensitive to temperature and stirring
conditions. The seed solution was stirred vigorously and ~1 mL of the NaBH4
solution was added. Stirring of the seed solution was stopped, and the solution left
to sit for 30 minutes. Since the hydride concentration is sensitive to preparation
conditions, multiple seed solutions were made by adding varying amounts of
NaBHj solution (e.g. 0.3 mL, 0.6 mL, 0.9 mL, and 1.2 mL) and the seed solution
that appeared faint brown after 30 minutes was used. Once the surfactant growth
solution had incubated for 90 minutes, 2.5 mL of a 3 M HCI (Sigma 320331 lot
MKCJ5989) stock solution was added and the growth solution set to slowly stir for
15 minutes while the temperature was held to 30 °C. After this time, 0.25 mL of the
ascorbic acid solution was added, and the growth solution vigorously stirred for 30
seconds. Next, 0.002 mL of the seed solution was added, the growth solution stirred
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for 30 seconds, and then left still at 30 °C. The nanorod synthesis continued to
proceed over several hours.

Small volumes of the growing nanorods were periodically sampled and their
extinction spectra measured to monitor the plasmon resonance. A weak plasmon
band is initially observed at the limit of the instrument’s spectral window (~1000
nm) and it grows and shifts to shorter wavelengths. Once it reaches ~800 nm, the
growth solution is transferred to glass tubes and pelleted in a centrifuge at 2000
RCF for 20 minutes. The growth solution was decanted and the nanorods pellets
and resuspended in CTAB or SDS (Sigma Aldrich, St. Louis, MO, USA, 436143
lot MKBF9866V) solution at the desired concentration (2 to 10 mM). This
purification process is also used to transfer nanorods initially stabilized in CTAB
to SDS solution.

6.2.2 GNR Characterization

After synthesis gold nanorods optical properties and morphology were
evaluated with UV-VIS spectroscopy and high contrast transmission electron
microscopy (TEM). Modifications in surface chemistry were evaluated with -
potential and surface-enhanced Raman scattering (SERS). Physicochemical
properties of the gold nanorods were also investigated with high resolution
computed tomography (micro-CT) to classify the gold nanorods as potential
diagnostic agents.

6.2.3 C-potential

Particle surface charge ({-potential) was measured with a Zetasizer Nano ZS
(Malvern Panalytical, MA, USA). Briefly, 1 mL of the sample solution
(concentration < 1 mg/mL) was placed in a four-sided cuvette capped by the
universal dip cell ZEN1002. All the measurements were conducted at 25 °C with a
refractive index of 1.
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6.2.4 Ultraviolet-Visible (UV-VIS) Spectroscopy

For synthesis and surface chemistry modifications of gold nanorods,
absorbance spectra were recorded with an Ocean Optics USB4000 fiber
spectrometer in glass cuvettes. For applications in cell culture, absorbance spectra
of the prepared GNR solutions were obtained on a Beckman-Coulter UV-VIS (200—
1000 nm) spectrophotometer (DU 730, Beckman Coulter, Inc., Brea, CA, USA).
The sample in 1 mL volume (concentration < 1 mg/mL) was stored in a four-sided
cuvette and placed in the standard single cell holder of the machine. To obtain
optimal results, before taking each sample measurement a blank measurement (with
milli-Q water) was performed. We measured the spectra after syn-thesis and after
dispersion in serum obtained from healthy porcine (Male Castrated Yucatan
Minipig, ~38 kg, S&S Farms, Ramona, CA, USA) approved by the Institutional
Animal Care and Use Committee (IACUC) at the Houston Methodist Research
Institute (approved code: AUP-0620-0035, 2 June 2020). To obtain the serum,
whole blood was collected in serum blood collection tubes (BD Vacutainer,
Franklin Lakes, NJ, USA) and centrifuged for 15 min at 2000xg.

6.2.5 Transmission Electron Microscopy (TEM)

Gold nanorod solutions are deposited on 300 mesh copper grids with a lacey
carbon film (Ted Pella 01890). A 5 uL drop of the solution is applied to the grid
which is held in the air with tweezers until the solution dries. The grid is imaged in
a JEOL 2100F transmission electron microscope with a CCD camera. The images
are captured and processed by Digital Micrograph software from Gatan Inc.

6.2.6 micro-computed tomography (micro-CT)

To investigate the physicochemical properties of the gold nanorods as a
promising multifunctional platform for theranostics, we imaged both CTAB-GNRs
and SDS-GNRs using a Siemens Inveon High-Resolution Micro Computed
Tomography (slice thickness of 105 pum, in a plane resolution of 105 pm, tube
voltage at 80 kV, tube current at 500 pA, and exposure time of 240 ms). Sample
dilutions were prepared in 0.2 mL individual tubes with flat cap (Thermo Fisher
Scientific, Waltham, MA, USA, AB0620) in 30 pL volume, ranging from 0 to 2 mg
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[Au]/mL after pelleting the particles via centrifugation (1000 xg, 5 min). Gold
concentration was established by inductively coupled plasma optical emission
spectrometry (ICP-OES). Digital CT images (DICOM files) were analyzed and
processed using 3DSlicer and X-ray attenuation intensity was calculated in a
Hounsfield unit (HU).

6.2.7 Surface-enhanced Raman scattering (SERS)

Raman and SERS spectra were recorded on a custom-built Raman
microspectrometer that uses a stabilized 785 nm, 80 mW diode laser (Coherent Inc.,
Santa Clara, CA, USA), near-infrared corrected objective lenses, an aberration free
IsoPlane SCT 320 spectrometer (Princeton Instruments Inc., Trenton, NJ, USA),
and a Pixis 265E open electrode CCD camera (Princeton Instruments Inc., Trenton,
NJ, USA) [317]. The sample is continuously pumped through glass capillaries to
avoid any settling of the nanoparticles or heating by the laser.

6.2.8 Cell Lines and Passaging

In this present study, two cell types were treated and observed: cervix
adenocarcinoma (HeLa) and murine Lewis lung carcinoma (LLC) cells. Both cell
lines were purchased from ATCC® (American Type Culture Collection, Manassas,
VA, USA).

Protocols for cell culture, maintenance, and sub-culturing were the same for
both cell lines. Cells stored in liquid nitrogen were thawed and mixed with 10 mL
of complete growth media in T-75 flask. Cell culture flasks and plates were kept in
a HERAcell 1501 CO2 incubator (Thermo Fisher Scientific, Waltham, MA, USA)
set to 37 °C and 5% humidity, and media was changed every few days as needed to
maintain cell growth. Dulbecco’s modified Eagle medium (DMEM) was the basal
media used to subculture LLC cells, while Eagle's Minimum Essential Medium
(EMEM) was the basal media used to subculture the HeLa cells. Complete growth
media of DMEM and EMEM were prepared by adding 10% fetal bovine serum
(FBS, USDA approved, ATCC®, Manassas, VA, USA). Cells were passaged for
subculturing using 0.25% trypsin-0.53 mM EDTA solution (Thermo Fisher
Scientific, Waltham, MA, USA, 25-200-056) and then neutralized with complete
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growth media. The cell suspension was then centrifuged at 130 xg for 5 min.
Afterwards, the supernatant was removed, the pellet was resuspended in 1 mL of
complete media, and the cells counted using a Countess™ II FL. Automated Cell
Counter (Invitrogen, Carlsbad, CA, USA) and plated into 6-well/96-well plates and
grown until confluent (as described further in section 6.2.12).

6.2.9 Viability Assays

Viability assays were performed to compare the effects of CTAB-GNR and
SDS-GNR treatments in both cancer cell lines and detect potential cytotoxicity
dependent on the treatment dosage, incubation time, and surfactant type.

6.2.10 Trypan Blue Assay

Trypan blue is a diazo dye which is taken up exclusively by dead cells, while
un-stained cells represent the total number of viable cells. In this assay, both cell
lines were treated with CTAB-stabilized or SDS-stabilized gold nanorods,
incubated for a 24-hour period, trypsinized, and stained with trypan blue. We
quantified the number of viable (unstained) cells and assessed cell proliferation or
cytotoxicity due treatment in comparison to untreated (control) cells.

Each cell line was seeded into 6-well plates at a concentration density of 1x10°
cells/mL. We treated the cells in triplicate wells by replacing the culture medium
with fresh medium containing 15 pg [Au]/mL of particles and incubating the cells
for 1h, 3h, 6h, 12h, and 24h at 37 °C and 5% humidity. Cells were detached from
the wells using 0.25% trypsin—0.53 mM EDTA solution and resuspended with 1
mL of complete growth media. 1% of cells were aliquoted, stained with 0.4%
Trypan Blue Solution (Thermo Fisher Scientific, Waltham, MA, USA, 15250061),
and counted using a Countess™ II FL Automated Cell Counter (Invitrogen,
Carlsbad, CA, USA). The remaining cell solution was centrifuged at 100xg for 5
min to remove the supernatant. This pellet was used for ICP-OES analysis as
described in section 6.2.14.
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6.2.11 MTT Assay

To evaluate treatment-related modifications in the rate of cell proliferation, we
spectrophotometrically assessed reduction of 3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide (a yellow dye known as MTT) to the blue product
formazan. To perform this assay, both cell lines were first seeded separately into
96-well plates (Corning™ Costar™ 96-Well, Cell Culture-Treated, Flat-Bottom
Microplate, Thermo Fisher Scientific, Waltham, MA, USA, 15250061) at a
concentration density of 1x10° cells/mL and incubated in a cell culture incubator
for 24hrs. The following day, the media was aspirated and replaced with fresh
medium containing the particles to expose the cells to the colloidally stable,
homogenous dispersions of gold nanorods. Different concentrations of gold
nanorod treatment were investigated: low-dose treatment at 1pg [Au]/mL, medium-
dose treatment at 15ug [Au]/mL, and high-dose treatment at 50ug [Au]/mL. After
an additional 24 h incubation period at 37 °C and 5% humidity, 10 uL of MTT
Reagent (ATCC®, American Type Culture Collection, Manassas, VA, USA) was
added to each well, and the plates incubated until a purple precipitate was visible
under the microscope. All wells were then treated with 100 pL of Detergent
Reagent (ATCC®, American Type Culture Collection, Manassas, VA, USA) until
complete dissolution to formazan, which occurs when the dark colored solution is
homogeneous under micro-scope. A Synergy™ H4 Hybrid Microplate Reader
(BioTek Instruments, Inc., Winooski, VT, USA) was used to measure the
absorbance of the solution in the well at 570 nm and 690 nm.

6.2.12 Optical Microscopy

Live-cell optical microscopy was conducted to evaluate cell morphology and
visually assess cell conditions for all the cell culture experiments reported. Cells
that do not display typical morphology is an indicative of possible toxicity due to
the administered treatments. Abnormalities in cell morphology include blebbing
[318], swollen mitochondria [319], and detachment from the substrate [320].
Optical microscopy images were acquired using a Nikon ECLIPSE Ts2 Inverted
Microscope (Nikon Instruments Inc., Melville, NY, USA) with a 10x magnification
objective and 50% brightness.
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6.2.13 Electron Microscopy

To perform electron microscopy assessments, HeLa and LLC cells treated with
CTAB-stabilized or SDS-stabilized gold nanorods were pelleted by centrifuging for
5 min at 100 xg, resuspended in 1 mL of 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA, USA), and left overnight for fixation and
preservation. Following this procedure, the samples were washed three times
through repeated centrifugation and resuspension with 0.1 M PBS. The PBS is then
replaced with 2% osmium tetroxide (OsOs4) in cacodylate buffer (Electron
Microscopy Sciences, Hatfield, PA, USA), and allowed to incubate for 2 h at room
temperature, before washing three times with 0.1 M PBS. To remove water, the
specimens were resuspended in a series of graded ethanol (Pharmco, Brookfield,
USA) at 30%, 50%, 70%, and 90% for 10 min each, followed by a wash of 90%
acetone (Sigma Aldrich, St. Louis, MO, USA) for 10 min and three washes 100%
acetone for 15 min. Samples were embedded in 100% resin using flat molds after 2
h pre-inclusion in resin/100% acetone (1:1), followed by overnight pre-inclusion in
resin/100% acetone (2:1), and finally 3 h pre-inclusion in 100% resin (Electron
Microscopy Sciences, Hatfield, PA, USA). Polymerization was obtained by
incubating the samples for 48 h at 60 °C in a laboratory oven (Quincy Lab Inc.,
Chicago, USA) and the hard blocks were sliced into 100 nm ultrathin sections using
a diamond knife (DiIATOME Diamond Knives, Hatfield, PA, USA). Sections were
placed on copper grids (200 mesh) (Ted Pella, Inc., Redding, CA, USA), stained
with uranyl acetate and lead citrate (Electron Microscopy Sciences, Hatfield, PA,
USA). Images were obtained with a FEI Nova NanoSEM 230 (FEI Co., Hillsboro,
OR, USA) using the bright field setting in STEM mode under a vacuum of 15 kV.

6.2.14 Inductively coupled plasma optical emission spectrometry
(ICP-OES)

Inductively coupled plasma optical emission spectrometry (ICP-OES)
measurements were performed with Varian Agilent 720-es ICP spectrometer
(Agilent, Santa Clara, CA, USA) to quantify the cellular uptake of the gold
nanorods. Gold calibration curves were generated by diluting a gold standard
consisting of Au 1000 mg/mL in 10% hydrochloric acid (HCI) (Perkin Elmer,
Waltham, MA, USA) in a solution prepared with 1% trace metal grade nitric acid
(HNOs3, Thermo Fisher Scientific, Waltham, MA, USA) and 10% trace metal grade
HCI (Thermo Fisher Scientific, Waltham, MA, USA). Gold emission was measured
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at 242.794 nm and 267.594 nm using the ICP-OES software (ICP Expert II). After
a 24h incubation period with the particles, collected cell pellets were digested in
ImL aqua-regia solution (nitric acid and hydrochloric acid in a molar ratio of 1:3)
in a chemical fume hood for 1h. We then added 2 mL of standard diluent (10% HCI,
1% HNO3) and filtered the final solution using 0.6 pm filters (MilliporeSigma™,
Burlington, MA, USA, Steriflip Quick Release-GP Sterile Vacuum Filtration
System). All measurements were performed in triplicate, averaging the outcomes
from the two emission lines. The gold content found in each pellet was normalized
to the total number of counted cells (dead and alive). With this normalization, we
assume that nanorod internalization does not vary between the cells.

6.2.15 Statistical Analysis

GraphPad Prism (version 9.1.0; GraphPad Software, Inc., San Diego, CA,
USA) was used for all statistical analyses and graphs. Mean + s.e.m. values were
calculated for all results. Statistical significance was assessed by one-way or two-
ways analysis of variance (ANOVA) with Tukey's multiple comparisons test.

6.3 Results

6.3.1 GNR Surface chemistry modification and characterization

Figure 6.1A shows a schematic of the surface chemistry modification with SDS
after synthesis and stabilization with CTAB surfactant. SDS has been chosen as
anionic surfactant to overcoat the CTAB bilayer on the GNRs. After synthesis and
coating, the GNR longitudinal and transversal dimensions were estimated from the
TEM images (where an average of 50 particles were measured) using Matlab
(v9.9.0.1467703, R2020b, The MathWorks, Inc., Natick, MA, USA). CTAB and
SDS functionalized particle solutions appeared similar in color, indicative that the
particles were similar in size, and upon TEM inspection, displayed low
polydispersity (Figure 6.1B insets). As reported in Figure 6.1B, particle size was
found to be 120 + 2.5 nm in length and 38 + 1 nm in width for CTAB-GNRs and
118 + 2.4 nm in length and 36 + 1 nm for SDS-GNRs, highlighting that there was
no significant difference in shape or size between particle treatment types. Aspect
ratios were 3.14 + 0.43 for the CTAB-GNRs and 3.26 £+ 0.35 for SDS-GNRs (mean
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+ s.e.m.). Zeta potential measurements were performed for all the samples at room
temperature and pH equivalent to synthesis conditions. Figure 6.1C shows the
difference in surface charge for the particle types, whereby the CTAB-GNRs have
a net positive charge of 18.53 + 5.44 mV, while the SDS-GNRs exhibit a negative
charge of -14.7 + 2.06 mV.
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Figure 6.1 Surface chemistry modification and characterization of CTAB-GNRs and
SDS-GNRs. (A) Schematic of the surface chemistry modification process of the nanorods
with CTAB and SDS surfactants. (B) Transmission electron microscopy (TEM) images of
the particles and quantification of particle length, width and aspect ratio. (C) Zeta potential
and (D) Absorbance spectra of the nanorods stabilized with CTAB and SDS. (E) X-ray
attenuation of the nanorods as a function of gold concentration obtained using a micro-CT
source. CT contrast (upper view) and photos (low-er view) for each sample dilution. X-ray
attenuation as a function of gold concentration is plotted. Data points are fit using linear
regression (CTAB-GNRs) where y= 24.7x + 2.5 or two-phase association (SDS-GNRs)
where y=151.1*(1-exp(-6.9x) + 45658.2 *(1-exp(-6.9x).

Absorbance spectra collected in the range 200-1000 nm display two distinct
plasmon resonance peaks for the GNRs arising from their anisotropic configuration
(transverse and longitudinal bands), which correspond to the oscillation of electrons
in the shorter (517 nm) and longer (CTAB-GNRs: 795 nm, SDS-GNRs: 800 nm)
axis (Figure 6.1D). We attribute the redshift in the longitudinal band in the SDS-
GNRs to changes in the refractive index of the local environment and interparticle
distance which depends on the dispersion status altered by the presence of the
anionic surfactant. No evidence of macro-aggregation or flocculation phenomena
is visible from the spectra or upon physical inspection of the particles.
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X-ray attenuation of GNRs measured using micro-CT are reported in Figure
6.1E. The inset on the left represents optical photos of the gold nanorods dilutions
as well as their CT contrast in the coronal plane. All data points were normalized
to the attenuation of water (0 mg/mL particle concentration). An increase in
attenuation from low to high concentration was observed for both the CTAB-GNRs
and SDS-GNRs. Interestingly, the SDS-GNRs attenuate slightly more than CTAB-
GNRs at the same concentrations and experimental conditions. However, we also
observed that in the case of the SDS-GNRs, when plotted as a function of gold
concentration, the CT attenuation values deviate slightly from linearity (R? = 0.96
when fit with a linear regression versus R? = 0.99 when fit with two-phase
association). Further investigations are necessary to clarify this behavior. Overall,
the increase in x-ray attenuation as the gold mass increases indicates that GNRs can
act as CT contrast agents and are suitable for theranostic applications.

The ability of gold nanostructures to focus light onto a presence of nearby
molecule due to their surface plasmons can be exploited with SERS, a spectroscopic
technique that enhances the Raman scattering of adsorbed molecules. Changes in
surface chemistry such as the length [321], angle [322], or conformation [323] of a
small molecule attached to gold nanoparticle surface, lipid transfer from the surface,
[324] as well as the presence and interactions of intercalants or biomolecules [325],
[326] can all be structurally identified using SERS. Figure 6.2A displays the SERS
spectra of CTAB-GNR and SDS-GNR solutions as well as SERS spectra of SDS-
GNRs redispersed in serum. Figure 6.2B contains unenhanced Raman spectra of
pure CTAB and SDS solutions for reference. CTAB has an isolated peak at 760 cm”
! that corresponds to the symmetric stretching vibration of the trimethylammonium
headgroup. SDS has a band of peaks at 800 — 900 cm! that represents various
headgroup and alkane chain modes. These regions of interest are highlighted in
Figure 6.2A-B. The SERS spectra from CTAB-GNR solution contains a strong
peak at 760 cm™! as expected since the surfactant forms a bilayer on the GNR, with
the headgroup positioned near the gold surface and strongly enhanced. SERS from
SDS-GNRs has a reduced peak at 760 cm™!, as well as a strong, isolated peak at 870
cm! that is within the band that corresponds to SDS. The SERS enhancement of a
specific peak within the band is not uncommon in SERS since the signal depends
on the orientation of the SDS molecule within the near field of the gold nanorod.
This data supports the hypothesis that the CTAB is not completely dissociated from
the GNR surface and rather that the SDS is acting as an additional coating agent.
The SERS spectrum of SDS-GNRs in serum is weaker than SDS-GNRs in their
native solution. However, the presence of a peak at 760 cm'! is preliminary evidence
that the SDS functionalization allowed the nanorods to incorporate into the serum
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and are still stable. Figure 6.2C-D show the absorption spectra of SDS-GNRs and
CTAB-GNRs respectively after preparation and after resuspension in porcine
serum. Both absorption measurements (Figure 6.2D) and visual inspection (Figure
6.2E) confirm that CTAB-GNRs are not stable in serum, while the SDS-GNRs
absorption spectrum shows well-defined peaks after particle redispersion in serum
(Figure 6.2C). For the SDS-GNRs sample in serum, no macro-aggregation is visible
in solution (Figure 6.2E).
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Figure 6.2 (A) SERS spectra of CTAB-GNRs and SDS-GNRs and tentative band
assignments. (B) unenhanced Raman spectra of pure CTAB and SDS solutions for
reference. Absorption spectra of (C) SDS-GNRs and SDS-GNRs in serum, and (D) CTAB-
GNRs and CTAB-GNRs in serum. (E) Optical photos of the functionalized GNRs in serum
showing instability of CTAB-GNRs.

6.3.2 Dose-dependent cytotoxicity effects of CTAB-GNRs and SDS-
GNRs

In this section we report our results on the viability, proliferation, and
morphology of cancer cells after GNR exposure. We studied these effects after
incubation of the cells with the particles for 24h, using a low, medium, and high
dose treatments. Figure 6.3A and Figure 6.3B show optical microscopy images of
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a monolayer of HeLa and LLC cells treated and incubated for 24h at 37 °C and 5%
humidity with 15 pg [Au] /mL CTAB-GNRs or SDS-GNRs. After the 24h
incubation with CTAB-GNRs, the typical epithelial cell morphology of the HeLa
cells, and the rounded, loosely attached morphology of the LLC cells (untreated
controls), changed to destroyed or floating for both cell lines. This is not surprising
as the cationic surfactant, CTAB, is able diffuse across the cell membrane directly
and target the mitochondria causing apoptosis. Conversely, GNRs stabilized with
the anionic surfactant, SDS, were able to enter the cells directly by endocytosis
without destruction of the cell membrane. Macro-accumulation of the SDS-GNRs
in the HeLa cytoplasm is visible with optical microscopy. Macro-traces of the SDS-
GNRs are also visible in LLC cytoplasm. In order to provide the most reliable
results, we assessed cell viability with two different assays: Trypan blue and MTT.
Trypan blue results are reported for the HeLa cells in Figure 6.3C and LLC cells in
Figure 6.3D, and MTT results are reported for the HeLa cells in Figure 6.3E and
LLC cells in Figure 6.3F. All the treatment doses result in significant cytotoxicity
for CTAB-GNRs in both cell lines, while the SDS-GNRs were cytotoxic only at
high dosage (50 pg/mL). The differences obtained by comparing the two viability
assays in the case of 15 pg [Au] /mL indicates that the in-creased cytotoxicity
observed in the MTT assay is mainly influenced by mitochondrial metabolism.
Despite the huge difference in cell viability between the CTAB and SDS stabilized
GNR treatments, viability decreased in both cases in a concentration-dependent
manner.
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Figure 6.3 Effects of CTAB-GNRs and SDS-GNRs treatment on cell viability. Optical
microscopy images of (A) HeLa and (B) LLC cells treated and incubated for 24h with 15
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pg [Au] /mL CTAB-GNRs and SDS-GNRs. Trypan blue assay for (A) HeLa and (B) LLC
cells treated and incubated for 24h with CTAB-GNRs and SDS-GNRs. Significant
difference between groups (***p < 0.0005, ****p <0.0001). MTT assay for (A) HeLa and
(B) LLC cells treated and incubated for 24h with CTAB-GNRs and SDS-GNRs. Significant
difference between groups (*p < 0.05, ***p < 0.0005, ****p < 0.0001) for all treatment
doses. SDS-GNRs are significantly cytotoxic at higher doses in both cell lines. All data in
the figure are reported as mean + s.e.m in triplicate.

6.3.3 Time-dependent cytotoxicity effects of CTAB-GNRs and SDS-
GNRs

In this section we report time dependent results on the cell viability,
proliferation, and morphology, along with the levels of cellular uptake for each
GNR treatment type. We noticed under microscopic gross inspection that after
administration, the CTAB-GNRs had an immediate cytotoxic effect on both cell
lines, while the SDS-GNRs remained unaltered. We hypothesized that cytotoxicity
could be a function of time in the case of GNR administration. We tested this
hypothesis by measuring cell viability over time using the Trypan blue assay in
HeLa (Figure 6.4A) and LLC cells (Figure 6.4B) incubated with the nanorods. The
CTAB-GNR treatment killed the cells after just 1 hour of particle incubation, while
the cells treated with SDS-GNRs remained viable over time. We then quantified the
gold internalized by the cells over time using ICP-OES (Figure 6.4C-D).
Interestingly, it seems that the mechanisms of SDS-GNR uptake were cell line
dependent: the LLC cells exponentially encapsulate the particles over time, while
internalization of the SDS-GNRs in the HeLa cells occurred mostly within the first
hour of incubation and increased slightly over time. To assess the toxicology of the
GNR particles after 24 h of treatment, we acquired SEM images of the HeLa (Figure
6.4E) and LLC cells (Figure 6.4F) in STEM mode. Another scientific concern
regarding internalization of a nanomaterial is related to the possibility of
ultrastructural changes of the particles. SEM images revealed that the SDS-GNRs
are internalized in vesicles and that their shape is unaltered after cell internalization
in both cell lines.
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Figure 6.4 Effects of CTAB-GNRs and SDS-GNRs treatment on cell viability as
function of incubation time and cell line. (A, B) Viability determined by Trypan blue assay
and (C, D) intracellular uptake determined by ICP-OES plotted as function of incubation
time for (A, C) HeLa and (B, D) LLC cells. Significant cytotoxicity for CTAB-GNPs
(****p < 0.0001). All data in the figure are reported as mean + s.e.m in triplicate. STEM
images of fixed (E) HeLa and (F) LLC cells treated and incubated for 24h with CTAB-
GNRs and SDS-GNRs.

6.4 Discussion

In this study we demonstrate that the charge of the surface coating agent
modulates the cytotoxicity of GNRs in mammalian cells. We confirmed surface
modification of the nanorods with SDS using SERS and notably, this improves their
stability when applied to a biological environment, such as serum. Further, at the
same concentration (2mM), CTAB and SDS surfactants have a radically different
impact on cell viability. According to our results, exposure time is an impact factor
for cytotoxicity. In fact, after 1 h of CTAB-GNR incubation, only 20% of the cells
were viable, indicating that the toxic effects are immediate for particles stabilized
with cationic surfactant, even though the longer incubation time (24 h) resulted in
greater cell death.
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Intracellular gold uptake over time was quantified using ICP-OES and
presented differences in the particle uptake kinetics depending on the cell line. Both
quantification analysis and optical microscopy confirmed the presence of the
particles in the cellular cytoplasm. However, while ICP-OES is an excellent
quantitative tool for gold content, it cannot differentiate between GNRs adsorbed
on the surface of the cell and those internalized within the cell. As reported in
literature [302], treatment of cells with heparin sulfate prior to analysis can be used
to desorb surface-adsorbed nanoparticles, since the heparin sulfate polymer has a
higher binding affinity to the cellular surface and can displace any surface-bound
GNRs. Moreover, for a better understanding of the mechanism of CTAB/SDS-
stabilized GNR cytotoxicity, the amount of surfactant that is effectively inside the
cell should be measured.

Finally, we measured the X-ray absorption properties of the GNRs using a
micro-CT source. The increase in CT attenuation as the gold mass increases
indicates that GNRs can be used as CT contrast agents, opening the door to a vast
range of theranostic applications.

6.5 Conclusions

In this study, we tested the effects of charge of the surfactant agent used to
stabilize GNRs on cell viability. We synthesized GNRs with a positive surface
charge through a seed-mediated approach using CTAB as cationic surfactant, and
then used SDS, an anionic surfactant, to alter the GNR surface charge to negative
values. We evaluated any cytotoxic effects due to GNR treatment type, as well as
the mechanisms of cellular uptake in two different mammalian cancer cell lines.
Our results suggest a significant dose-dependency effect on cell viability and a
time-dependent cytotoxicity effect as a function of surfactant charge for both cell
lines. As strategies and technologies to improve local delivery of agents for cancer
treatment are emerging, [327]-[330] there is a greater need to better characterize
nanoparticles to understand their interactions with cancerous cells. The results of
this study can aid in the design of future theranostic applications for oncological
translation.
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Chapter 7

Near-Infrared Sensitive Nanoparticle
Mediated Photothermal Ablation of
Ventricular Myocardium
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7.1 Introduction

Radiofrequency (RF) catheter ablation is the current standard of care for
patients with medically refractory ventricular tachycardia [331]. Despite
improvements in catheter technology, higher density mapping, and ablation
techniques, outcomes remain plateaued. One shortcoming of RF ablation is the
inability to consistently create transmural lesions in regions of scar due to
limitations of RF depth, and the inability for RF to penetrate regions of scar and/or
fat [332]. Further, RF requires continuous tissue contact, irrigated RF can lead to
excessive fluid accumulation in patients with compromised LV function, and
extreme tissue temperatures can lead to “steam pops” and cardiac perforation.
Near-Infrared Sensitive (NIRS) nanoparticles may have the ability to overcome
current RF ablation limitations by creating deeper, transmural lesions in a precise
region of interest. Near-infrared (NIR) light can penetrate tissue depths >1 cm
which is applicable to ventricular wall thickness. Once exposed to NIR light, NIRS
nanoparticles could create cardiac ablation lesions via photothermal heating.

Biocompatible plasmonic gold nanoparticles, known as nanoshells, can be
engineered by changing their core and shell dimensions to be sensitive to specific
wavelengths [93] in the NIR range, thereby generating heat. Selective light
absorption at particular wavelengths is advantageous for applications such as
particle optical trapping [333], [334] sensing of nearby small molecules, and
conversion of light energy-to-local heat through a phenomenon known as the
photothermal effect [338]. Use of gold as the thin metallic shell layer covering the
silica core as opposed to other metals is due to the ability to produce strong optical
absorption at longer wavelengths (>800 nm) while maintaining resistance to
oxidation and biocompatibility [339]. The aim of this study is to assess the
feasibility of NIRS gold nanoshells to create ventricular myocardium photothermal
ablation lesions.
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7.2 Methods

7.2.1 Near-Infrared Nanoparticle Preparation and
Characterization

PEGylated (mPEG, 5kDa) silica-gold nanoshells (GNS) (nanoComposix, San
Diego, CA, USA, GSGN800) were used as received or concentrated from a 0.05
mg/ml initial stock solution via centrifugation (Eppendorf, Hamburg, Germany) at
1000xg for 30 minutes at room temperature. The supernatant was saved and used
to redisperse the particles to generate samples with gold concentrations ranging
from 0.05 to 4.00 mg/ml. Sample concentrations were confirmed by inductively
coupled plasma optical emission spectrometry (ICP-OES) and measurements
performed on a Varian Agilent 720-es ICP spectrometer (Agilent, Santa Clara, CA,
USA) using the ICP-OES software (ICP Expert II, v1.1.3.b263, Sydney, Australia,
Pty, Ltd 1997-2009). The peak resonance of the nanoshells was ~800 nm. Optical
properties of the particles were examined (200-1000 nm) using ultraviolet-visible
spectroscopy (UV/Vis) (DU 730, Beckman Coulter, Brea, CA, USA). Nanoshell
core and total diameter were 120+9 and 15148 nm, respectively. Particles were
stored at 4 °C and bath sonicated before use.

7.2.2 Nanoparticle temperature measurements in gel formulation

Calcium alginate gels formulated with or without GNS were tested for evidence
of photothermal heating under light illumination at different powers (4.0, 5.0, or 5.5
W). Calcium alginate gels were created using equal parts 3% (w/v) calcium chloride
(Acros Organics, Geel, Belgium, #349615000) in MilliQ water and 1% (w/v)
sodium alginate (50-100 mPa*s) (NovaMatrix, Sandvika, Norway, #4200001) in
MilliQ water. To formulate gels containing GNS, GNS were first concentrated in a
range of 0.05 — 4.00 mg/ml via centrifugation and resuspended in 1% sodium
alginate. Gel samples were each prepared in a 10 ml Pyrex glass beaker. Samples
were immediately subjected to illumination from a continuous wave 808 nm diode
laser (Laserglow Technologies, Toronto, Canada) connected to fiber optic that was
positioned directly over the sample.[340] The beam spot was adjusted to 1 cm in
diameter. A Forward-Looking Infrared (FLIR) Camera (Teledyne FLIR,
Wilsonville, OR, USA) was placed on a lab jack horizontal to the beaker. The laser,
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set to the desired power settings, was turned on. FLIR video recordings were taken
using FLIR tools+ (Teledyne FLIR, Wilsonville, OR, USA) to monitor changes in
sample temperature. Following sample illumination, the laser emission and beam
spot were turned off. FLIR video recordings were taken as the sample cooled for
1000 seconds. The sample was removed from the beaker, and the mass documented.

7.2.3 Quantification of Gold Concentration

To quantify gold concentrations with ICP-OES, 3 pul of GNS in sodium alginate
or ~1.3 g of gel + GNS treated tissue post-staining were digested in 1 or 4 ml,
respectively, of freshly prepared aqua regia solution using trace metal grade nitric
and hydrochloric acid (1:3, Thermo Fisher Scientific, Waltham, MA, USA). After
complete digestion (30 min for GNS samples and 12 hrs for tissue), 2 or 9 ml of
standard diluent (10% hydrochloric acid and 1% nitric acid in MilliQ water) was
added, respectively, and the sample analyzed. Yttrium (Sigma Aldrich, St. Louis,
MO, USA, 01357) was included as an internal standard for all measurements. Exact
sample concentrations were extrapolated from gold (Au) calibration curves
obtained using a 1000 pg/ml Au calibration standard in 10% hydrochloric acid
(Perkin Elmer, Waltham, MA, USA, N9303759). Gold emission was measured at
wavelengths of 242.794 nm and 267.594 nm, and the data averaged.

7.2.4 Tissue temperature measurements with nanoparticles in
porcine left ventricular tissue

The photothermal heating ability of gel containing GNS was tested in porcine
cardiac tissue. The left ventricle of a fresh frozen porcine heart (Animal
Technologies, Inc., Tyler, TX, USA) was dissected from the epicardium to the
endocardium into approximately 2x2x2 cm pieces. Each piece of tissue was
positioned with the endocardium facing upwards. The fiber optic cable, extending
from the 808 nm diode laser, was then positioned over the center of the tissue to
produce a 1 cm beam spot. Using a syringe pump (Legatol11, Kd Scientific,
Holliston, MA, USA) placed parallel to the tissue sample, gel alone or gel
containing GNS was inserted in the tissue with an 18G needle placed centrally from
the side. A thermocouple probe (Allied Electronics, Fort Worth, Texas, USA,
4437973) was placed within the tissue horizontally parallel to the needle. The laser
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was turned on directly to the desired power setting (5.0W) along with simultaneous

injection of gel or gel containing GNS into the tissue using a syringe pump set at a
500 pl/min flow rate. A circulating bath of normal saline heated to 37 °C was
maintained throughout the illumination period (Figure 7.1). Temperature
measurements were recorded every 10 s using a thermocouple for a 1000 s
illumination period. Subsequently, laser emission was turned off while temperature
measurements remained ongoing for an additional 1000 s to monitor heat
dissipation.

Collimated Diode
Laser
808 nm

Flow Rate: 500 ulL/min
Syringe Pump

5.0 W o

Power Supply

37 0°C
Hot Plate

Figure 7.1 Experimental setup of samples excited with NIR light.

7.2.5 Tissue Staining and Lesion Assessment

2,3,5-Triphenyltetrazolium chloride (TTC) (Sigma-Aldrich, St. Louis,
Missouri, USA, T8877) solution was used to show macroscopic damage and lesion
generation due to photothermal ablation. The staining solution was prepared as
described by Bhaskaran et al.[341] by dissolving 2% (w/v) TTC in MilliQ water,
protected from light, and placed on a stir plate at room temperature for at least 30
minutes before use.

Following ex vivo ablation, the tissue was dissected from the endocardium to
the epicardium along the needle tract using a blade, to expose embedded gel and
any lesion formation. Both tissue sections (labeled left or right) were then
submerged in 2% TTC staining solution and incubated for 1 hour at 37 °C. Each
sample was then blotted dry to remove any excess stain. Samples were
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photographed and either immediately imaged with micro-computed tomography,
stored in 10% neutral buffered formalin (StatLab, McKinney, TX, USA, Cat#
28600-1) for histochemical analysis, or frozen at -80 °C for gold quantification with
ICP-OES.

7.2.6 Measurements of ablation lesion

Ablation lesions were manually traced on each sample in Imagel
(https://imagej.nih.gov). Measurements of maximal depth, width, diameter of
surface lesion, and area of myocardium lesion were measured. Volume (cm?) was
calculated following the work of Eick and Bierbaum [342] using an ellipsoid
assumption where V=1/6 n*depth*width*surface diameter.

7.2.7 Micro-computed tomography imaging of tissue

To confirm retention of the calcium alginate gel containing GNS within tissue
and assess particle distribution, ex vivo porcine myocardium infused with calcium
alginate gel + GNS were imaged using a Siemens Inveon High-Resolution Micro-
Computed Tomography (uLCT) imaging system (Siemens, Munich, Germany). The
tissue was imaged at baseline and after gel + GNS infusion with NIR light
illumination following the parameters described by Terracciano et a/ [343]. The
images were exported as Digital CT images (DICOM files) for analysis and 3D
reconstructed using 3Dslicer (https://www.slicer.org/).

7.2.8 Statistical Analysis

GraphPad Prism 9 (Version 9.1.1: GraphPad software, Inc., San Diego,
California, USA) was used for statistical analyses. Comparison of lesion
dimensions and volumes were analyzed via unpaired t-test.

115



7.3 Results

7.3.1 Nanoparticle Photothermal Kinetics

NIR light illumination (808 nm) as described above was performed on gel alone
and gel + GNS samples in order to determine peak temperature rise and time to 50
°C (temperature needed for permanent cell death) (Figure 7.2).

tax 27.4°C oC
26.2°C
26.9 °C
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48.5 °C
51.8 °C

Figure 7.2 GNS in gel required to reach 50 °C with NIR light. Images taken under
illumination (A, C) and FLIR (B, D) at 1000 s (5.0W) for (A, B) gel and (C, D) gel + GNS
4 mg [Au]/ml.

When compared to gel alone, gel + GNS reached temperatures >50 °C with
>0.375 mg/ml GNS concentration at 5.0W (Figure 7.3B). Power of 4.0W (Figure
7.3A) did not lead to temperatures >50°C at any of the GNS concentrations. Time
to 50°C at 5.0W was 88.2+17.7 s at 3.00 mg/ml and 48.5+4.4 s at 4.00 mg/ml.
Further, peak temperatures with 5.0W power were 54.54+2.0 °C and 57.4+2.9 °C at
3.00 mg/ml and 4.00 mg/ml GNS concentrations, respectively. Over the 1000 s
duration, the temperature remained >50 °C, highlighting a potential property of
maintaining temperatures >50 °C without further marked temperature rises.
Temperatures returned to baseline (Figure 7.3C,D) with 4.00 mg/ml GNS
concentration at 5.0W after 246.44+25.7s. To determine which conditions (GNS
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concentration and power) resulted in a time to reach 50 °C in under 60 s, gel infusion
with GNS and NIR light illumination was performed. It was found that
concentrations >3.00 mg/ml at 5.5W and >4.00 mg/ml at 5.0W were needed to
achieve rapid heating within 60 s. Importantly, it was noted that modifying
concentration had a greater effect on time to 50 °C than changing the power.

A 40W B 5.0W
70 70
— | O an v 4.00 mg/mL [Au]
QO 60 9 6o +3.00 mg/mL [Au]
o 50 o 50 v 2.00 mg/mL [Au]
‘g 40 ¥ ‘E 40 ; *1.00 mg/mL [Au]
® .o o ] +0.500 mg/mL [Au]
g 30 ;iigm 2 30 ;Zz’ o 0.375 mg/mL [Au]
£ 20- £ 20+ 0.0500 mg/mL [Au]
2 10- 2 10- v 0.0 mg/mL [Au]
0 T 1 1 T 1 T T T 0 T T T T T T T T
0 100 250 500 750 1000 0 100 250 500 750 1000
Time (s Time (s
C 70 (s) D 70 (s)
) O 604 v 4.00 mg/mL [Au]
o
~ » 3.00 mg/mL [Au]
g 504i v 2.00 mg/mL [Au]
2 40 ’i‘ +1.00 mg/mL [Au]
N . T + 0.500 mg/mL [Au]
o T T e T 100Y e r———— s
2,0 0.375 mg/mL [Au]
€ 0.0500 mg/mL [Au]
ﬁ 10 » 0.0 mg/mL [Au]
c T T T T T T T T c T 1 T T T T T T
0 100 250 500 750 1000 0 100 250 500 750 1000
Time (s) Time (s)

Figure 7.3 Temperature as a function of time for gel + GNS with NIR light illumination
for over 1000 s at (A) 4.0W and (B) 5.0W and return to ambient post-illumination at (C)
4.0W and (D) 5.0W. Dashed lines represent 50 °C and 25 °C, respectively.

7.3.2 Ex Vivo Porcine Photothermal Ablation

To assess the photothermal heating properties of the gel + GNS within
ventricular myocardial tissue, tissue samples underwent simultaneous photothermal
ablation and gel + GNS infusion. When compared to gel alone, gel + GNS samples
(n=12) resulted in consistent tissue temperatures >50 °C (Figure 7.4A). Time to 50
°C was 287.5+63.9 s with an average peak temperature of 57.8+3.7 °C, which
remained plateaued throughout illumination. Conversely, gel solution alone had a

peak temp of 45.7+4.5 °C over the same light exposure and reached 50 °C
transiently in only one sample.
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Once light exposure ceased, the tissue temperature in samples containing gel
and gel + GNS decreased back to baseline in roughly 300 s (Figure 7.4B). Despite
initial higher temperatures in the gel + GNS tissue samples, there was a marked
reduction in tissue temperatures compared to gel alone in the first 120 s, implying
temperature reduction was a result of particle cooling aside from just passive
cooling after light exposure. To assess GNS retention and distribution in treated
tissue, pCT was performed at baseline and after GNS infusion with light
illumination (Figure 7.4D).

©
o

A c Gross Evidence of Gel + GNS Retention

st
0- igﬁ%ﬁﬁﬂiﬁﬁﬁﬁHiﬁiﬁi

Temperature (°C)
B

207 - Gelin Tissue
* Gel + GNS in Tissue

0 200 400 600 800 1000
Time (s)

) 80 B Gel in Tissue
<604~ Gel + GNS in Tissue
[
§ i;
© 40-1%3
A T
g 20
[
c T T T

0 200 400 600 800 1000
Time (s)

Figure 7.4 Intramyocardial gel + GNS heating and retention. Temperature
measurements (A) during and (B) post-illumination (5.0W) in tissue infused via needle (*)
with gel alone (blue) or gel + GNS (red). Data plotted as mean+SD. Dashed lines represent
50 °C and 25 °C, respectively. (C) Photographs of gel + GNS penetration (dark area) and
(D) 3D tissue reconstructions (top view) (i-iii) post-treatment with gel + GNS (green).

There is evidence of GNS retention (dark green regions) within the ventricular
myocardium. Unlike hollow gold nanoshells which change their morphology under
NIR light and can be used to release therapeutics,[344], [345] silica-gold nanoshells
remain stable. Total gold concentration by mass of gold per weight of tissue (n=3,
samples without TTC staining) was 245.5+37.8 pg [Au]/g tissue. Based on GNS
concentration and total volume infused, this represents 79.3+15.4% of GNS
retention within the myocardium samples. Figure 7.5 represents sampling (n=3) of
photothermal ablation lesions with gel alone versus gel + GNS with NIR light
exposure.
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Figure 7.5 Cardiac lesions with NIR light-mediated gel + GNS photothermal heating
(808 nm). Photographs pre-treatment and post-treatment with (A) gel or (B) gel + GNS and
light. Endocardial view following treatment with illumination and infusion with (i-iii) gel
or (vii-ix) gel + GNS. Following treatment, tissue was bisected and stained with 2% TTC.

Cross-sectional view of tissue treated with illumination and (iv-vi) gel alone with larger
lesions produced in (x-xii) gel + GNS samples.
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With TTC staining, there is gross evidence of larger ablation lesions with gel +
GNS compared to gel alone and all samples (n=12) treated with gel + GNS and NIR
light resulted in lesion formation. Lesion dimensions were measured from all
samples treated with gel + GNS and NIR light. When compared to gel alone,
treatment with gel + GNS resulted in greater lesion depth (0.86+0.3 vs. 0.50+0.3
cm, p<0.0001), width (1.21£0.2 vs. 0.59+£0.1 cm, p<0.0001), and diameter
(1.19£0.3 vs. 0.82+0.1 cm, p<0.0001). Further, calculated lesion volumes were also
larger with gel + GNS treatment compared to gel alone (0.68+0.4 vs. 0.1340.1 cm3,
p<0.0001) (Figure 7.6).
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Figure 7.6 Measurements of maximal depth, width, and surface diameter and
calculated volume of lesions. Lesion measurements (meants.e.m.) were obtained via
ImageJ (n=12). Tissues treated with illumination and gel + GNS showed significant
increases in lesion depth (A), width (B), diameter (C), and volume (D) compared to tissue
treated with illumination and gel alone.

7.4 Discussion

The major findings of this study are 1) NIRS gold nanoshells exposed to light
at their resonant wavelength (808 nm) induced particle heating at temperatures >50
°C and 2) ex vivo myocardial ventricular tissue infused with resonant nanoshells
and exposed to NIR light led to significantly greater photothermal ablation
compared to tissue exposed to NIR light alone.

Photothermal ablation via NIRS nanoparticles has already shown early promise
in the treatment of various forms of solid tumors, such as head and neck and prostate
cancers [338], [346], [347]. PEGylated gold-silica nanoshells have been well-
tolerated in both pre-clinical [346] and clinical [348] studies with no indication of
toxicities or bioincompatibilities and PEGylated solid gold nanoparticles have
specifically no toxicities on primary neonatal rat cardiomyocytes [349]. Further, the
calcium-alginate hydrogel used is also biocompatible and shows degradation in soft
tissue within 4-6 weeks, [350] allowing for prolonged retention yet subsequent
removal. Using the concept of conversion of NIR light-to-thermal energy leading
to cancer cell death, NIRS nanoparticles when exposed to their resonant wavelength
can create a thermal effect to ablate abnormal myocardium causing cardiac
arrhythmias. Within the realm of cardiac arrhythmia management, various studies
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have suggested nanoparticle properties may have a therapeutic role. Prior work by
Nguyen et al. [351] showed magnetic nanoparticles could increase RF ablation
lesions in both ex vivo and in vivo models. In this study, iron nanoparticles were
infused into myocardium and with RF, led to increased lesions compared to RF
alone. Further, in vivo magnetic attraction of iron nanoparticles within heat-
sensitive liposomes were able to guide particles to a region of interest with
increased lesion size [351]. Given the underlying limitations of RF, including lesion
depth within scar and need for continuous contact, the exact role of nanoparticle-
aided RF remains unclear.

Our study assessed the role of NIRS nanoparticles for direct photothermal
ablation of cardiac myocardium. The potential advantage of this approach is that
NIR light can penetrate tissue >1 cm without direct contact with tissue, potentially
leading to nanoparticle-guided tissue cell death at depths beyond current RF
ablation. Our results showed significant increase in lesion depth/volume compared
to light exposure alone, confirming the effect is due to nanoparticle-mediated
photothermal ablation as opposed to light alone.

As seen in our study, NIR light alone can lead to direct tissue heating and
ultimately cell death. Photon absorption of light in tissue leads to tissue heating.
Prior work by D’Avila et al.[352] have shown the role of direct ventricular tissue
ablation using a 1064 nm laser light source led to transmural ventricular lesions
[352], [353]. Further, a slower rate of volumetric heating and/or inclusion of a
diffused tip has been shown to create deeper ventricular ablation lesions [354]. The
concern, however, is that the continuous light source illuminated for long duration
could lead to “steam pops” and/or cardiac perforation, and depth is difficult to
control. Given that photon absorption is dependent on tissue constituents, infarcted
myocardium may have different absorption properties. Collagen within myocardial
scar can scatter and absorb NIR light, which could lead to even larger lesions as
photothermal heating could occur more broadly. With NIRS nanoparticles present,
theoretically lower power and/or duration of light exposure would result in
significant cardiac lesions in a region of interest with an improved safety profile.

Aside from lesion creation, another promising finding during photothermal
ablation was the tissue temperature profile. There were consistent tissue
temperatures >50 °C. This is a critical temperature to achieve a durable ablation
lesion. More importantly, this temperature was maintained in a range of roughly
50-60 °C without continued rise over 1000 seconds (>16 minutes).
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The ex vivo data set presented here will now provide the framework for future
in vivo evaluation of parameters, such as 1) light delivery to a beating heart through
tissue and blood; 2) nanoshell delivery (including guidance with electroanatomic
mapping) and retention in the region of interest; 3) risks of collateral damage; and
4) nanoshell perfusion to infarcted tissues.

7.5 Clinical Applications of Near-Infrared Sensitive
Nanoshell Photothermal Ablation

The use of adjunctive ablation techniques highlights the current limitations of
RF in various forms of VT ablation. For instance, patients with a known septal
and/or epicardial substrate often have lower success rates due to the inability of RF
lesions to penetrate ventricular tissue. In this patient population, the ability to
deliver photothermal ablation lesions to deeper regions from the endocardial
surface could potentially improve outcomes and reduce complications. Further, the
light source would be from a fiber optic cable which could be inserted into the heart
like standard catheters and also directed to a region of interest. Additionally, the
light source would not need continuous tissue contact as required by RF. This
directed photothermal ablation could overcome the limitations of bipolar ablation
which requires multiple catheters in a region of interest as well as chemical ablation
that can only be achieved if a suitable coronary venous branch is present. Aside
from a directed light source, nanoparticle myocardial retention remains a key hurdle
to overcome. Further studies using either known cardiac targets in an infarcted heart
[355], such as angiotensin II type 1 receptor [356], myosin [357], or
phosphatidylserine [358], or novel site-specific ligands may better allow for future
clinical studies as immunotargeting with nanoshells has been demonstrated for
overexpression of HER2, a clinically relevant cancer biomarker [359], [360].

7.6 Limitations

Several limitations should be noted of the presented data. First, we chose an
808 nm wavelength light source, however the isosbestic point (maximal absorption)
of total hemoglobin lies in this range which could make in vivo applications more
difficult. Second, it is unknown if this would be an optimal wavelength for
ventricular scar, warranting future investigation of different NIR light properties
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and settings. Longer wavelengths (1064 nm) would have greater absorption in
collagen (i.e. myocardial scar) and therefore, it is unknown which specific
wavelength is optimal. Third, the exact depth of light and particle heating in
myocardial scar is unknown and warrants further study. Fourth, the role of tissue
impedance and its correlation with lesion formation with this ablation technology
is unknown and would need to be investigated. Fifth, the dissipation of heat beyond
the zone of illumination and particle delivery site needs to be studied and correlated
with particle diffusion. Finally, although NIRS nanoparticle ablation is being used
clinically to treat various cancers and pre-clinical studies have shown that
intravenous administration of PEG-coated nanoshells (same as our study) are
excreted or scavenged by the liver, spleen, and kidneys [346], [361], [362], metal
retention within the heart and other organs would need to be studied in vivo to
ensure no toxicity.

7.7 Conclusions

Near-infrared sensitive nanoparticle photothermal ablation is feasible in ex vivo
ventricular myocardium. Further studies are warranted for a potential clinical role
in the treatment of cardiac arrhythmias.
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Chapter 8

Discussion and Conclusion

125



8.1 Clinical Translation of GNPs

Clinical translation of gold nanoparticles depends on several factors. Of the
current clinical trials being performed for surface modified nanoparticles used in
drug delivery [363], many are failing to complete phase II for mainly two reasons:
(1) high immune clearance rates that compromise targeting, (2) the nanoparticle
surface and resulting protein corona, which may alter drug release. While
laboratory-scale surface modified gold nanoparticles have led to promising results
in drug delivery applications, some of these studies have failed their intention to
mitigate the rapid clearance as well as understanding the pathological interactions
of the particle with the biological system [364]. In fact, pervasive interactions of
the particles with a vastly complex immunological system have resulted in the rapid
clearance of nanoparticles, representing the primary obstacle for the clinical
translation of nanoparticle drug-delivery systems. Surface modifications and
functionalization of GNPs are engineered to manipulate biological interactions with
the particle as well as to increase retention and circulation time, target a desired
tissue, as we demonstrated in our papers using surface passivated GNP in a mouse
model of lung cancer. We demonstrated that surface functionalizations such as
surface protein addition, and pH or ion sensitivity (Chapter 3), PEGylation (Chapter
4), overall charge (Chapter 6) significantly improve cancer cell targeting as well as
particle’s retention time within the tumor.

The other issue related with clinical translation of GNPs is the protein corona
around the particle surface which masks the bulk nanoparticle material, de-
stabilizes the particle, and ultimately directs the biological response to the
nanoparticle. In fact, without any surface modification, nanoparticles immersed in
a biological media attract body proteins almost immediately (<0.5 min) which cover
their surface forming a layer or multi-layers. With this protein corona shielding their
surface, GNP are recognized by phagocytes through a process called opsonization.
Therefore, protein corona contributes to a lack of clinical translatability, limiting
their applications in cancer drug delivery. In this thesis, protein corona is well
investigated in Chapter 3, in which an adsorption model of proteins on the particle
surface is evaluated and tested on biological media. We discovered that protein
corona is altered from the media pH of the solution. In fact, when pH varies from
4.7 to 8.5, we observed an increase in the maximum amount of adsorbed protein
molecules on a GNP surface, possibly due to the transition from monolayer to
multilayer protein immobilization. The interaction with the cationic nebula is the
likely reason for the rapid growth in BSA accumulation at pH 8.5. In addition, our
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results indicate that GNPs are highly stable within a pH range 4.7 - 7, which is
suitable for in vivo administration in a clinical setting. These findings will help
clinical translation of gold nanoparticles in clinical settings.

To date, many types of cancer are detected at an advanced stage, when
treatment options are limited, and prognosis is unfortunate. Being able to detect
cancers at their early stages can substantially improve survival rates other than
improving the quality of life of these patients. However, this approach is clinically
challenging, encountering the possibility of harmful overdiagnosis and
overtreatment. As early detections and precise diagnoses are urgently needed in
oncology, imaging modalities such as computed tomography (CT), magnetic
resonance imaging (MRI), and positron emission tomography (PET) are currently
the fasted and least invasive methodologies employed to detect cancer diseases.
Unfortunately, conventional contrast agents are often small molecules that are
quickly metabolized and sometimes exert potentially toxic effects. To overcome
drawbacks risen from the use of traditional contrast agents, we investigated GNP
as innovative imaging contrast agents to support early diagnosis, which can be
tracked over time due to their high X-ray absorption. Although additional research
is needed to clarify the clearance time of the particles and potential side effects over
a long period of time, this work contributed to the scientific knowledge of particle
distribution depending on their surface passivation on different areas of the tumor
and making progressing toward clinical translation of nanomedicine.

Finally, another factor to be considered toward GNP clinical translation is the
unpredictable high cost of the gold. In fact, the optical properties of gold are highly
dependent on expensive and complicated surface chemistry and their clinical use is
discouraged by their rising costs. Additionally, to accelerate the clinical translation
the commercial and practical feasibility, the clinical development feasibility, as
well as the bridging of preclinical toxicology to patient safety and lastly the proper
management of chemistry, manufacturing and quality control are other key points
that need to be addressed.
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8.2 Summary and Future Prospective

GNPs have proven to be promising candidates for biomedical applications,
such as imaging, diagnostics, and therapeutics, because of their relative ease of
synthesis and surface modification as well as their physicochemical properties.
Spherical gold nanoparticles, gold nanorods, and gold nanoshells were selected and
studied in this thesis to further investigate different approaches of surface
passivation in more detail as a means to overcome the limitations that have
hampered the clinical translation of gold-based nanomedicine.

Further knowledge is provided regarding the interactions between
nanomaterials comprised of gold and the tumor microenvironment as well as
innovative strategies to overcome solid tumor heterogeneity through theranostic
platforms. We have shown that gold-based systems are trackable inside the body
using imaging techniques and these materials can be modified to distribute site-
specifically in areas of interest within and surrounding the tumor. The studies
presented here demonstrate that various chemical moieties can be conjugated to the
surface of GNPs which results in differences in the nanoparticle tissue distribution
patterns. Information about how surface functionalization affects nanoparticle
intratumoral distribution as described in this thesis provides important evidence on
directing GNPs to specific zones locally, such as the tumor stroma, which has a
critical role in tumorigenesis, cancer progression, metastasis, and chemotherapy
resistance. Engineering the surface chemistry of GNPs to direct their transport
behavior within the tumor microenvironment would be highly advantageous for
directing anticancer therapies, as GNPs could carry such cargo to specific regions
of the tumor where biomarkers are overexpressed. Directed cargo delivery within a
tumor offers a future medical approach for drug administration to distinct areas of
the tumor where major cancer targets reside.

In addition to studies on isotropic gold substrates, we also explored the effects
of surface modifications for anisotropic particles, such as gold nanorods (GNRs).
Surface modifications of GNRs were performed by reducing the presence of the
cationic surfactant, CTAB, and increasing the presence of the anionic surfactant,
SDS, as an alternative means to stabilize the particles. It was shown that this
modification decreases the cytotoxic effects resulting from surfactant stabilization
during particle synthesis. It was also shown that both lung and cervical cancer cells
not only tolerated the presence of GNRs but also maintained their cell viability.
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These results demonstrate that control over nanoparticle surface functionality can
accelerate the utilization of GNRs and other anisotropic particles in clinical
research. Although removing the presence of cationic surfactants such as CTAB as
much as possible by switching to other nontoxic surfactants is an excellent way to
reduce the toxicity of GNRs, developing alternative simple and convenient
protocols to reduce toxicity without affecting particle shape is still worthy of further
studies. Other challenging issues that current and future research need to address
include developing a better understanding of the exact mechanisms that govern
growth-directing surfactants towards the fabrication of nanoparticles with different
morphologies as well as size control in the growth process, since issues with control
over aspect ratio and polydispersity have decelerated large scale nanorod
production hampering their clinical translatability [365].

Finally, in this thesis silica-core gold-shell nanoparticles passivated with PEG
are exploited as photothermal conversion materials. We demonstrate their use in
generating local heat in cardiac tissue within a clinically relevant duration of time
(<60 seconds) as well as their ability to create lesions in myocardial tissue.
Localized delivery of metal nano-complexes to abnormal tissue for lesion
generation may reduce complications in patients undergoing cardiac ablation
procedures while improving outcomes in clinical applications. Additionally, the
presence of a gold shell increases the possibility of adding cargo molecules or
probes to the surface of the particles for an added diagnostic or therapeutic benefit.
These colloids are highly suitable for biomedical therapies, sensing applications,
remote actuation, and other technological applications [366].

However, this study presents some limitations that it’s worth mentioning in this
section. For instance, it would have been interesting to compare BSA-GNP
behavior to HA-GNP distribution in vivo. However, since the scope of the two
investigations was to deepen the knowledge into the surface GNP characteristics
when injected intratumorally and how they affect particle distribution, we used two
different experimental/analytical approaches to share the obtained results. For
BSA-GNP investigation, we focused on protein adsorption on GNP surface
depending on the pH of the solution and finding a more suitable experimental
approach to visualize and track the particles using CT imaging and how make the
experimental setup reproducible and reduce as much as possible the human biases.
Once assessed a protocol that minimized the error and biases, in the HA-GNP study
we focalized the attention on particle localization in specific areas of the tumor after
intratumoral injection, localizing and identifying the preferential areas of particle
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accumulation due to the HA passivation. However, differences between protein
coating and HA coating must be assessed in future investigations.

Another limitation is the size of the spherical GNPs, which must be increased
from 40 nm to 100 nm to resonate at NIR and used for deep tissue illumination as
show in Chapter 7 with the nanoshells. Further work must be done to gain more
knowledge from particle distribution on different size in cancer applications. In
vivo imaging in mice as well as ex vivo analysis with inductively coupled plasma
optical emission spectroscopy (ICP-OES) have previously demonstrated the effect
of gold nanoparticle size on animal biodistribution indicating that 15 nm diameters
or smaller have long blood circulation times, while larger diameters accumulated
in the liver and spleen more rapidly [28]. However, no previous study has
investigated particle size effect on intratumoral distribution.

Moreover, non-orthotopic tumor masses can significantly differ from
orthotopic models in terms of cell density and organization, immune cell
infiltration, and overall tumor perfusion. While local administration of
nanoparticles in tumor areas is the key point of this study, local delivery is not
available in all clinical scenarios. Further experimental studies must keep in mind
these differences and keep into account those variables when designing pre-clinical
experiments. Indeed, this work is a proof-of-principle, which eventually will be
extended to other nanoparticles and tumor models.

Overall, the work presented in this thesis further demonstrates that engineering
the GNP surface as well as exploiting the physicochemical properties of GNPs can
enhance their biodistribution in heterogeneous tissues, enabling them as valuable
tools for different applications. The desire for researchers to fundamentally
understand and characterize the interactions between molecules and nanostructures
as well as nanomaterials and biological environments will fuel advancement of their
applications in the scientific and medical fields, ranging from new protocols for
pre-clinical research to specific drug products undergoing clinical trials.
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