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ABSTRACT

Ultrasmall gold nanoparticles (AuNPs) conjugated with cytotoxic drugs, such
as doxorubicin (Dox), have been shown to be promising chemotherapeutic agents
for overcoming multidrug resistance common in cancers. The particles improve drug
solubility, while the enhanced permeability and retention (EPR) effect improves tar-
geting. The EPR effect results from the increased vascular permeability of cancerous
or inflamed tissue, which causes particles of sizes <200 nm to accumulate preferen-
tially in the pathological areas. However, the EPR effect is not well established in
human cancers, so improved methods of active nanoparticle targeting have also been
sought. To elucidate whether the EPR effect alone is sufficient for tumour target-
ing, we developed peptide-based bioconjugation active targeting strategies for gold
nanoparticles. Bioconjugation to FREG-peptide is used to prevent FGF-2 dimeriza-
tion in the tumour microenvironment. Bioconjugation to MSH-peptide and myxoma
peptide are used to target tumour cell-specific molecules for melanocyte recogni-
tion and melanoma cytotoxicity. Bioconjugation to cRGD-peptide is used to target
tumour neovasculature via binding to «, 3 integrins. In vitro uptake and in vivo
biodistribution of peptide-conjugated gold nanoparticles is investigated using a va-
riety of modalities including confocal microscopy, transmission electron microscopy,
photoacoustic imaging, fluorescence imaging, and inductively coupled plasma mass

spectrometry.
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ABREGE

La conjuguaison des nanoparticules dor (Au) a des agents cytotoxiques comme
la doxorubicin constitue une approche chimiothérapeutique prometteuse capable de
surmonter la résistance cellulaire répandu dans les cellules cancéreuses. Les par-
ticules améliorent la solubilité des médicaments tandis que l'effet de perméabilité
et rétention (EPR) améliore leur ciblage. L’EPR est le résultat de 'augmentation
de la perméabilité des vaisseaux des tissus cancéreux ou enflammés, ce qui permet
aux particules inférieures a 200 nm de s’accumuler en préférence dans les tissus
pathologiques. Etant donné que 'EPR des cancers humains n’est pas encore tres
bien étudier, les chercheurs se sont retournés vers un meilleur ciblage actif par les
nanoparticules. Afin de comprendre si 'EPR seul est suffisant pour le ciblage des
tumeurs, nous avons développé une stratégie de ciblage actif basée sur la conjugai-
son des nanoparticules d’or a des peptides. La bioconjugaison au peptide FREG
est utilisée pour prévenir la dimérisation des FGF-2 dans le microenvironnement des
cancers. La bioconjugaison aux peptides MSH ou myxoma est utilisée pour cibler
des biomolécules spécifiques a la reconnaissance et au traitement du mélanome. La
bioconjugaison au peptide cRGD est utilisée pour cibler la néovascularisation tu-
morale via son interaction avec les intégrines a, f3. Des études d’absorption in vitro
et de biodistribution n vivo des conjuguées, peptides-Au, sont effectuées moyennant
plusieurs techniques telles que la microscopie confocale, la microscopie a transmis-
sion électronique, I'imagerie photoacoustique, I'imagerie de fluorescence, et la spec-

trométrie de masse a plasma couplé par induction.
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CHAPTER 1
Introduction

Nanoparticles may be defined as engineered materials with at least one dimen-
sion < 100 nm. The size and shape confer unique physicochemical properties that
make these particles useful for cancer imaging and therapy in a variety of ways: they
can improve drug delivery; they can act as anti-cancer agents alone or in synergy
with delivered cargo; and they can be made multifunctional to provide targeting,
imaging, and therapy all in one construct.

1.1 Nanoparticles for Drug Delivery and Cancer Therapy
1.1.1 Drug Delivery

Nanoemulsions and liposomes can be used to improve the pharmacokinetics of
chemotherapeutic drugs, which are often highly hydrophobic. Such preparations in-
clude several FDA-approved drugs, many of which are in widespread use, such as
Abraxane (a formulation of paclitaxel) and Doxil (a formulation of doxorubicin).
Such agents have been reviewed extensively [1, 2, 3, 4]. Most are delivered in-
travenously, but nanoparticle encapsulation has also been used for creation of oral
formulations of chemotherapeutic drugs. Oral drug delivery improves patient quality
of life and reduces cost, but is difficult due to degradation of drugs in the gastroin-
testinal tract and unpredictability of dosing, which can be critical with compounds

that have a low therapeutic index.



Other nanoparticle preparations influence drug delivery in more complex ways,
down to the cellular and subcellular level. Conjugation of multiple drug molecules to
the surface of a nanoparticle effectively concentrates the drug in a very small area,
which can influence endocytosis and affect cell membranes. The biological behavior
of such conjugates is highly size- and shape-dependent, both at the cellular and
organismal level. Manufactured nanomaterials can be reliably produced in a large
range of sizes, shapes, aspect ratios, and surface-to-volume ratios; common shapes
include spheres (solid or hollow), rods, stars or prisms, and nanotubes as shown in

Figure 1-1 [5].

Figure 1-1: Some sizes and shapes of biologically compatible nanostructures. (a)
Spherical CdTe quantum dots. (b) Au nanorods. (¢) CdSe quantum dots (arrow)
embedded in a lipid vesicle. (d) Au nanostar. (e) Au nanoprism. (f) Carbon nan-
otubes decorated with CdSe QDs (image courtesy the McGill Plasma Processing
Lab).

Figure 1-2 summarizes some of the mechanisms that lead to improved subcel-

lular delivery of nanoparticles vs. small molecule drugs alone. Spherical particles

2



40 — 60 nm in diameter can crosslink membrane receptors, leading to increased up-
take [6]. Smaller particles can improve cellular uptake rates; particles of sizes < 3 nm
have been shown to enter cell nuclei spontaneously. Larger particles may enter nu-
clei through specific mechanisms; in one study, 31 nm Au particles cross linked by
Pt were shown to enter the nuclei of lung cancer cells [7]. Particles that remain
attached to drugs may limit the function of drug efflux pumps, thus overcoming
transporter-associated drug resistance. The ability of nanoparticles to overcome cel-
lular doxorubicin resistance, for example, has been shown with porphyrin-polylactide

nanoparticles [8] and with gold nanoparticles [9].

e (4)
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Figure 1-2: Mechanisms of interaction of nanomaterials with cells. (1) Receptor-
mediated interactions, which may be multivalent. (2) Endosomal processing and drug
release; interactions of particles and released drugs with endosomes, mitochondria,
and other organelles. (3) entry through nuclear pores. (4) Interaction with drug
efflux pumps.

On an organismal level, optimized nanoparticle formulations can help drugs

evade the immune system and avoid sequestration by the reticuloendothelial system



(RES), and even to penetrate the blood-brain barrier‘[10, 11]. A 2008 study com-
pared the tissue distributions of injected Au nanoparticles (a commercial aqueous
suspension; probably citrate-capped) ranging in size from 10 to 250 nm.

Only 10 nm nanoparticles were found widely distributed outside the liver and
spleen [12]. Another study compared identical nanoparticles capped with polyethy-
lene glycol (PEG) chains of different lengths that terminated in NH,, COOH, or
OCH3. The unreactive methoxy group showed the best delivery to tumors, while the
COOH terminated particles were cleared rapidly [13]. Filamentous nanostructures
may persist for a long time in the blood circulation. In one study, filomicelles were
found to persist in the bloodstream and deliver paclitaxel to tumors [14].

1.1.2 Photodynamic Therapy

Quantum dots (QDs) have attracted a vast amount of interest as photodynamic
therapy agents, because they may also be photosensitized by any molecule capa-
ble of transferring energy or electrons to the nanoparticle, leading to production of
singlet oxygen as shown in Figure 1-3 [15]. Thus any anti-cancer drug with the
appropriate spectrum can become a photodynamic therapy agent if conjugated to an
activating QD. Increased reactive oxygen species (ROS) production compared with
free drug have been shown with QDs conjugated to traditional photodynamic therapy
(PDT) agents such as phthalocyanines [16, 17|, merocyanine-540 [18], porphyrins [19],
rose bengal and chlorin [20], as well as to other molecules such as platinum-based
chemotherapeutic agents [21], toluidine blue [22], and dopamine [23].

In addition, QDs may be very efficiently excited by 2- and even 3-photon pro-

cesses, so that deeply-penetrating near-infrared light may be used to excite them.
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Figure 1-3: Possible mechanisms of action of photodynamic therapy (PDT). Light
(shown as blue) excites a photosensitized nanoparticle (shown as green) creating an
electron-hole pair (orange circles). The electron may interact with a substrate S
(such as a lipid or other cell molecule) to create a substrate S*, which interacts with
oxygen to create reactive oxygen species. This is known as a type I reaction. A type
IT reaction occurs when the particle interacts directly with oxygen to create ROS.
In addition, the particle hole might interact with water to create hydroxyl radicals
(OH™). Any of these radical species can cause cell death and damage to microvessels,
and can generate immune responses.

The ideal phototherapeutic window for PDT is in the near IR, from 780 to 950 nm,
yet few PDT agents are excited with light of these long wavelengths. This is es-
pecially crucial for pigmented tumors, whose melanin granules absorb visible light,
making them refractory to visible-wavelength PDT [24]. Thus, there is rapidly emerg-
ing interest in the field of two-photon PDT [25, 26] for thick or pigmented tumors.
Photosensitizers for such applications must have large two-photon absorbance cross-
sections (2PA); unfortunately, most traditional PDT agents show low 2PA, 10—100

Goeppert-Mayer units (1 Goeppert-Meyer unit = 10—50 cm?-s-photon=!). Agents



developed specifically for 2-photon PDT have values from 1,200 to 1,500 Goeppert-
Meyer units, and have been shown to be excitable through 5—10 c¢m of tissue (the en-
tire thickness of a mouse body) [27, 28]. Quantum dots (both Cd-based and InP) have
tremendous 2-photon cross-sections: up to 47,000 Goeppert-Meyer units [29, 30].
However, as of late 2013, the potential of nanoparticles as two-photon PDT agents
remains largely unexplored; only a few reports of two-photon PDT on cell culture
systems exist [25], largely because of the complexity and expense of the lasers needed
to implement a 2-photon protocol.
1.1.3 Radiotherapy

High Z contrast media, such as iodine, gadolinium or gold, can radiosensitize
tissue in which they are present, leading to increased local tissue damage (within
a several-micron radius). This is particularly relevant to low energy X-rays and
gamma rays (Eq,, < 100 keV) because the mode of interaction is primarily pho-
toelectric  [31, 32]. An early animal study used a combination of the EPR effect
and radiosensitization to target mammary tumors in a mouse model [33]. Small Au
nanoparticles (1.9 nm diameter) injected intravenously selectively accumulated in
cancer tissue, with 2.7 g Au/kg body weight resulting in 7 mg Au/g in tumor. With
a typical of 250 kVp X-ray therapy, one-year survival was 86% (compared to 20%
with X-rays alone and 0% with gold alone). This remarkable study was followed by
numerous theoretical and experimental studies investigating the mechanism of Au
nanoparticle action as well as attempting to optimize Au particle concentration, size,

and targeting as well as the energy and dose of applied X-rays [34, 35, 36, 37].



The result is several on-going clinical trials of gold-nanoparticle assisted ra-
diation therapy (GNRT) for cancers treatable by kV X-rays, particularly locally
advanced breast cancer, which is life-threatening despite its local nature. Dose en-
hancement using 140 kVp X-rays is at least a factor of 2 at 7 mg Au/g tumor;
for MV X-rays, enhancement is only 1-7%. For brachytherapy using *?Ir gamma
rays (~380 keV), enhancement is up to 30%. Dose enhancement is increased when
particles are taken up by tumor cells. Uptake can be maximized by reducing parti-
cle size, using intratumoral delivery, or targeting the particles to cells using specific
receptors [36, 38].

There are two important barriers to GNRT: first, the large concentrations of
Au required are prohibitive for humans in terms of both cost and potential toxicity
(2.7 g/kg corresponds to over 100 g of Au injected for even the smallest adult); and
second, the degree of dose enhancement is not sufficient for radiotherapy-resistant
cancers. Other agents are being sought that use additional mechanisms besides the
photoelectric effect to enhance radiosensitivity.

1.1.4 Hybrid Photodynamic and Radiotherapy

The concept of nanoparticle-assisted hybrid of radiation therapy PDT has at-
tracted a good deal of attention over the past five years [39]. PDT and radiation
treatment may work in synergy, with their combined effects greater than additive [40].
The concept is simple: use a dye sensitizer that may be excited with ionizing radia-
tion rather than light, or attach an ordinary photosensitizing dye to a nanoparticle

that emits light when excited by therapeutic radiation (scintillates). If this light



overlaps the absorbance spectrum of the dye, then the dye will work effectively as

shown in Figure 1-4 .
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Figure 1-4: Concept of hybrid radio/photodynamic therapy. (a) In the hybrid con-
cept, ionizing radiation is used to excite a scintillating nanoparticle whose emission
spectrum overlaps the absorbance of the PDT dye. The dye then functions as in
PDT. (b) Emission of a typical scintillation emission (LaFs:Ce nanoparticles) with
verteporfin, an FDA-approved PDT agent.

LaF3:Ce particles are a type of scintillating nanoparticle whose emission (350—500 nm)
overlaps the absorption of many photosensitizing agents, including chlorins, ph-
thalocyanines, porphyrins, and the clinical photodynamic therapy drug Photofrin
(porfimer sodium), promising excellent energy transfer and therefore efficient sin-
glet oxygen generation. Modeling of realistic energy-transfer efficiencies vs. X-ray
energy suggests that X-ray energies of < 200 keV are optimal to excite LaF3:Ce-
photosensitizer conjugates, with doses < 100 Gy required to generate a killing amount
of singlet oxygen. Thus, brachytherapy alone may lead to efficient cell death using
these new particles for a variety of cancers. In addition, for intracavitary brachyther-

apy, or brachytherapy on lesions < 5 mm deep such as many head and neck cancers



(HNCs), use could even be made of electronic kV sources (currently FDA approved)
that would further improve the dose enhancement.

Lanthanum (III) ions are of low toxicity in humans; lanthanum carbonate is
currently being used as a drug for dialysis patients in managing excess phosphate
levels [41]. However, the in vivo toxicity of lanthanum-based nanoparticles remains
unknown, and animal models comparing the effectiveness of scintillating particles
with and without photosensitizers have not yet been reported.

1.1.5 Photothermal Therapy

Photothermal therapy uses localized heating to kill cells. Mild hyperthermia
(40 — 46°C) can induce apoptosis; higher temperatures rupture cell membranes,
leading to necrosis. IR light, ultrasound, and microwaves may all be used to effect
local heating, though the degree of damage to surrounding normal tissue must be con-
sidered for each method. The addition of a nanoparticulate agent that can increase
heating in response to the chosen stimulus has been investigated for several years.
Au nanoparticles excited by light at their plasmonic resonance relax nonradiatively
within 100 ps to produce a local temperature increase. In vitro, EGFR-antibody-
targeted Au nanoparticles bind more densely to squamous carcinoma cells than to
benign cells, so that less than half the energy is needed to eliminate the malignant
cells than to kill the benign cells [42].

Spherical Au particles have plasmon peaks in the visible wavelengths, however,
making them impractical for use in wvivo. In order to penetrate tissue, excitation
wavelengths in the near-IR are needed. Red-shifting of the plasmon peak can occur

by elongating the particles into rods, with the wavelength proportional to the aspect



ratio of the rod, or by creating Au nanoshells or nanocages [43]. The absorbance
of shells can be tuned by adjusting the ratio of size to shell thickness; the shells
may be hollow or may surround a core of another material. Nanocages are created
by creating vacancies in the crystal with another, less-noble metal, usually Ag; the
displacement of the Au leads to plasmonic red-shift [44, 45]. Other shapes, such as
nanohexapods, have also been proposed [46]. These particles and their success in
in vitro and small animal studies have been well reviewed elsewhere [43, 47, 48, 49].
Both nanorods and nanoshells are moving into clinical use in humans. The company
Nanospectra Biosciences has received an Investigational Device Exemption (IDE)
from the FDA for a pilot study of Au nanoshells in patients with head and neck
cancer. The National Cancer Institute Alliance for Nanotechnology in Cancer has
sponsored a gold nanorod study; the project will involve full preclinical toxicity
testing of the nanomaterials.

Other materials, such as carbon nanotubes (CNT) and graphene, also absorb
in the NIR and generate heat, so may potentially be used for photothermal therapy.
The barrier to their clinical use is greater than for Au, but promising studies have
been done on mice using PEGylated untargeted CNTs [50], as well as CNTs tar-
geted to mitochondria [51] or to annexin [52]. Graphene oxide is a newcomer to the
field, but a recent study showed impressive results in mouse US7TMG glioblastoma
xenografts [53].

1.1.6 Multifunctionality
One of the greatest strengths of nanoparticles is that they can be made to pro-

vide contrast in multiple imaging modes and to be indicators and therapeutic agents
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simultaneously. Both the core material and the particle surface may be made mul-
tifunctional. Sometimes adjustment of the core shape and size is all that is needed
to create multifunctionality; for example, ultrasmall Au nanoclusters (1.9 nm) show
NIR fluorescence along with the usual contrast properties of gold [54, 55]. Core ma-
terials may also be doped or shelled with other materials to provide imaging contrast
- for example, a quantum dot may be capped with a gold shell [56], or an iron oxide
core may be capped with fluorescent semiconductor material [57]. Semiconductors
may be doped to improve fluorescence or enable new imaging modalities. For ex-
ample, cadmium-free QDs may be doped with Mn to improve optical properties, or
Zn0O doped with lanthanum [58, 59]. Doping CdSe with Mn or Gd can render the
particles super-paramagnetic for MR contrast [60]. For all of these hybrid structures,
the synthesis procedures are often challenging, since the properties of one or both
core materials may be lost unless the parameters are carefully optimized.

The surface chemistry also contributes to the multifunctionality of nanoparti-
cles. Depending on the size of the particle, tens to thousands of ligands may be
coupled to the surface. These ligands may include tracers (such as radiotracers for
positron emission tomography) [61], fluorescent dyes, or multiple targeting agents.
The concentration of tracers usually does not have to be high, and so they may be
combined with targeting and therapeutic moieties. In some cases, exact stoichiome-
tries can be obtained by functionalizing the particle with different active groups.
Such control of synthesis is important for regulatory approval [62, 63, 64]. Figure

1-5(a) shows a schematic of a theoretical multifunctional particle.
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Figure 1-5: Some general types of multifunctional nanomaterials. (a) The small
size of a nanoparticle can be retained by shelling or doping with a different material
to provide additional physicochemical properties. The hybrid material may then
be conjugated to one or more targeting or therapeutic agents; agents for additional
contrast, such as PET isotopes, may also be attached. (b) Multiple nanoparticle
types and/or small molecules may be embedded into larger organic capsules. The
overall size of the construct is increased, but many variations are possible. (c¢) Carbon
nanotubes lend themselves readily to conjugation to different agents via w-stacking
and direct conjugation.

Another way to achieve multifunctionality is to encapsulate a variety of dif-
ferent materials within a polymer or matrix. This matrix may be porous to allow
drug molecules to diffuse out. One or more types of nanoparticles may be embedded
within the structure; this can also serve to reduce toxicity of nanomaterials, particu-
larly if the larger structures are readily excreted as shown in Figure 1-5(b). A large
number of such structures have been described in the literature: some examples use
liposomes [65, 66] solid lipid nanoparticles [67], and polymers [68, 69] containing one
or more nanoparticle types along with anticancer drugs. Elongated nanomaterials

such as nanotubes lend themselves readily to multiple types of functionalization.
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More than one molecule may be attached via m-stacking; the nanotube may also be
conjugated to one or more targeting agents as shown in Figure 1-5(c). For example,
in one study, both doxorubicin and a fluorescent label (fluorescein isothiocyanate)
were attached to the nanotubes by m-stacking, and folate was conjugated for target-
ing [70]. Nanotubes have also been conjugated to iron oxide [71] and gold particle [72]
for multifunctional detection. Novel methods of solubilization of the nanotubes that
facilitate conjugation of multiple labels are also being explored; one example is DNA
amplification on the surface of the nanotube, creating a long single-stranded molecule
that may be attached to multiple ligand [73].
1.2 Nanoparticles for Medical Imaging

The goal of cancer imaging is for early detection of tumour cells before the an-
giogenic switch or metastasis can occur [74, 75, 76], which has been shown to be
fundamental for better prognosis and patient survival in cervical, breast, colorec-
tal, prostate, and lung cancers, just to name a few [77]. There are currently many
nanoparticle-based imaging technologies in research and development to improve
upon the sensitivity and specificity of cancer imaging techniques. Common imaging
modalities used in conjugation with nanoparticles for cancer diagnosis include optical
imaging, x-ray computed tomography (CT), magnetic resonance imaging (MRI), and
ultrasonography. It is also common for engineering nanoparticles to be compatible
with multiple modalities of imaging, as well as to deliver therapeutics simultane-
ously. A table summarizing the use of nanoparticles as contrast agents in the various

modalities of medical imaging is presented in Table 1-1.
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Table 1-1

: Nanoparticles for Various Medical Imaging Modalities

Imaging Optical Computed Magnetic
Modality Imaging Tomography Resonance
Imaging
Visible of )
. Radio-frequency
Type of wave near-infrared X-ray
: waves
light
Tissue
penetration 300 — 800 pm No limit No limit
depth [78]
Spatial
resolution [79] 30 pm — 3 mm 50 — 200 pm 25 — 100 pm
TemPoral Secgnds to Minutes Minutes to hours
resolution [79] minutes

Metallic (Ta, Pt,

Au, Bi .
Quantum dots, & B ) Iron oxide-based
. . nanoparticles, .
Solid upconversion ) nanoparticles,
. : lanthanide (Gd,
nanoparticle nanoparticles, Dy, Yb) Gd-
contrast agents || nanocarriers with Yo 17 containing/doped
nanoparticles, .
fluorescent dye . . nanoparticles
nanocarriers with
iodine
Nanoparticulate Luminescence Alterca.t1f)1.1 of.the
: relaxivities in
contrast (fluorescence or | X-ray attenuation .
. . surrounding
mechanism upconversion)
water molecules
Drug delivery, Magnetic drug
Concomitant Photodynamic dose-enhanced targeting,
cancer therapy, drug radiotherapy, AMF-induced
therapies delivery photothermal hyperthermia,
therapy drug delivery
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1.2.1 Optical Imaging

Optical imaging for in vivo cancer detection is typically performed by intra-
venous or intradermal administration of fluorescent contrast agents followed by near-
infrared fluorescence (NIRF) imaging and tomography [80], fluorescence endoscopy
[81], spectrofluorometry [82], or laparoscopy [83]. Preclinical (and potential clini-
cal) applications of optical imaging for cancer include sentinel lymph node mapping,
noninvasive lymph node staging, neoplasm visualization, and image-guided surgery.
Near-infrared fluorescence emission of wavelengths between 650-900 nm are the most
useful as biological tissues display low absorption in this regime [84]. There are
many fluorescent dyes used for cancer diagnosis, such as cyanine dyes, squaraine,
phthalocyanines, porphyrin derivatives, and borondipyrromethane analogues, but
they generally suffer from the disadvantages of low fluorescence quantum yields in
the near-infrared wavelengths, high reactivity, and poor photostability [85, 86]. En-
gineered semiconductor nanocrystals (also known as inorganic quantum dots), up-
conversion nanoparticles, and fluorescent-dye loaded silica nanoparticles have been
developed to be used as better alternatives in optical imaging for cancer detection.

Semiconductor nanocrystals, also known as inorganic quantum dots, are typi-
cally core-shell architecture nanoparticles of group II/VI and II1/V elements stabi-
lized and capped with an organic functional layer [85]. Inorganic quantum dots have
broad excitation spectra, sharp and size tunable emission profiles, as well as robust
signal strength [87]. The size dependent emission characteristics of inorganic quan-
tum dots arise due to quantum confinement, which occurs in semiconductor materials

when the physical dimensions of the crystal structure are smaller than a critical value
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known as the exciton Bohr radius (usually 2 - 10 nm in diameter) [88]. Depending
on the elemental composition and size of the QDs, their emission wavelengths can be
tuned to the near-infrared region for in vivo and deep tissue imaging [89]. The sharp
emission profiles of QDs minimize spectral overlap in multicolor fluorescence systems
and their broad excitation spectra allow the possibility of using a single excitation
source [87]. These optical properties make QDs amendable for a wide variety of
multicolor fluorescence applications as demonstrated by Kobayashi et al. in multi-
color imaging by a single excitation source in investigating multiple lymphatic basins
simultaneously in mice in vivo [90]. Improving upon previous lymphatic drainage
studies, which used X-ray or magnetic resonant lymphangiography capable of only
studying one lymphatic basin at a time, Kobayashi et al. injected carboxyl CdSe
and CdTe QDs with different emission peaks intracutaneously into mice at different
locations of the neck and upper trunk to study the lymphatic network and predict
the route of cancer metastasis into lymph nodes [90]. The carboxyl QDs also main-
tained strong fluorescence signal for up to 3 hours and did not show up in secondary
draining lymph nodes, which make them excellent probes for sentinel lymph node
identification in cancer staging and prognosis [90]. Another application of QDs to op-
tical cancer imaging is tumour imaging for image-guided surgery. Surgical removal of
tumours prior to metastasis is often the most effective method to cure cancer, but is
complicated by ill-defined tumor margins and poor visibility of microscopic tumours
in surrounding healthy tissues [89]. Li et al. administered NIR-emitting cyclic RGD-
peptide conjugated CdTe QDs intravenously to mice bearing USTMG glioblastoma

tumours on the front flank [91]. The conjugated quantum dots actively targeted the
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xenograft tumour and when Li et al. used intraoperative NIR fluorescence imaging
to visualize the tumour, they were able to perform complete image-guided resection
to precisely remove the tumour mass [91]. There has been extensive debate around
the toxicity of QDs in vivo, mostly due to contrary results from a lack of standard-
ized toxicity protocol and multifarious quantum dot designs [92]. However, it is
generally agreed upon that the desorption of Cd, Se, Zn, Te, Hg, and Pb from the
nanoparticle core and generation of ROS are the major sources of QD related toxic-
ity [92]. To address these issues, it has been shown that InP and InP/ZnS quantum
dots are safer alternatives to Cd-containing QDs in terms of in wvitro and in vivo
cytotoxicity [93, 94].

Upconversion nanoparticles (UCNPs) are rare earth-doped ceramic nanomate-
rials which exhibit anti-Stokes shift optical characteristics, where long wavelengths
(like near-infrared light) are converted to shorter wavelengths (such as visible light)
via non-linear sequential absorption of two or more photons [95]. UCNPs offer dis-
tinct advantages over quantum dots and organic dyes in optical imaging manly be-
cause they can be excited by near-infrared wavelengths. UCNPs have excellent signal-
to-noise ratios and improved detection sensitivity due to reduced biological autofluo-
rescence, deep tissue penetration, and reduced tissue photodamage [96]. Rare earth
components in UCNPs are also approximately one-thousand fold less toxic than the
heavy metals within conventional inorganic quantum dots [97]. Xiong et al. have
developed RGD-peptide labeled Yb, Er, and Tm-doped NaYF, UCNPs that actively
target o, (33 integrin receptors for upconversion luminescence in vitro, ex vivo, and in

vivo imaging [98]. Xiong et al. were able to demonstrate in vivo and ex vivo imaging
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of USTMG glioblastoma tumours within nude mice and achieve penetration depths
of 600um in tissue slices [98]. Recently, Pan et al. reported the use of folic acid-
conjugated silica-modified Gd and Tm-doped NaYbF4 nanocrystals for targeted in
viwo luminescence imaging of folate receptors on MGC-803 cells in a gastric cancer
tumour xenograft nude mice model [99]. Despite the obvious advantages of upconver-
sion nanoparticles in in vivo imaging, it is important to note that their development
is still in the early stage with many questions regarding their cytotoxicity, biodistri-
bution, and excretion routes remaining to be investigated systematically [100].

Aside from the aforementioned nanoparticles, other classes of nanoparticles have
also been developed for cancer detection by optical fluorescence imaging, such as
aggregation-induced emission nanoparticles [101], NIR fluorescent albumin nanopar-
ticles [102], fluorophores in polymer, dendrimer, or liposome nanocarriers [103].
1.2.2 X-ray Computed Tomography

X-ray computed tomography (CT) imaging is one of the most convenient imag-
ing and diagnostic tools available in hospitals due to its availability, high efficiency,
and low cost [104]. Conventionally, CT is used for structural imaging for tumour loca-
tion, size, and spread by injecting into patients intravenously or intraarterially small
iodinated molecules such as iopromide and iodixanol as contrast agents [104, 105].
While these iodine agents are effective at absorbing x-rays, they undergo rapid re-
nal clearance and vascular permeation, which limit imaging time [104]. Furthermore,
they cannot be used in molecular or functional imaging as it is difficult to deliver suf-

ficient concentration of their conjugates with antibodies and targeting moieties [106].
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Nanoparticles are emerging as new contrast agents due to (1) their prolonged cir-
culation time, (2) specific molecular targeting capabilities for differential uptake in
tumours, and (3) tunable size and composition of high atomic number elements with
K-shell electron binding energy (K-edge) values within the clinical use X-ray spec-
trum for improved x-ray attenuation and necessitating lower patient doses [104, 107].
The primary types of nanoparticulate x-ray contrast agents include the metallic
nanoparticles containing 73Ta, 7sPt, 79Au, or g3Bi, lanthanide nanoparticles contain-
ing 64Gd, 6Dy, or 70Yb, and binary contrast agents containing multiple elements
with differential K-edge values [107].

Gold nanoparticles as an x-ray contrast agent were first reported by Hainfeld
et al. [106]. Gold nanoparticles have high x-ray attenuation due to its high atomic
number, high density, and high absorptivity due to its favourable k-edge energy
in the range of clinical CT operating voltages [106, 108]. Further advantages of
gold nanoparticles are its relative ease of synthesis, multifarious methods of surface
modification and functionalization, as well as its good biocompatibility and nontox-
icity [105, 108]. Reuveni et al. demonstrated the use of molecular cancer imaging
with clinical CT and gold nanoparticles by using PEGylated and anti-EGFR anti-
body conjugated gold nanoparticles to target A341 human head and neck tumour
cells in mice in vivo [109]. Reuveni et al. reported significant and specific contrast
enhancement from the actively targeted nanoparticles even with a clinical CT for
mice [109]. Although the high price of gold coupled with the need for high dosage of
gold nanoparticles to achieve sufficient contrast represents a challenge in the commer-

cialization and widespread use of gold nanoparticles as CT contrast agents [106, 107].
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Bismuth sulfide (BisS3) nanoparticles are less expensive than gold nanoparticles and
have been shown to be equal or superior to iodinated contrast agents by Rabin et
al. [107, 110]. Controlled synthesis and surface modification of BisS; nanoparticles is
still relatively unexplored, but ligand exchange methods with poly(vinylpyrrolidone)
and thioether formation methods between PEG-maleimide and cysteine moieties
have been demonstrated thus far [111, 112]. Specifically, Kinsella et al. has demon-
strated the use of LyP-1 peptide-labeled BiyS; nanoparticles for targeted CT imag-
ing of 4T1 breast cancer in mice in vivo [112]. Kinsella et al. reported that their
bismuth-based nanoparticle contrast agent yielded sufficient tumour contrast up to 1
week after injection, and the nanoparticles primarily undergo a fecal clearance [112].
However, the intrinsic toxicity of bismuth remains a concern [113]. Tantalum oxide
nanoparticles (TaO,) are also inexpensive, can be modified by silane derivatives, and
are generally considered non-toxic and bioinert [104, 113]. Oh et al. have demon-
strated the use of PEGylated and rhodamine-labeled TaO, nanoparticles in sentinel
lymph node mapping with CT 2 hours after intradermal injection [113]. There are
advances in the development of TaO, nanoparticles to reduce the viscosity of con-
centrated particle solutions and decrease their tissue retention in vivo [114].
Lanthanide nanoparticles are often designed as multimodal upconversion fluores-
cence/ MRI/CT imaging contrast agents [105, 107]. Doping with gadolinium in lan-
thanide nanoparticles provides strong T and Ty relaxation times for MRI contrast,
which will be described in the next section. Lanthanides, especially ytterbium, have
proper K-edge energies within the higher-intensity region of the x-ray spectrum used

in clinical CT, providing greater intrinsic CT contrast and lower radiation exposure
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to patients as compared to iodine and other metallic elements [115]. Experiments by
Liu et al. showed PEGylated Yb nanoparticles provides better CT signal and longer
circulation time than conventional iobitridol, and also has a reduced dose require-
ment, which suggests they can be used for detecting cancer metastasis by lymph
node mapping [115]. However, the relatively large size of the PEGylated lanthanide
nanoparticles have slow elimination and may be a source of concern [115].

Binary contrast agents are nanoparticles that contain two CT contrast elements
with differential K-edge values within the x-ray spectrum to have greater x-ray at-
tenuation than conventional iodine agents over the entire operating voltage range of
clinical CT [107]. The operating voltage of clinical CT ranges from 80 kVp when
used on pediatric patients to 140 kVp for overweight patients, and this affects the
x-ray attenuation of each element due to the location of the K-edge in relation to
the intensity region of the x-ray spectrum generated at each operating voltage [116].
Liu et al. developed PEGylated and silica-coated BaYbF5 nanoparticles as binary
CT contrast agents [116]. Their studies showed the binary contrast agents provides
better contrast efficacy than lobitridol and single contrast element nanoparticles over
the entire range of 80 — 140 kVp and can be used for angiography in rabbits [116].
Whether these nanoparticles can be adapted for cancer imaging by C'T remains to be
shown. Nanoparticulate x-ray contrast agents have shown great promise in cancer
detection, but much work is still required in preclinical development for targeted
molecular and functional imaging of tumours and clinical validation, specifically de-
termining biocompatibility, contrast efficacy, cost effectiveness, in vivo circulation

time, and long term colloidal stability in physiological conditions [107].
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1.2.3 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a powerful diagnostic tool for tumour de-
tection because it can give high resolution anatomic images of soft tissues [117]. MRI
can be performed with magnetic nanoparticles or nanocarriers encapsulating MRI
contrast agents. Magnetic nanoparticles are typically ferrites with a general compo-
sition of MFe;O3 (where M is a divalent metal cation that includes nickel (Ni), cobalt
(Co), magnesium (Mg), or zinc (Zn)), magnetite (Fe3Oy4), maghemite (y-Fe,O3), or
iron-platinum alloys (FePt) [118]. These contrast agents modify the relaxation rates
of surrounding water proton spins to generate contrast in nanoparticle concentrated
regions [119]. The relaxation rate is based on (1) longitudinal relaxation (also known
as Ty or spin-lattice relaxation), which is related to the energy exchange between
spins and their surroundings, and (2) transverse relaxation (also known as Ty or
spin-spin relaxation), which is related to the loss of phase coherence of the spins
due to spin-spin interactions [119]. Magnetite and maghemite-based ferromagnetic
and superparamagnetic nanoparticles have been used clinically as Ty contrast agents
for around 20 years and are considered highly biocompatible with negligible toxicity
concerns [119, 120].

Commercially available superparamagnetic iron oxide (SPIO) nanoparticles, such
as ferumoxide and ferucarbotran, are taken up intrinsically by Kupffer cells and typ-
ically accumulate in the liver, spleen, and bone marrow [117, 120, 121]. If there are
primary liver tumors or liver metastasis, the region will be devoid of Kupffer cells

and have negligible accumulation of SPIO nanoparticles, therefore allowing MRI
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detection of abnormal tissue [117]. Ultrasmall superparamagnetic iron oxide (US-
PIO) nanoparticles with diameter less than 50 nm, such as Combidex, are used in
lymph-node imaging for tumor staging [117]. USPIO are only taken up by nodal
macrophages in normal lymph nodes since nodes with metastasized malignant cells
do not have macrophages, which results in different signal intensities on MR im-
ages [117, 122]. Modification of SPIO and USPIO nanoparticles to achieve greater
relaxivities and add new targeted capabilities for improved tumour detection have
been explored by using a variety of surface functionalization methods such as lig-
and exchange, organic coating, and inorganic coating [117, 119]. It is important
to optimize the surface chemistry of magnetic nanoparticles as the MR relaxivity
is decreased by excluding water molecules from the magnetic core, while conversely
improved by increasing the residence time of water molecules due to hydrogen bond-
ing to the ligands [123]. Xie et al. reported the use of lactoferrin-conjugated SPIO
nanoparticles that cross the blood-brain barrier to detect brain gliomas in a C6
glioma-rat xenograft animal model with improved Ty contrast of the tumour and
surrounding vascular regions for up to 48 hours [124]. Wadajkar et al. demonstrated
the use of thermo-responsive polymer-coated and R11 peptide conjugated iron oxide
nanoparticles for active targeting and Ty contrast MR imaging of prostate cancer in
vwo in a PC3-KD prostate cancer xenograft SCID mouse model, with therapeutic
potential for magnetic hyperthermia and temperature-dependent drug release [125].

More recently, nanoparticulate T; contrast agents for positive MR contrast are
being developed as alternatives to negative Ty contrast agents [117, 119]. The main

advantage of T contrast agents is their ability to enhance a signal-increasing imaging
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effect for positive contrast to clearly distinguish nanoparticle-concentrated regions
from pathogenic or other biological conditions [117]. Conversely, Ty contrast agents
produce signal-decreasing effects for negative contrast and result in dark signals that
can potentially be misinterpreted as erroneous pathogenic conditions [117]. The
use of Ty contrast agents also suffers from susceptibility artifacts or the blooming
effect due to their disruption of magnetic homogeneity in neighbouring normal tis-
sues [117]. Examples of reported nanoparticulate T; contrast agents in development
include nanocarriers encapsulating Gd** ions, as well as nanoparticles containing
Gdy03, GdF3, GAPOy4, MnO, or FeCo [117]. However, these contrast agents suffer
from complicated or expensive synthesis, difficulty in controlling of uniform size dis-
tribution, and a poor understanding of the underlying contrast mechanism in some
cases [117]. There is also some concern regarding the toxic side effects of leached
gadolinium ions from these nanoparticles, such as nephrogenic systemic fibrosis [123].

Interestingly, while there were numerous nanoparticulate MR contrast agents ap-
proved for clinical use, several of these products have been withdrawn from American
and European markets [126]. It is believed that the development of multimodal clini-
cal imaging contrast agents represents a more promising approach to accurate tumor
diagnosis and nanoparticle commercialization [126]. For example, Madru et al. have
reported the development of ™Tec-labeled superparamagnetic iron oxide nanopar-
ticles for multimodal single-photon emission computed tomography (SPECT)-MRI
and demonstrated for sentinel lymph node mapping [127]. Additionally, Ma et al.
successfully performed in vivo breast tumour imaging by dual-modality NIR fluores-

cence imaging and MRI by their engineered MQQ-probes, which are multilayered,
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core-shell silica nanoprobes of encapsulated quantum dots and magnetite nanoparti-
cles, conjugated to anti-HER2 antibodies [128].
1.3 Nanoparticle Biodistribution

The biodistribution and clearance of nanoparticles in general is a very com-
plex and important issue when discussing efficacy of nanomedicines or toxicity of
nanoparticles in the human body for FDA approval [129]. The general scheme of
nanoparticle clearance seems to be through three main mechanisms: renal, hepatic,
and RES (reticuloendothelial system) [130].

In renal clearance through the kidneys and ultimately excretion into the urine,
the glomerular capillary wall has fenestrated endothelium, highly negatively charged
glomerular basement membrane and podocyte extensions of glomerular epithelial
cells [131]. The size barrier is the filtration slit, with physiological pore size of 4.5
- 5 nm. Particles between 6 - 8 nm can still pass through based on charge interac-
tions (positive NPs are more readily filtered due to the negative membrane) [131].
Particles may also become resorbed in the proximal tubule due to the negatively
charged nature of the epithelial cells [131]. Renal clearance is the preferable pathway
for nanoparticles to minimize intracellular catabolism and enzymatic modification
leading to undesirable nanomaterial retention and cytotoxicity [131].

In hepatic clearance, hepatocytes in the liver eliminate foreign substances and
particles by endocytosis, followed by enzymatic breakdown of the particles, and ex-
cretion into the bile via the biliary system [131]. Nanoparticles between 10 - 20 nm
in size undergo rapid liver uptake, but the subsequent hepatic processing and biliary

excretion is usually slow [131]. The prolonged retention of nanoparticles from this
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relatively slow clearance pathway and associated complex catabolites represents a
concern of toxicity to the liver parenchyma [131].

Clearance through the RES results from the removal of nanoparticles from the
blood by phagocytic cells in the blood and tissues [132]. Examples of phagocytic cells
of the RES include blood-circulating monocytes, hepatic Kupffer cells, splenic red-
pulp and marginal zone macrophages, as well as bone marrow persinal macrophages
and sinus endothelial cells [130]. Surface opsonization, where opsonins and other
complement or immune proteins are deposited on the nanoparticle surface, mediate
nanoparticle recognition and their clearance from the blood by the RES [1, 130].
Surface stabilization of nanoparticles with polyethylene glycol (PEG) represents the
most popular and effective strategy to prevent surface opsonization via steric hin-
drance and improve blood circulation time of the nanoparticle [132]. Nanoparticles
undergo intracellular degradation inside RES cells when phagocytosed, and if they
cannot be broken by these intracellular processes they will remain within the cell
and be retained by the body in mostly the spleen and liver [131, 133].

1.3.1 Parameters Affecting Nanoparticle Biodistribution

The chemical and physical properties of nanoparticles have a great effect on
their cellular uptake, in vivo clearance, and biodistribution. The effect of nanoparti-
cle size has been studied extensively and the general trend is that nanoparticles of size
30 — 50 nm are best for cellular uptake by endocytosis as their ligand density is opti-
mal to drive membrane wrapping while preventing depletion of local receptions [134].

Zhang et al. have reported that ultrasmall gold nanoparticles (diameters less than
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5 nm) can enter cells and even the nucleus [9]. In vivo, nanoparticle size dictates tu-
mour penetration and circulation time. There are many contradictory findings, but
small nanoparticles (around 20 nm) have better tumour penetration, whereas large
nanoparticles (100 nm) become trapped in the extracellular matrix after extravascat-
ing the blood vessel [134]. Nanoparticle surface charge is also an important physical
factor in determining biodistribution as this affects the adsorption of opsonins and
physical interaction with charged membranes and fenestrations. It has been found
by Arvizo et al. that neutral and zwitterionic nanoparticles demonstrate longer cir-
culation time via both intraperitoneal and intravenous administration, whereas neg-
atively and positively charged nanoparticles have relatively shorter half-lives [135].
Nanoparticle surface charge also modulates their distribution, accumulation, and ex-
cretion. Nanoparticles with negative headgroups are more likely to be sequestered
in the liver [135]. Negatively charged nanoparticles provide better systemic exposure
than positively charged nanoparticles which are rapidly cleared [135]. The addition
of targeting moieties on nanoparticle surfaces for active targeting can change the
biodistribution of nanoparticles and is discussed later in greater detail. The geome-
try and shape of the nanoparticle can change the interaction of the nanoparticle with
membranes, as well as its margination and tumour extravasation. It is possible to
engineer nanoparticles into a variety of shapes and aspect ratios including spheres,
rods, pyramids, stars, cages, plates, etc [136]. Some novel nanoparticle shapes include
gold nanostarfruits [137], silver nanocarrots [138], silica nanomatryoshkas [139], and

platinum multicore-cesium oxide shell nanopomegranates [140]. The shape of the
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nanoparticle affects its binding affinity to ligands on a surface because flat nanopar-
ticles support more numerous ligand interactions through greater surface contact,
increased effective local concentration, and relieves conformational stresses imposed
on ligands interacting between curved surfaces [141]. Molecular modelling of differ-
ent shapes of nanoparticles interacting with cell membranes have shown that the
shape affects both internalization rate and percentage [142, 143]. In vitro experi-
ments of gold nanoparticles in HeLa cells confirm this shape-dependent effect, where
uptake of nanorods is lower than nanospheres [144]. In the context of nanoparticle
clearance by the RES, Champion et al. showed that particle shape plays a dom-
inant role over size in macrophage phagocytosis [145]. Phagocytic cells are more
adept at engulfing nanospheres due to their complete symmetry that requires less
complex actin restructuring as opposed to nanoparticles with anisotropic presenta-
tion [145]. In the context of biodistribution and blood circulation, nanospheres are
more likely to remain in the center of blood flow due to their more fluid dynamic
isotropic shape; whereas nanorods are subject to torsional flow from their anisotropy
and thus more likely to drift to vessel walls [146]. Computer simulations in microflu-
idic models confirm these margination effects and further suggest that increasing the
aspect ratio of nanorods increases the adhesive forces between the nanoparticles and
vessel walls [146, 147]. Smith et al. compared the tumour extravasation capabil-
ity of spherical quantum dots and high-aspect ratio carbon nanotubes with similar
zeta-potential, surface area, and surface modification against three different tumour
types with different pore architectures [148]. Smith et al. reported that spheri-

cal nanoparticles undergo convective transport to extravasate into tumours, and is
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therefore dictated by cut-off pore sizes [148]. On the other hand, high aspect-ratio
nanoparticles can undergo slower diffusive transport to enter tumours with cut-off
pore sizes smaller than their longest dimension (but still larger than their shortest
dimension) [148]. Overall, nanorods have been shown to have longer circulation time
in the blood due to reduced phagocytosis by macrophages and decreased elimination,
which leads to more passive accumulation into solid tumours [149].
1.3.2 Methods of Determining Biodistribution

It is important to study the interaction of nanoparticles in in vivo biological sys-
tems such that a more accurate assessment of the relationship between physical and
chemical properties of nanoparticles with their distribution, clearance, immunological
responses, and metabolism can be achieved [150]. In typical biodistribution studies,
nanoparticles are injected into test animals, which are subsequently sacrificed and
have their organs harvested to perform elemental analysis [150]. In the context of
gold nanoparticles, instrumental neutron activation analysis (INAA) and inductively
coupled plasma-mass spectrometry (ICPMS) are the “gold” standards for accurately
determining the concentration and localization of gold nanoparticles in animal tis-
sues [151]. In ICPMS, the sample is nebulized by a plasma torch and converted to
plasma prior to quantification by a mass spectrometer system [152]. The limit of de-
tection for gold using ICPMS can reach 0.001 pug/kg, which is more than sufficient for
an accurate quantitative analysis of gold nanoparticle distribution [151, 152]. This
type of biodistribution analysis is problematic because it is an endpoint sampling
method that is costly, time-consuming, and yields only bulk organ-level resolution.

Furthermore, it cannot be translated into human clinical research easily. Histology,
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autometallography, and electron microscopy (including scanning electron microscopy
and transmission electron microscopy with energy dispersive x-ray spectroscopy and
its variants) are qualitative techniques that can improve the biological resolution of
localizing gold nanoparticles in tissues. However, these methods also suffer from
similar drawbacks of the need to sacrifice animals and intensive sample prepara-
tion [151]. It is evident that there is a need to develop new methods to evaluate in
vivo biodistribution of nanoparticles quantitatively in real-time.

In vivo optical and optoacoustic techniques have been suggested and devel-
oped to supplement these conventional biodistribution study methods [151]. Gold
nanoparticles can be made to be inherently fluorescent without conjugation to fluo-
rophores [153]. Reported quantum yields for these gold nanoparticles range from 107
to 1072, and depends on the choice of capping ligand and size of the gold nanoparticle
core [153]. There have been numerous examples in the literature of using fluores-
cent nanoparticles for in vivo whole animal and excised organs imaging. Liu et al.
used in situ fluorescence imaging of tumour-bearing nude mice to quantitatively de-
termine the pharmacokinetics and passive tumour targeting effects of NIR-emitting
glutathione-coated luminescent gold nanoparticles [154]. Sykes et al. demonstrated
the use of noninvasive and rapid skin biopsies coupled with optical imaging to analyze
gold nanoparticle and quantum dot exposure in animals [155]. Novel non-imaging
methods of assisting with nanoparticle biodistribution studies include an automated
dosing/blood sampling system designed and verified by Wang et al. that can be used
with awake and freely moving rats that may be applicable for studying the blood

circulation of nanoparticles [156, 157].
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1.4 Targeting Strategies for Nanoparticle Drug Delivery
1.4.1 Passive Targeting and the EPR Effect

One of the most compelling reasons to use nanoparticle formulations of chemother-
apeutic agents is the enhanced permeability and retention (EPR) effect, first de-
scribed in 1986. The EPR effect causes nanoparticles to accumulate passively in
tumors because of the leaky vasculature and impaired lymphatic drainage in cancers.
This can make non-toxic nanoparticles effective passive carriers of chemotherapeutic
agents that otherwise cause significant morbidity in non-target organs [158, 159, 160].
The EPR effect has been demonstrated in a variety of animal xenograft models and
is the basis of action for drugs such as Doxil. However, the extent to which it is useful
in human cancers remains not fully understood [161]. Attempts to correlate EPR
effect with a single biomarker, such as vascular endothelial growth factor (VEGF),
have not been successful. Many features of tumors, including interstitial pressure,
components of the extracellular matrix, and perhaps even hormones such as estradiol,
can determine the degree of EPR effect seen in each particular cancer [162, 163, 164].
Clinical imaging can demonstrate the degree of EPR seen in a specific cancer and
aid in the prediction of nanomaterial accumulation on a case-by-case basis [165].
1.4.2 Active Targeting

Cancers overexpress a number of surface molecules. Some are related to the gen-
erally increased metabolism of malignant tissue, such as the folate receptors; others
are specific to the cell type of origin, such as estrogen receptors. The first generation
of receptor-targeted drugs aimed to inhibit cell growth by inhibiting the receptors.

Molecular blockade of epidermal growth factor receptor (EGFR) has shown clinical
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efficacy in skin, thyroid, colon, ovarian, non-small cell lung and breast cancer [166].
Recent pre-clinical and clinical studies have shown that the EGFR blockade can work
synergistically with radiation therapy in all of the forms of cancer in which EGFR is
overexpressed [167, 168, 169, 170]. Another common target is VEGF, which permits
angiogenesis [171]. Drug-antibody conjugates may improve targeting of cytotoxic
drugs as well as create synergy between receptor blockade and drug action. There
are over a dozen antibody-drug conjugates (without nanoparticles) in clinical tri-
als [172]. However, when nanoparticles are added, it is not clear whether specific
targeting necessarily improves results over the EPR effect alone. The analysis of
results is complicated by the fact that targeting may be improved in two ways: by
increasing delivery to the bulk of the tumor as opposed to non-target organs, or by
improving uptake by cells once the agent is in the tumor.

These effects are rarely studied together and may in fact be influenced in oppo-
site directions. One study, using 50 nm Au particles, showed that targeting the par-
ticles with transferrin did not lead to increased uptake by the tumor tissues relative
to the liver and other organs. However, there was increased cellular uptake by tumor
cells overexpressing transferrin receptors, proportional to the degree of transferrin
conjugation to the particles [173]. Although those particles were not therapeutic,
later studies indicated that particles bearing paclitaxel were more effective against a
human prostate cancer cell line (PC3) when they were conjugated to transferrin [174].
Apart from antibodies, transferrin, and folate, other targeting moieties include pep-
tides and aptamers. Peptides are an appealing alternative to antibodies because

they are less immunogenic and do not require humanization. They are also easy
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to synthesize. Although stability is often an issue, it can be addressed by altering
the sequence, using artificial amino acids, or cyclization. Peptides specific to certain
receptors have been discovered using combinatorial techniques [175, 176]. Aptamers
are also widely investigated for targeting [177]. One study reported nanoparticle
conjugates to the A10 aptamer for targeting the prostate specific membrane anti-
gen (PSMA); the same researchers later found that a single intratumoral injection
reduced tumor size in xenografts of LNCaP prostate cancer cells [178, 179].

The jury remains out on the value of targeting nanoparticles to tumors, though
given the failure of some tumors to demonstrate a robust EPR effect, some method
of targeting will doubtless develop as nanoparticle agents move into the clinic. The
issue of targeting metastases is also a key one, as methods for treating large, vis-
ible, highly vascularized tumors are different for those targeting small clusters of
cells [180]. A thorough review of targeting schemes used for nanoparticles may be
found elsewhere [181].

1.5 Motivation and Project Background
1.5.1 Melanoma

Melanoma is an aggressive form of skin cancer that is responsible for 75% of all
skin-cancer associated deaths [182]. It is a malignant neoplasm of melanocytes, which
are specialized epidermal cells that produce the melanin pigment to give skin its color
and protect it from ultraviolet (UV) radiation damage [183]. The oncogenesis of
melanoma has been associated with environmental risk factors such as UV radiation
exposure, as well as host factors such as the number of melanocytic nevi, familial

history, and the pigmentary-related susceptibility gene MC1R [184, 185]. In the early
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stages of melanoma, the tumour develops radially or laterally within the epidermis,
and gradually forms microscopic extensions to invade the superficial papillary dermis
and grow vertically and ultimately metastasize throughout the body [183]. Primary
melanoma can originate anywhere over the body, but it is most commonly found in
the trunk or extremities [186]. The incidence of melanoma in the developed world has
been increasing for the past 50 years, specifically in the United States the incidence
has increased from 6.8 per 100,000 people in 1973 to 20.1 per 100,000 people from
2003—2007 [183, 185].

Melanoma is highly curable if diagnosed in the early stages where the tumour
depth is less than 1 mm [185]. The standard strategy for melanoma treatment is
wide margin surgical excision [183]. In cases where wide margins are not possible
such as melanomas of the head and neck, Mohs micrographic surgery is also an op-
tion [183]. However, advanced metastatic melanoma cases have significantly poorer
survival rates (median survival < 1 year) [187]. Metastatic melanoma lacks satisfac-
tory treatment strategies as it is extremely resistant to conventional DNA-damaging
chemotherapeutics, such as dacarbazine, cisplatin, carmustine, and tamoxifen, by
overexpression of DNA repair genes [188]. Though approved by the FDA in the
late 1990s, other treatments such as interferon-a adjuvant therapy and interleukin-2
immunotherapy only marginally improve survival rates and remission [183, 189]. In
the last decade, there has been a resurgence of new therapies and drug agents in
clinical development for melanoma. Antibody blockade of cytotoxic T-Lymphocyte-
associated antigen 4 (CTLA-4) by tremelimumab and ipilimumab serve to prevent

T-cell deactivation and enhance melanoma immune responsiveness for patients with
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metastatic melanoma [187, 189, 190]. New chemotherapeutic agents that inhibit
the mitogen-activated protein kinase (MAPK) pathway such as dabrafenib are also
being investigated in mono- or combinational therapies to inhibit the most frequently
mutated BRAF oncogene present in 60-70% of melanoma cases [187, 190, 191].

Nanoparticle-based therapeutic approaches have made huge advances in melanoma
treatment. Combinational therapy with multiple chemotherapeutic drugs can over-
come multidrug resistance in tumours. Combined BRAF and MEK inhibition of the
MAPK pathway in melanoma patients by dabrafenib and trametinib in combina-
tional therapy was approved by the FDA in 2013 [192]. Nanoparticulate drug delivery
systems can be used in these therapies as a platform to standardize pharmacokinetic
properties of the combinatorial drugs, as well as determine the appropriate dosing
and administration route [193]. Nanoparticles have also been used in melanoma
treatment to improve the tolerance of conventional chemotherapeutic agents.
1.5.2 Peptide Guidance of Nanoparticles

There are five main stages of nanoparticle-based delivery systems for cancer
therapy: blood circulation, tumour neovasculature, tumour penetration, tumour
cell recognition, and organelle targeting [194]. There have been many strategies
to conjugate different types of targeting moieties on nanoparticles to guide them
through these stages, including amphiphilic polymers, polyethylene glycol coating,
streptavidin-biotin systems, antibodies, affibodies, aptamers, and ligands [195]. Pep-
tide guidance of nanoparticles is advantageous compared to other bioconjugation-
based approaches because peptides have a higher binding affinity and specificity

to receptors [194, 196]. Furthermore, it is possible to rationally combine peptide
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sequences to form multi-targeting and multi-staging ligands. Agemy et al. lig-

ated a mitochondrial localization peptide (CGKRK) with a proapoptotic peptide

(p[KLAKLAK],) and conjugated the combined peptide sequence onto iron oxide

nanoworms for enhanced delivery and treatment of glioblastoma [197].

1.6 Project Goals and Specific Aims

The two main goals and respective specific aims of this project are:
1) To elucidate whether the EPR effect alone is sufficient for tumour targeting or
active targeting moieties are necessary when using ultrasmall gold nanoparticles
for drug delivery in melanoma treatment
a) Synthesize and characterize ultrasmall, water-soluble gold nanoparticles func-
tionalized with PEG and targeting peptides

b) Evaluate and compare the in wvivo biodistribution of gold nanoparticle con-
jugates in B16 melanoma tumour-bearing C57/BL6 mice using inductively
coupled plasma mass spectrometry

2) To correlate the cellular uptake and in vivo biodistribution of the ultrasmall gold
nanoparticles using a variety of imaging modalities in vitro and in vivo
a) Evaluate the in vitro cellular uptake of ultrasmall gold nanoparticles in excised

B16 melanoma tumours using environmental scanning electron microscopy
(ESEM) and scanning transmission electron microscopy (STEM)
b) Evaluate the in vivo biodistribution of ultrasmall gold nanoparticles in excised

organs using photoacoustic and fluorescence imaging
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CHAPTER 2
Materials and Methods

2.1 Synthesis and Functionalization of Gold Nanoparticles
2.1.1 Gold Nanoparticle Synthesis

Gold nanoparticle synthesis was performed as outlined in Zhang et al. [9]. 0.19 g
of N-2-mercaptopropionylglycine (common name: tiopronin) and 280 uL of gold (I1I)
chloride (wt. 30% in HCl) was added into a 250 mL round-bottom flask filled with
solvent (2.85 mL of glacial acetic acid and 17.15 mL of methanol). By changing the
ratio of gold atoms to tiopronin ligands, the size of synthesized gold nanoparticles
can vary from 2.7 nm (tiopronin 3:1 Au) to 1.9 nm (tiopronin 5:1 Au). The flask
was stirred in the fume hood until homogeneous for about 30 minutes and the so-
lution changed to a pale yellow color. 0.3 g of sodium borohydrate was added to
7.5 mL of Milli-Q ultrapure water and mixed well before being slowly added to the
round-bottom flask. The new solution became jet black in color and was continu-
ously stirred for about 1 hour to become completely homogeneous The solvent was
removed by rotary evaporation in a 40 °C water bath for approximately 1 hour. The
dense solution was diluted to 15 mL by distilled water. The pH of the solution was
adjusted to pH 1 by adding hydrochloric acid drop-wise. The solution was pipetted
into dialysis tubing (cellulose membrane, molecular weight cut-off of 14 kDa) then
dialyzed for 72 hours in 4 L of distilled water, changing water approximately every

12 hours. The gold nanoparticle solution was then filtered 3 times using a 3 kDa
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centrifuge filter with distilled water. The concentration of the gold nanoparticle so-
lution was determined by taking the optical density at 420 nm by a spectrometer in

a cuvette and interpolating from a standard curve.
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Figure 2—1: Schematic of tiopronin-capped gold nanoparticles

2.1.2 PEGylation of Gold Nanoparticles
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Figure 2-2: Schematic of Au-PEG-COOH nanoparticles

A ligand exchange reaction was used to functionalize tiopronin-capped gold
nanoparticles with various types of bifunctional thiolated polyethylene glycol (PEG).
It was previously determined by ICPMS that there are approximately 207 tiopronin
ligands and 169 gold atoms per tiopronin-capped gold nanoparticle. PEG at a 4:1
ratio of PEG ligands to tiopronin ligands on gold nanoparticles was dissolved in
dH50. Gold nanoparticles were subsequently added and stirred for 72 hours in a
10 mL glass vial at room temperature. The PEGylated gold nanoparticle solution
was then filtered 3 times using a 10 kDa Millipore centrifuge filter at a temperature

of 4°C and speed of 8,000xg for 20 minutes. Filtered PEGylated gold nanoparticle
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solution was stored at 4 °C. The concentration of the Au-PEG nanoparticle solution

was determined by using

CauVau = Cauv—precVau-rEC (2.1)

C'ay is the concentration of gold nanoparticles added at the beginning of the
conjugation reaction. Vj, is the volume of gold nanoparticle solution added at the
beginning of the conjugation reaction. Cy,_pgq is the unknown concentration of Au-
PEG nanoparticles to be calculated. Vy,_pgq is the volume of Au-PEG nanoparticle
solution after filtration.

2.1.3 Conjugation of Gold Nanoparticles with Doxorubicin
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Figure 2-3: Schematic of Au-Dox nanoparticles
Doxorubicin was conjugated onto tiopronin-capped gold nanoparticles using

carbodiimide crosslinker chemistry. In a typical reaction, tiopronin-capped gold

nanoparticles, doxorubicin, and EDC at a molar ratio of 1:25:2500 were mixed in
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1x PBS (pH 7.4). The conjugation reaction was performed in a 15 mL Falcon tube
at room temperature and agitated on a shaker for 4 hours. Au-Dox nanoparticles
were subsequently filtered with 1x PBS (pH 7.4) using a 10 kDa centrifuge filter at
room temperature and speed of 8,000xg for 20 minutes.
2.1.4 Conjugation of Gold Nanoparticles with Peptides

Gold nanoparticles were further functionalized by peptide conjugation using
carbodiimide crosslinker chemistry between the carboxyl group in tiopronin or SH-
5KPEG-COOH ligands and the primary amine group of the N-terminus of the pep-
tide or lysine residue in the peptide sequence. Typical Au-peptide conjugation re-
action was carried out in 1x PBS (pH 7.4) or 1x borate buffer (pH 8) depending
on the peptide by mixing Au nanoparticles or Au-PEG-COOH, peptide, EDC, and
NHS at a molar ratio of 1:20:5000:10000. MSH and cRGD peptides dissolve readily
in 1x PBS (pH 7.4). FREG peptide is acceptably dissolvable in 1x PBS (pH 7.4).
Myx peptide is not soluble in 1x PBS (pH 7.4), acceptably soluble in 1x HBSS,
and readily soluble in borate buffer (pH 8 or above). The conjugation reaction was
performed in a 10 mL glass vial at room temperature inside a fume hood with stir-
ring for 24 hours. Au-peptide or Au-PEG-peptide nanoparticles were subsequently
filtered using a 3 kDa or 10 kDa centrifuge filter at room temperature and speed of
8,000x g for 20 minutes.

Targeting peptides used in this project and their corresponding physicochem-
ical properties are summarized in Table 2-1. Schematics of some of the peptide-

conjugated gold nanoparticles are shown in Figure 2-4.
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Figure 2-4: Schematic of possible products formed by conjugation between proposed
peptides and gold nanoparticles. From top to bottom: Au-FREG, Au-MSH, Au-
PEG-Myx, and Au-PEG-cRGD

2.2 Cell Culture

B16 murine melanoma cells were cultured with 10% fetal bovine serum and 1%
penicillin-streptomycin supplemented Dulbecco’s Modified Eagle Medium (DMEM).
SK-MEL-28 human melanoma cells, BJ-1 human skin fibroblasts, and H1299 human
non-small cell lung carcinoma cells were cultured with 10% fetal bovine serum and
1% penicillin-streptomycin supplemented Roswell Park Memorial Institute medium
(RPMI). All cell lines were cultured on tissue culture dishes at 37°C and 5% CO,

atmospheric environment and passaged as necessary.
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Table 2-1: Targeting Peptides Used in this Project

: Molecular
Peptide Sequence (N—‘termmal to Weight | Charge Molecular
C-terminal) Target
(g/mol)
FREG KEAQLQLKIHPD 1419.63 +1 FGF-2
Melanocortin
MSH KWRfHD(Nle) 1001.15 +2 receptor
type-1
Myx MDDRWPLEYTDDTYEIPW | 2345.55 -5 Akt
. auﬂ?)
cRGD cyclic(RGDfK) 603.7 +1 : .
ntegrins

2.3 Mouse Models of Cancer
2.3.1 Induction of B16 tumours in C57/BL6 mice

A few days prior to tumour induction, the right flank of C57/BL6 mice were
shaved with a razor. On the day of tumour induction, C57/BL6 mice were injected
subcutaneously in the right flank with 200 pL of B16 cells at a concentration of
5 x 108 cells/mL. The tumour growth was monitored and measured every 2-3 days.
Animals were euthanized when the tumour volume exceeds 2 cc. To sacrifice animals,
the mice were transferred to a transport cage and euthanized by carbon dioxide

asphyxiation as per animal handling protocol.
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2.3.2 Induction of Lewis lung carcinomas in C57/BL6 mice

Lewis carcinoma-bearing C57/BL6 mice were induced by Andrew Heinmiller
from VisualSonics Inc. (Toronto, ON). Fixated samples from Lewis carcinoma-
bearing C57/BL6 mice for experiments were obtained as gifts from Andrew Hein-
miller.

2.4 Transmission Electron Microscopy
2.4.1 Sample Preparation

For nanoparticle samples, a droplet of nanoparticle solution was pipetted onto
PELCO carbon type B on 200 copper mesh transmission electron microscopy grids
(model number 01811) and left to air dry.

Tumours were fixed in 2.5% (v/v) EM-grade glutaraldehyde at 4 °C for 12 hours.
Tumours were then cut into approximately 1 mm X 1 mm cross-sectional pieces
using a sterile razor blade. For staining, pieces were first placed into a glass test
tubes and immersed in 2% osmium tetroxide solution for 1 hour and washed three
times with MilliQ water. Pieces were further stained with 2% uranyl acetate for
1 hour and washed three times with MilliQQ water. Subsequently, the pieces were
immersed for 15 minutes in 25%, 50%, 75%, and 100% ethanol solution sequentially
for dehydration. For embedding, the pieces were immersed for 15 minutes in 100%
ethanol; 50% ethanol, 50% acetone; and 100% acetone solution sequentially. The
pieces were then immersed in 50% acetone, 50% resin solution at 4°C overnight.
Next, the pieces were embedded with 100% resin solution in TEM blocks and placed
in a 60 °C oven to cure overnight. Resin solution is prepared from PELCO Eponate

12™Kit, specifically a mixture of 9.136 mL Eponate-12 resin, 6.142 mL dodecenyl
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succinic anhydride (DDSA), 4.415 mL nadic methyl anhydride (NMA), and 0.31 mL
tris(dimethylaminomehtyl)phenol (DMP-30).

For thin sectioning, blocks were trimmed and leveled with a sterile razor blade
to expose the embedded sample. The block was secured with an Allen clamp onto a
MT-X Ultramicrotome and thin sectioned into 90 nm thick slices with a 45 ° Diatome
diamond knife. 2 or 3 thin sections were dabbed onto PELCO carbon type B on 200
copper mesh transmission electron microscopy grids (model number 01811).
2.4.2 TImaging procedures

Biological samples were imaged at the Micro-Environmental Imaging & Analysis
Facility at the University of California - Santa Barbara with the FEI Co. XL30 en-
vironmental scanning electron microscope operating in various modes with different
detectors. For ESEM of whole tumour samples, the gaseous secondary electron detec-
tor was used. For STEM of tumour thin sections, the scanning transmission electron
microscopy detector was used instead in conjunction with a Bruker energy-dispersive
spectrometer for X-ray microanalysis.
2.5 Characterization of Gold Nanoparticles
2.5.1 Fluorescence Measurement

200 pL of 17.5 puLh gold nanoparticles was pipetted into a black-bottom 96-well
microplate. Molecular Devices i3 multi-mode microplate reader and SoftMax® Pro

software was used to measure and generate the excitation vs. emission heat map.
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2.5.2 Zeta Potential Measurement

Zeta potential of gold nanoparticle conjugates were measured with Brookhaven
Instruments Corporation zetaPALS apparatus. 1.3 mL of Au-conjugates at an ap-
proximately concentration of 1 uM in 1 x PBS (pH 7.4) was pipetted into a cuvette

[4

and inserted into the apparatus. The measurement was made using the “water”
setting and averaged over 10 runs.
2.5.3 Gel Shift Assay

0.5 g of agar powder was dissolved in 50 mL of 1x TAE buffer and poured slowly
into a gel tray enclosed by gel casting gates. Subsequently, a fixed height comb was
placed into the comb slot close to one side of the gel tray. The agarose solution
was left to cool and solidify for approximately 30 minutes at room temperature on
a flat surface. The comb and gel casting gates were removed, and the gel tray with
the agarose gel was placed into the gel electrophoresis apparatus in the orientation
such that the wells were closest to the anode of the apparatus. The apparatus was
filled with 1x TAE buffer until the gel is beneath 5 mm of liquid. 20 uL of gold
nanoparticle conjugates were loaded into the wells of the gel using a pipette. The
apparatus was run at 10 V/cm for approximately 45 minutes at steady current. The
gel was subsequently imaged using a white light transilluminator to visualize the
bands and photographed using a Canon EOS 600D digital single-lens reflex camera.
2.6 Toxicity of Gold Nanoparticle Conjugates and Peptide Ligands
2.6.1 Sulforhodamine B colometric assay

Cells were plated on 96-well cell culture plate and incubated at 37°C in 5%

COq for the required incubation period. The medium was subsequently removed and
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the cells were incubated with the approximate stimulus (nanoparticles, nanoparticle
conjugates, peptides, or small molecular drugs) for the required incubation period.
Cells were fixed with an effective concentration of 10% (wt/vol) trichloroacetic acid
(TCA) overnight at 4°C. The culture medium was discarded and the wells were
rinsed 4 times with tap water, shaken vigorously to remove residual water, and left
to air-dry in a fume hood. 100 uL of sulforhodamine B (SRB) stain (0.057% SRB
powder in 1% acetic acid) was added into each well, and incubated for 30 minutes
at room temperature protected from light with aluminum foil. Cells were washed 4
times with 1% acetic acid using a squirt bottle, shaken vigorously to remove residual
acetic acid and left to air-dry in a fume hood. 100 pL of 10 mM Tris-base un-buffered
(pH 8.4) was added to each well and the plate was agitated on a rocker until the
stain completely dissolves. The optical density of wells was read at 510 nm on a
plate reader.
2.7 Confocal Imaging of Gold Nanoparticle Conjugates in Cells

Cells were plated onto glass-bottom dishes at a low concentration (approximately
75,000 cells/mL). Approximately 2 uM of fluorescent Au-conjugates or fluorescent
peptide were added to the cell culture directly and left to incubate for 3 hours or
24 hours at 37°C and 5% COy atmosphere. 1 hour prior to imaging, the dishes were
washed with 1x PBS (pH 7.4), and the media was replaced with 25 nM LysoTracker
Red solution in OptiMEM. Immediately prior to imaging, the OptiMEM solution was
replaced with 1x PBS (pH 7.4) during imaging. Cells were imaged on ZEISS LSM

510 META with 488 nm laser excitation for FAM fluorescence and 543 nm laser
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excitation for LysoTracker Red; 500-530 BP filter was used for FAM fluorescence
emission, and 560 LP filter was used for LysoTracker Red fluorescence emission.
2.8 Biodistribution of Gold Nanoparticle Conjugates
2.8.1 Sample preparation for inductively coupled plasma mass spectroscopy
250 pLL of 10 pM gold nanoparticle conjugates were injected into the tail veins of
mice after warming mice with a heat lamp. Mice were given water and food ad libitum
for 1 h or 24 h depending on the sample group and experiment prior to sacrificing.
To sacrifice animals, the mice were transferred to a transport cage and euthanized
by carbon dioxide asphyxiation as per animal handling protocol. Urine was collected
into a weighing boat before and during asphyxiation by massaging the lower abdomen
of the mouse gently. Blood was collected in EDTA-coated microtubes by cardiac
puncture with a needle. The following organs were collected into sterile polystyrene
tubes: heart, lungs, liver, spleen, pancreas, kidneys, tumour, left flank muscle, and
brain. Harvested organs and bodily fluids were stored at —20°C. Harvested organs
were weighed (while frozen) and their masses were recorded. The organs and bodily
fluids were placed into individual glass tubes. Approximately 2 - 3 mL of aqua regia
(nitric acid and hydrochloric acid at a volumetric ratio of 1:3) was directly added
into each glass tube for organ digestion. Aqua regia is extremely corrosive and should
be handled with the utmost care and only in a well-ventilated fume hood. The glass
tubes with organs and aqua regia were put into a Styrofoam holder and into a 55°C
warm water bath inside the fume hood. When there was no more solid bits floating
in the tube and no more bubbling, the heat was turned up to 95°C to allow the

remaining acid to boil off. This entire process took up to 5 hours. Once there was
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no more liquid, the tubes were removed from the water bath and allowed to cool.
10 mL of 1% nitric acid and 1% hydrochloric acid in MilliQ water was added into
each tube to collect all non-biological remnants into 15 mL tubes. Digested samples
were stored at —20°C.
2.8.2 Inductively coupled plasma mass spectroscopy

Germanium in 1% nitric acid and 1% hydrochloric acid was added to all sam-
ples as an internal standard at 10 ppb for ICPMS. Germanium was chosen as the
internal standard element due to its rarity in biological samples, low detection limit
by ICPMS (1 - 10 ppt), and low probability of a contaminant in our laboratory
space. Well-mixed samples were loaded into the autosampler racks and analyzed
using the Thermo Scientific iICAP Q ICPMS apparatus. Glass Expansion (Pocasset,
MA) nickel/copper base sampler cone and nickel skimmer cone with insert were used.
Sample uptake time of 30 seconds and wash time of 60 s was used. Gold standards
at 0.1, 1, 10, 50, 100, and 500 ppb were used to generate a standard curves for each
set of organs. Counts of 1%”Au were normalized to the average counts of ?Ge from
the standards.
2.8.3 In vivo fluorescence imaging

Excised mouse organs from Lewis lung carcinoma-bearing C57/BL6 mice were
imaged using the IVIS Spectrum imaging apparatus and associated Living Image®
software in fluorescent mode with fluorescent lamp level set to high. The 675 nm
excitation and 780 nm emission filters were used for optimal signal generation from
the injected gold nanoparticles. The exposure time was adjusted such that the re-

sultant images had a signal between 600 to 60,000 counts. Autofluorescence from
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organs was subtracted from images using control non-injected organs as a reference.
ROIs within each sample were generated using the automatic software function and
compared.
2.8.4 Photoacoustic Imaging

For photoacoustic imaging, the excised organs from Lewis lung carcinoma-
bearing C57/BL6 mice were embedded in ultrasound transmission gel and imaged
using the VevoLAZR photoacoustic imaging system. Spleens, kidneys, livers, and
tumours were imaged with “Spectro mode” (images at multiple wavelengths from
680 to 970 nm). Regions of interest within each sample were drawn and spectral
curves (photoacoustic signal vs wavelength) were generated and compared. Based
on differing spectral properties, spectral unmixing was performed to distinguish two
“components” in each image. Spectrally unmixed images show with high resolution
the location and relative amount of each component within the sample.
2.9 Solutions and Reagents

Peptides were purchased from Bio Basics Inc. (Markham, ON) at more than
95% purity as confirmed by HPLC. Carboxymethyl-PEG-Thiol (molecular weight
5 kDa) was purchased from Lysan Bio Inc. (Arab, AL). All cell media and associ-
ated supplements were purchased from Wisent Bioproducts Inc. (Saint-Bruno-de-
Montarville, QC). LysoTracker Red was purchased from Life Technologies (Burling-
ton, ON). TEM embedding resin kit was purchased from Ted Pella, Inc. (Redding,

CA). TraceMetal™ grade nitric acid and hydrochloric acid for ICPMS analysis were
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purchased from Thermo Fisher Scientific Inc. Gold and germanium ICPMS stan-
dards were purchased from SCP Science (Baie D'Urfé, QC). All other chemical solu-
tions and reagents were purchased from Sigma-Aldrich and used as delivered unless

otherwise stated.
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CHAPTER 3
Peptide-Guided Nanosystems for Optimizing the EPR Effect: Results
and Discussion

3.1 Peptide-based Melanoma Targeting Strategies

A total of four types of peptides (FREG, MSH, myxoma, and cRGD) were used
in this project as targeting moieties bioconjugated to gold nanoparticles to investigate
the EPR effect.

FGF-2, also known as basic fibroblast growth factor (bFGF), is a protein that
induces fibroblast growth factor receptors (FGFRs) to dimerize and activate their
kinase activity to achieve physiological responses [198]. FGF-2 and its corresponding
FGFRI1 receptor have been found to be strongly expressed in primary melanomas and
the FGF/FGFR/ERK and FGF/FGFR/PDGF-Ra pathways have been suggested
to be viable targets for controlling melanoma progression [199, 200]. FGF-2 plays
an important role in the melanoma tumour microenvironment as its production is
essential to initiate melanomagenesis and maintain the malignant phenotype [201].
Facchiano et al. reported that the FGF-2-derived peptide - FREG was able to
specifically inhibit FGF-2 induced proliferation, migration, and angiogenesis [202].
Aguzzi et al. further found that FREG-peptide inhibits melanoma growth in vitro
and melanoma metastasis development in vivo in a mouse melanoma model [199].

As such, FREG-peptide was selected to be conjugated to gold nanoparticles in this
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project as an active targeting moiety to ameliorate the malignant tumour microen-
vironment by preventing FGFR dimerization. An inherent advantage in therapeutic
targeting of the tumour microenvironment is that the target molecule is typically
involved in multiple signaling pathways or cell types, such that its blockage can have
an effect on the primary tumour as well as prevent the development of secondary
tumours [203].

aMSH (alpha melanocyte stimulating hormone) is a 13-amino acid long peptide
hormone secreted by the pituitary gland whose primary function is melanogene-
sis, which is the process of skin pigmentation [204, 205]. Sawyer et al. reported
the synthesis of an «MSH analog with a norleucine substitution in position 4 and a
D-phenylalanine substitution in position 7 that is a strong agonist of the melanocortin
type-1 receptor [204, 206]. The high affinity of the peptide analog to its receptor
suggests that it can be an effective active targeting moiety for melanoma, as more
than 80% of human melanoma tumour samples from metastatic melanoma patients
express melanocortin type-1 receptors [205, 206, 207]. In fact, there have been nu-
merous instances in the literature reporting the use of the aMSH analog peptide
for tumour targeting. Chen et al. demonstrated the use of “™technetium-labelled
aMSH peptide as a radiolabel to diagnose melanoma [205]. Lu et al. developed
aMSH-peptide conjugated hollow gold nanospheres for use as melanoma-targeting
agents for photothermal ablation [206]. In addition to being an excellent targeting
moiety, it has been reported that a«MSH can protect malignant melanocytes from
the proinflammatory effects of TNF-a by suppressing melanoma cell attachment,

invasion, and integrin expression [208].
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Myxoma is a rabbit-specific poxvirus that causes lethal myxomatosis [209]. In-
terestingly, myxoma virus is unable to cause disease in other mammals (including
humans), yet it is effective at infecting and killing around 70% of all human cancer cell
lines, including gliomas and melanoma [209, 210]. The ability of the myxoma virus to
replicate in human cancer cells is related to the NM-T5 viral ankyrin-repeat protein,
which specifically targets the serine/threonine kinase Akt [209, 210]. NM-T5 binds
to Akt, which is overexpressed and dysregulated in a wide variety of human cancers,
and promotes its phosphorylation and activation to affect cell survival, proliferation,
and cell death [209, 210]. Stanford et al. have shown that the myxoma virus can be
used as an oncolytic virus against primary and metastatic BI6F10 mouse tumours in
vivo with minimal side effects [211]. Istivan et al. developed a short therapeutic pep-
tide from the myxoma virus using the resonant recognition model (RRM) with high
specificity and apoptotic activity against B16 melanoma cancer cells while sparing
normal cells [210, 212].

RGD (arginine-glycine-aspartic acid) is a tripeptide sequence that was initially
identified in the 1980s in fibronectin to be responsible for cellular recognition and ad-
hesion [213]. Since then, the RGD sequence has been found in a wide variety of extra-
cellular matrix components that are recognized by integrins on endothelial cells [214].
The «, 03 integrin is an important cancer therapeutic target as it is essential for
tumour angiogenesis and metastasis [215]. «, (3 integrins are overexpressed in inva-
sive tumour cells (including glioblastoma, melanoma, breast, ovarian, and prostate
cancers) and the accompanying tumour neovasculature, but not in the healthy non-

dividing endothelium and normal tissues [215]. As most cancers induce and sustain
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neoangiogenesis to maintain their overproliferation, there is an abundance of tumour
endothelial cells in the neovasculature surrounding the tumour for RGD peptides to
target [216]. The cyclic forms of the RGD-sequence-containing short peptides, such
as the cyclo(Arg-Gly-Asp-(D-Phe)-Lys) used in this project, have greater affinity
for «, (3 integrins, and as such have better tumour-targeting properties than their
linear counterparts [217]. Dubey et al. have demonstrated the use of cyclic RGD-
peptides on liposomes for drug delivery to angiogenic tumours [218]. Gormley et al.
have evaluated the use of cyclic RGD-gold nanorod conjugates to selectively target
prostate tumours for localized photothermal therapy [217]. Similar to peptides dis-
cussed previously, in addition to its role as a targeting moiety, cyclic RGD-peptide
has been therapeutically implicated in the inhibition of its target «, 3 integrins to
reduce angiogenesis, tumour progression, and metastasis [214, 218].
3.2 Characterization of Gold Nanoparticles Conjugates
3.2.1 Optimizing Conjugation Conditions and Efficiency

To determine the optimal bioconjugation reaction, gel shift assays were per-
formed on conjugates made with varying molar ratios of Au-PEG-COOH nanopar-
ticles and EDC, while maintaining the same molar ratio of 1 Au-PEG-COOH to
20 peptides and 1 EDC to 2 NHS. In gel shift assays, gel electrophoresis is used
to detect the change in electrophoretic mobility of the nanoparticles as a result
of increased hydrodynamic size and altered charge from bioconjugation of various
moieties onto the particle surface [219]. The optimization of molar ratios used in
nanoparticle carbodiimide crosslinker-based conjugation is necessary to form robust,

colloidally stable, and monodisperse peptide-coated nanoparticles [219, 220]. If too
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much crosslinker is used, the EDC and NHS promotes the polymerization between
peptides, thus preventing their proper conjugation to the gold nanoparticles [219]. A
representative gel shift assay is shown in Figure 3—1 for the myxoma peptide. As the
ratio of EDC to Au-PEG-COOH increased, the distance travelled by the conjugates
decreased. The band shift distance achieved its maximum value at the EDC/Au-
PEG-COOH ratio of 5000, and remained at a similar shift distance when the ratio
was 10000. The result suggests that a higher conjugation efficiency, where more pep-
tides become attached to the nanoparticle, was achieved with an increasing amount
of EDC, but only up to a ratio of approximately 5000 to Au-PEG-COOH. As such,
a ratio of 1 nanoparticle : 20 peptides : 5000 EDC : 10000 NHS was selected to be

used in bioconjugation of nanoparticles throughout all experiments.

0 100 500 1000 2000 5000 10000 [EDC]

[Au-PEG]

Direction of Travel

\7 ol

Figure 3—1: Representative gel shift assay of Au-PEG-Myx nanoparticles conjugated
with varying ratios of EDC to Au-PEG-COOH nanoparticles. Boxes indicate the
location and thickness of bands obtained per conjugation reaction. EDC to Au-
PEG-COOH nanoparticle ratio of 5000 or above yields the greatest band shift.
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Figure 3-2: Gel shift assay of gold nanoparticle conjugates with Au-PEG-cRGD in
lane A, Au-PEG-Myx in lane B, Au-PEG-COOH in lane C, tiopronin-capped Au in
lane D, Au-Myx in lane E, and Au-cRGD in lane F.

Gel shift assay was performed on tiopronin-capped Au, Au-PEG-COOH, Au-Myx,
Au-PEG-Myx, Au-cRGD, and Au-PEG-cRGD nanoparticles as shown in Figure 3-2.

Non-PEGylated gold nanoparticles (lane D-F) travelled further down the gel than
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their PEGylated counterparts (lane A-C), which suggest that the ligand exchange re-
action between tiopronin and SH-5KPEG-COOH was successful. The significant dif-
ference in electrophoretic mobility between PEGylated and non-PEGylated nanopar-
ticles can be mainly attributed to the increase in hydrodynamic radius due to the
5 kDa mass of each PEG molecule as compared to the 163 Da mass of each tio-
pronin molecule. Among the non-PEGylated gold nanoparticles, tiopronin-capped
gold nanoparticles (lane D) travelled the furthest, followed by Au-cRGD (lane F),
and Au-Myx (lane E) travelled the least distance. Au-cRGD and Au-Myx both
had less electrophoretic mobility than tiopronin-capped gold nanoparticles, which
indicates that the peptide was successfully conjugated to the nanoparticles. The
reason that Au-cRGD travelled further than Au-Myx is most likely because of the
smaller mass of cRGD-peptide as compared to myxoma-peptide. Among the PEGy-
lated gold nanoparticles, Au-PEG-COOH (lane C) travelled the furthest, followed
by Au-PEG-Myx (lane B), and Au-PEG-cRGD (lane A) travelled the least dis-
tance. Au-PEG-Myx an Au-PEG-cRGD both had less electrophoretic mobility than
Au-PEG-COOH, which shows that the peptide was successfully conjugated to the
nanoparticles. However, the mobility trend of Au-PEG-Myx travelling further than
Au-PEG-cRGD cannot be explained by peptide mass since myxoma-peptide is more
massive than cRGD-peptide. In this case, it is possible that there were more cRGD-
peptides conjugated onto the Au-PEG-COOH nanoparticles than myxoma-peptides
so the total hydrodynamic radius of Au-PEG-cRGD was less than that of Au-PEG-
Myx. The gel shift assay for nanoparticles is primarily a mobility assay based on size,

albeit the charge of the nanoparticle also contributes to the electrophoretic mobility
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of the nanoparticle [221]. Since cRGD-peptide has a charge of +1, as the number of
cRGD-peptides conjugated to the gold nanoparticle increases, the distance travelled
towards the anode of the gel increases as well.
3.2.2 Quantification of Conjugation

To further confirm and quantify the bioconjugation of nanoparticles, zeta po-
tential measurements were performed. The zeta potential of the gold nanoparti-
cle conjugates was measured to investigate the electrical charge characteristics of
the nanoparticles, as well as to gain an idea about their colloidal stability. The
zeta potential of tiopronin-capped gold nanoparticles was measured to be —16.79
+ 1.94 mV. Ligand exchange of the tiopronin with PEG-COOH ligands decreased
the zeta potential significantly (p = 0.0083) to —42.33 4+ 8.39 mV, which can be
attributed to increased colloidal stability from the high hydrophilicity of the corona
and reduced aggregation from steric repulsion between particles [222, 223]. The
increase in the standard error of the mean in the zeta potential measurement for Au-
PEG-COOH suggests that there was increased polydispersity in the number of PEG
ligands on each nanoparticle. Conjugation of myxoma peptide to tiopronin-capped

gold nanoparticles decreased the zeta potential slightly to —22.10 £ 3.55 mV due

Table 3—1: Zeta Potential Measurements of Au-Conjugates

Au-Conjugate H Zeta Potential (mV)
Au@Tiopronin —16.79 + 1.94
Au-PEG-COOH —42.33 + 8.39
Au-Myx —22.10 £ 3.55
Au-PEG-Myx —25.56 £+ 4.10
Au-cRGD —16.58 4+ 4.57
Au-PEG-cRGD —18.40 4+ 4.64
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to the acidic nature of the myxoma peptide, with an isoelectric point of 3.51 and
a negative charge of —5 at pH 7.4. On the other hand, conjugation of cRGD pep-
tide to tiopronin-capped gold nanoparticles caused essentially no change to the zeta
potential due to the peptide’s high isoelectric point of 9.71 and +1 positive charge
at pH 7.4. Au-PEG-Myx and Au-PEG-cRGD nanoparticles had zeta potentials of
—25.56 + 4.10 mV and —18.40 4+ 4.64 mV respectively, which is not statistically
different from their non-PEGylated counterparts. Among all the nanoparticle conju-
gates, Au-PEG-COOH had the greatest colloidal stability due to its high (magnitude)
zeta potential. The other nanoparticle conjugates had acceptable stability and did
not coagulate or flocculate up to 1 month when stored at 4°C.

3.3 In vitro Experiments of Gold Nanoparticle Conjugates

3.3.1 Toxicity of Gold Nanoparticle Conjugates and Peptide Ligands
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Figure 3-3: In vitro toxicity of Au and Au-PEG-COOH nanoparticles to B16
melanoma cells by sulforhodamine B (SRB) assay (shown as mean + SEM with
n=>0).
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In vitro toxicity of Au and Au-PEG on B16 melanoma cells was performed using
the SRB assay, with the cell survival curves shown in Figure 3-3. No decrease in cell
viability was observed for all concentrations of Au or Au-PEG-COOH nanoparticles
up to 50 puM after 24 hours of incubation, which is well above the concentrations
used in this project. This suggests that Au and Au-PEG-COOH nanoparticles are

inherently non-toxic.
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Figure 3—4: In vitro toxicity of FREG peptide to B16 murine melanoma cells, SK-
MEL-28 human melanoma cells, H1299 human non-small cell lung carcinoma, and
BJ-1 human skin fibroblasts by sulforhodamine B (SRB) assay (shown as mean +
SEM with n=6).

The SRB assay was also used to determine the toxicity of the peptides used
in this project. For FREG-peptide, no decrease in cell viability was observed for
peptide concentrations up to 1 M in all tested cell types as shown in Figure 3—4.
There was some decrease in cell viability at 5 pM for SK-MEL-28 human melanoma

cells, B16 murine melanoma cells, and H1299 human lung cancer cells. However,
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Figure 3-5: In vitro toxicity of MSH peptide to B16 melanoma cells by sulforho-
damine B (SRB) assay (shown as mean + SEM with n=6).

= o o B O o

£ 100} o

2 o

)

2 B1 Myxoma

S 6 O cRGD &
50 z TR | A M | A M | A MR |

0 0.01 0.1 1 10

Concentration (uM)

Figure 3-6: In vitro toxicity of Myxoma and cRGD peptides to B16 melanoma cells
by sulforhodamine B (SRB) assay (shown as mean + SEM with n=6).

inhibitor response curves could not be well fit to the data. The experimental toxicity
results disagreed with the 1Cs5q values reported by Facchiano et al. and Aguzzi

et al. [199, 202]. For MSH-peptide, as expected, no decrease in cell viability was
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observed in B16 melanoma cells up to 5 uM as shown in Figure 3-5. For cRGD-
peptide, decrease in cell viability was only observed in B16 melanoma cells at 10 yM
after 24 h as shown in Figure 3-6. The SRB assay results call into question the
antitumoural properties of the FREG-peptide and myxoma-peptide as reported in
the literature. However, this may be due to an insufficient incubation time, poor
selection of the 24 h time point, as well as differences in the type of toxicity assay
used. It is suggested that further toxicity studies be done using image-based real-
time growth curves to ascertain the dynamics of the purported cytotoxicity of the
selected peptides.
3.3.2 Determining Uptake of Gold Nanoparticle Conjugates
Tiopronin-capped gold nanoparticles have been previously shown to enter cell
nuclei spontaneously [9]. To determine if conjugation of targeting peptides to the gold
nanoparticles would affect their ability to be taken up into cells, fluorescein-labelled
FREG-peptide (FAM-FREG, emission wavelength: 520 nm) was conjugated to gold
nanoparticles and used in confocal imaging of B16 cells after 24 h of incubation, as
shown in Figure 3-7. LysoTracker Red (emission wavelength: 590 nm) was used
to label lysosomes. In panel A, FAM-FREG peptide alone was unable to enter the
cell nucleus (outlined by the dotted white line) as there is no green fluorescence in
the central region of the cells. In panel B, Au-FAM-FREG nanoparticles co-localized
with LysoTracker inside the cell as the green and red fluorescence signals overlapped,
suggesting that the conjugates were taken up into the cell by endocytosis. Further-
more, there was green fluorescence signal inside the cell interior, which demonstrates

that FREG-peptide did not alter the ability of gold nanoparticles to be taken up
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into B16 melanoma cells. A stack of confocal images of Au-FAM-FREG in cells was
recorded and rendered in 3D as shown in panel C, there was no fluorescence observed
in the central region of the cell, which indicated that the Au-FAM-FREG did not
enter into the cell nucleus.

A similar experiment was performed with fluorescein-labelled MSH-peptide (FAM-
MSH) and FAM-MSH-conjugated gold nanoparticles (Au-FAM-MSH) after 3 hours
and 24 hours of incubation as shown in Figure 3-8. In panel A, FAM-MSH pep-
tide localized in the B16 cytoplasm and not in the nucleus. In panel B, there was
essentially no green fluorescence inside the cells. This suggests that FAM-MSH pep-
tide was quickly taken up by cells within 3 hours, but was quickly degraded by the
cells by the 24 hour time point. The FAM-MSH peptide also cannot enter into the
nucleus alone. In panel C, there was essentially no green fluorescence inside the
cells. In panel D, green fluorescence overlapped with the red fluorescence inside the
cytoplasm of the cells only. These results suggest that the Au-FAM-MSH was not
as readily taken up by cells as compared to the FAM-MSH peptide alone. At the
same time, the conjugation of FAM-MSH to the gold nanoparticles may protect the
peptide from being degraded inside the cell as rapidly. Interestingly, there was no
green fluorescence inside the cell nucleus for Au-FAM-MSH incubated cells at 3 hours
or 24 hours.

It is possible that both FREG-peptide and MSH-peptide prevented the nuclear
entry of the gold nanoparticles. Another explanation is that the FAM-FREG-peptide
and FAM-MSH-peptide decoupled from the gold nanoparticles and became retained

in the cytoplasm, while the gold nanoparticles entered into the nucleus but were
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FAM-FREG Au-FAM-FREG

Au-FAM-FREG

Figure 3—-7: Confocal fluorescence microscopy images of B16 melanoma cells treated
for 24 h with: (A) FAM-FREG-peptide, and (B) Au-FAM-FREG. (C) A 3D render
of a B16 melanoma cell treated with Au-FAM-FREG for 24 h. Red fluorescence
signal is from LysoTracker Red. Green fluorescence signal is from fluorescein (FAM).
White dotted line indicates the cell nucleus. Scale bar is 10 pm.
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FAM-MSH

Au-FAM-MSH Au-FAM-MSH

Figure 3-8: Confocal fluorescence microscopy images of B16 melanoma cells treated
for (A) 3 hours with FAM-MSH-peptide, (B) 24 hours with FAM-MSH-peptide, (C)
3 hours with Au-FAM-MSH, and (D) 24 hours with Au-FAM-MSH. Red fluorescence
signal is from LysoTracker Red. Green fluorescence signal is from fluorescein (FAM).
Scale bar is 10 pm.

65



unable to be visualized using confocal microscopy. At the very least, these results
showed that the FAM-peptide and MSH-peptide can altered the cell uptake dynamics
of gold nanoparticles into B16 melanoma cells.
3.4 Biodistribution of Gold Nanoparticles Conjugates by ICPMS Analysis
3.4.1 Concentration of gold nanoparticle conjugates per tissue weight
An initial biodistribution study of Au, Au-FREG, and Au-MSH in B16 tumour-
bearing C57/BL6 mice was performed at time points of 1 hour and 24 hours post
injection of nanoparticles. The results (normalized to the weight of the organ or

bodily fluid) are summarized in Figure 3-9.
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Figure 3-9: Biodistribution of Au, Au-FREG, and Au-MSH nanoparticles in B16
tumour-bearing C57/BL6 mice at 1 h and 24 h post-injection by ICPMS analysis
(shown as mean £ SEM with n=3).
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During this initial biodistribution study, it was evident that 2 time points were
insufficient to determine the distribution dynamics of the gold nanoparticles. Fur-
thermore, the 1 hour time point proved difficult to standardize across all injected
mice because there was not enough time to dissect and collect large groups of mouse
organs within 1 hour of gold nanoparticle injection. These results also indicated that
the gold nanoparticle conjugates were being rapidly cleared from the blood and out
of the body. As such, for the second biodistribution study, we decided to PEGylate
the gold nanoparticles to improve their bioavailabilty. We also adjusted the first time
point to 4 hours and add in a third time point at 72 hours post injection.

A second biodistribution study with Au, Au-PEG, Au-Myx, Au-PEG-Myx,
Au-cRGD, and Au-PEG-cRGD was performed by ICPMS analysis in B16 tumour-
bearing C57/BL6 mice at 4 h, 24 h, and 72 h. The results (normalized to the weight
of the organ or bodily fluid) are summarized in Figure 3-10, Figure 311, and Figure
3-12.

In the case of tiopronin-capped gold nanoparticles, the highest concentration of
gold is observed in the urine at 4 h and 24 h. At 72 h, the highest concentration of
gold is observed in both the liver and the tumour. As expected, there was negligible
detection of gold in the heart, lungs, pancreas, muscle, and brain up to 72 hours. The
concentration of gold remained relatively constant in the kidneys and tumour up to
72 hours, whereas the concentration increased over the 72 h for the liver and spleen
at the expense of the concentration in the blood and urine. This implies that the

tiopronin-capped gold nanoparticles experienced a high rate of excretion via urine in
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Figure 3-10: Biodistribution of Au vs Au-PEG nanoparticles in B16 tumour-bearing
C57/BL6 mice at 4 h, 24 h, and 72 h post-injection by ICPMS analysis (shown
as mean £ SEM with n=3). Note that the value for Au in the urine at 4 h is
above the maximum of the y-axis at 3480 + 832 ppb Au /g tissue (or approximately
0.4599 + 0.1099% injected dose / g tissue).

the first 24 h post administration, and then gradually modulated to a hepatic and
RES system clearance up to 72 h post administration.

In the case of Au-Myx nanoparticles, the highest concentration of gold is sim-
ilarly observed in the urine at 4 h and 24 h. At 72 h, the highest concentration of
gold is observed in the kidneys and tumour. In contrast to the tiopronin-capped gold

nanoparticles, the concentration of gold remained relatively constant in the liver. In

the kidneys, the concentration of gold reached a minimum at 24 h, and seemed to
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Figure 3-11: Biodistribution of Au-Myx vs Au-PEG-Myx nanoparticles in B16
tumour-bearing C57/BL6 mice at 4 h, 24 h, and 72 h post-injection by ICPMS
analysis (shown as mean + SEM with n=3). Note that the value for Au-Myx in the
urine at 4 h is above the maximum of the y-axis at 3787 + 1853 ppb Au / g tissue
(or approximately 0.5004 + 0.2449% injected dose / g tissue).

increase up to 72 h. In the tumour, the concentration of gold increased for the first
24 h, and then decreased at 72 h. The concentration of gold in the tumour at 24 h for
Au-Myx nanoparticles was significantly higher (p = 0.02) than the tiopronin-capped
gold nanoparticles. These results suggest that the myxoma peptide improved the tar-

geting of the gold nanoparticles towards the tumour, and modulated the elimination

of gold nanoparticles to favour a renal over hepatic clearance.
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Figure 3-12: Biodistribution of Au-cRGD vs Au-PEG-cRGD nanoparticles in B16
tumour-bearing C57/BL6 mice at 4 h, 24 h, and 72 h post-injection by ICPMS
analysis (shown as mean + SEM with n=3). Note that the value for Au-cRGD in
the urine at 4 h is above the maximum of the y-axis at 8022 + 4167 ppb Au / g
tissue (or approximately 1.060 £ 0.551% injected dose / g tissue).

For Au-cRGD nanoparticles, the highest concentration of gold is also similarly
observed in the urine at 4 h However, at 24 h, the highest concentration is observed
in the tumour; and at 72 h, it was the liver. At 24 h, the concentration of Au-cRGD
in the tumour seemed to be higher than that of tiopronin-capped gold nanoparticles
(but not statistically significant, p = 0.20). At 72 h, the concentration of Au-cRGD
fell significantly compared to 24 h (p = 0.04). The ¢cRGD peptide seemed to reduce

the RES-uptake of gold nanoparticles as the concentration in the spleen was lower
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at 72 h after injection. However, in general, the Au-cRGD seemed to be eliminated
from the body quite quickly as the concentration of gold in the urine at 4 h was more
than twice that of tiopronin-capped gold nanoparticles and Au-Myx.

Overall, PEGylation of gold nanoparticles significantly reduced the renal clear-
ance as the gold concentration in the urine was approximately % of non-PEGylated
gold nanoparticles at 4 h. Correspondingly, the gold concentration in the blood
and other organs were almost twice as much as their counterparts injected with
non-PEGylated gold nanoparticles. However, the increased blood circulation time
granted by PEGylation seemed to be short. At 24 hours after injection, the gold
concentration in the blood and other organs returned to levels comparable to non-
PEGylated gold nanoparticles. The PEG ligands also seemed to dominate the clear-
ance modulation effects of the peptides on the gold nanoparticles as all PEGylated
gold nanoparticles with or without peptides seemed to have a preferential renal clear-
ance as seen through decreasing gold concentration in the liver, and static concen-
tration in the spleen over the 72 h period post injection. Interestingly, PEGylation
of Au-cRGD seemed to improve its retention in the tumour over the 72 h period as
its gold concentration in the tumour was always higher or approximately equal to its
non-PEGylated counterpart. However, there were no significant differences between
the concentration of gold in the tumour from Au-cRGD and Au-PEG-cRGD for the
same time points (for 4 h, p = 0.10; for 24 h, p = 0.32; for 72 h, p = 0.21). For
Au-PEG and Au-PEG-Myx nanoparticles, PEGylation seemed to improve the gold
concentration in the short term up to 4 h, but at 24 h and 72 h, the retention in

the tumour was lower than that of their non-PEGylated counterparts. Nevertheless,

71



there were no significant differences between the concentration of gold in the tumour

from Au-Myx and Au-PEG-Myx for the same time points.

Table 3-2: Summary of p-values for tumour Au concentrations among PEGylated
gold nanoparticles

Au-PEG
4h |24 h|72h
Au-PEG-Myx | 0.53 | 0.33 | 0.61
Au-PEG-cRGD | 0.14 | 0.79 | 0.54

Table 3-3: Summary of p-values for tumour Au concentrations among non-
PEGylated gold nanoparticles

Au
4h |24h | 72h
Au-Myx | 0.17 | 0.02 | 0.47
Au-cRGD | 0.84 | 0.20 | 0.12

Comparing the effect of the peptide tumour targeting among non-PEGylated
and PEGylated gold nanoparticles, there was no significant difference between the
gold concentrations at the same time points for PEGylated gold nanoparticles as sum-
marized in Table 3-2, nor was there a significant difference for the non-PEGylated
gold nanoparticles as summarized in Table 3—-3, with the exception of Au vs Au-Myx
at 24 h as stated previously. Comparing the effect of PEGylation as summarized in
Table 3-4, there was also no statistically significant difference in the tumour gold
concentrations between PEGylated and non-PEGylated gold nanoparticles for the
same time points. However, the p-values in these cases tended more towards signifi-

cance (defined at p < 0.05) than comparing the effect of peptides. This suggests that
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Table 3-4: Summary of p-values for tumour Au concentrations among PEGylated
and non-PEGylated gold nanoparticles

Au Au-Myx Au-cRGD

4 h 0.10
Au-PEG 24 h 0.06

72 h 0.77

4 h 0.48
Au-PEG-Myx |24 h 0.12

72 h 0.27

4 h 0.11
Au-PEG-cRGD | 24 h 0.32

72 h 0.21

PEGylation had a greater effect of improving nanoparticle delivery to the tumour
than the addition of targeting moieties. However, the addition of targeting peptides
did not negatively impact the enhanced delivery by PEGylation either.
3.4.2 Non-specific targeting properties of peptides

To investigate the non-specific targeting properties of the peptides, we normal-
ized the gold concentration of the spleen, liver, and kidneys to that of the tumour in

each mouse. We define the ratio to be:

. [1 \ ll] organ
Ratlo [1 A ll] tumour <3 )

The ratios of the spleen, liver, and kidneys will be referred to as splenic, hepatic,
and renal indices respectively. These results are summarized in 3-13.
A ratio of less than 1 is preferable because this indicates that the gold concen-

tration in the tumour is higher than that of the organ of interest. The general trend
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Figure 3-13: Concentration of Au in ppb in major organs of accumulation normalized
to tumour (shown as mean £ SEM with n=3)

was that all indices start low at 4 h and increase at 24 h and 72 h. Au-PEG nanopar-
ticles were the exception to this trend as their indices were above or around 1 at 4 h,
which then decreased at 24 h and 72 h. Au-Myx had improved splenic and hepatic
indices compared with tiopronin-capped gold nanoparticles, but a worsened renal
index which increased above 1 at 4 h and 24 h. Au-cRGD had improved splenic and

renal indices, but the hepatic index still increased to above 1 at 72 h. Au-PEG-Myx
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and Au-PEG-cRGD also had improved indices up to 24 h, but not as much as their
non-PEGylated counterparts. At 72 h, both Au-PEG-Myx and Au-PEG-cRGD had
all indices above 1. For Au-PEG-Myx at 72 h, the renal index increased substantially
to be above 2. Overall, the peptides improved the targeting of the gold nanoparticles
for up to 24 h to the tumour while decreasing non-specific targeting accumulation
in the spleen, liver, and kidneys. PEGylation appeared to slightly attenuate the
specificity of the peptides for the first 24 h and then non-specificity dominated at
72 h.
3.4.3 Retention of gold by mass and total injected dose

Figure 3-14 shows the average total mass of gold per mouse broken down per
solid organ for each gold nanoparticle formulation. Blood and muscle were not
included into this analysis because their entirety was not completely harvested from
each animal. Also, blood volume and muscle mass are quite variable among mice
due to differences in age and gender. Urine was also not included in this analysis
because not all the urine excreted by the mice were collected during the time points
as we did not have access to metabolic cages. The range of mass accumulation of
gold ranged from 2 - 8 % of the total administered dose depending on the conjugate
and time after injection, of which 0.75 - 2 % of the total administered dose was found
in the tumour (solid black bars). The liver was the organ where most of the gold by
mass were found, ranging from 1.25 - 4.5 % of the total administered dose. A full
tabularized breakdown of Au (in dose percent mass) per solid organ and time point

for the nanoparticle conjugates can be found in Table 5-1 in the Appendix.
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Figure 3—14: Breakdown of Au (in mass and percent of total injected dose) per solid
organ and time point for Au, Au-PEG, Au-Myx, Au-PEG-Myx, Au-cRGD, and Au-
PEG-cRGD conjugates (shown as mean £ SEM with n=3). Other category includes
heart, lungs, pancreas, and brain only. Blood, urine, and muscle are not included in

this analysis.
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Figure 3-15: Plasma Au concentration-time curve for Au vs Au-PEG (left), Au-Myx
vs Au-PEG-Myx (centre), and Au-cRGD vs Au-PEG-cRGD (right) shown as mean
+ SEM with n=3.

Table 3-5: Area Under the Curve Measurements of Au-Conjugates

Au-Conjugate Area under the Curve Clearance
(ug'h/L) (L/h)

Au@Tiopronin 835 9.97 x 1072
Au-PEG-COOH 1646 5.06 x 1072
Au-Myx 1578 5.28 x 1072
AuwPEG-Myx 1235 6.74 x 102
Au-cRGD 1566 5.32 x 1072
Au-PEG-cRGD 1195 6.97 x 1072

3.4.4 Area under the curve and clearance analysis
The plasma Au concentration is plotted against time for Au vs Au-PEG, Au-
Myx vs Au-PEG-Myx, and Au-cRGD vs Au-PEG-cRGD as shown in Figure 3-15.
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The area under the curve (AUC) gives a measure of the actual gold nanoparticle-
conjugate exposure of the gold nanoparticle conjugates and is tabulated in Table 3-5.
The AUC values are calculated from using the “trapezoidal rule” with the mean value
of each data point [224]. Clearance refers to the volume of plasma cleared of Au per
unit time and is related to AUC for intravenous injection dosing by the following
formula [224]:

Dose

Cl = 3.2
carance Area under curve (32)

The dose (in pg) of Au injected into each mouse is calculated by the following

equation:

Dose = Concentration x Volume x Mass of Au per nanoparticle
=10 M x 250 pL x 33.296 kg/mol (3.3)

= 83.24 pg

Au-PEG showed the highest AUC at 1646 pg-h/L and slowest clearance at
5.06x1072 L/h , whereas tiopronin-capped gold nanoparticles had the smallest AUC
at 835 pg-h/L and fastest clearance at 9.97x1072 L/h. Au-Myx and Au-cRGD had
comparably high AUC values at around 1570 pg-h/L. Interestingly, PEGylation of
Au-peptides decreased the AUC, which implies that PEGylation increased the clear-
ance of the gold from the plasma. However, this decrease in AUC may be explained by
the targeting effect of the peptides drawing the gold nanoparticles out of the plasma

and into the tumour at 24 h. As such, we can conclude that PEGylation alone and
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peptide conjugation alone significantly decreased the clearance of tiopronin-capped
gold nanoparticles so they are retained in the plasma volume. PEGylation and
peptide conjugation combined together decreased the first pass clearance of gold
nanoparticles, giving the peptide more time in the plasma to target and become

retained in the tumour.
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CHAPTER 4
Determination of Nanoparticle Biodistribution by Imaging and
Microscopy: Results and Discussion

Optical and optoacoustic methods of determining nanoparticle biodistribution
are being sought for real-time in vivo quantitative analysis. In the context of this
project, there is also need to correlate across different length scales of how gold
nanoparticles behave in vivo as merely accumulating into the tumour but not local-
izing inside the tumour cells is not sufficient for effective nanoparticle-based ther-
apies. The fluorescent and electron-opaque properties of gold nanoparticles make
it amendable to be detected using fluorescence imaging and electron microscopy.
Gold nanoparticles are also good contrast agents in photoacoustic imaging, where
pulsed laser illumination is used to induce optical absorption and heating of the
light-absorbing gold nanoparticles. The gold nanoparticle undergoes thermo-elastic
expansion and generates acoustically-detectable pressure waves. The acoustic signal
is detected and used to generate an image. The advantage is inherently co-registered
high spatial resolution with high sensitivity in real time. The photoacoustic effect
converts photons into ultrasonic waves, which allows photoacoustic imaging to have
greater imaging depths as acoustic scattering in tissue is approximately three orders
of magnitude less than optical scattering [225]. Furthermore, photoacoustic imaging
allows the excitation of different molecules at different optical wavelengths as a means

to differentiate between materials of different chemical compositions [225]. Mallidi
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et al. showed that photoacoustic imaging was able to discern between anti-EGFR
gold nanoparticles, non-conjugated gold nanoparticles, and an NIR dye in mouse
tissue ex vivo [226]. Depending on the implementation of the optical excitation and
ultrasonic detection setup, photoacoustic imaging has the unique advantage of being
able to conduct multiscale biological structural imaging at high resolution including
organelles, cells, tissues, and organs [225]. This is because photoacoustic imaging can
scale spatial resolution and imaging depth across both optical and ultrasonic dimen-
sions [225]. These features of photoacoustic imaging make it an attractive modality
to develop for determining the quantitative biodistribution of nanoparticles in real-
time and at multiple length scales. Cook et al. have reported the use of photoacoustic
imaging for quantitative assessment of gold nanoparticle biodistribution in cells and
xenograft tumour tissue sections [227].

4.1 Fluorescence Imaging of Gold Nanoparticles in Excised Mouse Or-
gans

To determine the optimal dosing for signal in the in vivo fluorescence microscope,
different concentrations of gold nanoparticles were injected into a raw chicken thigh
as an imaging phantom as shown in Figure 4-1.

At high concentration, the gold nanoparticles had decreased fluorescence sig-
nal due to the increased opacity of the injected solution attenuating the emission
and excitation light. Next, optimization of the imaging system filter sets was per-
formed by measuring the fluorescence photon counts of an Eppendorf tube of 17.5 yM
Au nanoparticles using the ROI tool over different combinations of excitation and
emission filters. As a starting point, filters with wavelength cutoffs closest to the

optimized values obtained from the excitation vs. emission heat map measured on
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Figure 4-1: Optimization of gold nanoparticle fluorescence in IVIS Spectrum using
a raw chicken thigh as an imaging phantom.

a plate reader (as shown in Figure 4-2) were used (480 nm excitation and 735 nm
emission). Interestingly, as summarized in Table 4-1, the optimized set of emission
and excitation filters for the IVIS Spectrum in vivo fluorescence imaging system was

found to be 675 nm excitation and 780 nm emission, which were very different from
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the values obtained from the plate reader. Background corrected fluorescence inten-
sity of the optimized excitation and emission sets from the plate reader and IVIS
Spectrum imaging system were 9400 and 87.03 respectively, a difference of roughly
1800-fold. These discrepancies may be related to variations in optical setup between
the two apparatuses. The plate reader uses monochromatic light with a wavelength
bandwidth of 4.0 nm and is optimized for fluorescence measurements of reagents
in a multi-well plate (capable of a field of view of approximately 2 mm?). On the
other hand, the IVIS Spectrum imaging apparatus uses a scanning laser assembly
optimized for a larger range of area measurements (field of view can range from
15 - 506.25 cm?). The IVIS Spectrum imaging apparatus also has greater excita-
tion and emission filter bandwidths of 30 nm and 20 nm respectively. In addition,
the quantum efficiencies of the two imaging systems are different, with the IVIS
Spectrum imaging apparatus specifications reporting as much as a 50% difference in

efficiency between the 500 - 700 nm and 700 - 900 nm ranges. The

Table 4-1: Fluorescence Intensities of Different Emission and Excitation Filters on
the IVIS Spectrum

Emission (nm)
740 760 780 800
[ 465 [ 441x10° 5.88x 106
g [ 500 7.79% 106
E 535 9.96x 106
g [ 570 1.27x107
£ 605 1.56x 107
= [ 640
&)
5 [ 675
710 | 1.16x 10"
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Figure 4-2: Heat map of gold nanoparticle fluorescence with varying excitation and
emission wavelengths on the i3 SpectraMax plate reader. The maximum fluores-
cence signal was achieved at 480 nm excitation and 735 nm emission (indicated by
crosshairs in bottom right corner). As a comparison, optimal excitation and emission
set values from the IVIS Spectrum imaging system (indicated by crosshairs in top
right corner) was roughly 1080 times weaker.

250 pL of Au nanoparticles at a concentration of 17.5 M was injected intra-
venously via tail vein into a Lewis lung carcinoma tumour-bearing C57/BL6 mouse.
The Lewis lung carcinoma model was used instead of a B16 melanoma tumour model
because the Lewis lung carcinomas do not produce melanin to interfere with optical
measurements. After 24 hours, the mouse were sacrificed and their organs (liver,
tumour, kidneys, and spleen) were harvested for imaging with the IVIS Spectrum
imaging system. Organ autofluorescence signal was subtracted from the injected

organs by simultaneously imaging the injected organs with organs from a control

84



mouse with no administration of nanoparticles. Figure 4-3 shows the relative fluo-
rescence signal intensities from all imaged organs. The injected liver gave the highest
signal, which masked the signal coming from other organs. Autofluorescence from
the kidney was very strong as both the injected and control kidneys showed similarly
strong signals. The individual organs were imaged from different angles to avoid
fluorescence signal masking by the liver and to localize the nanoparticle distribution
within the organ. Organs were imaged using the optimized filter sets as determined
previously with an exposure time of 0.25 - 3 seconds. Figure 4-4 showed that the
Au fluorescence signal was strong throughout the entire liver, weak throughout the
entire spleen, and concentrated mostly in the center of the tumour respectively. The
autofluorescence signal from the kidneys made it difficult to localize the Au nanopar-
ticles. The kidneys were sliced open coronally, then imaged with a 520 nm excitation
and 780 nm emission filter set at longer exposure times for better signal acquisition.
Figure 4-5 shows that the Au nanoparticle fluorescence signal of the kidneys was
mostly concentrated in the renal cortex.

4.2 Photoacoustic Imaging of Gold Nanoparticles in Excised Mouse Or-
gans

Photoacoustic imaging of tiopronin-capped gold nanoparticles was performed in
excised organs from Lewis lung carcinoma tumour-bearing C57/BL6 mice using the
VevoLAZR photoacoustic imaging system. Photoacoustic intensity versus optical
wavelength in regions of interested was graphed for the kidneys, liver, and spleen as
shown in Figure 4-6.

The kidneys seemed to have different spectral curve types. The light blue and

red curves showed a similar trough shape with a minimum at around 750 nm, whereas
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Figure 4-3: IVIS Spectrum fluorescence micrograph showing the relative fluorescence
intensity of Au nanoparticles between all injected and control mouse organs
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Figure 4—4: IVIS Spectrum fluorescence micrographs showing the fluorescence inten-
sity of Au nanoparticles between control (left side of each panel) and injected (right
side of each panel) organs from different orientations. (A) apical view of liver, (B)
side view of liver, (C) basal view of liver, (D) apical view of tumour, (E) side view
of tumour, (F) basal view of tumour, (G) apical view of spleen, and (H) basal view
of spleen.

Figure 4-5: IVIS Spectrum fluorescence micrographs showing the fluorescence inten-
sity of Au nanoparticles between control (left side of each panel) and injected (right
side of each panel) kidneys from (A) apical side, and (B) sliced coronally.
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Figure 4-6: Photoacoustic curves of kidneys, liver, and spleen of Lewis lung carci-
noma tumour-bearing C57/BL6 mice

the green curves shows higher absorption at lower wavelengths. The liver and spleen
also show similar curve shapes to what was observed in the kidneys. From these
results, two distinct curve shapes were identified from the subsets of regions of interest
in all organs, as shown in Figure 4-7. Spectral unmixing was performed on all
organ samples using these two distinct curves, and the signals were multiplexed and
displayed as red being component 1 and yellow being component 2.

Component 2 was the photoacoustic signal from the gold nanoparticles because
it was not seen in control non-injected organs or imaging phantom. The source of
component 1 was unknown, but seemed to be endogenous to all of the excised organs.
The spectrally unmixed photoacoustic images of control and injected organs are
shown in Figure 4-8, and Figure 4-9 respectively. In the control kidneys, there was

negligible photoacoustic signal. In the control liver, spleen, and tumour, there was
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Figure 4-7: Identification of two distinct photoacoustic curves, labelled as red for
component 1 and yellow for component 2

only component 1 signal. In the injected kidneys, component 2 signal was seen on the
surface. In the injected liver, there was sporadic component 2 signal throughout the
entire organ. In the injected spleen, there was strong component 2 signal throughout
the organ interior, and also some component 1 signal near the edges/apices of the
spleen. In the tumour, the component 2 signal was mostly concentrated only in the
apical half of the tumour.

4.3 Environmental Scanning Electron Microscopy of Gold Nanoparticles
in Excised Mouse Tumours

Environmental scanning electron microscopy (ESEM) was performed on glutaraldehyde-
fixed tumour samples excised from B16 tumour-bearing C57/BL6 mice 24h after in-
travenous injection with Au-Dox nanoparticles via the tail vein. ESEM allows for

biological samples to be imaged in non-vacuum conditions and therefore does not
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Figure 4-8: Spectrally unmixed photoacoustic images of control kidney (top panel);
control liver (centre panel); and control tumour with control spleen (bottom panel).
Red color indicates component 1 signal and yellow color indicates component 2 signal.

90



Injected Liver Injected Tumour

|

Injected Spleen Injected Phantom
- .

Figure 4-9: Spectrally unmixed photoacoustic images of injected liver and tumour
(top panel); and injected kidney, spleen, and tissue phantom (bottom panel). Red
color indicates component 1 signal and yellow color indicates component 2 signal.

require extensive or damaging sample preparation techniques. Figure 4-10 shows a
typical low magnification ESEM image obtained from the tumour samples, where
the clumps of gold nanoparticles had higher contrast signal (brighter white color)
due to their high atomic weight number as compared to the mainly carbon biological
background. Figure 4-10 suggests that in vivo injected Au-Dox nanoparticles were
successful in penetrating into the tumour. Au-Dox nanoparticles seemed to also en-

ter cells only at selected locations on the cell membrane or became sequestered in
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cells over time as gold nanoparticles could only be seen as large clusters instead of

dotted throughout the tumour cell membrane.
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Figure 4-10: ESEM image of Au-Dox nanoparticles inside B16 tumours excised from
a C57/BL6 mouse

To ascertain whether the gold nanoparticles aggregated inside the tumour, gold
nanoparticle clusters were imaged by ESEM at higher magnification. A typical exam-
ple is shown in Figure 4-11. Individual dots of gold nanoparticles could be discerned
within the larger gold cluster and this suggests that the gold nanoparticles were not

aggregating but are simply collected together by the cell via an unknown mechanism.
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Figure 4-11: ESEM image of Au-Dox nanoparticles inside B16 tumours excised from
a C57/BL6 mouse

4.4 Scanning Transmission Electron Microscopy of Gold Nanoparticles
in Excised Mouse Tumours

To further investigate the in vivo presence of gold nanoparticles inside tumour
cells, thin sectioning of the tumour samples was performed and used for scanning
transmission electron microscopy (STEM) coupled with elemental microanalysis by
energy-dispersive spectrometry (EDS). Typical STEM micrographs and accompa-
nying EDS spectra are shown in Figure 4-12 and Figure 4-13. Table 4-2 shows a

summary of the elemental makeup of the sample.
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Figure 4-12: Typical STEM image of thin sections of Au-Dox treated B16 tumours
excised from a C57/BL6 mouse.

Some STEM micrographs of potential gold nanoparticles were observed at high
resolution such as the one shown in Figure 4-14. It was difficult to localize individual
gold nanoparticles or clusters in the STEM micrographs as the resolution of the EDS
mapping did not correlate to bright spots in the micrograph. However, EDS did
confirm the presence of gold inside the B16 tumour thin sections, which supports

that the gold nanoparticles were taken up into the tumour cells.
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Figure 4-13: Accompanying EDS spectra of Figure 4-12 with a 30 kV electron beam,
acquisition time of approximately 6 minutes for a total of n >10,000 counts
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Table 4-2: Summary of the Elemental Composition of Sample from Figure 4-12

Normalized Atomic

Atomic concentration concentration Error (10)
Element Number Series [wt. %] [wt. %] [wt. %]
Aluminum 13 K-series 31.87 27.49 0.98
Carbon 6 K-series 23.51 45.56 0.74
Copper 29 K-series 17.47 6.40 0.56
Silicon 14 K-series 15.56 12.90 0.08
Osmium 76 L-series 3.47 0.42 0.38
Oxygen 8 K-series 3.35 4.87 0.13
Nickel 28 K-series 1.26 0.50 0.07
Iron 26 K-series 0.95 0.40 0.06
Chlorine 17 K-series 0.94 0.62 0.06
Magnesium 12 K-series 0.41 0.39 0.04
Uranium 92 L-series 0.30 0.03 0.07
Gold 79 L-series 0.28 0.03 0.06
Manganese 25 K-series 0.24 0.10 0.04
Sulphur 16 K-series 0.21 0.15 0.03
Phosphorus 15 K-series 0.12 0.09 0.03
Calcium 20 K-series 0.06 0.04 0.03

Total: 100.00 100.00
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Figure 4-14: STEM image of potential gold nanoparticles inside thin sections of
Au-Dox treated B16 tumours excised from a C57/BL6 mouse
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CHAPTER 5
Conclusions

The goals of my research as presented in this thesis are to investigate the en-
hanced permeability and retention effect of ultrasmall gold nanoparticles in cancer as
well as to develop new methods of quantifying their biodistribution using microscopy
and imaging techniques. The advantages of developing multifunctional nanoparticles
as both drug delivery and imaging contrast agents for simultaneous cancer treatment
and diagnosis are examined in great detail. A thorough review of current strategies
in the literature for targeting and imaging in nanomedicine further demonstrates the
significance for this project.

The methodology for the synthesis and bioconjugation of gold nanoparticles
and conjugates in this project is optimized and discussed. Various characterization
methods, including zeta potential measurement and gel electrophoresis, are developed
and utilized to confirm bioconjugation success. A wide variety of optical, electron,
and acoustic imaging and microscopy techniques are used to investigate the in vitro
cell uptake and in vivo biodistribution of gold nanoparticle conjugates.

The EPR effect is investigated by comparing the biodistribution of PEGylated
and non-PEGylated Au-peptide conjugates in C57/BL6 mice at various time points
by ICPMS. The ICPMS biodistribution results showed that PEGylation and peptide-
conjugation improved the delivery of gold nanoparticles to the tumour albeit not to

statistically significant levels. To this end, the results suggest that the enhanced
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permeability and retention effect supplemented by the stealth capabilities of PE-
Gylation and the active targeting by the investigated peptide sequences (FREG,
MSH, myxoma, and cRGD) are both valid targeting strategies for ultrasmall gold
nanoparticles. Peptide-conjugation to Myx and cRGD was shown to decrease the
non-specific targeting to the spleen and liver, as well as modulate the excretion of the
nanoparticles to the more preferable renal clearance. These observations suggest that
the presence of peptide active targeting moieties on nanoparticles are of therapeutic
and pharmacological importance. Follow-up work with normalized ligand and active
targeting moiety density on nanoparticles may elucidate whether EPR accumulation
of nanomaterials is different than targetted accumulation. Furthermore, a thorough
multi-variate statistical model would be useful in finding evidence in support of a
time-dependent two-phase clearance involving renal and RES mechanisms, which
could have implications in medical scenarios other than cancer involving elevated
macrophage activity such as inflammation and diseases with impaired autoimmune
responses.

Microscopy and imaging-based techniques to determine the localization of gold
nanoparticles in vitro and in vivo are explored. The biodistribution of gold nanopar-
ticles by fluorescence imaging and photoacoustic imaging of gold nanoparticles in
excised organs correlated well with the ICPMS data. There was also good agreement
between the two imaging modalities at the sub-organ level of nanoparticle localiza-
tion. However, more work needs to be done to translate the correlative imaging of
gold nanoparticles to an in vivo quantitative real-time technique. At the cellular

level, both environmental scanning electron microscopy and scanning transmission
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electron microscopy showed evidence of gold nanoparticles inside cancer cells. All
of these results demonstrate that gold nanoparticles can be visualized with many

different techniques and these should be leveraged in cancer diagnosis by imaging.
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KEY TO ABBREVIATIONS

2PA: two-photon absorbance cross-section

AMEF: alternating magnetic field

AUC: Area under the curve

CNT: carbon nanotube

cRGD: cyclic RGD peptide

CT: computed tomography

CTLA-4: cytotoxic T-lympocyte-associated antigen 4
DDSA: dodecenyl succinic anhydride

dH5O: distilled water

DMEM: Dulbecco’s modified eagle medium

DMP-30: tris(dimethylaminomehtyl)phenol

DMSO: dimethyl sulfoxide

DNA: deoxyribonucleic acid

Dox: doxorubicin

EDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
EDS: energy dispersive X-ray spectrometry

EDTA: ethylenediaminetetraacetic acid

EGFR: epidermal growth factor receptor

EPR: enhanced permeability and retention
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ESEM: enivronmental scanning electron microscopy
FAM: carboxyfluorescein

FDA: United States Food and Drug Administration
FGF: fibroblast growth factor

FREG: FREG peptide

GNRT: gold-nanoparticle assisted radiation therapy
HBSS: Hank’s balanced salt solution

HER2: human epidermal growth factor receptor 2
HNC: head and neck cancer

HPLC: high-performance liquid chromatography
IC50: half maximal inhibitory concentration
ICPMS: inductively-coupled plasma mass spectroscopy
IDE: investigational device exemption

INAA: instrumental neutron activation analysis

IR: infrared

MAPK: mitogen-activated protein kinase

MQQ: multilayered, core/shell nano-

MRI: magnetic resonance imaging

MSH: alpha melanocyte stimulating hormone analogue peptide
Myx: myxoma peptide

NHS: N-hydrosuccinimide

NIR: near-infrared

NIRF: near-infrared fluorescence
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NMA: nadic methyl anhydride

NP: nanoparticle

PAGE: polyacrylamide gel electrophoresis

PBS: phosphate buffer solution

PDT: photodynamic therapy

PEG: polyethylene glycol

PSMA: prostate specific membrane antigen

QD: quantum dot

RES: reticuloendothelial system

ROI: region of interest

ROS: reactive oxygen species

RPMI: Roswell Park Memorial Institute medium
RRM: resonant recognition model

SCID: severe combined immunodeficiency

SDS: sodium dodecyl sulfate

SEM: standard error of the mean
SH-5KPEG-COOH: carboxymethyl-PEG-thiol (molecular weight 5 kDa)
SPECT: single-photon emission computed tomography
SPIO: superparamagnetic iron oxide

SRB: sulforhodamine B

STEM: scanning transmission electron microscopy
Ty: longitudinal / spin-lattice relaxation

Ty: transverse / spin-spin relaxation
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TAE: tris(hydroxymethyl)aminomethane base, acetic acid, and ethylenedi-
aminetetraacetic acid

TCA: trichloroacetic acid

TEM: transmission electron microscopy

UCNP: upconversion nanoparticle

USPIO: ultrasmall superparamagnetic iron oxide
UV: ultraviolet

VEGF: vascular endothelial growth factor
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