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ABSTRACT

THE IMPACT OF PEGYLATION ON CELLULAR UPTAKE AND IN VIVO

BIODISTRIBUTION OF GOLD NANOPARTICLE MRI CONTRAST AGENTS

Nagwa El-Baz
November 17, 2022

Gold nanoparticles (GNPs) have become a pivotal platform for the delivery of
pharmaceutical and diagnostic agents as well as for general therapeutic purposes. Despite their
potential for use in biomedicine, their interaction with serum proteins is crucial as it could change
their biological profile due to the formation of a protein corona, which can affect their delivery to
target tissues in the body. Grafting the GNPs with polyethylene glycol (PEG) is widely used in
research to decrease opsonization of the particles by serum proteins and decrease the uptake by

the reticuloendothelial system.

Here in this dissertation, we have developed a library of 4 and 10 nm GNPs conjugated
with a gadolinium chelate as MRI contrast agent, cancer-targeting aptamer AS1411 (CRO
aptamer was used as control), and with or without polyethylene glycol (PEG) of different

molecular weights (Mw: 1, 2, and 5 kDa).

We have quantified the amount of proteins that adsorbed on the surface of PEGylated and
non-PEGylated GNPs after incubation in human serum proteins. Additionally, we have quantified
the uptake of nanoparticles with and without protein corona by the human breast cancer cell line

MDA-MB-231 and the murine monocyte/macrophage cell line RAW 264.7.

Furthermore, we have investigated the in vivo biodistribution of GNPs using the murine

Vi



model of 4T1 mammary carcinoma in BALB/c female mice.

The in vitro results showed that PEG failed to decrease protein adsorption and the cellular
uptake by macrophage cells was contingent on the different configurations of the aptamers and the
length of PEG chain. While in vivo biodistribution showed that PEG increased the uptake by tumor

cells for some GNPs, it did not decrease the uptake of GNPs by macrophage-rich organs.
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CHAPTER 1

INTRODUCTION

Part 1. Gold nanoparticles: history, synthesis, properties, applications, and

challenges

Recently, gold nanoparticles (GNPs) have become a fundamental part of clinical
medicine and research. Their ease of synthesis and ability to be conjugated with various
numbers of specific biomolecules such as proteins, carbohydrates, antibodies, DNA,
RNA, and imaging moieties [1], make them promising agents for delivery of
pharmaceutical and diagnostic agents as well as therapeutics. Furthermore, their nano-
size facilitates their uptake by body cells via endocytosis [2], and accumulation in tumors
by the enhanced permeability and retention effect (EPR), as nano-sized molecules leak
preferentially into cancerous tissue via permeable vessels and accumulate in tumor cells.
Moreover, conjugation of drugs and biomolecules with GNPs amplifies their efficacy,

which leads to a decrease in the dose that is needed to achieve a desired outcome [1].



1.1 Colloidal gold history:

Colloidal gold history can be traced back to the fourth century B.C. as it was

found in Chinese, Arabic, and Indian scientists’ literature [3]. In the Middle Ages in

Europe, Paracelsus prepared a gold colloid solution by reducing auric chloride with
alcohol or oil plant extract. He used the gold colloid for treating mental disorders and
syphilis [3]. In 1618, Francisco Antonii published the first book on colloidal gold that
contains information on its preparations and medical applications. After that, gold colloid
was used for treating ulcers, epilepsy, diarrhea, and alcoholism [4], easing the suffering
of cancer patients [5], alleviating rheumatoid arthritis, and as a means of life prolongation

(elixir of longevity) [3].

Despite the long history of gold colloid, it didn’t attract the attention of modern
scientists until Michael Faraday’s research in 1857. He was the first to report that
colloidal gold has different properties than bulk gold [1]. Later a revolution in
immunochemistry came in 1971 when British scientists W. P. Faulk and G. M. Taylor
reported the use of gold colloid with conjugated antibodies for direct electron
microscopic visualization of Salmonella antigens, representing the first time of using gold
colloid conjugated as an immunochemical marker [6]. From this time on gold colloid
biomolecule conjugates became widely investigated in biomedical and chemical

laboratories.



1.2 Synthesis of gold nanoparticles (GNPs):

There are different ways of synthesizing GNPs with major approaches categorized
as either top-down or bottom-up [7]. Top-down protocols are usually chemical and
physical processes used to break up a bulk element into smaller pieces. Bottom-up
protocols are used to synthesize GNPs using smaller precursors, such as metallic salt or
molecular seeds that nucleate into a nanometric scale. Synthesis can be also categorized

into chemical, physical, and biological methods.

1.2.1. Physical methods:

This method depends on energy transfer in the material that is irradiated by
ionizing and non-ionizing radiation, which initiate reduction reactions that form
nucleation of nanoparticles. s(UV), and y radiation as examples [7]. The principle of
radiation science divides the radiation effects into direct and indirect effects. The direct
effect attributes to the energy transfer while the indirect one attributes to forming the
reactive species over the solvent as a result of the direct effect [8]. Water is the most
common solvent in gold nanoparticles synthesis when water gets exposed to radiation
(water radiolysis), it generates OHe (hydroxyl radicals), He (hydrogen radicals), eaq”
(solvated electrons), H>O> (peroxide), and O.2 (superoxide) along with the following
species Ha, H*, O and H20> [8, 9]. OHe and eaq” play a major role in GNPs synthesis, they

are responsible for the nucleation process by reduction of Au*into Au [9].



1.2.2. Biological methods:

Biological methods are known as favorable to the environment or green method s
because of the biocompatibility of the precursors and reduction of the use of toxic
chemicals [10]. The use of microorganisms, fungi, algae, and plants in the synthesis of
GNPs is a relatively new addition and it seems promising for large-scale synthesis. Plants
contain proteins and secondary metabolites that have a high reducing capacity, which
reduces the gold ions into metallic gold [11,12]. There are many examples of plant
extracts used in GNP synthesis such as phenolic acids, proteins, alkaloids, sugars, and
terpenoids [13, 14, 15, 16]. Using plants for GNPs synthesis is favored not only its
efficiency but also because of its stabilizing properties [13, 14, 15, 16]. Microorganisms
secret a large number of enzymes that mediate GNPs synthesis. There are many bacterial,
fungal, and actinomycete species, such as Fusarium oxysporum, Verticillium sp.,
Thermomonospora sp., Rhodococcus sp. that have been used for GNPs synthesis

intracellularly or extracellularly [17, 18].

1.2.3. Chemical methods:

These are the most common methods in laboratories for GNP production due to
the relative ease of synthesis. Many protocols have been reported for GNPs synthesis, but
the most common one is the reduction of tetrachloroauric acid (HAuCls) by using
different reducing agents such as sodium /potassium borohydride [19, 20], sodium citrate
[21], hydrazine [22], and dimethyl formamide [23]. Despite Hauser E.A. and Lynn J.E.
being the first scientists to report the synthesis of GNPs using HAuCls and trisodium

citrate (NasCeHsOy7) in 1940 [24], Turkevitch and co-workers refined the citrate reduction



method, and their work (in 1951) became a milestone of GNPs synthesis [24]. They
reported GNPs with 10-20 nm diameters. In 1973, their method was further refined and
improved by Frens, and it was possible to obtain a precise size of GNPs [25, 26]. Later in
1994, Brust and Schiffrin reported their two-phase method, and it was the first method
that allowed the ease of production of thermally stable and air-stable GNPs. Their
research had a large impact on the whole field of GNP synthesis and inspired many other

researchers [27].

1.3. Properties of GNPs

GNPs have a huge surface area in comparison with the same mass of bulk
material, which allows conjugation of a tremendous number of specific biomolecules.
GNPs possess many attributes such as shape and size-related optoelectronic properties
(e.g. a slight deviation in GNPs size can give completely different properties), intrinsic
ability to absorb light, ease of synthesis, good biocompatibility, and low toxicity [28].
Spherical GNPs exhibit a wide range of colors (orange, red, and purple), depending on
the core size (1 to 100 nm) of the nanoparticle [29, 30]. The absorption peak, called the
surface plasmon resonance (SPR), results from resonance between incident
electromagnetic radiation and surface conduction electrons in the gold. This absorption
band can be tuned from the visible to near-infrared (NIR) region by changing the
nanoparticle size or shape, or varying environmental factors such as solvent, surface
ligands, and temperature [31, 32]. Aggregation of GNPs results in red-shifting of the SPR
and changes the color of the solution from red to blue due to the interparticle plasmon

coupling [33].



1.4. Formation of GNP bioconjugates:

Specific biomolecules can be conjugated to the surface of GNPs by either

covalent or non-covalent conjugation [1].

Non-covalent conjugation: This attachment may be achieved in either of two
ways, electrostatic adsorption or specific affinity. Electrostatic adsorption is the simplest
way, and there is no chemical reaction is needed [1]. GNPs and biomolecules should have
opposite charges to achieve attraction, and it depends on the pH and ionic strength of the
medium. This approach is completely random in that GNPs and the bioconjugates can be

attached in any direction and arrangement.

The specific affinity conjugation can be achieved by either biological interrelated
molecules such as biotin-streptavidin or chemically synthetic molecules such as nickel-
mediated interaction with His-tagged proteins [1]. This approach is highly selective and
strong enough to maintain the conjugation under mild conditions. The most important
advantage of non-covalent conjugation is the reversibility of the conjugation, which

makes it very suitable for some applications such as drug delivery and sensing.

Covalent conjugation: can be achieved by direct attachment to GNPs or through
linkers (surface ligand), and both ways depend on Au-thiol chemistry. Molecules
containing thiol groups, such as proteins that contain surface cysteine residues can attach
directly to GNPs through a gold thiol bond that is near covalent bond strength. This is
considered a convenient method to attach proteins to GNPs. In-direct attachment of other
molecules to GNPs can occur through linkers that have a thiol group at one end to attach

to gold and chemically active functional groups at the other for forming molecular



attachments. The gold-thiol interaction forms coordinate-covalent bonds that provide
stable conjugations, with its near irreversibility being suitable for some applications in

complicated biological environments (pH and biological fluids)[1].

1.5 Application of GNPs:

Gold nanoparticles have been used in a wide variety of applications in biomedicine due to
their unique properties, we classified their applications into two main categories,

diagnostic and therapeutic.

* Photothermal

* Photodynamic Therapeutic / \ Diagnostic * Biosensors
S . * GNPs : . Imagi

* Anti-angiogenic <—|‘~. e EEE— maging

* Drug carrier \

@ Targeted cancer o S/

drugs ——
€ Genetic material
€ Antimicrobial agents
@ Other drugs

Figure 1.1: Schematic illustration of GNPs applications in biomedicine



Diagnostic applications:

Biosensors:

Gold nanoparticles are used as very sensitive biosensor agents for detecting biomolecules such
as carbohydrates, proteins, nucleotides, and toxins [34]. The sensing strategy can be
colorimetric, electrical and electrochemical, fluorescence-based, or capitalize on the presence of
the GNP surface plasmon resonance. Colorimetric detection depends on the change of GNPs
color due to aggregation. Electrical and electrochemical detection schemes depend on the GNPs
conductivity and the high surface area of gold. Fluorescence-based biosensors relay on
fluorescence quenching properties of GNPs, and surface plasmon resonance-based biosensors
use optical detection of the intrinsic optical properties (SPR) of gold nanoparticles [35]. GNPs
play an important role in the bio-barcode assay, which is an extraordinarily sensitive assay for
proteins and nucleic acids detection. The operating principle of the bio-barcode assay utilizes
two types of particles: (a) a magnetic microparticle (MMP) with recognition elements (such as
antibodies) for the target of interest and (b) GNPs conjugated with a second recognition moiety
and hundreds of thiolated single-strand oligonucleotide barcodes. Upon detection of the target
molecule, the two different particles form a sandwich around it, and a magnetic field is applied
to collect the sandwich structures. The oligonucleotide barcodes are subsequently released which

allows identification and quantification of the target [28, 36, 37].

Imaging:

Recently, GNPs-based imaging agents became a hot topic in the field of imaging. In
particular, they are extensively investigated as cancer-specific imaging probes, based upon their
conjugation with cancer-targeted molecules (aptamers and antibodies), which leads to selective

accumulation in cancerous cells. The SPR and the intrinsic light scattering properties make GNPs



good agents for imaging applications such as computed tomography (CT), photoacoustic
tomography (PAT) [1], dark-field microscopy [38], photothermal heterodyne imaging techniques
[39], coherence tomography (OCT) [40, 41], and Raman spectroscopy [42].

GNPs serve as a good platform for CT contrast agents due to the higher atomic number
and electron density of gold (79 and 19.32 g/cm?, respectively) in comparison with iodine which
is the currently used CT contrast agent (53 and 4.9 g/cm?®) [37]. Moreover, the higher molecular
weight of gold exhibits an enhanced absorption coefficient (5.16 cm?g™) as compared with the
iodine absorption coefficient (1.94 cm?g™?) [43, 44]. GNPs have been used as CT cancer-targeted
contrast agents. Meir et al. reported the use of GNP-labeled melanoma T cells for tumor
targeting in mice bearing human melanoma xenografts. The result showed a maximum CT
signal intensity at the tumor site after 48 h of injection whereas there was no signal detected at
the tumor site before injection [45]. Cao et al. also used GNPs with lactobionic acid (LA)-
modified dendrimers (LA-Au DENPs) for targeting hepatocellular carcinoma (HCC) in
xenograft mice. LA-Au DENPs showed high CT signal intensity in comparison with Omnipaque
(commercial iodine CT contrast agents [46].

In addition to CT imaging, tethering gadolinium with gold nanoparticles introduced a
high performance magnetic resonance imaging (MRI) contrast agent. The enhancement in
contrast that produced by MRI gadolinium-based contrast agent is measured in terms of
relaxivity, and it can achieve by two ways: by boosting the relaxivity of the contrast agent or by
increasing the gadolinium concentration. Conjugation of gadolinium chelate to GNPs avails
these two factors, as GNPs slows the rational motion of gadolinium and thus boosts the
relaxivity [47-49].

Darkfield microscopy (DFM) is widely used for scanning live cells. Its principle is
based on blocking off the light source by the specimen, causing the scattering of light and only
the scattered beams are captured by the monochromator. The limitation of this method is the low
intensity of light of the final image [50,51]. GNPs were introduced to DFM and have been used

9



successfully for reducing fluctuations in scattered light, which leads to improving the light
intensity of the final image. The intensity of scattered light is determined by the shape and size
of GNPs. Patskovsky et al. used GNPs conjugated with PEG and CD44* antibodies for DFM of
human breast cancer cells (MDA-MB-231) that over-express CD44*. The cells showed bright
light illumination due to the attachment of GNPs-conjugate with CD44" in comparison to CD44
BT-474 cells that showed no light emitted [52]. Qian et al. reported the use of GNPs as a
contrast agent in DFM to monitor the living stages of cancer cells [53]. GNPs-peptide conjugates
were delivered to cancer cells in nuclear and cytoplasmic regions to monitor chromosomal
dynamics during mitosis and to study the different phases of cells from birth to division. These
results introduce GNPs as promising nanoprobes in DFM for studying cellular mechanisms.

In addition, GNPs play an important role in live cell Raman imaging, due to their
surface-enhanced Raman scattering (SERS) effect [54,55]. Kang et al. reported the use of GNPs
for monitoring the changes in cell morphology during death induced by highly toxic KCN
Different organelles were targeted with GNP-conjugates to obtain a high-resolution Raman
image [56]. Moreover, different shapes of GNPs (shells, rods, stars, and spheres) have become
one of the most widely used contrast agents in photoacoustic imaging (PAI) based on their
optical properties and SPR [57]. Song et al. used 10 nm GNPs conjugated with hydrolysis-
susceptible citraconic amide moieties as a cancer-targeted contrast agent for PAl. GNPs
accumulated in cancer cells due to the electrostatic attraction induced by the acidic pH of the
cancer cells. The PA signals of the contrast agents at pH 5.5 in xenograft mice were two fold
higher in comparison with the PA signals of healthy animals and the PA signals of others

animals injected with non-susceptible SANSs. [58].

10



Therapeutic applications:
Photothermal therapy (PTT):

Photothermal therapy has been used for cancer treatment since the eighteenth century
by applying local heating using microwave, radio, and ultrasonic radiation or general
heating to 41-47 °C for 1 h [59]. This method has limitations because healthy tissues get
affected by the heat too. The development of laser radiation made a revolution in

photothermal therapy, which limited heat exposure to only cancer cells [60].

Photothermal damage of cancer cells using GNPs is extensively addressed as a
promising platform in the treatment of cancer and infectious diseases. The principle of
this method is based on the high ability of GNPs to absorb light in the visible and near-IR
region. When particles get irradiated with a corresponding light beam, they become very
hot and induce disruption of cell membrane permeability and protein denaturation, which

leads to irreversible damage to cancerous cells [61].

Pitsillides et al. pioneered the PTT using a novel selective cell targeting
technique. They used a short laser pulse (532 nm) focused on monoclonal antibodies
conjugated with GNPs (20 and 30 nm) [62]. The acceptance of new techniques of PTT in
the medical field relies on future advancements in several factors, including: (i) the
prevalence of GNPs with optimal optical properties, (ii) the development of efficient
techniques to deliver the particles to the cancerous or diseased tissues, and (iii) delivering

the optical radiation to the targeted sites.

11



Photodynamic therapy (PDT):

Photodynamic therapy is used for treating cancer and skin disease [63], this
method can be achieved by using a photosensitizer agent and visible light at a certain
wavelength corresponding to the peak of dye absorption [64]. The photosensitizer can be
applied intravenously, orally, or directly on the skin. When the photosensitizer agent gets
irradiated with the light beam, it generates singlet oxygen and free radicals along with the
heating effect, which mediates necrosis and apoptosis of diseased tissues [65]. PDT is
limited by the low effectiveness of molecular dyes for heating tissues due to small
absorption cross-section and also the longevity of the dye in the body that results in

patient sunlight sensitivity [3].

Introducing GNPs to PDT improves the efficiency of this method, as GNPs
increase the fluorescence intensity of the photosensitizers if they are placed at an
optimum distance from the dyes [66, 67]. Moreover, GNPs have a high surface area,
which allows maximum absorption of light and loading with a high number of

photosensitizer molecules.

Jing Lin et al. reported a multifunctional theranostic platform consisting of GNPs
conjugated with chlorin e6 (Ce6), and polyethylene glycol (PEG). GNPs absorb light near
the IR region (650-800 nm), and when irradiated by 671 nm laser irradiation they
produce enough heat to excite Ce6 to produce singlet oxygen and other free radicals.
Moreover, the efficient loading of Ce6 onto GNPs increases the accumulation of Ce6

inside cancer cells, which leads to visualization by fluorescence [68].
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GNPs as drug carriers:

GNPs have shown a unique role as non-toxic drug carriers. Owing to their
extensive surface-to-volume ratio, they can be loaded with high numbers of different
biomolecules [69, 70] such as: antibodies, vaccines, recombinant proteins, and
nucleotides. GNPs also can be used to deliver drugs with low solubility and poor
pharmacokinetics [71, 72], or to deliver drugs that have susceptibility to enzymatic

degradation and poor cellular penetration (e.g., SIRNA) [73, 74].

GNPs in targeted cancer drug delivery:

Circulating GNPs have a preference to accumulate in tumor and inflammatory
sites due to the defective architecture of the blood vessels that supply these sites [75, 76].
Once the particles get in the vessels, they stay lodged due to the characteristically
reduced lymphatic drainage and their low diffusivity. This phenomenon is widely known
as the enhanced permeability and retention (EPR) effect [77, 78]. EI-Sayed and co-
workers reported the use of GNPs conjugated to thiol-PEGylated tamoxifen derivatives to
use EPR-based GNP accumulation in breast cancer cells [79]. The large surface area to
volume ratio of GNPs provides high drug loading and lowers the minimum effective

dosage relative to free drug molecules.

Dhar et al. reported the conjugation of GNPs with doxorubicin hydrochloride
(DOX), which increased DOX toxicity to cancer cells compared with the free drug due to
the efficient uptake of GNPs-DOX complex by endocytosis and retention in the cells,

while free DOX diffuses passively across the membrane. This research demonstrates that
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GNPs can help reduce the effective dosage of DOX (reduce its side effects), and aid in

the transport of DOX across the blood-brain barrier [80].

Brown et al. showed the increased potency of oxaliplation, a non-selective
cytotoxic analog of cisplatin used in treating colorectal cancer, conjugated with GNPs
through thiolated PEG linkers [81]. They reported a fivefole increase of cytotoxicity in
comparison with free oxaliplation, which was attributed to uptake through endocytosis

into cancer cells.

It was also reported that GNPs were conjugated to many antitumor drugs, e.g., paclitaxel
[82], methotrexate [83], daunorubicin [84], gemcitabine [85], 6-mercaptopurine [86], 5-
fluorouracil [87], cisplatin [88], Herceptin [89], and B-lapachon [90]. The tremendous

amount of studies dedicated to GNPs and cancer therapy has proved very promising and

could be a turning point in the field of targeted drug-delivery.

GNPs in gene therapy:

Recently, it has been demonstrated that GNPs can be successfully conjugated with
nucleic acids such as antisense oligonucleotides and small interfering RNA (siRNA) and
delivered to cells for gene regulation [91, 92]. GNPs have been found to protect nucleic

acids from degradation by nucleases and provide efficient cell transfection.

Patel et al. reported heterofunctionalized nanoparticles conjugates consisting of
GNPs loaded with antisense oligonucleotide and synthetic peptides. The synthetic
peptides are used to target specific subcellular components for delivery of the antisense
oligonucleotides for gene knockdown [93].
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Liangliang Hao et al. conjugated GNPs with synthetic miRNA-205 to suppress
tumor growth through down-regulation of protein kinase C epsilon (PRKCg). Researchers
demonstrated that the conjugation of miRNA to GNPs significantly reduces PC-3 cell
viability compared to using miRNA alone. Also, GNPs-miRNA conjugates enter the cells

without the use of transfection agents [94].

GNPs deliver antimicrobial agents:

While GNPs themselves do not display antimicrobial activity, their conjugation
with antibiotics decreases the survival of bacteria [95]. Akhilesh Rai et al. reported the
conjugation of cefaclor (a second generation antibiotic) with 22-52 nm GNPs. The
results showed that the cefaclor-GNPs complex has potent antimicrobial activity against
Gram-positive and Gram-negative bacteria in comparison to using cefaclor or GNPs

alone [96].

Selvaraj et al. reported the conjugation of GNPs with 5-fluorouracil (5FU) has
antibacterial and antifungal effects against Staphylococcus aureus, and Micrococcus

luteus, Escherichia coli, Aspergillus fumigatus, and Aspergillus niger [97].

Also, it was demonstrated that GNPs overcome some antibiotic resistance
mechanisms by delivering a dense mass of the antimicrobial, where each GNP is loaded
with a number of antibiotic moieties that act as a single group against the bacteria
leading to disruption of the cell wall before the antibiotics can be recognized by the

bacterial cell defensive enzymes.

In contrast, Saha et al. [98] and Grace and Pandian [99] reported that they could

not generate stable conjugation of GNPs and antibiotics (ampicillin, streptomycin,
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kanamycin, aminoglycosides, and quinolone antibiotics). Although these researchers
demonstrated that the increase in the antimicrobial activity using GNPs could range
from 12 to 40%, and the activity depends on the complex antibiotic GNPs interactions

with their environments and with the bacterial cells.
GNP delivery of other drugs:

There are other drugs that have been reported in the literature in conjugation with GNPs.
Bowman et al. designed GNP (2 nm)-SDC-1721 complexes, where SDC-1721 is a fragment of
the potent HIV inhibitor TAK-779. The conjugation of GNPs with SDC-1721 resulted in
inhibitory activity comparable to TAK-779, whereas SDC-1721 alone didn’t show any
inhibitory effect. This study showed the conversion of inactive drugs to an active form with
conjugation with GNPs [100].

Joshi et al. reported the conjugation of bare GNPs and aspartate-coated GNPs with
insulin hormone. The complex was delivered to diabetic Wistar rats by oral and intranasal
routes. The results showed that the intranasal administration resulted in a significant reduction in
blood glucose levels. These results also were comparable to that achieved by another drug that
relieves type | diabetes mellitus [101].

Nie et al. developed a new synthetic antioxidant using GNPs loaded with Trolox (vitamin
E analog) with better activity than Trolox alone. The results of the DPPH* (2,2-diphenyl-1-
picrylhydrazyl) assay showed that the rate constant for the reaction of GNPs-Trolox complex

with DPPH* radical was eight times greater than that for Trolox [102].

GNPs have anti-angiogenic effects:

It has been reported that naked GNPs exhibit an anti-angiogenic effect thorugh reducing the

viability, tube formation, and migration of human umbilical vein endothelial cells [103, 104]. It
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also has been reported by other researchers that GNPs inhibited vascular endothelial growth factor-
A (VEGF-A), which induced migration of human retinal microvascular endothelial cells [105].
GNPs were also shown to reduce the permeability and density of vessels in many cancer models
[106]. Many molecular mechanisms have been shown to contribute to the anti-angiogenic effect of
GNPs. They suppressed the activity of the VEGF-A/VEGR?2 axis and its downstream signaling in
different endothelial cells [107, 108]. Moreover, GNPs were shown to inhibit intracellular calcium
release and reduce Ras homolog family member A (RhoA) activity mediated by VEGF-165 [109].
Furthermore, GNPs downregulated the levels of pro-angiogenic factors Ang-1 and Ang-2 in

cancerous tissues [109].

1.6 Challenges facing GNPs in biomedicine:

Despite the numerous applications of GNPs in biomedicine, there are some challenges and

obstacles that face them and need to be investigated.

Interaction with the

Figure 1.2: Demonstration of the challenges that face GNPs in biomedicine
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1.6.1. Biodistribution:

The biodistribution of GNPs affects their therapeutic value. Biodistribution is highly
regulated by the surface chemistry, surface charge, the diameter of the particles, and the route of
administration [110-113]. Sonavane et al. reported that particle size is an important factor of drug
permeation. Using citrate capped GNPs of different sizes (15, 100, and 200 nm), Particles were
applied to excised rat skin using Franz diffusion cells, the smallest size (15 nm) showed the
highest permeation coefficient in comparison to the largest ones, also the 15 nm GNPs penetrated
into the deep region of the skin while the 100 and 200 nm GNPs stayed on the surface [114]. In
another study done by the same group, mice were injected intravenously with 15, 50, 100, and
200 nm GNPs, the amounts of gold were evaluated in blood, liver, spleen, lung, stomach, brain,
and heart. The highest amounts of gold were detected in the liver, spleen, and lung regardless of
size. The smallest size (15 nm) showed the highest accumulation in blood and all organs and only
15 and 50 nm crossed the blood-brain barrier. The largest size GNPs (200 nm) showed the lowest
accumulation in blood and all organs except the liver, spleen, and lung [115]. Other studies have
reported that smaller particles size are accumulated in all body organs while larger ones are
accumulated mostly in the liver and spleen [112, 116]. Khan and co-workers have used different
types of dendrimer encapsulated gold nanoparticles with different sizes and different surface
charges. B16 mouse melanoma tumor models were injected by the particles and biodistribution
was evaluated by ICP-MS analysis. Results showed that surface charge and particle size achieved
a selective targeting of certain organs without loading the particles with any specific targeting

agents [117].
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1.6.2. Synthetic identity vs. biological identity:

3
Serum Proteins

Synthetic Identity Biological Identity

Figure 1.3: Schematic illustration of formation of protein corona on gold

nanoparticle surface

Once GNPs get in the blood circulation, they interact with abundant proteins in the blood.
Some of these proteins interact with the particles and get adsorbed on their surface leading to the
formation of the protein corona, which affects the physical and the chemical properties of the
GNPs and changes their synthetic identity, thereby forming a new biological identity that is
completely different in size, shape and surface chemistry. Furthermore, the protein corona can
lead to particle aggregation. The biological identity of GNPs determines their pharmacokinetic
and pharmacodynamic properties and affects their biological fate [118, 119]. The thickness and
identity of protein corona are dictated by the surface chemistry, charge, particle size, duration of

exposure, and the nature of the biological environment (blood or interstitial fluid).

1.6.3. Interaction with the reticuloendothelial system (RES):

Controlling the interaction of GNPs with the RES is a fundamental challenge to the

successful use of GNPs in a therapeutic context. GNPs can interact with cells and molecular
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components of the immune system (monocytes, macrophages, and proteins) leading to the release
of pro-inflammatory cytokines that activate or suppress the immune response [120]. On the other
hand, interaction with the RES impacts the efficiency of the particles themself, as their uptake by
the RES can shorten their blood residence time and impact their biological fate. Once GNPs get
in blood circulation, they activate the cleavage of C3 protein into two small units, C3a and C3b.
C3b (opsonin protein) binds to GNPs in a process called opsonization and initiates a cascade of
complement reactions which flags the nanoparticles for phagocytosis by scavenger cells [121-
126]. The physicochemical properties of GNPs (e.g. shape, diameter, surface charge, surface
loading, and hydrophobicity) dictate their interaction with the immune system [127-130].
Furthermore, the different routes of GNP administration (e.g., intravenous, intradermal, nasal,
intramuscular, subcutaneous, and inhalation) can evoke different immune responses [131, 132]

There are four endocytic mechanisms for nanoparticle uptake by the immune system:
macropinocytosis, pinocytosis, phagocytosis, and clathrin/caveolar mediated endocytosis.
Usually, the uptake of nanoparticles takes place with more than one endocytic mechanism [133,
120].

Attributable to the immunological properties of GNPs, they can be used as agents for
manipulating the innate immune system (stimulation or suppression). Vaccines and cancer
immunotherapy are applications of these properties [134, 135]. The main principle is to stimulate
the immune system to generate the pro-inflammatory signal in response to the antigens of foreign
objects and tumors. In addition to stimulation of the immune system, GNPs also can elicit a
suppression effect, which is used for the treatment of autoimmune diseases, atopic disorders,

allergies, and organ transplantation [136].

1.6.4 Toxicity:
The toxicological properties of GNPs in literature are controversial. Some studies have
shown that GNPs are toxic, while others have reported the opposite [137]. The variance in
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toxicity of GNPs can be attributed to their sizes, shapes, surface loadings and charge, surface
volume ratio, and their modification in the biological environment [138-141]. A group of
researchers has reported that 13 nm PEGylated GNPs induced inflammation in the liver over two
phases. The first phase occurred immediately after injection and the second one occurred after 7
days, they also found that the number of cells that underwent apoptosis over the two phases
increased [142]

As observed before, the liver and spleen are the major organs that have the highest
accumulation of GNPs, which may lead to their toxicity [143]. Furthermore, the interaction of
GNPs with the different components of the immune system can cause immunotoxicity, due to
the formation of reactive oxygen species (ROS) in cells which can lead to indiscriminate protein
and membrane damage. Moreover, repetitive stimulation of the immune system can lead to
autoimmune diseases and allergic reactions, while suppression can cause cancer and infectious

diseases [120, 144].

1.7 Strateqgies to increase blood circulation half-life and the selective delivery of

GNPs:

Different strategies have been reported in the literature to attain longer blood circulation half-
lives of GNPs by modifying the nanoparticles with biocompatible agents. Examples of these

agents are:

Serum albumin protein: the most abundant protein in the blood, it contains many
carboxyl and sulfhydryl groups, which allow it to bind to GNP surfaces. Conjugation of
GNPs with serum albumin increases their stability, bioavailability, and blood circulation
time by decreasing binding to blood proteins, and provides selective targeting of tumor

cells [145- 147].
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Red blood cell (RBCs, erythrocytes) membranes: first introduced as a drug carrier in
1953 when Gardos loaded erythrocyte ghosts with ATP. Using erythrocytes as a carrier
of nanoparticles provides numerous benefits such as prolonging the lifespan up to 120
days, improving the nanoparticles’ stability, decreasing the uptake by the immune

system, and increasing the biocompatibility of the drug [148-151].

Hyaluronic acid: It has shown that conjugation of GNPs with hyaluronic acid (a linear
polysaccharide) increases their biocompatibility, increases the cellular uptake of large-
sized nanoparticles, and decreases the adsorption of blood proteins on GNPs surfaces. In
addition, it has been reported that hyaluronic acid acts as a ligand for many cell receptors

(e.g. cluster of differentiation 44 receptor or CD44) [151-156]

Polyethylene glycol (PEG): a condensation polymer of ethylene oxide and water.
Grafting GNPs with PEG (the process known as PEGylation) creates a hydrophilic sphere
around the nanoparticles that sterically prevents the interaction of GNPS with each other,
leading to increased particle stability and reduced aggregation. Moreover, PEG mitigates
the adsorption of opsonin proteins on particle surfaces and decreases the particles’
susceptibility to be cleared by the immune system [121, 157-160]. PEGylation is
considered the most common method that has been used to form what is called ““stealth

nanoparticles”.
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Part 2. Focus of this dissertation

Here in this dissertation is presented a study of the impact of serum protein adsorption on the
cellular uptake of cancer-targeted nanoparticle MRI contrast agents. 4 and 10 nm GNPs were
conjugated with a Dotarem thiol derivative gadolinium chelate , Gd (111)-DO3A, and cancer-

targeted AS1411 aptamer with and without PEG of different molecular weights (Mw: 1, 2, and 5

kDa).

AN mPEG-SH (1,2,5 kDa) il AS1411

§ Gd(II1)DO3A-SH \ CRO

Figure 1.4: Schematic illustration of the construction of the proposed MRI contrast

agents

« AS1411 is a quartet G-rich, 26-mer, G-quadrapelex-forming phosphodiester
oligodeoxynucleotide. The 3D structure of AS1411 proves resistant against cellular and
serum nucleases [161]. AS1411 specifically binds to a multifunctional phosphoprotein
called nucleolin that presents in the nucleus of all cells but is overexpressed on the cell
surface and in the cytoplasm of some cells including cancer cells and angiogenic

endothelial cells. AS1411 has apoptotic induction activity through binding to nucleolin,
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which inhibits nucleolin binding to BCL2 mRNA (BCL2 is a family of regulatory

proteins that regulate cell apoptosis by either inducing or inhibiting apoptosis) [162-

165]. AS1411 is taken up in cancer cells by macropinocytosis, and subsequently

stimulates further macropinocytosis by nucleolin-dependant mechanism, which leads to

specific accumulation in cancer cells [166].

The Gadolinium: most MRI contrast agents that used in clinic are gadolinium-based
due to the highly paramagnetic nature of the trivalent metal. Gadolinium used to generate
MRI contrast must be bound by a chelating agent because its ionic form is very toxic and
interferes with calcium channel and protein binding sites [167]. In this study, we used
DO3A (1,4,7,10-tetraazacyclododecane-N,N',N"” ,N"-tetraacetic acid) as a chelating agent
with a thiol group that allows conjugation of gadolinium to GNPs. As mentioned before,
Conjugation of gadolinium chelate to GNPs avails improvement in Relaxivity without
increasing the amount of gadolinium, as GNPs slow the rational motion of gadolinium

and thus boosts the relaxivity.

We have fulfilled our goal through the investigation of the following 3 specific

aims:

Specific aim 1:

Develop and characterize 4 & 10 nm GNPs conjugates with AS1411/CRO, Gd (llI)-

DO3A, and PEGs (1, 2, and 5 kDa).

Specific aim 2:

a) Determine the adsorption of serum proteins on the particles surfaces.

b) Determine the uptake of the incubated particles with and without serum proteins
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by macrophage and cancer cells.

Specific aim 3:

Determine the uptake of the particles by tumor cells through in vivo biodistribution study.

In vitro Studies 2

| , o ©
0 Jun B P -
\ iy /

AS1411
RAW 264.7 /

CRO

sy ISR

1 1
MWWV mPEG-SH (1,2,5 kDa)
MDA-MB-231

‘; Gd(iii)DO3A-SH
Cellular Uptake was Quantified by ICP-MS
In vivo Studies murine model of 4T1 mammary carcinoma in
BALB/c female mice.
Mice were injected with P 24872h T!.lmor
* Non-PEGylated GNP-GD-AS1411/CRO / Liver
* PEGylated GNP-GD-AS1411/CRO-PEG — Spleen
1K ' ® f" Post-injection Are collected for
.S o ICP-MS

Figurel.5. Demonstration of the in vitro and the in vivo study

We have synthesized and characterized 16 different formulations of MRI contrast
agent GNPs candidates with 8 formulations for each GNP core size ( 4 and 10 nm). GNPs
conjugated with Gd, either AS1411 or CRO (control), and with or without PEG (1, 2, and
5 kDa). Further, we have quantified the amount of adsorbed proteins after incubation of
the PEGylated and non-PEGylated GNPs in human serum and quantified the uptake of
the different nanoparticles with and without protein corona by the human breast cancer

cell line MDA-MB-231 and the murine monocyte/macrophage cell line RAW 264.7.

In addition, we have looked into the in vivo biodistribution of GNPs using the
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murine model of 4T1 mammary carcinoma in BALB/c female mice.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials:

Gold (111) Chloride Trihydrate (HAuCls-3H20) was purchased from Alfa Aesar
(Tewksbury, MA). 10 nm GNPs were purchased from Nanopartz (Salt Lake, UT). Citric
acid, trisodium salt (Na3CsHs07), Sodium Borohydride (NaBH4), Gadolinium trichloride
hexahydrate (GdClz-6H20), dithiothreitol (DTT), Sodium dodecyl sulfate
(NaC12H25S04), anhydrous sodium bicarbonate (NaHCOs3), sodium phosphate
monobasic dihydrate (NaH2PO4-2H,0), sodium phosphate dibasic (NazHPO4), 0.22 um
syringe filter, and human serum (obtained from male AB plasma of multiple donors)
were purchased from Sigma Aldrich (St.Louis, MO). 1,4,7,10-tetraazacyclododecane-
1,4,7-tris (acetic acid)-10-(2-thioethyl) acetamide, DOTA, dodecane tetraacetic acid
(C18H33N507S.2CF3CO2H, DO3ASH) was purchased from Macrocyclics, Inc. (Dallas,
TX). 10.0X phosphate buffer saline (PBS, pH 7.4) and Pierce BCA protein assay Kits
(Bicinchoninic acid assay) were purchased from Thermo Fisher Scientific (Waltham,
MA). Methoxy polyethylene glycol thiol (mPEG-SH), Mw 1, 2, and 5 kDa were
purchased from Creative PEGworks (Durham, NC). Nanopure ultrapure water (Sartorius
Arium, resistivity of 18.2 MQ-cm) was used for preparing all aqueous solutions.

Hydrochloric
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acid (HCI) and Nitric Acid (HNOgz) were analytical grades and purchased from VWR
(Radnor, PA). Aqua regia solution (3 parts HCI and 1 part HNO3) was used to clean all
glassware for GNP synthesis. Oligonucleotides (Oligo) having a regular DNA backbone
(phosphodiester), a 5’-Thiol C6 S-S modification (Thio-MC6-D), 5°-6T spacer (for
AS1411 and CRO), and high pressure-liquid chromatography (HPLC) purification were
supplied by Integrated DNA Technologies (IDT) [Coralville, 1A]. The oligonucleotide
sequences used were 5°-/5ThioMC6-D/TTT TTT GGT GGT GGT GGT TGT GGT
GGT GGT GGT TT-3” (AS1411), and 5’- /5ThioMC6-D/TTT TTT CCT CCT CCT
CCT TCT CCT CCT CCT CCT TT-3 (CRO). 0.5 Trypsin- EDTA (10X) was purchased
from Thermo Fisher Scientific (Waltham, MA). NuPAGE lithium dodecyl sulfate (LDS)
sample buffer 4X, NUPAGE sample reducing agent 10X, NUPAGE compound 2-
ethanesulfonic acid sodium dodecyl sulfate MES SDS running buffer 20X, NuPAGE 4
t0 12%, Bis-Tris, 1.0-1.5 mm, mini protein gels, and mini gel tank and blot module set
were purchased from Thermo Fisher Scientific (Waltham, MA).

The MDA-MB-231  Dbreast cancer cells, RAW 2647 murine
monocyte/macrophage cells, and 4T1 murine breast cancer cells were purchased from
ATCC (Manassas, VA). Dulbecco's Modified Eagle Medium (DMEM) and Roswell Park
Memorial Institute (RPMI) media were purchased from Corning (Manassas, VA). Fetal
bovine serum (FBS) was purchased from Atlanta Biologicals (Flowery Branch, GA).
Penicillin-Streptomycin was purchased from Hyclone/Cytiva (Marlborough, MA).

UV absorption spectra were measured with the UV Visible Spectrometer (Varian Cary
50 BIO UV, Agilent Technologies, Santa Clara, CA) using glass cuvette of 2 mL.

Dynamic Light Scattering measurements (DLS) and the Zeta potential measurements
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were acquired on samples using a NanoBrook Zeta PALS Zeta Potential Analyzer
(Brookhaven Instruments, Holtsville, NY).
The concentrations of gold and gadolinium in cells and animal tissues were analyzed
using an Agilent 7800 ICP-MS (Inductively Coupled Plasma Mass Spectrometry, Agilent
Technologies Inc). Before the sample assay, ICP-MS machine performance was checked
using a 1 ppb tuning solution and the assay program was auto-tuned using 10ppb tuning
solution (Agilent Technologies, Cat# 5188-6564). Gd and Au standards were purchased
from Agilent Technologies Inc (Cat# ICP-064-25 and Cat# ICP-079) and diluted in serial
concentration as 0, 1, 2, 5, 10, and 50 ng/ml by 2% nitric acid/DI water solution as
standards. A 500 ppb internal standard solution (Agilent Technologies, Cat# 5188-6525)
containing Bi, Ge, Ln, Li, Lu, Rh, Sc, Th was used to evaluate the recovery rate/machine

operation condition. Samples were loaded with an Agilent SPS 4 Autosampler.

2.2. GNPs Synthesis:

4nm GNPs were synthesized according to the procedure described by Murphy and
coworkers [168]. All glassware were cleaned with aqua regia and rinsed with nanopure
water before using. Briefly, 2.5 mL of 0.01 M trisodium citrate was added to 95.0 mL of
nanopure water under intense stirring. Then, 2.5 mL of 0.01 M HAuCI4 solution was
added followed immediately by 3.0 mL of 0.1 M sodium borohydride at 4°C. The
solution was stirred for 2 hours. GNP size was determined by UV/visible spectroscopy

and dynamic light scattering [169]. 10 nm GNPs were purchased as mentioned before.
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2.3. Chemical Synthesis of Gadolinium (111) DO3A-SH (Gd):

1,4,7,10-tetraazacyclododecane-1,4,7-tris(acetic acid)-10-(2-thioethyl) acetamide,
C18H33N507S.2CF3CO2H (DO3ASH) was chelated with GdClz by mixing an aqueous
solution of DO3A-SH (17.1 mg in 200 uL nanopure water) with an aqueous solution of
GdClz (22.23 mg in 200 uL nanopure water) at room temperature [170-172]. The reaction
mixture pH was then adjusted to 6.0 by titrating 1.0 M sodium bicarbonate and the
mixture was incubated overnight at 60°C. During the reaction, the pH was monitored
three times and bicarbonate solution was added as necessary to keep the pH in the range
of 6-7. Afterward, the reaction mixture pH was adjusted to 9-10 using sodium
bicarbonate to precipitate the Gd-DO3A-SH complex which was isololated via

centrifugation at 3000 g for 15 minutes.

2.4. Annealing and Preparing of AS1411 and CRO for Conjugation to GNPs:

Oligonucleotide solutions were prepared as previously reported [173]. Briefly,
500.0 pL of 500 uM oligonucleotide solution was prepared by suspending AS1411 and
CRO in nanopure water. Before use, the disulfide protecting group on the oligonucleotide
was cleaved with dithiothreitol (DTT). A 250.0 pl solution of 1M DTT was added to the
oligonucleotide solution and heated to 90°C for 1 hour (0.1 M DTT, 0.18 M phosphate
buffer (PB), pH 8.0). The cleaved oligonucleotides were purified using a NAP-25 column
eluted with PB. Thereafter, the eluted solution of freshly cleaved oligonucleotides was

added to gold nanoparticle dispersions.
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2.5. Preparation of PEG solutions:

Methoxy polyethylene glycol thiol (MPEG-SH), MW 1, 2, and 5 kDa were suspended in

nanopure water and filtered using 0.22 um syringe filter before use.

2.6. Conjugation of Gd(111)-DO3A-SH (Gd), AS1411/ and or CRO, and mPEG to

GNP:

4 nm and 10 nm GNPs (~150 nM and ~10 nM for 4 and 10 nm, respectively) were

functionalized with the MRI contrast agent Gd, either AS1411 or CRO, and with or

without 1, 2, and 5 kDa mPEG chains [168]. The concentrations of the different agents

were added X times the gold concentrations as shown in Table 1:

Table 2.1. Demonstration of the amount of functionalizing agents

GNP Gd AS1411/CRO PEG
4 nm non-PEGylated 10X 15X -

4 nm PEGylated 6X 10X 6X
10 nm non- 120X 90X -
PEGylated

10 nm PEGylated 72X 60X 36X

16 different formulations of GNPs were synthesized and incubated at room temperature

for 20 minutes and then sonicated for 10 minutes. The solutions were incubated overnight
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at 37°C, then 10X PBS solution was added gradually over 5 days until the concentration
of the GNP solutions reached 137 mM NaCl (during each salting time, the GNP solutions
were sonicated for 10 minutes and followed by incubation at 37°C). The excess

oligonucleotide and Gd were removed via centrifugal filtration at 3000g for 30 min.

2.7. Quantification of AS1411 and CRO per nanoparticle:

20.0 pl of each GNP sample was added to 200 pL of 1.0 M DTT and 2.28 mL of
Phosphate Buffer (pH 8). The mixture was incubated for 24 h at 37°C to cleave the gold
oligonucleotide-thiol bond. The mixture was purified using a NAP-25 column to
separate the oligos from DTT, then the released oligonucleotides were quantified using
UV absorption spectra. The concentrations of oligonucleotides were divided by the

corresponding GNPs concentrations to determine how many aptamer/GNP.

2.8. Quantification of Gadolinium:

20.0 pl of each GNPs sample was added to 800 pl of aqua regia and 600 pl of PBS
solution and heated to 60°C for 2 hours. The sample then was diluted with nanopure
water to 4% acid concentration and analyzed with ICP-MS. The concentrations of Gd
were divided by the corresponding GNPs concentrations to determine how many

Gd/GNP.
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2.9. Protein Quantification by Bicinchoninic Acid (BCA) Assay:

I mL of 4 or 10 nm GNPs (100 pL and 20 uL, respectively) were mixed with 1 mL of
10% human serum (HS) and incubated for 24 h at 37°C under continuous shaking.
GNPs and any protein corona were then separated from free HS by centrifugation 2
times at 20,000 g for 1 h to remove the unbound proteins. 5% of sodium dodecyl sulfate
was added to GNPs-protein corona and samples were heated for 5 minutes at 60 °C to
isolate the tightly bound proteins from GNPs. The samples were centrifuged and
supernatants were analyzed using the BCA protein assay kit (Pierce) as directed by the

manufacture. Bovine serum was used to generate a standard curve.

2.10. Gel Electrophoresis:

The proteins isolated from GNPs were treated with LDS sample buffer and sample
reducing agent, and loaded into 4 to 14% gel in a tank filled with MES SDS running
buffer. Proteins samples were run at 200 V for 30 minutes. Gels were imaged on a

ChemiDoc imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

2.11. MDA-MB-231 and RAW 264.7 Cells Culture:

MDA-MB-231 cells were cultured in DMEM media containing 10% FBS and 1%

Penicillin-Streptomycin. RAW 264.7 cells were cultured in RPMI media containing
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10% FBS and 1% Penicillin-Streptomycin. Both cell lines were subcultured using

trypsin for passaging cells and incubated in a 5% CO- incubator.

2.12. Cellular Uptake Studies:

100,000 MDA-MB-231 and RAW 264.6 cells per well were seeded in a 12-well plate and
cultured in complete formulated media (DMEM and RPMI, respectively) for 24 h. Media
were removed and cells, separeted into separate sample wells, and each well treated with
4 or 10 nm GNPs (16 total samples of the contrast agents) in media (without FBS) in the
presence or absence of 10% HS for 90 minutes or 4 h. Each treatment ws performed in
triplicate. At the designated endpoints cells were washed 3 times using 1X PBS,
collected, and then counted using a hemocytometer. Cells were digested with aqua regia
at 60°C for 2 h, then the samples were diluted with nanopure water to reach 4% acid
concentration. Gold and gadolinium content in each sample was determined using ICP-

MS.

2.13. In vivo biodistribution study:

All animal experiments were performed under the approved protocol of The Institutional
Animal Care and Use Committee (IACUC) of the University of Louisville, IACUC
22107. 4 week old female BALB/c mice were ordered from The Jackson Laboratory
(Farmington, CT). Mice were quarantined for one week before starting the experiments.

Mice were injected by 4T1 cells (500,000 cell count in 100 uL of PBS with MgCly,
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CaCly, and glucose) via subcutaneous injection in the right flank. After 10 days, the
tumors were developed (average volume ~ 300 mm3) and mice were divided randomly
into 8 groups (n=6) and injected with 100 pL of either 4onm GNP-Gd-AS1411, GNP-Gd-
AS1411-PEG 1K, GNP-Gd-CRO, GNP-Gd-CRO-PEG 1K or their 10 nm GNP analogs
via intraperitoneal injection at a dose of 2 mg/kg of oligonucleotides. Mice were
sacrificed at 24 and 72 h post injection. Following euthanasia, tumors, livers, and spleens
were collected. Organs were dried in the oven at 60°C overnight (organs were weighed
before and after drying). Dried organs were digested in aqua regia for 24 h then samples
were centrifuged at 3000 g for 30 minutes, and diluted with nanopure water to be

prepared for ICP-MS analysis.

2.14. Statistical analysis:

Unpaired t-test, one-way ANOVA and two-way ANOVA were performed for the
obtained data using GraphPad Prism version 9.3.1 for Mac (Graphpad Software, San
Diego CA USA, www.graphpad.com). Differences were considered statistically

significant with p < 0.05.
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CHAPTER 3:

RESULTS OF GNPs CHARACTERIZATION AND PROTEIN ADSORPTION

STUDIES

3.1. Development and characterization of 4 & 10 nm GNPs conjugates with

AS1411/CRO, Gd (111)-DO3A, and PEGs (1, 2, and 5 kDa).

3.1.1. UV-vis spectra of GNPs

16 different formulations of MRI contrast agent GNPs candidates were synthesized
with 8 formulations for each GNP core size (4 and 10 nm). GNPs were conjugated with
gadolinium (I11) DO3A-SH (Gd), either AS1411 or CRO, and with or without PEG (Mw:
1,2, and 5 kDa).

The UV-vis absorption spectra showed surface plasmon resonance (SPR) peaks at
504 and 515 nm for citrate capped 4 and 10 nm GNPs, respectively, while the
conjugated 4 and 10 nm GNPs showed an average redshift in SPR to ~515 and ~520 nm,
respectively, Figure 3.1. No significant broadening of UV/vis traces were noted,
signifying successful conjugations with minimal aggregation of nanoparticles.

The molar concentration of each particle sample was calculated from the absorbance
at the SPR peaks using the extinction coefficient of 4 and 10 nm GNPs (3.62X10/®

[169]
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and 1.21X10"® [provided by 10 nm GNPs supplier], respectively). In addition, the ratio
of the absorbance of GNPs (before coating) at the SPR peak (Aspr) to the absorbance at
450 nm (Ass0) of 4 and 10 nm GNPs were 1.2 and 1.4, respectively, which confirm the
correct diameters of both GNPs [169].
In all the graphs, GNPs formulations were denoted by the aptamer’s name CRO
or AS (for AS1411) and PEG of different My (denoted as 1K, 2K, and 5K in for 1, 2, and

5 kDa PEG, respectively).
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Figure 3.1: UV-vis spectra of citrate capped, and conjugated GNPs. All particles

conjugated with Gd. GNPs formulations were denoted by the aptamer’s name CRO or AS

(for AS1411) and PEG of different My (denoted as 1K, 2K, and 5K in the graph for 1, 2,

and 5 kDa PEG, respectively). (a) Citrate capped, Non-PEGylated, and PEGylated 4 nm

GNPs conjugated with AS1411. (b) Citrate capped, Non-PEGylated and PEGylated 4 nm

GNPs conjugated with CRO. (c) Citrate capped, Non-PEGylated and PEGylated 10 nm

conjugated with AS1411. (d) Citrate capped, Non-PEGylated and PEGylated 10 nm

conjugated with CRO.
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1.2. Dynamic light scattering and zeta potential determination of GNPs

The average hydrodynamic diameters of 4 and 10 nm citrate-capped GNPs dispersed in
nanopure water were 4.8+0.5 and 13.4+1.2 nm, respectively. While the average
hydrodynamic diameters of the conjugated GNPs were measured in 1X PBS and ranged
from 11.1 to 25.9 and from 18.2 to 32.2 for 4 and 10 nm, respectively, Figure 3.2. All

GNPs were monodisperse with narrow size distribution and PDI < 0.4.

4 nm GNPs

»
]
]

(23
o
1

hydrodynamic diameter (nm)
: 3

(b) 10 nm GNPs

Figure 3.2: Characterization of GNPs: the average hydrodynamic diameter (a) This
figure shows the average means of hydrodynamic diameters of 4 nm citrate capped and
conjugated GNPs. (b) The average means of Hydrodynamic diameters of 10 nm citrate

capped and conjugated GNPs.
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The citrate capping and other functionalizing agents on GNPs conferred them a
negative zeta ({) potential that ranged from -22 to -45 mV, implying that the applied
coatings conferred stability in physiologically releavant levels of salt, Figure 3.3.

The citrate capped GNPs were dispersed in nanopure water during measuring and

the functionalizing GNPs were disperesed in 1 X PBS.
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Figure 3.3: Characterization of GNPs: { potential of citrate capped and conjugated
GNPs (a) This figure shows the average means of { potential of 4 nm citrate capped and
conjugated GNPs. (b) The average means of { potential of 10 nm citrate capped and

conjugated GNPs.

40



3.1.3. Quantification of oligonucleotides

The number of oligonucleotides (AS1411 and CRO) per GNP was quantified by
UV-visible spectroscopy after cleaving the DNA from the particles using DTT solution
and column purification, Table 3.1. The molar concentration of oligonucleotides were
calculated using UV-vis spectra (the extinction coefficients provided by the supplier of
AS1411 and CRO are 323500 and 268800, respectively), and divided by the
corresponding concentration of GNPs prior to cleavage to get the number of DNA per
GNP. Results showed that the numbers of oligonucleotides per 10 nm GNP was about 4
times of the number per 4 nm GNP, as 10 nm nanoparticle surface area is 6 times greater
than that of 4 nm particles, while we didn’t noticed a major difference between the

numbers of oligonucleotides per GNP-AS1411 and GNP-CRO.

Table 3.1: Quantification of the amount of oligonucleotides

Sample Oligonucleotides/4 nm Oligonucleotides/10 nm

GNPs GNPs
GNP-Gd-AS1411 10 43.2
GNP-Gd-AS1411-PEG 1K 7.4 43.7
GNP-Gd-AS1411-PEG 2K 7.6 46.8
GNP-Gd-AS1411-PEG 5K 7.0 315
GNP-Gd-CRO 12.3 44.9
GNP-Gd-CRO- PEG 1K 6.3 42.9
GNP-Gd-CRO- PEG 2K 8.3 38.9
GNP-Gd-CRO- PEG 5K 8.7 40.7
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3.1.4. Quantification of gadolinium

The number of Gd ions per nanoparticle was quantified by ICP-MS after nanoparticle
digestion in Aqua Regia, Table 3.2. The concentration of gadolinium in each sample was
calculated and divided by the corresponding concentration of GNPs to determine the

number of Gd per GNP.

Table 3.2: Quantification of gadolinium

Sample Gd/4nm GNPs Gd/10 nm GNPs
GNP-Gd-AS1411 6.5 77.2
GNP-Gd-AS1411-PEG 1K 5.7 64.7
GNP-Gd-AS1411-PEG 2K 59 55.1
GNP-Gd-AS1411-PEG 5K 6.5 72.6
GNP-Gd-CRO 9.0 150.0
GNP-Gd-CRO- PEG 1K 7.9 81.8
GNP-Gd-CRO- PEG 2K 6.4 115.2
GNP-Gd-CRO- PEG 5K 7.9 113.3

Results showed that nanoparticles coated with CRO (GNP-CRO) are loaded with higher
amount of Gd than GNP coated with AS1411 (GNP-AS1411). This finding could be
correlated with the configuration of the aptamer, as AS1411 forms quadruplex 3D
structures on GNP, which may hinder the binding of Gd chelate with its larger footprint

compared to CRO, which is linear and allows more room for Gd to bind to the particle
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surface. Both oligonucleotide and Gd amount increase as GNP core size increases from 4
to 10 nm and decreases as larger molecular weight PEG is added to the coating. We
couldn’t quantify the amount of PEG per GNP, as the only method that we have seen to
be effective and accurate is to set up a whole high performance liquid chromatography
(HPLC), which was hard to perform at this time. The presence of DNA on GNP surface
would interfere with the quantification using the common method of quantifying thiol-
end of unbound PEG using Elman’s reagent (5,5’-dithiobis (2-nitrobenzoic acid) or
DTNB). The presence of PEG on GNP surface impacts the number of oligonucleotides as
the longer chain of PEG the less the number of oligonucleotides, ex. GNP-Gd-AS1411-

5K is coated only with 31.5 oligonucleotide.
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3.2. Determination of the adsorption of serum proteins on the GNP surfaces.

3.2.1. Quantification of the amount of bound proteins on the surface of GNPs by
Bicinchoninic acid assay (BCA):

To quantify the amount of adsorbed human serum proteins on PEGylated and non-
PEGylated GNPs surfaces, GNPs were incubated in 10% human serum for 24 h at 37°C
with continuous shaking. Particles were then centrifuged 2 times to remove the unbound
proteins and keep the solid protein coronae only. Then particles were treated with 5%
SDS and heated to isolate the proteins followed by quantification of proteins (ug of
protein/GNP) with a BCA assay using the standard curve of albumin protein. The results
suggested that 4 and 10 nm PEGylated GNP MRI contrast agents conjugated with
AS1411 adsorbed higher amounts of serum proteins than did the corresponding non-
PEGylated versions, but the differences between the proteins amounts were non-
significant. One-way ANOVA was used to compare among the means and unpaired t-test
was used to compare between each two means. Moreover, we observed that the longer
the chain of PEG, the higher the amount of proteins for 4 nm GNPs, Figure 3.4. (a). The
same pattern was not consistent with 10 nm GNPs, but GNPs with PEG Mw 5 kDa

adsorbed the highest amount of proteins, Figure 3.4 (b).
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Figure 3.4: Quantification of the amount of adsorbed proteins after incubation of 4
and 10 nm GNP-AS1411 with 10% human serum. (a) Figure shows the average means
of the amounts of proteins on the surface of 4 nm GNPs conjugated with AS1411. (b)
The average means of the amounts of proteins on the surface of 10 nm GNPs conjugated

with AS1411.

In contrast to the above, the 4 and 10 nm PEGylated MRI contrast GNPs
conjugated with CRO mitigated the amount of adsorbed proteins with the highest
reduction found with PEG My 5 kDa, Figure 3.5 (a, b) (the reduction was significant

among 10 nm GNPs). We suggest that these dissimilarities between the adsorbed
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amounts of proteins on the PEGylated GNPs are attributable to the sequence and
configuration of the aptamers. AS1411 is G-rich DNA, which forms a quadruplex 3D
structure on the surface of GNPs, while CRO is T-rich linear DNA. The geometry of the
DNA potentially affects the density and conformation of PEG chains on the GNPs

surface, thereby impacting protein binding.
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Figure 3.5: Quantification of the amount of adsorbed proteins after incubation of 4
and 10 nm GNP-CRO with 10% human serum. (a) Figure shows the average means of
the amounts of proteins on the surface of 4 nm GNPs conjugated with CRO. (b) The
average means of the amounts of proteins on the surface of 10 nm GNPs conjugated with

CRO. * denotes p <0.05.
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Additionally, we compared the amount of adsorbed proteins of all formulations of

4 nm GNP (conjugated with AS1411 and CRO) and found that the differences in protein
binding were not significant. Comparatively the differences between all formulations of
10 nm was significant with PEG My 5kDa with CRO showed a significant reduction of
the amount of protein. Furthermore, we noticed that the amounts of adsorbed proteins on
10 nm GNPs are almost 2-fold the amounts found on 4 nm GNPs, Figure 3.6.
Considering that the 10 nm nanoparticle surface area is 6 times greater than that of 4 nm
particles, then smaller particles adsorbed a relatively higher amount of proteins per unit

surface area.
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Figure 3.6: Comparison between 4 and 10 nm GNPs indicates that the amount of

adsorbed proteins on 10 nm GNPs is almost 2-fold the amount found on 4 nm GNPs
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3.2.2 Quantification of the amount of bound proteins on the surface of GNPs by
NuPAGE Bis-Tris gel electrophoresis:
Once GNPs get in blood circulation, they activate the complement system, which is a
critical component of the innate immune system. The complement system is a collection
of over 40 soluble and membrane-bound proteins, which triggers via three distinct
pathways: classical, lectin, and alternative. These pathways converge at the step where
the central complement protein C3 is cleaved by C3 convertase to generate C3b and C3a.
C3b (opsonin) is a major component of the complement system which prime the surface
of GNPs for engulfment by macrophages and leukocytes through complement receptors
[125], Figure 3.7. We used purified C3b protein in this experiment to investigate its

presence in the isolated protein corona.

Trigger the complement Converge to
system via 3 pathways * C(Classical generate
GNP i ) * Lectin > C3
" * Alternative

C3 Convertase (;3a /_C3b

N ) H o= | | — _‘GNP

Phagocytosis

Figure 3.7: Activation of the complement system by GNPs.

Once the amounts of proteins adsorbed to GNPs were determined, we set out to
identify which serum proteins adsorbed the most to the GNP surface. The proteins

isolated from GNPs and purified C3b protein were treated with lithium dodecyl sulfate
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(LDS) sample buffer, and sample reducing agent, and loaded into 4 to 14% gel in a tank
filled with compound 2-ethanesulfonic acid sodium dodecyl sulfate (MES SDS) running
buffer. C3b protein was run with the other isolated proteins samples to investigate which
GNP type adsorbs more C3b protein on its surface. Protein samples were run and gels
were imaged, Figures 3.8 and 3.9.

From the gels, a slight increase in the amount of proteins isolated from 4 nm
GNP/AS1411 in comparison to 4 nm GNP-CRO was noticed. No difference between the
thickness or the number of band of PEGylated and non-PEGylated GNPs was found,
while we didn’t find a difference between the amounts of isolated proteins from 10 nm
GNP-AS1411 and GNP-CRO.

Purified separated into two bands representing the alpha and beta chains.
Unfortunately, these bands were not clear enough for the isolated proteins of each GNPs

sample to compare between them.
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Figure 3.8: Bis Tris gel electrophoresis of isolated protein from 4 nm GNP/AS1411

and GNP/CRO.
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Figure 3.9: Bis-Tris gel electrophoresis of isolated proteins from 10 nm

GNP/AS1411 and GNP/CRO.
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CHAPTER 4

RESULTS OF IN VITRO AND IN VIVO STUDIES

4.1.Determination of the uptake of the incubated particles with and without serum

proteins by macrophage and cancer cells.

4.1.1. Uptake by macrophage cells

Uptake studies were performed using RAW 264.7 macrophage cells since the
complement receptors for the corresponding proteins in human serum are expressed on their
surface. Cells were treated with the 16 different GNP MRI contrast agents in both 10% human
serum-containing and human serum-free culture media for either 90 minutes and 4 h. A 30 nM
concentration was used for 4 nm GNPs (concentration was based on GNP) and normalized the
concentrations of 10 nm GNPs to have the same content of aptamer as 4 nm GNPs. The cellular
uptake of the particles was quantified by ICP-MS after cell digestion with aqua regia.

In general, we found that the uptake of all GNPs in RAW 264.7 in the human serum-
containing media is significantly higher compared to the uptake in human serum-free media,
which indicates that the serum proteins impact and increase the uptake of particles by the
macrophage cells. These results reinforce the notion that complement proteins in the protein
corona are getting recognized by macrophage complement receptors, thereby enhancing the
uptake of particles by phagocytosis. Along with this, we observed that the uptake of GNPs is

time-dependent, with higher amounts of gold internalized at 4 h in comparison to 90 minutes.
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Additionally, all PEGylated 4 and 10 nm GNPs conjugated with AS1411 have a
significantly higher uptake than the non-PEGylated ones (except the 4 nm PEGylated
with PEG 5kDa, which

has a lower uptake than non-PEGylated but the difference was not statistically
significant), Figure 4.1, a and b. Furthermore, 4 nm GNPs showed higher uptake than 10
nm GNPs at the 4 h time point with serum-contained media, Figure 4.1. We used two-
way ANOVA to compare between the means and unpaired t-test was used to compare

between each two means.
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Figure 4.1: Effect of 4 and 10 nm GNP-AS1411 human serum proteins corona on
the uptake by macrophage RAW 264.7 cells. (a) The figure shows the quantification of
4 nm GNP/AS1411 uptake. (b) Quantification of 10 nm GNP/AS1411 uptake.

****denotes p < 0.0001, and ns denotes p non-significance.

In contrast to the above, we observed a significant reduction in the uptake of 4 nm

PEGylated GNPs conjugated with CRO compared with non-PEGylated CRO particles. In
these experiments, the longer the chain of PEG, the lower the uptake by the cells. While

10 nm PEGylated-1 and 2 kDa had higher uptake than non-PEGylated particles, GNPs-
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CRO-PEG 5 kDa had the lowest uptake by macrophage cells, Figure 4.2, a and b. We
found that these results are correlated to the results of the BCA assay, as the PEGylated
GNPs with AS1411 did not mitigate the amount of adsorbed proteins while the
PEGylated GNPs with CRO adsorbed less proteins than the non-PEGylated although the
difference is only significant with 10 nm PEGylated-5kDa.

Furthermore, we found that the uptake of 4 and 10 nm GNPs conjugated with CRO is
higher than 4 and 10 nm GNPs conjugated with AS1411 at 4 h with human serum. This
result could be related to the aptamer sequence and configuration as AS1411 forms a
quadruplex structure while CRO is linear, which seemingly affects the cellular

internalization.
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Figure 4.2: Effect of 4 and 10 nm GNP-CRO human serum proteins corona on the

uptake by macrophage RAW 264.7 cells. (a) The figure shows the quantification of 4

nm GNP/CRO uptake. (b) Quantification of 10 nm GNP/CRO uptake. ****denotes p <

0.0001.
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Determination of the gadolinium uptake by macrophage cells:

The amounts of gadolinium that have been taken by macrophage cells were quantified by
ICP-MS. We have quantified the uptake after 90 minutes and 4 hours treatment with the
particles with and without human serum, the same way as we quantified GNPs. We
observed that the uptake of gadolinium does not correlate with the corresponding uptake
of GNPs, Figure 4.3 and 4.4. While the uptake of all GNPs formulation in serum-
containing media was significantly higher than the uptake of other particles in serum-free
media, we did not observe the same trend with gadolinium. The highest uptake of 4 and
10 nm GNP-AS1411 was observed with PEGylated 5K and 2K without serum for 4 and
10 nm, respectively. For 4 and 10 nm GNP-CRO, we observed that non-PEGylated
particles exhibited the highest uptake in serum-free media. Further, we noted that the
uptake was not time dependent as some GNPs formulations showed higher uptake at 90
minutes than the uptake at 4 h.

We suggest the probability of releasing gadolinium from the particles during
internalization by the cells or may be it may be loosely bound to the other functionalizing
agents on the particle surface (oligonucleotides or PEG) and could be released upon

uptake by cells.
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Figure 4.3: Quantification of the amount of gadolinium in macrophage cells RAW

267.7at 90 minutes and 4 h. after treatment with GNP-AS1411 (a) The figure shows

the quantification of Gd after treating the cells with 4 nm GNP/AS1411. (b) The

quantification of Gd after treating the cells with 10 nm GNP/AS1411.
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Figure 4.4: Quantification of the amount of gadolinium in macrophage RAW 264.7
cells at 90 minutes and 4 h. after treatment with GNP-CRO (a) The figure shows the
quantification of Gd after treating the cells with 4 nm GNP-CRO. (b) The quantification

of Gd after treating the cells with 10 nm GNP-CRO.
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4.1.2. Uptake by cancer cells

MDA-MB-231 cells were subjected to the same nanoparticle treatments as RAW246.7,
and the up taken gold amounts were quantified by ICP-MS. Contrary to RAW 264.7
cells, MDA-MB-231 cells that were treated with the GNP contrast agents in serum-
containing media, showed a significantly less gold amounts at the 2-time points
compared to the samples in serum-free media, Figures 4.5 and 4.6, which suggests that
serum proteins interfere with nanoparticle uptake in cancer cells. Further, all 4 and 10 nm
PEGylated 5kDa GNPs exhibited the lowest uptake of gold regardless of the aptamer
type, which differs from their uptake by macrophage cells. PEGylated (1 kDa)
nanoparticles (AS1411 and CRO) showed the highest uptake among all GNP contrast
agents, 4 and 10 GNPs conjugated with CRO and 4 GNPs conjugated with AS1411,
figure 4.5, a, and Figure 4.6, a, and b. For 10 nm GNPs conjugated with AS1411,
PEGylated 2 kDa was significantly higher than non-PEGylated and the PEGylated GNPs
in the same group Figure 4.5, b. Furthermore, we noticed that the uptake of all 4 nm
GNPs is much higher than the uptake of all 20 nm GNPs implying that the uptake by
cancer cells relied more on the gold core size than the aptamer type or any other coating
constituent. We used two-way ANOVA to compare between the means and unpaired t-

test was used to compare between each two means.
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Figure 4.5: Effect of 4 and 10 nm GNP-AS1411 human serum protein corona on the
uptake by cancer MDA-MB231 cells. (a) The graph shows the quantification of 4 nm
GNP/AS1411 uptake. (b) Quantification of 10 nm GNP/AS1411 uptake. ****denotes p

<0.0001.
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Figure 4.6: Effect of 4 and 10 nm GNP-CRO human serum protein corona on the
uptake by cancer MDA-MB231 cells. (a) The figure shows the quantification of 4 nm
GNP/CRO uptake. (b) Quantification of 10 nm GNP/CRO uptake. **** denotes p <

0.0001
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Determination of the gadolinium uptake by cancer cells:

The amounts of gadolinium that were taken by cancer cells were quantified with ICP-MS.
PEGylated 5K particles showed the highest uptake among 4 and 10 nm GNP-AS1411 at
90 minutes in serum-free media, Figure 4.7, while PEGylated 1K exhibited the highest
uptake at 4 h in serum-containing media, Figure 4.8. We suggested the same thing that
happened with macrophage cells that the gadolinium chelate released from GNPs during

cellular uptake.
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Figure 4.7: Quantification of the amount of gadolinium in cancer cells MDA-MB-
231 at 90 minutes and 4 h. after treatment with GNP-AS1411. (a) The figure shows
the quantification of Gd after treating cancer cells with 4 nm GNP/AS1411. (b) The

quantification of Gd after treating the cells with 10 nm GNP/AS1411.
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Figure 4.8: Quantification of the amount of gadolinium in cancer cells MDA-MB-
231 at 90 minutes and 4 h. after treatment with GNP-CRO (a) The figure shows the
quantification of Gd after treating the cells with 4 nm GNP-CRO. (b) The quantification

of Gd after treating the cells with 10 nm GNP-CRO.
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4.2. Determination of the uptake of the particles by tumor cells through in vivo

biodistribution study.

An in vivo biodistribution study was conducted to better assess the differential uptake
of the various GNP formulations by in situ tumor cells and macrophages functioning
within an active immune system. A murine model of 4T1 mammary carcinoma in
BALB/c female mice was used. While the in vitro uptake studies had been performed on
human-derived MDA-MB-231 breast cancer cells, the use of those cells in an animal
model would necessitate the use of animals with compromised immune systems. Thus,
the 4T1 model was chosen to better assess the biodistribution of the GNPs with
competition between tumor uptake and an intact reticuloendothelial system. Also, it is
worth mentioning that 4T1 is a triple negative breast cancer cells and they very closely
mimic human breast cancer cells MDA-MB-231. Additionally, the number of GNP
variations used in the study were reduced from the initial set of GNPs used in the in vitro
studies. For the in vivo studies, the My of PEG were restricted to only 1 kDa. PEG 1kDa
was chosen because it had shown better uptake for 4 nm GNP in cancer cells, and protein
adsorption assays for AS1411-GNP showed no significant difference among the 1, 2, and
5 kDa PEG-coated GNPs. We excluded the PEGylated particles with PEG 2 and 5 kDa
since they showed the lowest uptake by cancer cells in in vitro studies. Since we were
investigating the effects of PEGylation on bioditribution, the non-PEGylated GNPs
served as a baseline group. When the subcutaneous allograft tumors reached ~300 mm?,
mice were randomly divided into 8 groups and injected via intraperitoneal injection with
GNPs. Mice were euthanized after either 24 and 72 h post-injection, and tumors, livers,

and spleens were collected for ICP-MS analysis. Results showed that the uptake of most
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PEGylated and non-PEGylated GNPs by liver and spleen is significantly higher than their
uptake by tumor cells, Figure 4.9 and 4.10. The percentage of injected dose of the highest
uptake by tumor cell was 0.22 % and 2.1% for 4 nm GNP-Gd-AS1411-1K (72 h) and 10
nm GNP-Gd-AS1411-1K (24 h) respectively, while the percentage of injected dose of the
highest uptake by liver was 22 % and 35 % for 4 nm GNP-Gd-CRO-1k (24) and 10 nm
GNP-Gd-CRO (72 h) respectively, and by spleen was 2.7 % and 6.6 % for 4 nm GNP-

Gd-AS1411 (72 h) and 10 nm GNP-Gd-AS1411-1K (24 h) respectively.
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Figure 4.9: Quantification of 4 nm GNPs accumulation in the tumor, liver, and
spleen of mice that injected with non-PEGylated and PEGylated (PEG Mw: 1kDa)
24 and 72 h post injection. (a) The percentage of the injected dose in tumor cells. (b)
The percentage of the injected dose in liver and spleen. (c¢) The number of GNPs/g tissue.
Each data point represents the mean + standard deviation (SD) of triplicate experiments.

*denotes P < 0.05 and **denotes P < 0.01.
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Figure 4.10: Quantification of 10 nm GNPs accumulation in the tumor, liver, and
spleen of mice that injected with non-PEGylated and PEGylated (PEG Mw: 1kDa)
24 and 72 h post injection. (a) The percentage of the injected dose in tumor cells. (b)
The percentage of the injected dose in liver and spleen. (¢) The number of GNPs/g tissue.
Each data point represents the mean + standard deviation (SD) of triplicate experiments.

* denotes P < 0.05 and **denotes P < 0.01.
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4 nm PEGylated GNPs/AS1411 exhibited the highest uptake by tumor cells at 72 h,
but the difference is non-significant among the means, while the 4 nm non-PEGylated
GNPs/CRO showed the highest uptake by tumor cells at 24 h and the difference is non-

significant among the means as well, Figure 4.11.
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Figure 4.11: Quantification of the uptake of 4 nm GNPs by tumor cells, the graph

shows the percentage of the injected dose

The uptake of 10 nm PEGylated GNPs-AS1411 by tumor cells was significantly higher
than the other particles at 24 h (p = 0.0162). 10 nm PEGylated GNP-CRO displayed a
slight increase compare to non-PEGylated ones although the difference is non-significant,
Figure 4.12. The results of the in vivo study revealed that PEGylation increases the
uptake by tumor cells (especially 10 nm GNPs) for particles with AS1411, and in general

we observed that the uptake of large particles (10 nm) by the liver and the spleen is
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higher than the uptake of small ones. The results are consistent with previous findings
that suggest that AS1411-GNP has a different uptake mechanism compared to other GNP

(micropinocytosis vs general endocytosis) and are selectively retained in cancer cells.
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Figure 4.12: Quantification of the uptake of 10 nm GNPs by tumor cells, the graph

shows the percentage of the injected dose. * denotes p < 0.05.

The uptake of all types of 4 and 10 nm GNPs by the liver did not show any
significance among the means of the PEGylated and non-PEGylated nanoparticle, and the
same thing was observed in the spleen as well, which indicates that PEGylation did not
decrease the uptake by macrophage-rich organs, nevertheless it increased the uptake by

tumor cells for 10 nm GNP-Gd-AS1411-1k, Figures 4.13. and 4.14.
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We used two-way ANOVA to compare between the means over the liver, spleen and
tumor. Also, one-way ANOVA was used to compare between the means in each organ

separately.
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Figure 4.13: Quantification of the uptake of GNPs by liver cells. (a) The percentage of

the injected dose of 4 nm GNPs. (b) The percentage of the injected dose of 10 nm GNPs

72



4 nm GNPs

b
(a) S
=
>
=
8 =
(b)

% injected dose

Figure 4.14: Quantification of the uptake of GNPs by spleen cells. (a) The percentage
of the injected dose of 4 nm GNPs. (b) The percentage of the injected dose of 10 nm

GNPs
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Quantification of gadolinium uptake in the tumors, liver and spleen:

We have quantified the amount of gadolinium in the collected tumors, livers and spleen
by ICP-MS after digesting them by aqua regia. The results showed that the amounts of
gadolinium in liver and spleen tissues are significantly higher than the amount in tumor
tissues even so they are not correlated to the corresponding amounts of GNPs, the same
observation that we noted with the in vitro studies. Figures 4.15, 4.16, and 4.17 showed
the amount of gadolinium in tumor, liver, spleen, respectively at 24 and 72 post-injection.
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Figure 4.15: Quantification of the amount of gadolinium in tumor tissues in g of

Gd/g tissue at 24 post injection (a) and 72 post-injection (b).
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Figure 4.16: Quantification of the amount of gadolinium in liver tissues in g of Gd/g

tissue at 24 post injection (a) and 72 post-injection (b).
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Figure 4.17: Quantification of the amount of gadolinium in spleen tissues in g of

Gd/qg tissue at 24 post injection (a) and 72 post-injection (b).
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4.3. Magnetic resonance imaging (MRI) data analysis

To investigate if the amounts of gadolinium that have been delivered to the tumor
cells are adequate to produce MRI contrast, we compared the amounts found in the
tumors in the biodistribution study with previous data that we acquired and reported
[194]. In the previous experiment, 4 nm GNPs functionalized with Gd (23 DO3A/GNP)
and AS1411 (12 AS1411/GNP) at nanomolar concentrations 75, 300, and 1200 were
mixed with agarose solution (7%) at a 1:1 ratio in 0.5 mL Eppendorf microcentrifuge
tubes. The tubes were allowed to stand at room temperature for 30 min to solidify.
Samples were mounted on a mesh grid and MR images were acquired on a9.4 T MRI
instrument (Agilent, Santa Clara, CA, USA) for T1-W and T1 MRI measurements. All
data from the 9.4T MRI system were converted to Digital Imaging and Communications
in Medicine (DICOM) format using Varian NMR J (VNMRJJ) 4.0 interface software
(Palo Alto, CA, USA) before transferring to other software for further data processing.
The contrast enhancement (relaxivity enhancement %) by 4 nm GNP-Gd-AS1411 was
analyzed using a T1-weighted image analysis algorithm [194], Table 4.1, using the

following equation:

N
N (] —(g:
Rlaxivity enhancement % = Liz1UDtest — (i) contror x 100

évzl(gi)control

The control on this equation was for GNPs without gadolinium.
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Table 4.1: Relaxivity enhancement % by different concentrations of 4 nm GNP-Gd-

AS1411:

GNP concentration

Amount of Gadolinium (g)

Relaxivity enhancement %

75nM 3.39 x 108 19
300 nM 1.35 x 10°% 44
1200 nM 5.42 x 1077 64

In the recent in vivo study, the amounts of gadolinium in the digested tumor cells

were quantified by ICP-MS after injecting the mice with the 8 MRI contrast agent

candidates and mice were euthanized after 24 and 72 h post-injection.

Employing the data from Table 4.1, we used a 3'-order polynomial to model the

enhancement of MRI relaxivity and to estimate the enhancement of relaxivity on the test

mice by applying an extrapolation technique on the estimated gadolinium quantity in

each mouse that is implemented in Matlab 2021.

Tables 5 and 6 and Figures 4.18 show the estimated relaxivity enhancement % for

each MRI contrast agent at 24 and 72 h post-injection respectively.
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Table 4.2: Relaxivity enhancement % of each MRI contrast agents at 24 h post-

injection.

MRI Contrast Agent

Amount of Gadolinium in g

Relaxivity enhancement %

4 nm GNP-Gd-AS1411 3.10 x 10°%° 8.98
4 nm GNP-Gd-AS1411-1K 9.76 x 10°1° 9.19
4 nm GNP-Gd-CRO 7.33x 1010 9.11
4 nm GNP-Gd-CRO-1k 9.30 x 10°1° 9.17
10 nm GNP-Gd-AS1411 4.83 x 10°%° 10.38
10 nm GNP-Gd-AS1411-1K 1.41 x 10 9.32
10 nm GNP-Gd-CRO 1.30 x 10 9.29
10 nm GNP-Gd-CRO-1K 1.58 x 10 9.38

Table 4.3: Relaxivity enhancement % of each MRI contrast agents at 72 h post-

injection.

MRI Contrast Agent

Amount of Gadolinium in g

Relaxivity enhancement %

4 nm GNP-Gd-AS1411 3.14 x 1010 8.98
4 nm GNP-Gd-AS1411-1K 2.61x 1010 8.97
4 nm GNP-Gd-CRO 2.41 x 1010 8.96
4 nm GNP-Gd-CRO-1k 3.60 x 1010 9.00
10 nm GNP-Gd-AS1411 1.78 x 1010 8.94
10 nm GNP-Gd-AS1411-1K 5.46 x 1010 9.05
10 nm GNP-Gd-CRO 6.16 x 10°1° 9.08
10 nm GNP-Gd-CRO-1K 6.57 x 10°1° 9.09
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Figures 4.18: Relaxivity enhancement % of each MRI contrast agents at 24 h post-

injection (a) and 72 post-injection (b).

The results showed that the estimated values of relaxivity enhancement % are not
as high as the values of the previous experiment, but sufficient to enhance the MRI
contrast. Along with this, we found that the higher the amount of gadolinium, the higher
in the relaxivity enhancement %. In addition, we did not find a significant difference
among the means of relaxivity enhancement % of PEGylated and non-PEGylated GNPs

and among the means of the two-time points. Furthermore, the dissimilarity between the
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aptamer did not affect the relaxivity enhancement and the differences were non-

significant among the means of GNP-AS1411 and GNP-CRO.

Moreover, we observed that the highest amounts of Gd at 24 and 72 h inside the tumor
cells were for 10 nm GNP-Gd-AS1411 and 10 nm GNP-Gd-CRO-1K, respectively, while
the highest amounts of GNPs at 24 and 72 h were for 10 nm GNP-Gd-AS1411-1K and 4
nm GNP-Gd-AS1411-1K, respectively. This indicates that the amounts of Gd are not
correlated with the corresponding amounts of GNPs. We suggest the possibility of
releasing Gd from the nanoparticles during or after cellular internalization. The same
phenomenon was observed in the in vitro studies as well, which requires more studies to
investigate the stability of GNP-DO3A bond. It is also possible that some DO3A is only
loosely bound to the particle through interactions with other members of the nanoparticle
coating (PEG or oligonucleotide), and is released upon uptake into cells. It is worth
noting that we quantified the Gd in the GNP samples before using them in our in vitro
and in vivo studies and the values were correlated to the GNP and reflected the actual

concentrations of Gd that we added to the nanoparticles during the synthesis.
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CHAPTER 5

DISCUSSION And CONCLUSION

In this study, we have demonstrated the synthesis and characterization of

series of GNP-based MRI contrast agents using 2 sizes of GNPs (4 and 10 nm)
fabricated with a gadolinium chelate (Gd), either AS1411 or CRO oligonucleotides, and
with or without PEG 1, 2, and 5 kDa.
UV-vis absorption spectrum, dynamic light scattering (DLS), and zeta potential ({) were
acquired and reported to confirm particle size and the stability of the colloidal solutions.
Protein corona was purified from GNPs and quantified by BCA assay after
incubation of the particles in 10% human serum for 24 h. PEGylation increased the
amount of proteins binding with all GNPs containing AS1411, while it decreased protein
binding to GNPs containing CRO oligonucleotide. Here, we suggest that the surface
chemistry of GNPs plays a crucial role in the ability of PEG of impacting the protein
corona, as the difference in the DNA sequence and the length of PEG together dictate the
amount of adsorbed proteins [174, 175]. It has been reported that the
density/confirmation of PEG is an important factor with the gold core size for
determining the amount of proteins bound [176-179]. Additionally, we have shown that
the size of particles affects the amount of bound proteins, as smaller GNPs adsorbed
relatively more proteins/surface area in comparison with larger ones. This finding is

supported by other reported studies [180].
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The role of PEG in protein adsorption is controversial in the literature, some
studies show that PEG provides a steric barrier that mitigates protein binding to
nanoparticles [177,181], therefore decreasing opsonization, which is responsible for its
stealth property. Adhere to this notion, studies correspond to the intensity of opsonization
with the circulation half-life, as some serum proteins are recognized by the
reticuloendothelial system (RES) and accelerate the blood clearance.

On the contrary, some researchers have demonstrated that PEGylation shortens the
circulating time upon administration of the second dose in what is known as “accelerated
blood clearance” (ABC) phenomenon due to the formation of anti-PEG IgM [182]. Albeit
the effect of ABC seems temporary and scant in the third dose.

While others have reported that PEG increase the circulation time, but doesn’t
decrease the protein adsorption, suggesting that PEG may favorably binds to proteins that
act as dysopsonin (mitigate the uptake by the RES). Furthermore, some studies have
reported that some protein fragments adsorb on PEGylated particles that do not adsorb to
non-PEGylated particles [183, 184].

The cellular uptake studies probed the impact of protein corona formation in the
interaction of GNPs with macrophages and cancer cells. Serum proteins, including
complement proteins, enhanced the uptake by macrophage cells due to recognition by
complement receptors on the surface of macrophage cells. We demonstrated that the
PEGylated GNPs/CRO reduced the uptake by macrophage cells with the highest
reduction seen with PEG 5kDa, and the internalization of smaller-sized particles was
slightly higher than the large ones [158,185]. While we noted that PEG did not mitigate

the uptake of GNPs/AS1411 and indeed the highest uptake was with human serum-
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contained media, such behavior is also seen in other studies, where it is reported that PEG
activates the whole complement system, leading to the formation of sC5b-9 complex,
also known as soluble membrane attack complex (SMAC) or terminal complement
complex (TCC) (the endpoint of complement activation) [186, 187]. We suggest that the
uptake by macrophage cells is related to the aptamer sequence and configuration
(AS1411 forms a quadruplex structure while CRO is linear).

In contrast, serum proteins reduced the uptake of GNPs by cancer cells compared
with the uptake of GNPs in serum-free media. More interestingly there was a reduction in
the uptake of larger particles in comparison with the uptake of smaller ones by at least 15,
and 20-fold for GNPs/AS1411 and GNPs/CRO respectively. These results are bolstered
by many researchers [188-193], as it has been reported that protein corona strongly
reduces the adhesion of GNPs to the cell surface and hence decreases GNPs uptake
efficiency. Others also documented that the adsorbed proteins compete with the GNPs
and prevent their interaction with cell surface. Further, some researchers have found that
the cellular uptake of GNPs conjugated with oligonucleotides is negatively impacted by
the protein corona and the intensity of internalization is dictated by density of
oligonucleotides on particle surface.

The in vivo study investigated the uptake of our candidate contrast agents by the
animal tumor model. We have excluded 2 and 5 kDa PEG as they showed a low cellular
uptake by cancer cells. GNPs were injected via intraperitoneal injection. PEG
significantly increased the uptake of 10 nm GNPs/AS1411 by tumor cells while the
increase in uptake was non-significant for 4 nm. The uptake by macrophage-rich organs

(liver and spleen) was significantly higher than the uptake by tumor cells, which seems to
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be a fundamental challenge for using GNPs in biomedicine. It has been reported in the
literature that the physicochemical properties of GNPs (e.g. shape, diameter, surface
charge, surface loading, and hydrophobicity) dictate their interaction with the RES [127-
130]. In addition, smaller particles, which have higher ratio of surface area to volume
compared to larger particles, are more prone to aggregation and surface interaction with
the biological components. Therefore, they distribute more in all body organs.
Furthermore, the different routes of GNPs administration (e.g., intravenous, intradermal,
nasal, subcutaneous, intraperitoneal, and inhalation) can evoke different immune
responses. As it has been reported that the administration routs strongly affected both the
magnitude and Kinetics of the 1gG2a response [131, 132].

In our study, we injected the mice via intraperitoneal injection (IP), which may affect
the targeting and the efficacy of the particles. A group of researchers has reported that IP
administration was significantly more effective in increasing the accumulation of the
particles in tumor than intravenous injection (IV). Further, the area under the curve of
tumors in the IP-injected group to those in the IV-injected group was 93 and 20,
respectively. Also, the study showed that most of the particles accumulated in the RES
after 1V injection [195]. However another study has reported that injection of the particles
through tail vein showed low toxic effect than the intraperitoneal administration [196].

We conclude that different route of administrations need to be investigated to
determine which route is more effective and less toxic, in addition, the site of the tumor
plays an important role as well.

Moreover, we assessed the ability of GNP-based MRI contrast agents to produce

MRI contrast enhancement by comparing the amounts of gadolinium that have been
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accumulated in tumor cells with previous data that we have acquired. The results showed
that the contrast agents enhance the MRI contrast with non-significant difference between

the contrast agents groups.

Strengths of this work

In this dissertation, we have developed and characterized 16 different formulations of
GNPs as MRI contrast agents that form stable colloidal solutions. We have quantified the
protein corona upon the incubation of GNPs in 10% human serum. Also we have
demonstrated the uptake of the 16 MRI contrast agents with and without protein corona
by the human breast cancer cell line MDA-MB-231 and the murine
monocyte/macrophage cell line RAW 264.7. The cellular uptake manifested the role of

blood proteins on the cellular uptake of the two different cells.

We also have demonstrated the systemic delivery of GNPs to tumor cells through
the in vivo study using the murine model of 4T1 mammary carcinoma in BALB/c female
mice. We have used this model to evaluate the uptake of particles by tumor cell in the
presence of active immune system. The proposed contrast agents showed a biological

activity by enhancing the MRI contrast.

The conjugation of drugs and biomolecules with GNPs amplifies their efficacy,
which leads to a decrease in the dose that is needed to achieve a desired outcome,
therefore developing of GNP-based MRI contrast agent will decrease the amount of
gadolinium that required to produce MRI signal, which could be beneficial to patients
with compromised kidney function. In addition, conjugation of AS1411 with GNPs will

help to selectively accumulation and target cancer cells.

86



Caveats and weaknesses

We have hypothesized that PEG will mitigate the uptake by the RES and increase
particles delivery to tumor cells. Results demonstrated that PEG increased the uptake by
tumor cells for some contrast agents and failed to increase the delivery for others, while
we could not see a significant effect on the uptake by the RES.

We have synthesized the PEGylated MRI contrast agents using one concentration of
the coating agents for each particle size. The ratio of the concentrations of Gd, aptamer,
and PEG to the gold concentrations was as follow: 6: 10: 6: 1 and 72: 60: 36: 1 for 4 and
10 nm, respectively. We suggest that using different concentrations of Gd, PEG and
aptamer for each GNP core size could have a significant effect on the uptake by tumor
and the RES, besides it will affect the enhancement of MRI contrast.

We have injected 4T1 cells in the right flank of the mice (air pouch heterotopic
model), while we need to investigate the uptake of our proposed contrast agents in
orthotopic murine model (injecting 4T1 in mammary fat pad) to investigate the impact of
the tumor inoculation site in the tumor microenvironment and how this impact the

particles delivery.

Future Directions:

Using GNPs with different densities of coating agents could change the biological
fate of the particles. The ratio of the concentration of PEG, Gd, and AS1411 will be
modified to investigate which formula attains the highest uptake by tumor cells and

which one achieves the lowest uptake by the reticuloendothelial cell cells, further,
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scanning the live animal by MRI scanner after injection by the GNPs at different time

points will be acquired. Addition to, different route of injection will be applied to.

In addition, the toxicity of the proposed contrast agents needs to be investigated.
We have performed a general health profile chemistry analysis of 4 nm GNP conjugated
gadolinium and either AS1411 or CRO in a previous study [197]. 50 Sprague Dawley
(Crl: SD) rats were injected with the particles and phosphate buffer saline (PBS) as a
control. Blood were collected from rats after 2 and 14 days post-injection. Five blood
biomarker: alkaline phosphate (ALP), alanine transaminase (ALT), creatinine (CREA),
total bilirubin (TBIL) and blood urea nitrogen (BUN) were obtained to evaluate liver and
kidney functions. The blood biomarkers values of the test samples were compared to the

biomarkers of the PBS and there were no significant difference among the means.

However more histopathological studies are required to determine any damage or

abnormalities in the tissues of the organs, especially in liver and spleen.
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