TARGETED NANOTHERAPY FOR PROSTATE CANCER:

APPLICATIONS FOR CANCER THERAPEUTICS AND IMAGING

Seung Soo Lee

Division of Experimental Medicine, Faculty of Medicine, McGill University, Montreal, QC

A thesis submitted to McGill University in partial fulfillment of the requirements of the

degree of Master of Science

© Copyright by Seung Soo Lee, 2017



TARGETED NANOTHERAPY FOR PROSTATE CANCER:

APPLICATIONS FOR CANCER THERAPEUTICS AND IMAGING

Seung Soo Lee
Master of Science

Division of Experimental Medicine, Faculty of Medicine, McGill University, Montreal, QC

2017

ABSTRACT

Prostate cancer (CaP), like many cancers, evolves through the incursion of numerous
somatic mutations and undergoes multiple selection processes, resulting in extensive genetic
heterogeneity, ultimately leading to drug resistance. Many times, biological therapies lead to
the selection of more aggressive cancers. Moreover, surgical or radiological treatments are
also compounded by other physical side-effects. Therefore, a new generation of therapeutic
approaches that would circumvent or overcome such limitations presented by current
treatment options is essential. Recently, many types of nanoparticles have been applied
broadly in the development of novel cancer therapies. Of the available nanoparticles, multi-
walled carbon nanotubes (MWCNTSs) offer unique properties such as chemical stability,
efficient thermal and electrical energy absorption and conductivity, and extensive surface area
availability. When combined together with a targeting moiety, MWCNTs may be used to
deliver highly-localized “energy” (via a laser) in the immediate proximity to the cells and can
cause significant cellular damage, thus making them an ideal physical therapeutic platform.
Therefore, functionalizing the MWCNTs by conjugating antibody against prostate specific
membrane antigen (PSMA), a marker for progressive CaP, on their surface would be an

effective approach for active targeting. In the in vitro studies using PSMA positive LNCaP
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prostate cancer cells, over 80% cell ablation was achieved within a 30 second exposure to
low 2.7 W/cm® 532nm wavelength laser. Furthermore, the specificity and selectivity of
PSMA targeting was confirmed by assessing PSMA-null PC3 cell lines under the same
conditions (<10% cell ablation), thereby overcoming some of limitations in the conventional
photothermal therapy. Developing this new platform will undoubtedly bring a real change vs.
current therapeutic modalities and will usher in a new age of effective cancer treatment, by

squarely addressing tumoral heterogeneity.
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RESUME

Le cancer de la prostate (CaP), comme de nombreux cancers, évolue par l'incursion
de nombreuses mutations somatiques et subit de multiples processus de sélection, aboutissant
a une hétérogénéité génétique étendue résultant & une résistance aux médicaments.
L'intervention thérapeutique biologique, le plus souvent par des médicaments ciblant des
androgenes, peut conduire a la sélection de tumeurs plus agressives qui peuvent a terme se
transformer en cancer résistant aux médicaments. De plus, les traitements chirurgicaux et/ou
radiologiques peuvent ¢galement aggraver la situation par d'autres effets secondaires. Nous
avons par conséquent développé une nouvelle approche thérapeutique en utilisant des
nanoparticules ciblées qui agissent en photo-ablation physique qui contournerait et
surmonterait les limites présentées par les options de traitements actuels. Récemment, des
nanoparticules composées de différents matériaux ont été largement appliquées dans le
développement de nouvelles thérapies contre le cancer. Parmi les nanoparticules disponibles,
les nanotubes de carbone a parois multiples (MWCNTs) offrent des propriétés uniques telles
qu’une stabilit¢ chimique, une grande disponibilité en surface, ainsi qu'une absorption et une
conductivité efficaces de I'énergie thermique et €lectrique. Lorsque ces nanoparticules sont
combinées avec un fragment de ciblage, tel qu’un anticorps ou des molécules similaires, elles
peuvent étre utilisées pour distribuer une «énergie» hautement localisée a proximité
immeédiate des cellules et peuvent causer des dommages cellulaires importants. C’est pour ces
différentes raisons que nous avons utilis¢ les MWCNTs en conjugaison avec un anticorps
contre l'antigéne de membrane spécifique de la prostate (PSMA), un marqueur de surface
cellulaire pour CaP progressif, pour le ciblage photo-ablatif actif. Dans nos études in vitro, en
utilisant les cellules du cancer de la prostate LNCaP positives pour PSMA, nous avons pu

obtenir plus de 80% d'ablation tumorale avec une exposition de 30 secondes en utilisant un
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laser a longueur d'onde de 532 nm de 2.7 W/em?®. En outre, la spécificité et la sélectivité du
ciblage de PSMA ont ét¢ confirmées en évaluant sous les mémes conditions la lignée
cellulaire PC3 qui n’expriment pas de PSMA. Ces résultats confirment également notre
capacité a surmonter certaines limites présentées par la photo-thermothérapie traditionnelle.
Le développement de cette nouvelle technique apportera sans aucun doute un véritable
changement dans l'approche des modalités thérapeutiques actuelles et ouvrira une nouvelle
¢re de traitement efficace contre le cancer, en s'attaquant directement a I'hétérogénéité
tumorale. Finalement, une revue de la littérature a été réalisée pour générer une liste des
nanoparticules actuellement disponibles en nanomédecine, a la fois comme agent
photothermique et comme vecteur de distribution du médicament. De ce fait, I’évaluation des
différents nanomatériaux se fera en méme temps que l’analyse du role émergent des

nanoparticules dans l'environnement clinique potentiel.
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1.1 Introduction

Prostate cancer (CaP) was first described in 1853 by Dr. J. Adams, a surgeon at the
London Hospital (1). In his report, Adams had included a histological assessment of CaP, for
which he described the occurrence of the disease as very rare (2, 3). Ironically, contrary to the
initial descriptions, the occurrence of CaP is quite prevalent in today’s world. According to
the American Cancer Society, an estimated 180,890 men in the United States will be newly
diagnosed with CaP in 2016, and approximately 26,120 men will die from it (4). Of all new
cancer diagnoses, the rate of CaP incident is the highest in males (second only to lung cancer
when both sexes are accounted for), and CaP-related deaths in males are also second only to
lung cancer; and fifth behind lung, colon/rectal, pancreatic, and liver cancers when including
both sexes (4). The high incident of CaP is also observed in other Western countries, such as
Canada (top incident rate among men in 2015) (5) and United Kingdom (the most common in
cancer in males and second most common cancer in 2014 when including both sex,
accounting for 13.4% of all new cancer cases) (6). Contrary to the high incident rate in the
Western society, the incidents of CaP in Asian countries, while becoming an emerging
concern with increased screening, are not as high as those observed in Western countries (7, 8)
(Figure 1.1A).

According to multiple epidemiological studies, African nations have the highest rate
of mortality, followed by Europe and the American continent and lowest in Asia (7, 9, 10)
(Figure 1.1B). Nevertheless, these statistics do not fully represent the full scope of the
disease, as CaP incidents among Asian-American populations are more than three times
higher than that of the Asian population (11) (Figure 1.1C). Therefore, numerous factors,
including socioeconomic, cultural, and genetic factors could contribute to variations among

inter- and intra-racial populations.
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Figure 1.1 Worldwide prostate cancer statistics in 2012. 1.1A shows the rate of prostate
cancer incidents per 100,000 people worldwide, clearing showing higher incidents in Western
worlds. 1.1B shows the mortality rate per 100,000. While 1.1A showed significantly higher
prevalence of prostate cancer in Western society, the rate of mortality is much higher in the
less developed regions. Lastly, 1.1C shows the incident rates of prostate cancer per 100,000
in selected populations according to the racial background.

The figure is adopted from World Cancer Report 2014, International Agency for Research on

Cancer, World Health Organization (12).
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The exact etiology for CaP is still indistinct (13-15). The only established risk factor
for CaP is a family history of the disease; compared to the general population, the risk of CaP
development in those that have first-degree relatives with CaP is twice as high (16, 17).
Although no single gene has yet been identified as the cause of this neoplastic growth, a
number of genes have so far been proposed as potential drivers, including mutations in
BRCAI, BRCA2, HPCI (also known as RNASEL), and PTEN (18-21). In addition, a number
of other potential risk factors have also been identified including, age, dietary patterns,
ethnicity, and environmental factors; with studies being performed to investigate how these
factors may influence normal prostate cells to develop into adenocarcinoma (11, 22, 23). In
fact, the ethnic background of patients continues to be recognized as a key component in the
different CaP incident rate among various populations. Particularly, the variation of
CAG/polyglutamine tract length in androgen receptor protein influences its activity.
Androgen receptor (AR) is a key protein critical in CaP pathogenesis (24), with an
association of CAG/polyglutamine tract length variation with race and with incidents of CaP.
Longer polyglutamine tract repeats have been associated with lower CaP incidents (25), and
often found in Asian populations. Caucasians have slightly shorter polyglutamine tracts and
Black/African populations have the shortest tract.

CaP is universally multifocal (26-28) and is uniformly associated with hyperplasia or
hypertrophy (14, 26), with multiple lesions coexisting in the gland. These characteristics are
used as a metric by pathologists to assess the overall staging of the tumor via Gleason scoring
(29). While socioeconomical and cultural aspects cannot be disregarded, multifocal cancers

such as CaP are heavily linked to genetic changes.
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1.2 Prostate and Cancer Development

The prostate gland is a unique structure present in male reproductive system. Located
directly below the bladder and above the muscles of the pelvic floor, the main role of the
prostate is to secrete alkaline prostatic fluid rich in proteins and minerals that protects and
nourishes the sperm (30, 31). When the prostatic fluid is combined with sperm, it forms
semen, which is sequentially ejaculated via urethra during sexually stimulation. The gland is
divided into four regions, including the three zones (peripheral, transitional, and central) and
the anterior fibromuscular stroma forming the entire anterior surface of the prostate (13, 32,
33). Studies have shown that compared to other regions, CaP is most likely to occur and
advance in the peripheral zone (up to 75%), the largest zone of the gland. In addition, CaP
development may also be observed in other zones (up to 20% of CaP in the transitional zone
and about 2.5% in the central zone) (34).

Often, men between the ages of 55-65 may have symptoms associated with prostate
enlargement. These symptoms often cause the gland to exert pressure against urethra and
bladder, possibly causing pain and discomfort (35). These enlargements are categorized into
several classes. The benign growth of the gland, in which the enlargement occurs within the
prostatic stromal and epithelial cells in the transitional zone, is known as benign prostatic
hyperplasia (BPH) (36, 37). BPH is relatively common and may not need to be addressed
medically. While BPH normally does not develop into malignant forms of tumor, it remains
unclear whether there may be a causal association between BPH and CaP (37, 38). In some
cases, the enlargement may become malignant. These types of growths in prostate cells are
defined as prostatic intraepithelial neoplasia (PIN). Unlike prostate adenocarcinoma, the
neoplastic transformation of prostatic cells is still local and confined within the peripheral
zone of the epithelium (39, 40). PIN has been associated with the earliest development of CaP,

yet whether PIN originates directly from normal prostate cells or from abnormal dysplastic
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cell types has not been clarified (41). Because of the slow growth rate of tumorigenic cells in
the prostate gland (39, 42, 43), not all patients undergo immediate treatment with the
diagnosis of PIN. Moreover, it is also unclear how exactly PIN develops into full
adenocarcinoma, with investigations currently underway to clarify the relationship (13, 44).

Most cases of CaP are first diagnosed by physicians by prostate-specific antigen (PSA)
screening. PSA screening is a routine test in the diagnosis of CaP for men over the age of 40
(45). PSA is a protein produced and secreted by the prostate gland. In PSA screening, most
physicians consider blood PSA levels of 4.0 ng/mL as normal. Above this level, physicians
will recommend a prostate biopsy to determine the presence of CaP. Depending on the
characteristics and appearance of the biopsy at the time of the diagnosis, a patient may be
recommended for immediate therapy which includes a partial or a full prostatectomy,
radiotherapy, or a combination of both, or the patient may also be recommended for active
surveillance that does not involve direct intervention. Generally, after the initial therapy, the
tumor burden is decreased significantly, which indicated by the dramatic decrease in PSA
level (Figure 1.2). Androgen hormones play and important role in CaP progression as they
stimulate prostate cells to grow and proliferate, and are linked to the expression of PSA.
When dihydrotestosterone (DHT) or testosterone is present, they bind to the AR, which
causes a conformational change and the subsequent release from HSP90 inhibition, leading to
AR’s translocation to the nucleus. In the nucleus, AR forms a homodimer, binds to androgen
response elements (AREs) DNA cis-elements, and acts as a transcription factor regulating the
expression of AR target genes to maintain prostate function and homeostasis (46). PSA is one
gene whose expression is directly regulated by AR activity.

Initial biological therapy is almost always androgen- or AR-directed and could
include the prescription of AR antagonists (anti-androgens) or Sa-reductase inhibitors (that

blocks conversion of testosterone to DHT). Nevertheless, patients that were given the initial
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therapy face disease recurrence with new lesions appearing, with even the possibility of the
disease invading beyond the gland (47, 48). Subsequently, serum PSA levels increase to pre-
treatment levels, an indicator of disease recurrence (49). At this stage, patients would proceed
to androgen deprivation therapy (ADT). ADT therapy consists of either surgical or chemical
castration, in combination with continued anti-androgens, to remove the major source of
androgen hormone production in the testes. Chemical castration is achieved with the use of
luteinizing hormone-releasing hormone (LHRH) agonists or gonadotropin-releasing hormone
(GnRH) antagonists which serves to reduce serum testosterone levels under 0.5 ng/mL, so
that there are not enough androgens to activate AR signaling. Sa-reductase inhibitors can also
be used, in order to further inhibit production of DHT production in the prostate (46, 50-52).
By restraining androgen production and circulation, ADT aims to accomplish the therapeutic
effect of limiting the proliferation of both the normal and neoplastic cells. Therefore,
targeting the androgen signaling axis by either the ligand or the AR has become a widely used
non-surgical method of treatment for CaP (53, 54). Similarly, ADT provides initial promise in
the treatment of advanced CaP by lowering the serum PSA level and regression of tumor
mass, yet eventually a proportion of cells acquire resistance via unique mechanisms of its
independent reliance on androgen hormone for cell maintenance and proliferation. By this
stage, CaP is referred to as in a state of hormone-refractory or castrate-resistant (CRPC). To
overcome these challenges, more potent next-generation androgen directed therapies have
been developed, such as such as enzalutamide and abiraterone acetate, that target the
androgen signaling pathway. However, their clinical effectiveness has been limited, with the

S-year relative survival rate of 29.3% among those with metastatic CRPC (55).
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Figure 1.2 Prostate cancer development from local to advanced stage. The different
stages of prostate cancer are evaluated according to the blood PSA level. Higher levels of
blood PSA correlates to increased tumor burden. Based on the stage of tumor development at
the time of initial diagnosis, patients are given the option of active surveillance/watchful
waiting versus local treatments which may include surgery or radiation therapy. If the tumor
persists or recurs after the initial treatment, the patients then undergo systemic treatments to
ensure that the therapeutics can reach the individual tumor cells. At this stage, hormone-
sensitive treatments such as ADT are often provided. Nonetheless, prostate cancer ultimately
becomes nonresponsive to these ADT, by which the tumor is then recognized as CRPC.
Chemotherapy and second-generation drugs are available, yet by this stage the outcome is not
promising and patients often results in death.

The figure is adopted from “The current evidence on statin use and prostate cancer prevention:

are we there yet?” (56)
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1.3 CaP Screening and Diagnosis

Early CaP usually does not cause any physical symptoms. Therefore, the diagnosis of
CaP is often made by routine PSA screening. On the other hand, when a patient reports
certain symptoms that are specific for CaP such as urinary incompetence, hematuria, erectile
dysfunction, pain in the hips, back, or chest, or signs of weakness in the lower body, it may
signify the need for additional examinations to evaluate whether the symptoms are due to
BPH or due to actual growth of prostatic neoplasm (57). In such examinations, multiple

inspections using different methods are performed.

1.3.1 Digital Rectal Examination

Digital rectal examination (DRE) is one of the first physical exams performed by an
urologist when checking the patient’s prostate gland. During the procedure, a physician
examines the patient’s prostate gland with her finger to check for nodules, gland asymmetry
and hardening, all of which may hint at inflammation or hyperplasia of the gland (58). The
examination itself does not guarantee accurate diagnosis and often, DREs may not be
sensitive enough for physicians to differentiate between hyperplasia and the very early stages
of the CaP. Furthermore, the tumor lesions may originate from inaccessible regions of the
gland (59). For accurate diagnosis, blood PSA levels are simultaneously evaluated to ensure

that any tumor is identified as early as possible.

1.3.2 Transrectal Ultrasonography

While DREs are widely used as an initial tool to identify potential patients, it is
limited in that the information obtained from such screening is obtained only through the
palpable means. Further physical examination may be done using instrumentations such as

transrectal ultrasonography, which allows physicians to visualize the gland and the
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surrounding tissues. Furthermore, transrectal ultrasonography may also be used for biopsy
acquisition, where a small sample of prostate tissue (including tissues that appear normal and

the abnormal) is collected using a thin biopsy needle and analyzed under a microscope.

1.3.3 Prostate Biomarkers

In 2000, Hanahan and Weinberg suggested that numerous changes occur in cellular
pathophysiology as cells become tumorous. Known as hallmarks of cancer, such changes
include self-sufficiency in growth signals, insensitivity to anti-growth signals, evasion of
apoptosis, limitless replicative potential, sustained angiogenesis, tissue invasion and
metastatic properties, deregulated metabolism, evasion of the immune system, genome
instability, and inflammation (60). During these changes, neoplastic cells may develop unique
characteristics, allowing them to be discriminated from the benign cells. Once these
characteristics are established, they may be exploited in the search for tumor in their earliest
stages of development. These characteristics may be objectively measured and evaluated as
indicators of biological and pathogenic processes, or even pharmacologic responses to a
therapeutic intervention are defined as biomarkers (61). These biomarkers may allow early
diagnosis, which greatly enhances the chance of successful treatment and survival for cancer
patients. A few biomarkers have been identified and evaluated for CaP with some currently
being used for clinical diagnostics, screening, and treatment. These markers are categorized

into serum, urinary, or tissue biomarkers.

1.3.3.1 Prostate Specific Antigen
Prostate specific antigen (PSA), also known as kallikrein-3 (KLK3), is a glycoprotein
enzyme that belongs to the human kallikrein family. In humans, they are encoded by the

KLK3 gene and secreted primarily in the ductal and acinar cells of the prostate epithelium (58,
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62, 63). Human PSA was first purified by Wang et al in 1979 (64), and it was first isolated
from the prostate tissue by the same group in the following year (65). PSA is naturally
produced by the prostate, as it is a target of AR-dependent gene activation, and is one of the
main components of the seminal fluid. It is involved in the dissolution of the coagulum via
proteolysis, allowing sperm to be liberated and become “active” (63). Naturally, circulation
of PSA in blood is limited through leakages into the extracellular fluid (66). Nonetheless,
during tumor development, normal glandular structure is altered, leading to increased leakage
of PSA (66). In PSA screening, this increase in blood PSA concentration is measured using
immunoassay; and as mentioned, serum PSA values of 4.0 ng/mL is recognized as a threshold
value for further biopsy (67).

Although PSA is the most popular biomarker for CaP, it is also arguably the most
controversial. The main controversies regarding PSA testing is focused in the accuracy and
the reliability of the diagnosis. While elevation of blood PSA concentration is used as the
criteria for CaP diagnosis, changes in the concentration is not tumor-specific and may also be
associated with various other symptoms including benign prostate hyperplasia (68).
Accordingly, current PSA screening methods has been associated with significant rates of
false-positive, false-negative and over-diagnosis (69, 70). Initial studies have reported that
blood PSA concentrations over the threshold have been associated with a positive predictive
value of about 30% in men aged over 50 years old (71). Another study reported that the blood
PSA threshold value has been associated with a negative predictive value of about 85% in
men of median age of 69 years old at the time of biopsy (72). Due to the lack of specificity,
associated risks in cancer therapy, and the fact that a significant percentage of CaP cases
never actually become malignant, the benefits and harms in PSA screening is still under

debate (73).
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1.3.3.2 Prostate Cancer Antigen 3

First identified from mRNAs from urine samples using polymerase chain reaction
(PCR) in 1999, prostate cancer antigen 3 (PCA3) has been emerging as a strong candidate to
replace PSA screening (74, 75). It has been reported that PCA3, a prostate-specific gene, is
present in 95% of all CaP cases, making it an ideal candidate for screening (75). PCA3 is
reported to be mapped in chromosome 9q21-22, where alternative polyadenylation and
splicing produces multiple combinations of transcripts (74-76). These alternative PCA3
transcripts often contain high density of stop codons, thereby possibly functioning as a non-
coding mRNA (68, 75). It has been proposed that PCA3 protein is involved in the survival of
CaP cells by modulating the transcriptional activities of the androgen receptor target genes
(77).

PCA3 as a biomarker has few advantages over conventional PSA screening. First,
unlike PSA screening which is not tumor-specific and may be influenced by non-tumorigenic
sources (BPH, age, etc.), PCA3 overexpression is restricted in prostate tumor tissues and not
in BPH tissues and other organs of the body, including normal prostate, testicles, bladder,
kidney, seminal vesicles, brain, and lungs (78). Furthermore, a meta-analysis published in
2010 reported that up to 3400 patients were evaluated with PCA3 levels, of which the overall
sensitivity of the screening was up to 82.3% and the specificity up to 89%, further justifying

the use of PCA3 as a potential biomarker (68).

1.3.3.3 TMPRSS2:ERG Gene Fusion

Gene fusions are defined as structural chromosomal aberrations (including
translocations, deletions, and inversions) consisting of two chromosomal regions that changes
position, resulting in a new gene with a unique and often deleterious functions (78, 79).

Before 2005, gene fusions were not associated with the physiology of CaP (80). However,
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this landscape had changed when a group from University of Michigan reported about a
frequent chromosomal rearrangement on chromosome 21 featuring 7TMPRSS2, an androgen-
regulated gene that encodes enzyme transmembrane protease, serine 2 and ERG gene that is
regulated by estrogen and acts as a transcriptional regulator (81-83) (Figure 1.3). Transgenic
mouse models have also demonstrated that ERG genes promoted tumor growth, especially
mimicking early events in human CaP development (84). In addition, cohort studies of
patients with localized CaP showed that TMPRSS2:ERG gene fusion was associated with
Gleason score and cancer-specific deaths (85).

Therefore, its high specificity for CaP and the relatively simple accessibility in
identifying gene fusions in serum, prostatic fluid or urine, makes TMPRSS2:ERG gene
fusion a unique candidate for CaP screening. Nevertheless, TMPRSS2:ERG is by no means
infallible. Studies have shown that compared to conventional PSA screening,
TMPRSS2:ERG has lower sensitivity of diagnosing CaP (true positive rate; correctly
identifying those with the disease) (68, 83, 86). Furthermore, the rate of fusion is variable
according to the ethnic background, with lower prevalence in the Asian population. Moreover,
this ethnic variability complicates the efforts of ensuring universality in TMPRSS2:ERG
screening by making it difficult to identify a general cutoff value that would be applicable to
all populations.

Recently, combining PCA3 screening with TMPRSS2:ERG gene fusion screening
has been used in clinic. When applied together, the combination screening complements each
other’s weakness by improving on sensitivity of the screening, as TMPRSS2:ERG gene
fusion screening corrects false-negative results obtained from PCA3 screening and vice versa
(87, 88). This combination screening paves for a new era in CaP screening and diagnosis by

providing an alternative panel against the heterogeneitic nature of the disease.
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Figure 1.3 TMPRSS2:ERG gene fusion and its role in prostate cancer. Since the
discovery, TMPRSS2:ERG gene fusion has been associated with the CRPC phenotype. Both
TMPRSS?2 and ERG genes are located on chromosome 21. Mechanisms such as deletion of
intervening genes between the two genes, or translocation (as shown in the figure) may lead
to the formation of the fusion gene (89), resulting in formation of a new phenotype that may
exacerbate the tumor development.

The figure is adopted from “ETS gene fusions in prostate cancer” (90).
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1.3.3.4 Prostate Specific Membrane Antigen

Prostate specific membrane antigen (PSMA), also known as glutamate
carboxypeptidase 2 or N-acetyl-L-aspartyl-L-glutamate peptidase 1, is a type I
transmembrane protein that is highly expressed in the prostate compared to other organs in
the body (91-93). The expression of PSMA increases as the tumor develops, and at the later
stages in CaP PSMA is the second-most upregulated gene product in CaP (92, 94, 95). As the
name suggests, PSMA has known enzymatic activities, acting as a glutamate-preferring
carboxypeptidase (91).

PSMA is associated with unique characteristics that make them a great candidate as a
target for screening and therapeutics. As mentioned previously, PSMA levels have been
reported to be elevated in CaP, particularly in the poorly differentiated, metastatic, and
hormone-refractory carcinomas (93, 96-98). This is unique because many of the screening
methods cannot readily distinguish between the local and advanced/metastatic CaP. In
addition, PSMA has a unique feature in that when its ligand is bound to PSMA, the ligand
becomes internalized. This feature may be exploited in cancer therapeutics, where molecules
of interest may be targeted directly against tumor cells.

In cancer diagnosis, PSMA may be utilized in multiple ways. PSMA activities are
detected through reverse transcriptase polymerase chain reaction (RT-PCR) techniques,
which could be highly specific and sensitive in detection if targeted against a proper marker.
Studies demonstrated that performing RT-PCR screening using PSMA as the target led to low
false-positive rate (0.8%), as well as high rate of detection of prostate cells in metastatic
patients (up to 88%), signifying the possibility of PSMA as a valid target (96, 99).
Furthermore, by combining radiolabeled isotope to anti-PSMA antibody, PSMA may be used
as a probing target with position emission topography (PET) imaging to provide high

resolution image of the prostate and the potential metastatic locations (95, 100).
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1.4 Treatment Options

Not all cases of CaP require therapeutic intervention, and with the continuing debate
between active surveillance versus therapeutic interventions, all CaP patients must be
approached independently. Therefore, appropriate treatment plans need to be conceived
according to the individual’s current status of the disease development, even if the tumor is
still localized within the gland. Furthermore, recurrence and metastasis of the cancer requires

additional attention as they require altogether different approaches.

1.4.1 Active Surveillance (Watchful Waiting)

Like most other neoplasms, early detection and intervention of high-risk CaP may
contribute to substantial reduction in mortality (101, 102). As the name suggests, in active
surveillance, patients are continuously monitored by serial PSA testing, repeated biopsies,
physical examination of the prostate such as DRE and more (16, 103), yet no active
therapeutic actions are taken. However, according to randomized trials, those with favorable-
risk (low-risk) CaP did not improve significantly from radical prostatectomy versus watchful
waiting in terms of survival advantage, as 21 out of 364 (5.8%) men that underwent radical
prostatectomy died from CaP or related treatment, while 31 out of 367 (8.4%) men in the
observation group died (101, 104). Among the 52 patients that have died in the study, two
thirds of all deaths (34 deaths) were considered to be CaP-specific, of which there was no
significant difference in the prostatectomy vs. observational group (16 vs 18 deaths,
respectively). Therefore, while current available screening options may benefit high-risk
groups with diagnosis and treatment, these options may also be prone to over-diagnosis and
treatment for low-risk groups (101). Accordingly, there has been a shift from active treatment
to watchful waiting/active surveillance in the past decade.

Despite the benefits of active surveillance, persistence or recurrence of CaP is often
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reported based on multiple mechanisms (49) (Figure 1.4). Once the disease recurs, the tumor
may have metastasized into other parts of the body. Due to the reliance on androgen for
growth in CaP, the treatment plan aims to manage the level of androgen at this stage. This
could be done chemically via ADT or surgically via orchiectomy. Orchiectomy is a surgical
procedure in which the patient’s testes are partially or completely removed. Testicles are the
major source of testosterone, thus by undergoing orchiectomy patients are expected to see a

reduction in tumor proliferation.

1.4.2 Radiotherapy

Along with radical prostatectomy, applying radiotherapy has been the traditional
approach in treating low- and intermediate-risk CaP (105). In the course of treatment plans,
about one fourth of all CaP patients have received or will undergo some form of radiotherapy
(106). Similar to the surgical approach, radiotherapy in CaP is generally performed for
patients with localized tumors. Generally, radiotherapies are categorized into two types —

external beam radiation therapy and brachytherapy.

1.4.3 External Beam Radiation Therapy

External beam radiation therapy (EBRT) is one of the most widely used forms of
radiation therapy. As the name suggests, during EBRT, an external source of ionizing
radiation (normally between 65~80 Gy) (107) is directed at the location of the tumor over
multiple 2 to 4 Gy fractions. While the delivery of radiation at the site is effective in
destroying localized tumor, the main drawbacks of EBRT has been the non-targeted damage
induced on normal cells.

Nevertheless, technological advances in image-guided radiotherapy (IGRT) and

intensity modulated radiation therapy (IMRT) have revolutionized the way radiotherapy is
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delivered to CaP patients. Physicians have been able to optimize treatment plans through
precise locating of the tumor mass, modulating the amount of radiation to be delivered at
each exposure and determining the frequency of delivery to be made (108-110). These
advantages have allowed significant reduction of non-targeted damage in the adjacent area,

thereby reducing post-therapy side effects by a considerable amount (111).

1.4.4 Brachytherapy

Another commonly used form of radiotherapy in CaP treatment is brachytherapy. In
brachytherapy, seeds, which are small, sealed particles emitting radiation are placed next to
the targeted tumor tissue (112, 113). Unlike EBRT where patients receive radiation from
external sources, brachytherapy’s energy sources are the inserted radioactive particles
themselves. There are two types of brachytherapy in CaP depending on the dosage of the
radiation being delivered: low (LDR) and high-dose rate (HDR). Often, LDR brachytherapy
is applied for CaP treatment based on its reduced side effects, with HDR brachytherapy used
to supplement EBRT. Due to low side-effect profiles, ease of implementation, highly
favorable treatment outcome and quick recovery from the procedure, LDR brachytherapy is
becoming popular as an alternate method in CaP treatment. However, similar to EBRT and
surgical procedures, the current use of brachytherapy is limited to localized CaP. In addition,
although the radioactivity of the seeds is carefully controlled, they may still cause side effects

including erectile dysfunction and urinary incontinence (113, 114).

1.4.5 Surgery
Radical prostatectomy still remains to be the primary treatment option for localized
CaP (105). Radical prostatectomy can be performed via the classical open approach in which

a large surgical incision is made to access prostate, or it may be performed in the minimally
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invasive approach in which lacroscopy is used to minimalize incision while gaining access to
the gland. Both approaches aim to remove the prostate gland and some of the surrounding
tissues from the body, thereby removing the tumor mass. Although significant improvements
in radical prostatectomy have been made, it is still associated with considerable morbidity
and post-operative complications including erectile dysfunction and urinary incompetence.
While the definition of erectile dysfunction is variable according to different sources, the
occurrence of erectile dysfunction following radical prostatectomy is reported has been
reported in up to 70% of the patients (115, 116). This is directly related to quality of life and
has placed post-operative recovery of erectile dysfunction in the list of primary attention,
especially as there is an increase in diagnosis of CaP in younger men in recent years. While
the exact etiology is yet unclear, post-operative erectile dysfunction is predominantly
associated with intraoperative injury or postsurgical inflammation damaging the cavernosal
neurovascular bundle (116, 117).

Urinary incompetence is another commonly reported post-surgical complication. The
etiology of urinary incompetence after radical prostatectomy is multifactorial; in addition to
surgical performances, the prospect of post-operative urinary incontinence also depends on
the age of the patient, prostate volume, body mass index (BMI), and past history of lower
urinary tract symptoms (118). It has been reported that an increase in patient’s age is
correlated with increased incidence of urinary incontinence, as aging weakens one’s sphincter
muscles and also may aggravate neural systems that controls urination. Despite the potential
side effects caused by the surgical procedures, local prostatectomy still remains a very viable

option due to its effectiveness.
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1.4.6 Hormone Therapy

Growth of the tumor in the prostate gland is regulated by hormones, specifically by
androgens. The potential of hormone-directed regulation in CaP treatment was first identified
during early 1900s, when Dr. Charles Huggins from University of Chicago discovered the
reversible relationship between androgen ablation and prostate glandular atrophy (119).
Based on this relationship, a selected pool of patients with advanced CaP was therapeutically
treated with ADT (either by methods of surgical castration or by using estrogen therapy),
which led to a significant reduction in the tumor size. Since then, many CaP therapeutics have
been focused on refining hormone treatment.

Once the initial, local tumor spreads beyond the prostate, surgical and
radiotherapeutic options become limited. In such cases, hormone therapy is recommended.
Among different options in hormone therapy, ADT is accepted as the non-surgical standard of
care in CaP treatment. Circulation of excess androgens has been associated with malignant
growth of the prostate by activating a positive feedback mechanism, subsequently causing an
increase of AR transcription in CaP cells (120, 121). Many prostatic tumors also have a
genomic duplication and amplification of the AR gene (122, 123), resulting in increased AR
activity with low circulating androgen levels as a consequence of ADT (121).

Hormone therapies interfere by targeting the AR pathway, either at the level of
androgen production or at the level of AR activity. Currently available drugs include
enzalutamide, a potent next-generation androgen receptor signaling inhibitor (anti-androgen
drug), and abiraterone acetate, a CYPI17A1 steroidogenesis inhibitor (124, 125). Both
interfere with the regular androgen signaling pathway by reducing androgen availability, or
competitively bind to the ligand binding domain of the androgen receptor and therefore
preventing cancer progression and increasing progression-free survival (126-129). In addition,

not only do these anti-androgen drugs compete with androgens to interfere with the signaling
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pathway, they have also been reported to prevent nuclear translocation of the AR and the
subsequent cascade of downstream activation of genes targeted by AR (130, 131).

Despite these promising results from next-generation androgen directed therapeutics,
they are not without their limitations. Already, mutations in AR have resulted in development
of resistance to these second-generation drugs (132-135), with the first somatic mutation in
the AR to enzalutamide having been identified 6 months after the initial clinical use (136,
137). Despite the imperative role of AR in CaP development, merely inhibiting its signaling
pathway has prompted a selection mechanism allowing the tumor to become resistant (Figure
1.4). Combinations of multiple anti-androgen drugs are under trial, yet the results are not as

promising as initially envisioned (138, 139).

1.4.7 Chemotherapy

Along with ADT, the use of chemotherapy against metastatic CRPC is also a
widespread treatment option. However, because of relative toxicity associated with
chemotherapy and ineffectiveness of the drugs themselves, use of chemotherapy in metastatic
CRPC often fails to show a significant improvement in patient’s survival (140, 141). The
therapeutic effects and cytotoxicity of many chemotherapeutic drugs are attributed to their
ability to interfere with cell division. The taxane family of drugs; docetaxel, cabazitaxel and
paclitaxel, are most often used in advanced CaP, and work as mitotic inhibitors by targeting
microtubules. During normal cell division, there is a dynamic equilibrium between free and
polymerized subunits fueled by presence of guanine triphosphates (GTP) allowing for tubulin
plasticity (142). Nonetheless, taxanes disrupt this dynamic equilibrium by preventing
depolymerization of tubulins, thus interfering with the normal formation of microtubules and
thereby blocking cell division. In addition, unlike previously available drugs in chemotherapy,

reports have also suggested a role of microtubules in androgen signaling (143). Taking into
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Figure 1.4 Emerging mechanisms of resistance in prostate cancer. Similar to other types
of cancers, resistances to therapeutics are observed at multiple stages in prostate cancer
development. It remains to be seen whether the tug-of-war between traditional therapeutics
and tumor resistance can be won, yet it is clear that up to now, different forms of therapy
have ultimately failed due to multiple molecular mechanisms, of which some are listed at the

bottom of this figure.
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account the fundamental role of AR in CaP progression, this may explain why compared to
other chemotherapeutic drugs, taxanes have been successful in the treatment of CaP.
Specifically, taxanes have been shown to inhibit the nuclear localization of AR by interfering
with normal microtubule function (144). Nevertheless, the use of chemotherapeutic drugs is
hampered with serious side effects as well as potential development of resistance mechanisms,

limiting their long-term application.

1.4.8 Focal Ablation Therapies

Finally, the genetic heterogeneity and subsequent molecular diversity CaP has limited
the long-term clinical success of conventional “biological therapies”. These methods often
enhance or inhibit certain pathways that are critical for tumor development. However, tumors
in general have a strong propensity to develop resistance mechanisms as a result of prolonged
and repeated use of these conventional treatment regimens. Therefore, focal ablative therapies
have gained considerable attention as a potential method to complement or even replace
current treatment regimes. Tumor ablation is a minimally invasive technique that is nowadays
commonly used to treat multiple types of cancers by delivering energy directly to the targeted
tissue and exert damage, causing cellular breakdown (145). These physical ablations, unlike
the conventional biological therapy, bypass the risk of drug resistance and potentially

recurrence by selectively damaging the tumor mass with external energy.

1.4.8.1 Stereotactic Body Radiotherapy

Radiotherapy such as EBRT and brachytherapy has been used to treat localized CaP
in the last few decades. Nevertheless, the use of radiotherapy has been limited by the
intensity of the radiation being delivered and their potential side effects. Stereotactic body

radiotherapy (SBRT) has overcome these limitations by delivering lower doses of radiations
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from multiple positions of the body (in the doses of >5 Gy per fraction), which are targeted at
the tumor so that only the tumor receives high doses of radiation while the surrounding
tissues receive minimal dose (146). In a 2013 phase 2 clinical study, the effectiveness of
SBRT for localized prostate cancer demonstrated comparable results in terms of PSA relapse-
free survival (93% for all patients), supporting the use of SBRT as an alternative, safer option

(147).

1.4.8.2 Hyperthermia/Photothermal Therapy

High temperature impairs cellular activity. From the era of whole body hyperthermia,
the concept of utilizing heat against malignant tissue has evolved to a level where specific
and minimal delivery of heat against tumor using thermal agents is now possible. Although
photothermal therapies using laser-stimulated nanoparticles are still under pre-clinical
development, hyperthermia therapy using magnetic nanoparticles is already undergoing
clinical trials, with superior complete response when combined with radiotherapy versus

receiving radiotherapy alone (62.5% vs 39.6%) (148).

1.4.8.3 High Intensity Focused Ultrasound

As the name suggests, high intensity focused ultrasound (HIFU) utilizes focused
ultrasound waves with power normally exceeding 5 W/cm” and frequencies within the range
between 0.8-3.5 mHz to thermally ablate tumor cells (105). During HIFU therapy, an
ultrasound probe is placed transrectally to deliver energy and simultaneously provide real
time imaging. A 2015 clinical study with 918 patients undergoing HIFU therapy using
Sonablate® probe resulted in cancer specific survival rate of 97.4% and ten year overall
survival of 89.6% (149). Nevertheless, the current data on the safety and efficacy of HIFU

therapy in CaP treatment remains incomplete, and further clinical trials are required.
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1.4.8.4 Focal Cyroablation

While the other focal therapies for CaP have focused on delivering energy to raise the
cellular temperature, focal cryoablation aims to stimulate tumor damage damaging cell
membranes and organelles by exposing the targeted area to rapid freezing-thawing cycle
(150). Systematic reviews suggest a biochemical disease-free survival rate between 71-93%
at 9 to 70 months of follow-up (151).

Although these focal therapies are showing promises and are either already being

utilized in clinic or undergoing clinical trials, most of them are limited to early, local CaP.

1.5 Conclusion

CaP is a complex disease. While the early, localized CaP may appear benign, the
unique multifocality and the inherent heterogeneitic nature of the tumor eventually lead the
tumor to become lethal as the cancer becomes metastatic, spreading beyond the initial gland.
Multiple forms of therapy at all levels of CaP have been so far discussed, yet none of them
are conclusive. Furthermore, while therapies to localized CaP are effective, treatments for
late-state CaP are faced with incredible complexity and also with the resistance to the
currently available therapeutics which spans ADT (including biological and hormonal
therapies), chemotherapy, and more. Therefore, a novel method, which would circumvent the
need of the therapeutic agents to elicit biological responses to promote tumor death, would be
promising. Based on these principles, we have employed nanomaterials as a potential

physical therapeutic platform in which direct damage against tumor may be induced.
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Chapter 2: Prostate Specific Membrane Antigen-Directed Carbon
Nanotube for Targeted Extreme Nearfield Ablation of Prostate Cancer
Cells: An in vitro study
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PREFACE TO MANUSCRIPT

The manuscript was accepted for publication by Tumor Biology, December 2016. Its
assigned DOI is 10.1177/1010428317695943.

Prostate cancer is one of the most diagnosed cancers amongst men. Although
reasonable surgical and medical treatments exist, there are many side effects that compromise
patients' quality of life. Moreover, recurrence rates are not negligible, exposing the patients to
additional morbidity and even death. All of the above emphasize the need for a new
technology to treat local recurrence and metastatic disease, with the potential of fewer side
effects, and minimal compromise to quality of life.

The use of multi-walled carbon nanotubes (MWCNT) is an innovative approach that
may have therapeutic potential for recurrent or metastatic disease. By using the prostate
specific membrane antigen as a cell surface target, that is expressed in LNCaP prostate cancer
cells, we propose that it will be possible for the MWCNT to exert their action by destroying
both cancer and adjacent unwanted prostate tissue via a targeted photothermal ablative
approach without significant bulk heating; thus protecting cells surrounding the prostate
gland not expressing the targeted receptor.

We have identified the following objectives:

1) By utilizing nanomaterials that readily convert light into thermal energy, adopt a
photo-thermal method in cancer ablation where a local, selective physical damage
upon the targeted tumor tissue may be achieved

2) In addition to generating abovementioned therapeutic effects, manipulate the
nanomaterials in a way so that they may also serve as a platform for diagnostic

purposes (i.e. theranostic).
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2.1 Abstract

Almost all biological therapeutic interventions cannot overcome neoplastic
heterogeneity. Physical ablation therapy is immune to tumor heterogeneity but nearby tissue
damage is the limiting factor in delivering lethal doses. Multi-walled carbon nanotubes
(MWCNTs) offer a number of unique properties; chemical stability, photonic properties
including efficient light absorption, thermal conductivity, and extensive surface area
availability for covalent chemical ligation. When combined together with a targeting moiety
such as an antibody or small molecule, one can deliver highly localized temperature increases
and cause extensive cellular damage. We have functionalized MWCNTSs by conjugating an
antibody against prostate specific membrane antigen (PSMA). In our in vitro studies using
PSMA positive LNCaP prostate cancer cells, we have effectively demonstrated cell ablation
of >80% with a single 30 second exposure to a 2.7W, 532 nm laser and for the first time
without bulk heating. We also confirmed the specificity and selectivity of PSMA targeting by
assessing PSMA-null PC3 cell lines under the same conditions (<10% cell ablation). This
suggests that we can achieve an extreme nearfield cell ablation effect thus restricting
potential tissue damage when transferred to in vivo clinical applications. Developing this new
platform will introduce novel approaches towards current therapeutic modalities and will

usher in a new age of effective cancer treatment squarely addressing tumoral heterogeneity.
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2.2 Introduction

Prostate cancer (CaP) is the most common neoplastic disorder in men, but only a
fraction of those affected, whom cannot yet be identified, will develop more significant
advanced disease. As a consequence, initial localized disease is difficult to address and is
prone to over-diagnosis and over-treatment. In early disease, passive active surveillance is
most likely practiced. Later stage disease is associated with a transition of the tumor(s)
towards an androgen-independent state, a fatal prognostic sign (152). Surgery is clearly
curative in early disease, but the complications are still very substantial.

Early cancers evolve through many somatic mutations (153-157) and undergo many
selection processes, and many times induced by classical drug therapies themselves initiating
drug resistance. CaP studies have shown extensive genetic alterations exemplified by single
missense mutations, copy number variation, splicing variants, genetic rearrangements and
short DNA alterations in a large number of genes (154, 158-163). However, physical agent
therapies are immune to genetic alterations, as they are more likely to deliver damaging
entities to a targeted “area” or “field”, and as such are lethal to tumor cells irrespective of
their genetic background, as long as they are present within the targeted area.

Thus, physical agents could circumvent many of the concerns of treating advanced
localized disease and would be curative, where surgical options may be unavailable.
Therefore, agents that manipulate temperature, light, or radioactivity should be considered.
Though used in the past they are limited by possible nearby tissue damage. There has never
been an attempt to devise an adequate systematic effective targeted nearfield delivery of
physical agents. These modalities, in addition to classical radiotherapy and brachytherapy,
usually lack sufficient cell destruction or cause significant damage to critical nearby tissues.
For example, a limitation of high-intensity focused ultrasound (HIFU) is the potential damage

to nearby tissues and therefore lacks high precision, and thereby limited to CaP in situ (164).
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A superior targeting approach for cancer cells would require a mechanism by which a
highly-localized physical agent is in immediate proximity to the cells, ideally at the cell
surface, causing significant cellular/intracellular damage with extreme efficiency deferring
nearby tissue effect. To do so we employed functionalized multi-walled carbon nanotubes
(MWCNTs), which are engineered soluble colloidal suspensions possessing tunable thermal,
magnetic, and electromagnetic wave interaction properties.

Several groups have used nanoparticles for ablative therapy (many without targeting
it to the tumor, or using direct injection (165-168)) which was very effective yet introduced
excessive bulk heating (t > 50 °C). However, bulk heating of a treated region can cause
serious nearby damage in the clinical setting. Other nanoparticles require large light
fluxes/ultra-short light pulse modulations (169) with prolonged exposure of 5 to 15 minutes
(170) even for moderate temperature increases of only few degrees, which can be detrimental
and inefficient with lower rates of cell ablation.

Presently, a high-level of biological and chemical functionalization potential is
available for binding of targeting ligands to MWCNT nanoparticles, thus mediating cancer
cell recognition and subsequent nearfield cell ablation. Expanding on our previous study (171)
of MWCNT nanoparticle-mediated targeting strategy, here we specifically target prostate
specific membrane antigen (PSMA) expressed in prostate cancer cells by optimizing the
nanoparticle functionalization and antibody conjugation chemistry. We also aimed to show
that highly efficient targeting should place a sufficient number of nanoparticles directly on
the surface of cells so as to deliver exquisite extreme nearfield heat energy sufficient for cell
ablation without bulk heating. Bulk heating reflects misdirected energy and can have serious
effects on nearby tissue if used in vivo. These MWCNTs have the added critical benefit of
simultaneously providing a self-imaging platform, so as to document and quantitate

successful targeting (i.e., theranostics).
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2.3 Materials and Methods
2.3.1 Cell lines and culturing

LNCaP, PC3 and HEK293 cells lines were obtained from the American Type Culture
Collection (ATCC, Rockville MD). LNCaP and PC3 cells were cultured in RPMI1640 media
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cell lines
were incubated at 37°C, 5% CO, humidified air in plastic culture flasks. Once confluent, cells
were harvested by using Versene solution (0.48 mM EDTA in PBS) to maintain cell surface
integrity and were suspended in chilled PBS in preparation for incubation with functionalized

MWCNTs.

2.3.2 MWCNT particle functionalization and antibody conjugation chemistry
Multi-walled carbon nanotubes functionalized with carboxylic group on the surface
(MWCNT-COOH) were purchased from Cheap Tubes Inc. (Cambridgeport, VT). In a stock
MWCNT solution, 15 mg of MWCNTs and 200 pL of polysorbate 20 solutions (TWEEN20)
were suspended in d,H,O to obtain final concentration of 60 mg/L. The MWCNT solution
was sonicated 7 times each for 20 minute durations at 4°C. During each interval, 1 mL
aliquots of the stock solution were prepared to assess the solubility and dispersion of
MWCNTs. To evaluate the solubility and dispersion, the aliquots were filtered with 0.45 um
Amicron filter, and the absorbance values (measured by NanoDrop UV-Vis
spectrophotometer) of the filtrate was compared to the unfiltered, sonicated stock solution.
The stock solution was sonicated until the absorbance values of the stock was equal to the
absorbance values of the filtrate (172, 173). Size-modified MWCNT solution was mixed with
40 pL 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 20.9 mM, 40 pL N-
Hydroxysuccinimide (NHS) 34.8 mM, and 20 puL 0.2 mM heterobifunctional maleimide-

PEGs000-NH; crosslinker (Mal-PEGsp0-NH;) (Nanocs, New York, NY) in a final volume of
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300 pL. The mixture was allowed to react in 25°C for thirty minutes to ensure that the
coupling reaction at the amine side of the PEG crosslinker is completed with EDC-NHS
activated COOH groups of MWCNTs. Once the reaction was completed, the protein or
antibody of interest containing functional groups (sulfhydryl groups) was added to the mix
and was incubated at 4°C overnight to allow the maleimide side of the crosslinker to fully
react with the functional SH-groups on the protein. The final product was centrifuged at
12,000g at 4°C for 30 minutes, resuspended in PBS and was sonicated to ensure
monodispersion of the antibody functionalized MWCNTs. UV-Vis measures of the final
product were obtained to ensure that the solution’s absorbance values were still larger than
0.03 units at 532nm wavelength. Conjugation of the targeting antibody to the maleimide-
PEGs000-NH; crosslinker is outlined in Figure 2.1 and Supplemental Data S1.

The same PEG functionalization protocol was performed using Cy5-PEGsp0-NH;
dye (Nanocs, NY). The following PSMA antibodies (EPR6253 and EP3253) were tested
(Abcam, Toronto, Canada). Other antibodies used included mouse IgG (Millipore, Billerica,

MA) and a-mouse-linked-HRP (GE Healthcare, Baie-d'Urfé, Canada).

2.3.3 Western blot analysis

PC3 and LNCaP were collected using 0.05% trypsin and lysed using 1 X Reporter
Lysis buffer. The samples were then precipitated overnight in room temperature before
loading onto the gel. 20 pg of total-cleared cell lysate was loaded on an 8% SDS-PAGE gel.
Primary PSMA (EPR6253) antibody was diluted to 1:1000 and used under manufacturer’s
instructions (Abcam, Toronto, Canada). Antibody against B-actin was used as a loading

control.
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2.3.4 Cell ablation studies

Using LNCaP, PC3 or HEK293 cell lines, ~300,000 cells suspended in 150 uL PBS
was well-mixed with 75 pL of functionalized MWCNTs or a-PSMA-MWCNTs. A negative
control with PBS was also prepared. Each experiment was performed > 3 times. These
mixtures were incubated for one hour at 37°C and 5% CO, on a rotator. After incubation,
mixtures were centrifuged at 500g for five minutes, washed three times in PBS, and
resuspended in 225 puL PBS. This washing step was repeated for a total of three times. The
solution mixture was then aliquoted into 25 pL fractions in PCR tubes, which were then
subjected under green diode-pumped solid-state laser (DPSS laser; power at 2.7W and laser
emission at 532nm) for 30 seconds. Finally, cell counts for laser treated and untreated cells
were obtained using trypan blue staining under a hemocytometer. Cell ablation was
calculated as: % Cells Ablated = (number of live cells post laser treatment/number of live

cells pre laser treatment) X 100.

2.3.5 Live cell imaging with CyS-crosslinked MWCNT

For Cy5 tagging of the MWCNTs, our standard conjugation method was employed,
except maleimide-PEGsg-NH; crosslinker was mixed with Cy5-PEGsg00-NH, (Nanocs, New
York, NY) solution (0.2 mM; 4:1 maleimide crosslinker to Cy5 dye ratio) in the dark to
provide fluorescence. The conjugated products were washed three times with PBS to ensure
unbound Cy5-PEGs00-NH; dye was removed. Approximately 50,000 PSMA-positive LNCaP
and PSMA-null PC3 cells were seeded onto LabTek II chamber slides (purchased from
Thermo Fisher Scientific, Rochester, NY) in respective wells. The seeded cells were
incubated overnight at 37°C and 5% CO,. On the next day, a-PSMA-MWCNT conjugates
with or without Cy5 and PBS control were incubated with the two cell lines for one hour in

identical conditions. 138 pL of 300 nM stock of 4',6-Diamidino-2-Phenylindole,
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Dihydrochloride (DAPI) solution was also added for nuclear staining. After incubation was
completed, the wells were washed three times with RPMI medium to remove any unbound
Cy5-tagged MWCNTs. The chamber was then visualized under Leica spinning disk confocal

microscope (Wetzlar, Germany).

2.4 Results
2.4.1 Non-targeted cell ablation studies.

One of the major properties of nanoparticles including MWCNTs is the plasmonic
generation of extreme heat at their surface upon exposure to light. Thus, we aimed to assess
PEG functionalized MWCNTs and their ability to ablate cells, when solely mixed together
with HEK293 cells without antibody conjugation and without washing in a non-targeted
experiment. MWCNTs were mixed in a 1:2 volume ratio of particles to cells, and exposed to
a 2.7W 532nm laser for 5, 10 or 20 seconds (Figure 2.2A). Cell death was visualized by a
simple trypan blue staining, with cells counted on a hemocytometer. With increasing
exposure to the laser, the number of live cells drops. By 20 seconds, not a single live (or
white) cell could be counted. Moreover, the number of “blue” or dead cells is also
dramatically reduced from the starting input cell numbers, indicating that the process has
resulted in a physical disruption/destruction of the cells. The reduced presence of “blue” cells
together with the reduced number of total cells after 20 second laser exposure suggests that
the cells are not undergoing an apoptotic programmed or necrosis cell death, but rather a very
physical ablative destruction by the generation of bulk heating (see below). After laser
treatment, a portion of the cells were plated onto 6-well plates and assessed for survival and
growth after 5 days (Figure 2.2B). The 5 and 10 second laser exposure was not adequate to
ablate all the cells and a confluent lawn of cells could be observed after reseeding. However,

from the 20 second laser treatment we could not observe any cell growth after 5 days,
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Figure 2.2 Non-targeted cell ablation studies. A. PEG-maleimide functionalized multi-
walled carbon nanotubes (MWCNT) was used to test the potential to kill HEK293 cells by
bulk heating of the solution mixture and shows the effects of 3 different exposure times (5, 10,
20 seconds) with a 2.7W, 532nm laser (n=5). Following laser treatment, cells death was
assessed using Trypan blue staining. B. After laser treatment, portion of HEK293 cells were
seeded into 6-well plates and grown for 5 days. Following 20 seconds of laser treatment, no

cells could be discerned growing on the plates.
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emphasizing complete ablation. It is also clear that for photothermal bulk heating of the
MWCNTs at lower concentrations (mass per volume), carbon-based materials are more

effective compared to alternatives such as silica particles, ferrous or gold particles (174-176).

2.4.2 PSMA antibody selection and near-field targeting of LNCaP cells.

To determine the effectiveness and extent of the antibody conjugation method using
malemide-PEGso00-NH; bifunctional crosslinkers, we have performed a semi-quantitative,
dose-dependent chemiluminescent assay. Different amounts (2, 5, 8, 10, and 12 pg) of a-
mouse HRP-IgG were conjugated onto MWCNTs as outlined in our protocol. A diluted (1:10)
portion of each sample was loaded onto a microtiter plate and mixed with chemiluminescent
solution. Similarly, as a standard we loaded different amounts (2, 5, 8, and 10 pg) of solely
unconjugated a-HRP-IgG (diluted by a factor of 1:1000) onto to a microtiter plate. Intensity
of the chemiluminescent reaction is shown in Figure 2.3. The results display a very linear
relationship on the amount of a-HRP-IgG that can be conjugated to the nanoparticles;
conjugation of 12 pg a-HRP-IgG did not reach a MWCNT saturation point.

The average molecular weight of MWCNT is in the order of 10° g/mol; thus there are
approximately 10° less particles than antibodies; each particle has approximately 10° COOH
groups, providing a very close equimolar ration of COOH groups and antibody used in these
experiments. Increasing the amount of EDC and NHS for the carbodiimide reaction to
increase functionalization of the carboxylic groups on MWCNTs, was ineffective, as only a
marginal difference was observed, suggesting that we are employing enough carbodiimide for
functionalization of the carboxylic groups (data not shown).

PSMA was selected as the target of choice for selectively targeting prostate cancer
cells. The expression of PSMA is highly restricted to human prostate secretory epithelium,; its

level of expression is correlated with the tumor aggressiveness; and it is present in all stages
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of the disease from early disease and especially elevated in advanced hormone refractory and
metastatic disease (177-180). Furthermore, PSMA provides an excellent target for
monoclonal antibody strategies because it is long-lived on cancer cells, and comprises a large
extracellular domain. Therefore, we selected to test two different PSMA antibodies, 5 pg of
EP3253 and EPR6253 antibodies by conjugating them onto MWCNTs and used for our
targeted cell ablation studies of PSMA expressing LNCaP cells. EP3253 and EPR6253-
MWCNT conjugates were prepared and incubated in a 1:2 MWCNT:cell ratio for 1 hour,
washed thoroughly with PBS and exposed to laser treatment for 30 seconds. Both a-PSMA-
MWCNT conjugates showed efficient targeted ablation of PSMA-expressing cells, with >60%
of LNCaP ablated (Figure 2.3C), suggesting that the difference between the two antibodies
were marginal (181).

We also assessed whether the targeting of PSMA to LNCaP is restricted to the
exposed extracellular domain, and that the a-PSMA-MWCNT conjugates are not internalized.
Therefore, we similarly conjugated 5 pg of the antibodies against intracellular androgen
receptor (AR), which is known to be well expressed in LNCaP cells, and IgG (a non-specific
targeted antibody) to MWCNTs and proceeded with cell ablation studies (Figure 2.3D). The
amount of cell ablation is very minimal and significant between the a-PSMA targeted vs. a-
AR or IgG targeted cells (EPR6253, Sug: a-AR p=0.00499, IgG p=0.00039; EP3253, 5ug: a-
AR p=0.00419, IgG p=0.00016), and moreover, illustrates that the MWCNT are not
internalized to target intracellular moieties such as the AR. This is in contrast to non-targeting
MWCNTs shown with HEK293 cells where bulk heating is required to confer cell ablation;
altogether we have shown that effective targeting of the MWCNTs now delivers highly
efficient, highly localized cell ablation so much so as to avoid overall bulk heating (see

below).
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Figure 2.3 a-PSMA targeted cell ablation. A. Standard curve of HRP-IgG antibody diluted
1:1000, loaded onto a black clear bottom microplate and mixed with chemiluminescent
solution (n=3). B. MWCNTs conjugated with different amounts of HRP-IgG, diluted 1:100
and loaded onto microplate and mixed with chemiluminescent solution (n=3). Images were
captured with a Bio Rad gel imager and densitometry of signal intensity was measured by
Image]. C. Two PSMA antibodies from Abcam [EPR6253 (n=3) and EP3253 (n=3)]
conjugated to MWCNTs and used to ablate LNCaP cells. Both antibodies showed similar
abilities to ablate cells. D. Androgen receptor (AR) (n=3) and IgG (n=3) antibodies were also

conjugated onto MWCNTs and used as negative controls to ablate LNCaP cells.
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2.4.3 Optimization of in vitro cell ablation studies
2.4.3.1 Working concentration of a-PSMA-MWCNT conjugates

Next, the working concentration of MWCNT-antibody conjugate was determined by
preparing a dose-response curve. Six concentrations of a-PSMA ranging from 0.5 pg to 12
ug were conjugated to MWCNTs, to determine a working concentration of antibody that
could be effectively used for further ablation studies. Figure 2.4A shows the increased
efficiency in ablation of LNCaP cells with increasing amounts of a-PSMA conjugated onto
MWCNTs. Initially, a linear increase in cell ablation efficiency was observed at lower
concentrations. However, when more than 5 pg of a-PSMA was conjugated onto the
MWCNTs, the efficiency of cell ablation decreases and begins to plateau, with no significant
difference between 10 pg and 12 pg of antibody addition. Although, we have not saturated
the amount of antibody on the MWCNT (see Figure 2.3), it appears that between § to 10 ug
of antibody in the conjugation reactions confers sufficient binding to the PSMA targets on
LNCaP cells. This suggests that a critical content of antibody per MWCNT is required for
optimal targeting, and the more antibody-laden MWCNTs do not lead to more particles per

cell surface. For all further experiments, 5 pg of a-PSMA was conjugated to MWCNTs.

2.4.3.2 Determination of Cell: MWCNT ratio

The ratio of LNCaP cells to a-PSMA-MWCNT conjugates was optimized by altering
the ratio of cells to MWCNT conjugates. Four volumetric ratios of cells to a-PSMA-
MWCNT conjugates (3:1, 2:1, 1:1 and 1:2 cell to conjugate) were examined, while other
conditions were kept consistent. As the concentration of a-PSMA-MWCNT conjugates
increased, higher cell ablation efficiency was observed (Figure 2.4B). When increased -
PSMA-MWCNT conjugates are incubated with LNCaP, the cell ablation increases from 38.8%

+ 4.3 at 3:1 cellssMWCNT conjugates (p=2.61x10", a-PSMA-MWCNT vs. MWCNT) to
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71.2% + 4.7 at 1:2 cellssMWCNT conjugates (p=0.266, a-PSMA-MWCNT vs. MWCNT).
Unconjugated MWCNTs did not demonstrate any cell ablation potential, however,
when a 1:3 cells:unconjugated MWCNT ratio was used, we observed a significant increase in
cell ablation. We observed a similar result in our previous assessment of a-TSHR-MWCNT
targeting of papillary thyroid cancer cells (171). The washing of high MWCNT to cell
mixture was insufficient to remove the excess concentration of nanoparticles and enough
residue MWCNTs remained to confer some cell ablation. Lastly, we did not observe
significant difference in PBS controls, with 5%, 8%, 5%, 9% cell loss in 3:1, 2:1, 1:1 and 1:2
cell to MWCNT mix, respectively; with laser exposure, suggesting that laser itself has no

detrimental effects.

2.4.3.3 Length of exposure to laser

Finally, we evaluate the effects of laser exposure in cell ablation by lengthening the
time of laser exposure. LNCaP cells incubated with a-PSMA-MWCNT were exposed to
2.7W laser for different lengths of time (20, 25, 30 and 35 seconds) (Figure 2.4C).
Simultaneously, we also assessed unconjugated-MWCNT and PBS incubated with LNCaP as
controls. With longer exposure, we observed an increase in cell ablation efficiency with a-
PSMA-MWCNTs with; 49% (p=2.05x10'8, a-PSMA-MWCNT vs. MWCNT, at 20 seconds),
54% (p= 1.59x10”, a-PSMA-MWCNT vs. MWCNT, at 25 seconds), 58% (p=4.93x10, a-
PSMA-MWCNT vs. MWCNT, at 30 seconds), and 63% (3.23x10™"°, a-PSMA-MWCNT vs.
MWCNT, at 35 seconds). No specific cell ablation was also observed with either
unconjugated-MWCNT or PBS. Thus, PSMA target-bound MWCNTs exposed to laser for a
longer time periods results in higher cell ablation. When the temperature of the tube was
monitored, we observe only small temperature changes between the different time points,

with the highest bulk solution temperature observed was 41.2 °C at 35 seconds.
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Figure 2.4 Optimizing targeted cell ablation of LNCaP cells. A. Different amounts of a-
PSMA was conjugated to MWCNTs and used for cell ablation studies (n=5). B. Different
volumetric ratios of cells to a-PSMA-MWCNT conjugates were assessed in cell ablation
studies. It could be observed that at the 1:2 ratio, the MWCNT alone result in significant
amount of cell killing, this is due to the inability to wash away the large amounts of
nanoparticles (n=3). C. Using 2:1 ratio, cells-a-PSMA-MWCNT mixture was exposed to
different lengths of time (n=3). Statistical significance was determined between the different

concentrations (*, p<0.05; **, p<0.005; and NS, not significant).
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2.4.4 Selective a-PSMA-MWCNT targeting of prostate cancer cells

To evaluate whether a-PSMA-MWCNTs could exhibit specific PSMA targeted cell
ablation, we used PSMA-null PC3 cells (Figure 2.5A). In principle, each MWCNT molecule
has multiple carboxylic groups that can serve as binding platforms for numerous moieties.
Exploiting this property, we dual-functionalized MWCNTs with Cy5-PEGso-NH; and
maleimide-PEGsg-NH; (onto which a-PSMA was linked), thus allowing for selective
fluorescent imaging of PSMA targeted cells (Figure 2.5B). We also prepared negative
untargeted single conjugated Cy5S-MWCNT and PBS controls to demonstrate non-selective
interactions to the cells (data not shown). As expected, the dual labeled a-PSMA;Cy5-
MWCNT conjugates only interacted with LNCaP and not PC3 cells. Finally, selective cell
ablation of a-PSMA-MWCNT conjugates was evaluated between LNCaP and PC3 cells
(Figure 2.5C). It was observed, and confirming, that only LNCaP cells were sensitive to a-
PSMA-MWCNT with 63.0% =+ 8.8 cell death; compared to 9.7% =+ 7.2 with PSMA-null PC3

cells (p=0.00011).

2.4.5 a-PSMA-MWCNT targeting confers extreme nearfield cell ablation without bulk
heating

Central to our approach of mediating extreme nearfield cell ablation we assessed
bulk temperature of the media during our ablation experiments. In Figure 1, we demonstrated
non-targeted cell ablation of HEK293 cells; the temperature of the media in our non-targeted
experiments resulted in complete cell death in 20sec laser exposure, where the bulk
temperature reached up to 60°C in approximately 19 seconds (Figure 2.6A). 5 and 10 second
exposures to the laser did not significantly increase the bulk temperature of the mixture, as
the temperature was well below <50 °C, the tolerable temperature threshold for normal cells.

We further assessed the bulk temperature of a-PSMA-MWCNT targeting of LNCaP
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Figure 2.5 Selective PSMA targeting of LNCaP vs. PC3 cells. A. Western blot analysis of
PSMA positive LNCaP cells vs. PSMA negative PC3 prostate cancer cells. B. Dual labelling
of MWCNTs with a-PSMA and CysS, for live imaging LNCaP and PC3 cells. Shown are
stacked images from the spinning disk confocal microscope of LNCaP and PC3 cells labelled
with Cy5, nuclear staining marker DAPI, and corresponding differential interference contrast
(DIC) whole cell image. Intensity measurements were made for Cy5 staining using Imagel
software of numerous other slides and represented graphically next to the confocal images. A
total of 20 cells were selected from images for which intensity analysis was performed. C.
Cell ablation experiments using a-PSMA-MWCNT against LNCaP and PC3 cells. IgG-
MWCNT conjugates and PBS were used as controls in these studies (n=5). Statistical
significance was determined between the different concentrations (**, p<0.005; and NS, not

significant).
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Figure 2.6 Bulk temperature analysis of cel-MWCNT mixtures. A. Temperature rate
readings of LNCaP cells mixed with PEG-MWCNTs (2:1 ratio) (n=3). Graph shows the time
taken to reach fixed temperatures (30, 40, 50, 60, 70, 80°C). B. Temperature monitoring of a-
PSMA-MWCNT targeting experiment of LNCaP cells, over 90 seconds. Temperature

readings were also performed with PBS control experiments (n=5).

59



cells (using 2:1 cellssMWCNT ratio) and found no significant increases in bulk temperature
of the mixture (Figure 2.6B). Even after prolonged exposure of up to 90 seconds, which is
well beyond our 30 second laser exposure of targeted ablation experimental design, the bulk
temperature of the cell-ao-PSMA-MWCNT mixture remained essentially unchanged due to
the minimal remaining concentration of non-bound MWCNTs after multiple washes.

This supports our assertions of a nearfield targeted photothermal ablative strategy as
being extremely effective without bulk heating, and represents a significant departure from
current focal methodologies. Significant tumor cell killing without a bulk heating in the

clinical setting would greatly minimize extra-cellular and tissue structure damage of patients.

2.5 Discussion

There are a number of obstacles with the current treatment options for CaP. Surgical
removal of the tumor and/or the prostate itself, as well as radiotherapy including external
beam radiation therapy (EBRT) and brachytherapies are all limited to early, localized stages
of CaP and are often associated with serious complications, including damage to surrounding
tissues, erectile dysfunctions and urinary incontinence (182-184). Biological targeting using
either hormone-directed anti-androgens or androgen deprivation and chemotherapies, while
effective in earlier stages, eventually leads to therapeutic resistance. The process of drug
resistance is a result of extensive genetic heterogeneity in advanced disease allowing for
therapeutics to initiate selective pressures on the tumor cells, where cells will often incur
mutations to the target protein and hence the evolution into drug resistance tumors (185).
Therefore, there is a need for a novel and selective platform for circumventing some of the
problems posed with traditional approaches regarding prostate cancer treatment.

One of the methods to evade current genetic heterogeneity in CaP treatment is to

promote physical damage on tumors via a photothermal approach, either in combination with
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surgery or by itself. Similar to radiotherapy, physical damages exerted by photothermal bulk-
heating approach is effective in ablating tumor cells in that they cause irreversible damage
onto the tumor, as shown in Figure 2.2. Nevertheless, significant damages to nearby, non-
targeted tissues and structures upon treatment still remains a major challenge. Furthermore, to
achieve desired effects, different groups have reported either use of prolonged exposure time
with laser, extreme high laser power, or an excessive amount of nanoparticles making it a
challenge for use in vivo and/or clinics (169, 170, 186-188). We have comparatively
summarized the use of a number of different nanoparticles in targeted and untargeted in vitro
experiments in Table 2.1.

To approach these difficulties, we have developed a targeted nanoparticle approach
of using a tumor specific targeting moiety conjugated to PEG-functionalized MWCNTs.
Other groups have found significant non-specific binding of nanoparticles, due to lack of
PEGylation (addition of polyethylene glycol), allowing for misguided non-targeted cell
killing (165, 166, 168, 189-194). Almost all have not included a negative relevant control cell
line to ensure specificity (165-168, 189, 194-196). Therefore, by directing energy provided
from laser sources to a-PSMA-conjugated PEG-functionalized MWCNTs placed in extreme
proximity to the surface of tumor cells, we have demonstrated the capacity of this platform to
exclusively damage and/or destroy targeted cells upon treatment without significant bulk
heating. To achieve over 80% of targeted cell ablation (approximately 240,000 cells out of
300,000 cells), only 0.33 pg of functionalized MWCNTs, that would approximately equate to
100,000 particles per cell with cells expressing approximately 180,000 PSMA surface
antigens (197), were needed to be exposed by a 2.7W laser for 30 seconds (Figure 2.5A)
without significant increase in medium bulk temperature. MWCNTs have two distinct
characteristics that would allow the achievement of such significant cell ablation; first, the

high thermal conductivity of the particles to generate high localize heat , and second, the
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motive force of the particles upon laser exposure into the cells; thereby causing significant
cell damage (198). In this regard, our nanoparticle targeted cell ablation method greatly
outperforms currently available nanoparticle-mediated photothermal methods, opening up
possibilities to be used for rapid and efficient tumor cell ablation with minimal damage to
critical nearby tissue in effect displaying extreme nearfield efficacy. Currently available
nanoparticles, including carbon nanotubes, gold nanorods, nanospheres, and nanoshells, are
potent enough to raise the temperature of the medium in a short period of time by magnitudes
of tens of degrees via surface plasmon resonance when exposed to laser at their peak
absorption range. Nevertheless, many of these models, even if they are targeted toward
specific tumor mass, may face challenges in confining heat production at the very local levels;
studies show that during the photothermal treatments of the cells using the nanoparticles, the
temperature of the entire field is raised by a significant amount (199-202). This could raise
serious concerns about damage upon nearby, non-targeted tissue as the entire field is being
affected. Our method tries to overcome this drawback by promoting target-specific
attachment of the nanoparticle products to the tumor: this had led to dramatic reduction in
overall heat generation of the field (Figure 2.6), while producing enough thermal energy at
proximity to the target to induce sufficient damage on the tumor while minimizing
temperature change. Moreover, almost all have not included a negative relevant control cell
line to ensure specificity. Therefore, by directing energy provided from laser sources to a-
PSMA-conjugated PEG-functionalized MWCNTs placed in extreme proximity to the surface
of tumor cells, we have demonstrated the capacity of this platform to damage and/or destroy
only targeted cells upon treatment without significant bulk heating.

Following the accomplishments of our in vitro cell ablation studies, an in vivo study
is the next step in assessing the use of targeted MWCNT in delivering near-field photo-

thermal damage to tumor lesions. Although a pre-clinical animal model would recapitulate
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some aspects of the extensive biological and anatomical nature of living organisms, there are
some inherent challenges that would need to be addressed. First, unlike the in vitro
experiments, in an in vivo environment the tumor would be surrounded by a number of layers
of cells which the stimulating laser light would need to penetrate to activate the tumor-
targeted MWCNT. However, previous studies have demonstrated that a continuous 1 W/cm?
808 nm laser can penetrate up to 6.4 cm of bovine tissue sample (203). Pulsing of the laser
would achieve deeper penetration of the light. Moreover, the use of fiber optics can bring the
light source in closer proximity to the tumor. Secondly, in vivo stability of the nanoparticle
conjugate and the efficiency in biodistribution throughout the circulation would need to be
evaluated. Our experiments have shown that an intraperitoneally injected untargeted fluoro-
labeled antibody-conjugated MWCNT spreads throughout their body cavity with loss of
signal within 72 hours of injection (unpublished data). Localization and retention of the
antibody conjugated MWCNT to the directed tumor would next need to be evaluated. Lastly,
in vivo studies would also need to consider but not limited to, cellular interactions, systemic
reactions, and whole body metabolism and physiological responses (204).

While we have extensively conjugated antibodies on the surface of MWCNTs for
quantification and cell ablation purposes, in theory these nanoparticles may be used as a
platform for any moiety, as long as the active groups on the moiety can be exploited by the
conjugating chemistry. For example, we have dual-labeled the MWCNTs with a mixture of a-
PSMA and CyS5 dye, which allowed us to visualize the actual localization of the nanoparticles
on the targeted cell surface. Similarly, the potential for visualization of in vivo localization of
dual-labeled MWCNTs cannot be ignored. Theoretically, with appropriate targeting system,
this platform may be used to locate not only the primary tumor site, but can be also used to
identify metastatic or recurrent disease. Moreover, specifically addressing tumor

heterogeneity, the possibilities can be considered that our platform has the ability to carry
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multiple number of targeting molecules and pro-drugs to tumor cells. Coupling a pro-drug to

the platform can limit systemic toxicities of current therapies.
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Supplemental Data S1 — Expanded protocol of conjugation methodology

1.

15 mg of carboxylic group (COOH) functionalized multi-walled carbon nanotubes
(MWCNT) are mixed with 240 mL of autoclaved d,H,O. 200 uL of polysorbate 20
(Tween-20) solution is also added as a surfactant, and the solution is topped up to 250
mL with d;H,O to obtain the final concentration of 60 mg of carbon nanotubes per
liter. The solution is then repeatedly sonicated 7 times, in 20 minute intervals at 4°C.
During each interval, 1 mL aliquots of the solution was filtered with 0.45 pm
Amicron filter, and the absorbance values (measured by NanoDrop UV-Vis
spectrophotometer) of filtrate was compared to the unfiltered stock solution. Finally,
the MWCNT solution was filtered using a Grade 1 Whatmann paper and aliquoted

into smaller fractions. .

200 pL of functionalized, sonicated MWCNT-COOH (12 pg/ 0.12 pmol) are mixed
with 40 pL of 20.9 mM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
solution in phosphate buffered saline (PBS, pH : 7.4) and 40 puL of 34.8 mM N-
Hydroxysuccinimide (NHS) solution in PBS (total volume: 280 pL) and vortexed
briefly. EDC reacts with the carboxylic acid groups, and NHS is added to improve the
efficiency of the reaction by creating a dry-stable NHS ester that is amine-reactive at
physiological pH. This linkage is zero-length, and the bond-forming reaction occurs
immediately. There is sufficient EDC/NHC to activate all accessible COOH groups

(there are approximately 10° COOH groups/ MWCNT)

Once NHS ester forms (MWCNT-NHS ester), 20 pL of 0.2 mM maleimide-

polyethylene glycolsgpo-amine crosslinker solution in PBS (Mal-PEGs0-NH,,
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5.

molecular weight 5000 g/mol) is added (4 nM) (total final volume, 300 pL). The
amine side of the Mal-PEGs(00-NH, crosslinker is expected to attack the NHS ester,
forming a stable, amide-bond based conjugates (MWCNT-PEGsg-Mal). This

reaction is given 30 minutes in room temperature to ensure completeness.

Antibodies of interest (that contain sulthydryl groups —SH) are added to the solution
at desired amount. The maleimide group that extends out of the activated MWCNTs
specifically react with sulthydryl groups when the pH of the reaction mixture is
between 6.5~7.5, forming a stable, nonreversible thioester linkage (MWCNT-
PEGsgp0-Antibody). This reaction is left overnight in 4°C to ensure completeness.

Roughly using of 10 pg of Antibody will yield 2000 antibodies per MWCNT.

Next day, the solution is then centrifuged at 12000g for 30 minutes and is
resuspended in 300 uLL PBS. The pellet is then sonicated at minimum power to ensure
that the linkage does not break. Once sonicated, the solution is checked for
absorbance values using UV-Vis spectroscopy. Resuspension volume is adjusted until

the absorbance value is 0.03 absorbance units at wavelength of 532 nm.
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Table 2.1 — Comparative table of nanoparticles for cell photo-ablation (Supplemental Data S2)

Study Cell line | Negative Type of Targeted | PEGylation | Type of Laser Exposure Cell Comments
Control nanoparticles | ablation laser power time ablation
Included? (moiety) (nm) (W/em?) (%)
Our current LNCaP Yes MWCNTs Yes Yes 532 2.7 30 sec >65 Increased antibody loading
study (PSMA) onto the nanoparticle
improves cell ablation
efficiency.
Our previous BCPAP Yes MWCNTs Yes Yes 532 2.7 30 sec >65 Targeting antibody linked
study (205) (TSHR) to MWCNT by thiol
linkage.
Chakravarty Daudi Yes SWCNTs Yes Yes 805-811 5 7 min ~90 Cell ablation percent is
et al, 2008 (CD22) approximated from graph.
(190)
Marches et el, Daudi Yes SWCNTs Yes No 808 9.5 4 min ~90 Cell ablation percent is
2009 (191) (CD22) approximated from graph.
Shi Kam et al, FR+ Yes SWCNTs Yes Yes 806-810 1.4 2 min N/A Numerical value of cell
2005 (206) HeLa (folate) ablation is not included;
cells* “extensive” cell ablation
observed via cell
morphology changes.
Burke et al, RENCA No MWCNTs No No 1064 3 45 sec Up to No colonies formed from
2009 (167) 100 cells treated with
MWCNTs and 45 sec of
3W laser exposure.
Hashida et al, | Colon 26 No SWCNTs No No 808 6 3 min 55.8 Concentration of 0.75
2014 (207) pg/mL of SWCNTs was
Hep G2 86.7 used for Colon 26 cells,
2.5 pg/mL for Hep G2
cells.
Burlaka et al, EAC No MWCNTs No No 780-1400 35 1.5 min 95.2 MWCNT concentration
2010 (208) was 0.1 mg/mL.
Mendoza- HeLa No Gold Unclear No 532 0.65 6 min ~95 Cell ablation percent is
Nava et al, nanospheres (synthetic approximated from graph;
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2013 (189) peptide) Synthetic peptide
(octreotide) used, but
targeting molecule
unknown.

El-Sayed et HSC Yes Gold Yes Yes 514 13~64 4 min N/A Only pictures are included,

al, 2006 (209) 313, nanoparticles (EGFR) no percent cell ablation.

HOC 3

Boca et al, NCI- No Triangular No Chitosan- 800 12~54 10 min 0~90 Cell mortality (%) is

2011 (195) H460 AgNP coated ** dependent upon the power
of the laser source for a
number of at least 600
cells in the irradiation spot.

Lapotko et al, K562 Yes AuNP Yes No 532 5 J/em’ 7 min 100 Individual cells (total of

2006 (193) (CD15, 150), from a monolayer of

glycophorin cells incubated with gold
-A) NPs, were irradiated; W =
I/s.

Xiao et al, SK-BR-3 Yes SWCNTs Yes No 808 5 2 min ~100 Cell ablation percent is

2009 (192) (HER2) approximated from graph.

Shao et al, BT474 No SWCNTs Yes Yes 808 0.8 3 min ~100 Cell ablation percent is

2007 (210) MCF-7 (IGFIR, approximated from graph.

HER2)

Melancon et A431 No Hollow gold Yes No 808+10 40 5 min ~70 Cell lysis was observed via

al, 2008 (194) nanoshells (EGFR) staining.

Abo-Elfadl et Sk-Mel- No Gold No Yes 700 0.4 5 min <60 ICspin presence of laser

al, 2016 (211) 28 nanosemicube exposure was 3.41 pg/ml.

Chen et al, SK-BR-3 No Gold Yes Yes 810 0~1.5 5 min ~100 With  increased power

2007 (212) nanocage (EGFR) density, increased cell
ablation (20% cell ablation
at 0.9 W/em® to close to
100% by 1.5 W/cm?).

Liang et al, MCF-7 No SWCNTs No Yes 808 1~2 4 min <80 ~50% cell ablation when

2016 (213) the  concentration  of

nanoparticle used was 50
pg/mL;  ~80%  when
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concentration was 400
pg/mL.

Song et al , USTMG No Gold No Yes 808 0.125~0. 200 sec <90 50% cell ablation when
2016 (214) nanoshell 5 laser power was 0.125
W/em?; up to 90% when
power was 0.5 W/cm®
Liuetal, 2016 A375 Yes Chitosan- No Chitosan- 808 3 5 min <65 30% cell ablation when
(215) modified coated ** suggested  concentration
HeLa Cu,Se <90 (6.25 pg/mL) was used;
Maximum effects were
achieved when 50 pg/mL
was used.
Paholak et al, | SUMI159 No Iron oxide No Polymer- 885 <0.5 10~20 min 20~95 Cell ablation efficiency
2016 (216) nanoparticles coated *** dependent on length of
laser irradiation.
Zhao et al, 4T1 No Iron doped No Yes 1064 0.5 (Up 5 min <90 At 0.5 W 5 minutes
2016 (217) murine copper sulfide to 1 W) exposure, cell ablation was
BC cells only around 20%.
Chen et al, HeLa No Graphitic No No 808 9 3 min <95 Concentration of NP from
2016 (218) carbon 0~100 pg/mL; at 25 pg/mL
nanotubes killing = 45%, at 50/100
pg/mL killing up to 95%
Wu et al, 4T1 No Iron oxide No No 808 2 5 min <80 Concentration of NP from
2016 (219) nanoparticles 0.05~0.8 mg/mL; at 0.05
killing = 30%, at 0.2
killing = 45%, at 0.8
killing = 80%
Jorgensen et H727 No Silica gold No Yes 807 0.58 5 min N/A In vitro cell killing not
al, 2016 (220) nanoshell shown — in vivo pictures.
Lietal, 2016 CT26 No Copper No Yes 808 1.5 6 min <70 Cell ablation effective in
(221) nanowire concentrations
TRAMP- >0.0lmg/mL;
C1 (both 15% death at 2.5mg/mL.
murine)
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Kalluru et al, B16F0 No Graphene Yes Yes 808 0.32 15~18 min <60 Cell killing experiments
2016 (222) oxide (carbon) (folate) performed in two different
980 <85, background temperatures

(37 vs 4°C), with 37°C
generating stronger results.

Biffi et al, MDA- No Core-shell No Yes 808 36 1 min ~43

2016 (223) MB-231 silica PEG

Fekrazad et KB cell Yes Au-Silica Yes Yes 820 4 2 min >69.4 Gold-silica hybrid

al, 2011 (175) nanoshell (HER2)

* HeLa cells overexpressing Folate Receptor (FR)

** Chitosan-coated consists of chitosan (a cationic polysaccharide with low toxicity, high biodegradability and biocompatibility) flakes

mixed with the nanoparticle of interest (195, 215).

*#% Polymer-coated consists of diblock copolymer poly(ethylene oxide)-b-poly(y-methacryloxypropyl trimethoxysilane), providing a core-
shell structure to stabilize nanoparticles while providing platform for biomarker conjugation (216, 224).
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Chapter 3: Nanomaterials in Medical Settings - A Brief Review
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3.1 A Short History

Three scientists can be credited with the conceptual origin of nanotechnology. The
concept nanotechnology actually goes back about six decades, when the Nobel laureate
Richard Feynman brought his famous talk “There’s Plenty of Room at the Bottom™ in 1959
(225). In his lecture, Feynman envisioned a world in which tiny machines or molecules are
tailored to specific needs are produced and used in multiple fields including, information
science, biology, chemistry, and medicine (226, 227). Despite this early insight in the world
of nanoscale, the term nanotechnology wasn’t actually coined until 1974, when at a
conference on production engineering Japanese scientist Norio Taniguchi used the word to
describe semiconductor processes exhibiting characteristic control at the nanometer scale
(228, 229). At the time, Taniguchi defined nanotechnology as a field where materials are
processed, separated, consolidated, and/or deformed at atomic or molecular levels. By 1986,
K. Eric Drexler had independently come up with the term nanotechnology in his book
Engines of Creation: The Coming Era of Nanotechnology, where he outlined the potential of
manufacturing of nanomaterials at the molecular level to fundamentally change the world
(230). Since then, nanotechnology has become a field of highly multidisciplinary research.

Over the last few decades, the advances in the field of nanotechnology have
contributed significantly in the progression of multiple disciplines, including science (biology,
chemistry, medicine, and physics) and industry (consumer goods, electronics, and agriculture)
(231, 232). Branching off from nanotechnology, nanomedicine has gained significant
attention due to its seemingly endless potential. Currently, there are two widely accepted
definitions of nanomedicine. One of the more simpler definitions of nanomedicine is
described as a technology using molecular tools in the context of the current knowledge of
the human body for medical diagnosis and treatment (233). The other definition of

nanomedicine expands further on the initial definition by detailing the world of nanoscale and
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suggesting the use of nanoscale or nanostructured materials according to their unique
structural and associated functional properties for medical purposes.

At the turn of the 19™ century, the concept of “magic bullet” was originally proposed
by Paul Ehrlich, in which he first formulated the idea of selective targeting and damaging of
the diseased or infected tissue/organs. Over the years this concept was elucidated more in
various physical and biochemical principles, focusing on the development of systems that
could achieve therapeutically acceptable degree of target specificity and selectivity. The
contemporary definition of “magical bullet” would undoubtedly include synchronization
between the active “bullet”, which would be the drug, a targeting moiety such as ligands and
receptors (234). This would allow specific delivery of the “bullet” to the target, and a vector,
for which the drug may be loaded onto for secure delivery. While the individual components
for the “magic bullet” have been available for a while, only with the recent advances in

nanotechnology could all three ingredients (bullet, vector, and target) be combined.

3.2 Nanoparticles as Therapeutic Agents

Among the multiple potential uses of nanomaterials in current cancer therapeutic
designs, two models stand out above others. The first model focuses in the use of
nanomaterials as vectors to carry potential therapeutic molecules at the proximity to the target
(235). Organic nanomaterials including but not limited to liposomes, dendrimers, micelles,
polymeric conjugates, and even viruses are currently being designed as carriers that deliver
and release specific anti-tumor therapeutics at the target of interest, thereby maximizing the
treatment effects (235-238). The second model, which is quite discrete from the first one,
employs nanoparticles (NPs) themselves as “bullets”, in which the NPs are used as direct
therapeutic agents against the targeted malignant cells by utilizing electromagnetic radiation

at precise wavelengths (235). This includes both the photodynamic and the photo-thermal
73



therapy. In photodynamic therapy, photosensitizing agents that initiate a specific
photochemical or photophysical reaction when absorbing light between the range of 600~800
nm wavelengths are administered (239). Once the NPs reach the target, the target region is
stimulated with light at appropriate wavelength using light amplification by stimulated
emission of radiation (lasers) and fiber-optic devices. The stimulated photosensitizing agent
excites molecular oxygen to its singlet state ('O,), which is a highly cytotoxic reactive
oxygen species, attacking any organic compound it encounters. On the other hand, while
photo-thermal therapies also do require light stimulation, they extend from photodynamic
therapies in the mode that damage induction is being delivered. Upon excitation by an
external source of electromagnetic field such as lasers, certain metals and compounds, such
as gold, graphene/carbon, silica, copper, and iron (238) have innate property of absorbing
these energy at specific wavelengths and converting them into vibrational energy in the form
of heat. Hyperthermia has been used previously to treat cancer patients by raising the
temperature of the targeted regions up to 44°C (240-243). At such temperatures, significant
and non- reversible damage to cells is exerted by means of DNA damage (242, 244), protein
denaturation (243, 245), and disruption of the cellular membrane (246, 247). Expanding on
this principle, photo-thermal therapy is being established as a novel therapy to induce local
damage at the targeted tumor. Thus, photo-thermal therapy has gained considerable attention
in cancer treatment, largely due to its superiority in specificity to the target while being less
invasive compared to the currently available surgery, radiotherapy, or chemotherapy (248,
249), by only affecting the targeted region and minimizing potential side effects.

Targeting of the malignant cells by photo-thermal agents is largely achieved through
the passive enhanced permeability and retention (EPR) effects or by active targeting of the
tumor using specific ligands (250). EPR effects have been widely applied as a simple and

efficient method of targeting tumor by exploiting the unique properties of the tumor
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microenvironment (Figure 3.1). In the article the Hallmarks of Cancer, Hanahan and
Weinberg listed “sustained angiogenesis” as a potential mechanism of tumor development
(251). In most normal tissues, their blood vessels consist of capillaries that are intact and non-
fenestrated, consisting of a single layer of endothelial cells with functional tight junctions
(252). On the contrary, tumors inherently have leaky vasculatures due to widening of the
inter-endothelial junctions, formations of fenestrations, and irregular formations of basement
membranes (252, 253). These “holes” in the tumor vessels are sufficiently large enough,
allowing for therapeutic agents to accumulate at the site much more rapidly than at normal
cells (Figure 3.1A). A dysfunctional lymphatic drainage system is another unique feature of
tumor microenvironment. Combined, the presence of leaky vasculatures and lack of
lymphatic drainage system promotes the accumulation and retention of therapeutic photo-
thermal agents to reach and be retained at the tumor interstitum more readily (234, 250, 252).
Nevertheless, a prerequisite for passive targeting by EPR effects is to ensure that the half-life
of the photo-thermal agents in circulation is sufficient for them to reach and accumulate at the
tumor site. One way to enhance the half-life of the NPs is to attach amphiphilic polymers
such as polyethylene glycol (PEG) chain on their surface, a process known as PEGylation
(234, 252, 254, 255) (Figure 3.2). The PEG shell on the surface of a coated NP would repel
plasma proteins such as opsonins from binding, thereby preventing microphage action and
allowing the agents to stay in circulation for an extended period (256-258). This extension
would then permit sufficient amount of photo-thermal agents to accumulate on the target for
potential therapy.

The fundamental principle of the EPR effect is dependent on the passive
accumulation of NPs to tumor. Furthermore, the specificity of tumor targeting may be
dramatically enhanced by employing a specific recognition mechanism in which moieties

such as ligands or receptors specific to the tumor are used. This strategy may include ligand-
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or receptor-mediated targeting such as monoclonal antibody-mediated targeting (194, 205,
259), peptide-mediated targeting (260-263), aptamer-mediated targeting (264-266), folate
receptor-mediated targeting (267, 268) and more (Figure 3.1B). When combined with the
EPR effect, this active targeting strategy may be employed to further increase targeting
specificity, selectivity and accumulation of the photo-thermal agent while reducing potential
cytotoxic side effects by reducing non-specific interactions with non-targeted tissue and cells.

Once the photo-thermal agents successfully accumulate at the tumor site, the next
step in photo-thermal therapy is to irradiate the region with electromagnetic radiations using
light sources, using laser devices. Upon exposure to the light sources, the free electrons on
surface of the agents collectively oscillate in resonance with the incoming light, causing the
electrons to resonate and make transitions from the ground state to the excited state (269-271).
This resonance, referred to as surface plasmon resonance (SPR), is dependent on the size,
shape, and the dielectric constants of both the agent and the surrounding materials (271). The
collective oscillation of conduction electrons causes strong plasmonic electromagnetic field
on the surface of the excited material, which provides unique optical properties such as
optical absorption and surface enhanced Raman scattering (SERS) that may also be used for
applications in theranostics/imaging (272). For the purposes of photo-thermal ablation, the
excited surface electrons subsequently relax to the ground state through non-radiative decay
channels, thereby increasing their kinetic energy to cause the heating of the local environment,
which may be directed toward destroying tumor cells.

Many bulk metals exhibit this plasmonic behavior, yet the range in which plasmonic
properties are observed is very narrow in the visible spectrum, limiting their potential use in
photo-thermal therapy (273). The agents that are used for photo-thermal therapy often include

gold, carbon, and iron-based nanomaterials. These materials not only have highly efficient
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A. Enhanced Permeability and Retention (EPR) effect:
a mode of passive targeting

Leaky vasculature
Normal endothelia Normal endothelia

Normal tissue * - Normal tissue
e e e 8N
Nanoparticle - *
Tumor 7 -
[ B. Using targeting moieties to actively target tumor for selective binding ] . 4
4
Active targeting '

using moieties

Figure 3.1 EPR effect versus active targeting of the tumor. Unlike normal tissue that have
tight endothelia surrounding the vasculature, tumors have are fenestrations along the blood
vessels (leaky vasculature), which allow molecules (including therapeutic agents such as
nanoparticles) to access at the site of tumor growth more readily in a form of passive
targeting (Figure 3.1A). This is known as the enhanced permeability and retention (EPR)
effect. In addition, by employing an active targeting strategy in which targeting moieties
specific for the tumor mass is added onto the therapeutic agent, a therapeutic effect that is

exclusive only to the tumor may be observed (Figure 3.1B).
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Figure 3.2 PEGylation and improved circulation of nanoparticles. Although
nanomaterials that are tested for therapeutic effects are small enough in size (in the range of
nanometers up to a micron), these materials often face challenges in in vivo environment such
as weak solubility, short circulation life, and toxicity. By attaching biologically inert
polyethylene glycol chains on the surface of these nanoparticles, the nanoparticles are then
“masked” from the immune system, hence reduced immunogenicity and antigenicity, as well

as prolonged circulatory time which allows the nanoparticles to reach to the target of interest.
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light-to-heat conversion profiles, they also have strong absorption properties in the visible
and near infrared (NIR) regions of the light spectrum (269). This becomes a critical condition
in the selection of photo-thermal agent in clinical settings when considering the ability of
lasers to penetrate tissue and reach the agents to induce therapeutic effects. Light at the NIR
spectrum is considered as ideal for photo-thermal therapy, as at this wavelength the light
experiences minimal absorption from tissue chromophores and the aqueous environment (274,
275). Additionally, these nanomaterials may be engineered to optimize various optical
properties by modifying their size and surface functionalization, further justifying their use in
photo-thermal approach (276, 277). Therefore, gold, carbon, and iron-based NPs and their

role in nanomedicine will be described in the subsequent sections.

3.3 Carbon-based Materials

Carbon-based materials, including graphenes and carbon nanotubes (CNTs), offer a
unique combination of physical and chemical properties that make them an ideal candidate
for photo-thermal therapy. While they are very small (ranging from few nanometers up to a
micrometer (278)), their primary advantage is that they have extremely large surface area
available for chemical functionalization (238, 279, 280). By applying appropriate chemistry
such as direct conjugation, linker chemistry, and noncovalent interactions such as pi stacking
and hydrophobic interactions, may be used as a platform on which targeting moieties such as
antibodies, aptamers, peptides, and small molecules may be conjugated onto (264, 281-285)
or may also be used as vectors to load and deliver anticancer agents of interest such as drugs,
genes and proteins to the specific site of interest (238). Secondly, these materials are known
for their efficient absorption in the NIR regions (286, 287). Once light at the NIR regions is
absorbed, the carbon materials readily convert the external irradiation into heat, which may

be directed within a specific region for therapeutic effects. Often, covalent functionalization
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by PEGylation is performed on the surface of the carbon-based materials, which allows these
aromatic NPs to exhibit hydrophilic properties as well (288). The length of the PEG chain has

been positively correlated with the circulation time in both graphene and in CNTs (288).

3.3.1 Graphene

Graphene consists of a single layer of sp2-bonded carbon atoms that are packed into
a unique two-dimensional honeycomb crystal lattice (280, 289). Graphene oxide (GO), a
derivative of graphene, is in particular considered for biomedical applications due to the ease
of preparation (290) and its richness in functional groups and extensive surface area
availability (279, 291). Before the layers of graphene were discovered and isolated from
graphite crystals and shown to have unique electrical, optical, chemical and mechanical
properties, it was merely regarded as a part of the graphite’s crystal structure (292-294).
Nevertheless, in the recent years, the exceptional properties of graphene sheets have begun to
threat the dominance of CNTs in the potential biomedical applications. Graphene, especially
in the PEGylated forms, are reported to have lower in vitro cytotoxicity compared to CNTs
(295).

The planar structure, availability of functional groups such as epoxy bridges,
hydroxyl and carboxyl groups, and the abundance of delocalized pi electrons in GO sheets
endow them with an outstanding ability to immobilize different substances, including drugs,
ligands, and fluorophores for theranostics purposes (296, 297). The large surface area of
graphene also allow for surplus availability of pi electrons, which can used to form pi
stacking interactions available to some aromatic anti-cancer drugs, including doxorubicin and
camptothecin (298). Furthermore, while GO generally have hydrophilic edges due to the
presence of oxides from oxidation of graphene to enhance solubility, they also have

hydrophobic basal plane that may be exploited for hydrophobic effect, thus enhancing
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graphene-drug interaction by hydrophobic interactions. The loading capacity and the release
of these anti-cancer drugs are found to be dependent on the hydrogen bond formed between
the hydroxyl and the carboxyl group of the GO and the amine groups on the drug, as well as
the pH of the environment (299, 300). Once administered and delivered to the targeted cell,
there are two proposed routes of internalization, of one is energy-dependent endocytosis or
phagocytosis, and the other being energy-independent direct penetration into the target cell
(288, 301, 302). Some suggest that the GO-based NPs enter cells only through the energy-
dependent endocytosis, based on the lower cytotoxicity observed in cells by GO-based NPs
compared to the cytotoxicity profiles observed with CNT-based NPs (303). Lastly, targeting
moieties specific for the tumors may also be engineered onto the surface of the NPs,
promoting further specificity in drug delivery thus minimizing potential cytotoxic side effects
on non-cancerous cells.

The potential of GO and its derivatives as a photo-thermal agent has also been
evaluated in recent years. Combined with the strong NIR optical absorption capacity, efficient
thermal conversion, and potential tumor-targeting specificity, GOs have become a strong
candidate for such methods. First in vivo study using PEGylated GO-NPs in photo-thermal
therapy was performed in 2010 (304). In this study, 4T1 breast tumor xenograft mice were
injected with the NPs intravenously via passive targeting (EPR effect) of the tumor. Once the
NPs had accumulated at the tumor site, as confirmed by fluorescent labeling, the tumor mass
was irradiated with an 808 nm laser for 5 minutes at power of 2 W/ecm?®. The investigators
found that 100% of xenograft tumors were eliminated post-treatment, indicating the
effectiveness of GO NPs as in vivo photo-thermal agents. To complement these results, a
similar ultra-small reduced nano-GO (nRGO-PEG) were prepared, in which the PEGylated
GO NPs were reduced again before being re-coated with PEGylated phospholipid (305, 306).

The additional reduction of the GO NPs “cleans” residual functional groups from the surface,
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yielding a GO product with higher optical potential and enhanced NIR absorbance (279).
These nRGO-PEG were also conjugated with an Arg-Gly-Asp peptide to encourage selective
cellular uptake to targeted US87MG glioma cell lines. This improvement in surface
modification by reduction methods has undoubtedly improved tumor ablation efficiency in
vivo, as when compared to the initial experiments; the injection of nRGO-PEG into 4T1
breast cancer xenograft tumors resulted in complete ablation in 5 minutes with an 808 nm
laser needed only 0.15 W/cm? (versus 2 W/cm?) of laser power (306). The ability to achieve
complete therapeutic effect using a very low optical power is beneficial not only in
minimizing nonspecific damage on untargeted tissues, but also in improving treatment

efficacy when applied to larger or internal tumors.

3.3.2 Carbon Nanotubes

CNTs are well ordered, hollow, carbon graphitic nanomaterials with cylindrical
structures consisting of a single (single-walled) or multiple layers (multi-walled) of graphene
sheets rolled at specific and discrete angles (280, 307) (Figure 3.3). First discovered in 1991
by Sumio [ijima, CNTs have since then gained a reputation in biomedical fields based on
their unique structures and properties, including strength and size (stability, high aspect ratio,
and large surface area)(238, 278). Typically, CNTs are available in single-walled (single
walled carbon nanotube, SWCNT) or multi-walled (multi-walled carbon nanotubes, MWCNT,
consisting of several layers of carbon sheets rolled in concentric layers) forms, depending on
the method of synthesis (308, 309). Both forms have been regularly used for biomedical
purposes, and although there has not been a conclusive conclusion on which form is better for
biomedical purposes, there are indications on which form may be more suitable for specific
purposes (310). For example, SWCNTs, consisting of a single layer of rolled graphene sheet,

boasts a large spatial surface area (up to 1300 m*/g in SWCNT versus few hundred m*/g in
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Figure 3.3 Carbon-based nanoparticles. Figure 3.3A displays graphene oxide. Figure 3.3B

displays single-walled carbon nanotubes. Figure 3.3C displays multi-walled carbon

nanotubes.

The figures are adopted from http://www.cheaptubes.com (311)
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MWCNT (312)) for which therapeutic agents may be loaded onto effectively. Furthermore,
thanks to the hollow inner structure, drugs may be incorporated into the inner cavities of the
CNTs, which allows protection of unstable drugs from the biological environment and
controlled drug release depending on the tube diameter (313, 314). On the other hand,
MWCNTs have more defects in their structure during synthesis compared to SWCNTs, which
ironically would make surface functionalization and modification more accessible (310).

As previously mentioned, the potential CNT cytotoxicity associated with cellular
penetration is the one of the biggest challenges in the use of CNTs in clinical settings.
Because of their innate hydrophobicity, CNTs regularly aggregate into bundles when
suspended in an aqueous environment, and must be dispersed prior to in vivo applications.
Surface modifications of CNTs by acid oxidation may introduce functional groups such as
carboxyl, phenolic, and lactone groups on their surface by weakening the graphenic backbone
(315). This allows polarization of the molecule and therefore enhances stability of CNTs in
aqueous solution. If functionalized for water-solubility, CNTs have been observed to clear
away from circulation within few hours, with no specific organ accumulation. Carboxylated
SWCNTs are naturally degraded naturally within 90 days by phagolysosomal simulant fluid,
avoiding any long term accumulation in organs (316). Further modification with PEG chains
enhances length of stay in circulation. Longer PEG chains on the CNTs grant superior
circulation, as less NPs coated with PEG5400 are observed to being removed from circulation
by the reticuloendothelial system (RES) compared to the PEG2000-coated ones (317).

The concept of CNT-mediated drug delivery to tumor targets is not so different from
graphene-mediated drug delivery. Because both graphene and CNTs are carbon-based
materials, they share similar electrical and chemical profiles. The aromatic rings allow both pi
stacking and hydrophobic interactions, which are two crucial noncovalent interactions

essential for NP-drug binding. Similarly, CNTs can also be used as a scaffold to carry drugs
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that often by themselves have narrow therapeutic window due to toxicity or those that may
accelerate development of resistance due to non-specificity (238, 285). Classes of anticancer
agents that have been loaded onto CNTs for targeted delivery include topoisomerase
inhibitors (camptothecin family of drugs) (318, 319), anthracyclines (DNA intercalators such
as doxorubicin) (320-322), platinum-based drugs (DNA chelators such as cisplatin and
carboplatin) (323, 324), antimetabolites (disrupts metabolic pathways during the formation of
nucleic acids in cancer cells, including antifolates methotrexate and purine/pyrimidine
antagonists such as 5-fluorouracil and gemcitabine) (325-327), and antimicrotubules (taxane
family of drugs) (328, 329). Once the CNT-drug complex reaches the tumor mass via active
or passive targeting, the complex is internalized and the drug load is released (285). Several
mechanisms have also been proposed for this enhanced cellular uptake of CNTs, including,
energy-dependent, receptor-mediated endocytosis (285, 330). On the other hand,
internalization of the CNTs may also occur across the cell membrane in an energy-
independent, passive manner through diffusion or penetration (287, 331, 332). Based on their
small size (sub-1 pm range) and needle-like shape, SWCNTs may penetrate across the
membrane without energy expenditure by “piercing” the cell (333). Penetration into the cell
membrane via this “piercing” process has been suggested as a mechanism for the cytotoxicity
associated with CNTs. However, further investigations are required to fully understand the
effects of internalization and cytotoxicity associated with the carbon-based nanomaterial.
Similar to graphene, CNTs also have distinct properties that make them an ideal
candidate as photo-thermal agents. First, they efficiently convert NIR radiation into heat
(287). It has been reported that exposure of CNTs to high pulse energy laser leads to a
dramatic increase in the temperature the degree of few thousand degrees within microseconds
(334, 335). Furthermore, unlike many bulk metals, CNTs also possess a very broad

electromagnetic absorbance spectrum covering both NIR I and II windows ranging from 650
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nm to 1350 nm, which is the ideal range for efficient tissue penetration (274, 275, 336).
Therefore, the photo-physical properties of CNTs may be engineered according to the “nano-
antenna effect”, by tailoring the size (diameter and length) and wall number of the tube yet
still retaining their unique wavelength-thermal conversion efficiency required for effective
photo-thermal therapy (337). The initial study on photo-thermal ablation of tumors using
CNTs was performed in 2005 by targeting the folate receptors in HeLa cells (206). Confocal
fluorescence microscopy confirmed that upon reaching the target, the functionalized CNTs
were internalized and that 5 minute exposure to an 808 nm laser with power of 3.5 W/cm?
was sufficient to inflict irreversible damage on the tumor. Since then, different strategies have
been employed to further optimize CNTs photo-thermal efficiency. Cancer-specific antibodies
such as a-IGFR1 or a-HER2 (210) or cell-specific a-CD22 and a-CD25 targeted antibodies
(190) have been used to achieve a more selective cell ablation effect in both in vitro and in

Vivo.

3.4 Gold-based Materials

The use of gold (Au) in therapeutic practices have first been reported centuries ago
(338). Nevertheless, the therapeutic usage of gold in modern standards was adopted only
following the advance of chemistry and nanoscience in the 20" century (338, 339). The
unique physical and chemical properties of Au-NPs, including chemical inertness (340-342),
electronic (343), optical (343-345), and surface properties (346-348), all point toward their
applications in biological and clinical studies. Among multiple types of Au-NPs that are
currently studied in the photo-thermal approach of cancer research, Au-nanoshells, Au-
nanorods, and Au-nanocages are most actively investigated (Figure 3.4). All three of these
Au-NPs have been reported to raise temperatures by more than 20°C when irradiated by a

805 nm laser at a power density of 0.8 W/cm? for less than 10 minutes (349). The shape and
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size of these Au-NPs may be altered to shift the peak absorbance range at the NIR. As
mentioned earlier, NIR light has distinctive advantages in potential clinical researches for
avoiding in vivo autoflourescence and tissue absorbance at the wavelength range of 270~665

nm, allowing efficient penetration through tissues (203, 269, 350, 351).

3.4.1 Gold Nanoshells

First discovered by the Halas group from Rice University in 2003, the Au-nanoshells
(GNS) are spherical NPs that consist of a dielectric core (usually silica-based), which are
covered by a thin gold shell (352, 353). When irradiated by electromagnetic radiation, the
outer gold and the inner core demonstrate plasmon hybridization, where the metal electrons
collectively oscillate between the layers, resulting in plasmon resonance (352). Subsequently,
once the electrons on the surface relax back to the ground state, heat is released into the
surroundings (354). The ratio of the radius of the dielectric core to the thickness of the shell
may be optimized, allowing fine-tuning of optical resonances (273, 351).

The first generation of GNS produced did not have a specific target moiety (273).
Human breast epithelial carcinoma SK-BR-3 cells were used as the positive control in which
these cells were incubated with the GNS and were irradiated with NIR laser at 820 nm
wavelength (35 W/em? in vitro for 7 minutes, 4 W/ecm? in vivo for up to 6 minutes) to achieve
cell ablation effects in vitro, or initiate an increase in temperature that may induce irreversible
tissue damage in vivo. In these xenograft studies, targeting of the tumor by the nanoshells was
entirely dependent on the passive EPR effect. To elaborate on tumor targeting, an active
approach was utilized by using specific ligands such as antibodies against cell lines that

express tumor marker receptors. The Halas group was able to improve on their original
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Figure 3.4 Gold-based nanoparticles. Figure 3.4A displays gold nanoparticles-in-shell.
Figure 3.4B displays gold nanocages. Figure 3.4C displays gold nanorods-in-shell.
The figures are adopted from “Gold nanoshells-mediated bimodal photodynamic and

photothermal cancer treatment using ultra-low doses of near infra-red light” (355)
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design of GNS by using a heterobifunctional PEG linker (OPSS-PEG-NHS), in which a-
HER2 was attached to the linker through the NHS group, and the thiol group present in OPSS
was conjugated onto the surface of the GNS (196). The viability of HER2-expressing SKBr3
cells after GNS treatment and laser irradiation was evaluated using calcein staining, with
cytotoxic effects only observed in a-HER2-treated cells that and not in any other conditions.
In other studies, epidermoid carcinoma A431 cell lines that overexpress EGFR were also
targeted using monoclonal a-EGFR[C225] and tested for photo-thermal efficiency in vitro
(194). In the same study, the antibody-labeled GNS were also injected into mouse models and
the biodistribution patterns of the GNS were evaluated. These studies confirmed death of
targeted tumor cells using laser powers and wavelength comparable to abovementioned
experiments. Other groups have used other targeting moieties such as adenovirus vectors
(356), folate receptors (357, 358), aptamers (359, 360), peptides (260), and others for
theranostic/imaging purposes. Lastly, GNS have been used as carriers to deliver anti-cancer
agents such as doxorubicin (361, 362), camptothecin (363), taxol agents (260, 364), and
others to achieve simultaneous chemotherapeutic and photo-thermal effects and further

improving therapeutic outcomes.

3.4.2 Gold Nanorods

Unlike other gold NPs, the synthesis of gold nanorods (GNR) is unique in that it
requires the use of cetyl-trimethylammonium bromide (CTAB) as a surfactant (365, 366).
Surfactants such as CTAB are employed to maintain the shape of the nanorods and to prevent
aggregation (367). However, as CTAB has potential cytotoxic effects it must be removed
from the GNR solution to also for functionalization the nanorods and enhance its biological
capabilities (352, 367, 368). Most often, free CTAB in the colloidal GNR solution is washed

away and the nanorods are functionalized on the surface with thiol-PEG (PEG-SH) (365).
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PEGylation of the GNR improves their biocompatibility and circulation time. GNRs behave
similar to other Au-NPs, except their modified size optimizes their peak absorption and
scattering characteristics (352). Furthermore, GNRs are reported to be more efficient than
GNSs due to their polarization properties (367). Following standard seed-mediated growth
protocols for the synthesis, GNRs in the size range of 10-100nm are synthesized, which are
generally smaller than the larger Au-coated GNS (100~150 nm) (369-371). While smaller
particles such as GNRs could produce the highest transduction efficiencies, larger particles
such as the GNS may satisfy the thermal requirements required for photo-thermal ablation in
smaller quantities(370). Therefore, according to the specific conditions and requirements,
different Au-NPs may be employed. Since replacing citrate with CTAB during the GNR
synthesis, El-Sayed group has engineered multiple types of GNRs according to size, optical
properties, and surface functionalization to optimize photo-thermal ablation. The strategy of
active targeting of the tumor was employed by conjugating a-EGFR on the nanorods, allowed
them to bind to the targeted tumor surface with high affinity (372). Excitation by 10 W/cm®
laser at 800 nm for 4 minutes was sufficient to ablate targeted tumor cells, while twice the
power (20 W/cm?) was required to illicit any damage to untargeted control cells (372).
Another group injected GNRs directly in a mouse sarcoma model and confirmed tumor
ablation in vivo (373). The mice were injected with PEGylated GNRs, and did not show any
signs of distress or toxicity. Subsequently, the mice also received electromagnetic radiation at
the power of 1.6 W/ecm? for ten minutes, and observed internal tumor temperature was raised
up to 46.3°C; more than sufficient temperature rise to inflict damage on the tumor and cause
cell hemorrhage.

Recently, instead of washing away the residual CTAB, some groups have attempted
to develop polymersomes to modify GNR surface by electrostatic absorption (374). These

polymersomes are formed by the self-assembly of amphiphilic block copolymers according
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to their appropriate hydrophilic/hydrophobic ratios(375). Based on the hydrophobic
interactions, hydrophobic molecules may be integrated within the layer of the polymersome
(376, 377). Within this layer, antitumor drugs such as doxorubicin may be released from the
polymersome by temperature changes induced by irradiated GNRs. This would allow
targeted delivery of the drug, greatly improving drug release efficiency as lower drug doses
would then be required to achieve similar therapeutic effects. Applying these principles to
mouse models, doxorubicin-conjugated polymersome coated GNRs were injected into the
xenografts and were exposed to laser treatment for 5 minutes at 2.5 W/em?. As expected, in
the mice that received the combined drug-photo-thermal treatment, the tumor was completely
removed at the xenografted location (374). Furthermore, some of the mice in the control
groups that either received doxorubicin or the GNR alone showed tumor recurrence, which
advocates the effectiveness of the combined chemo- and photo-thermal strategy in

approaching cancer treatment when compared to the stand-alone approaches.

3.4.3 Gold Nanocages

Gold nanocages (GNC) are another class of Au-based NPs with relatively small size
(~45 nm in edge length) that are actively being studied for the use in photo-thermal ablation
and drug delivery (352, 378, 379). They were first synthesized in 2005, with the main
challenge of overcoming the shortcomings inherent with GNS and GNR (379). The GNS first
developed by the Halas group had a core diameter around 110 nm with the surrounding gold
shell around 10 nm thick, which is large when compared to GNC. On the other hand, while
GNRs have smaller size in the sub-100nm range, the large dependence on surfactants such as
CTAB during the particle synthesis remains a major challenge as these surfactants are toxic
and must be removed if to be used in vivo. GNCs are characterized by their hollow interior

structures and porous holes, which may be exploited during encapsulating processes for
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targeted drug delivery (272, 378, 380). Furthermore, similar to GNSs and GNRs, GNCs can
be tailored to exhibit localized surface plasmon resonance (LCPR) peaks in the NIR region,
allowing efficient photo-thermal conversion based on strong optical absorption and high
Raman enhancement (272, 379). Currently, several GNCs targeting surface receptors of
breast cancer cells (379) or transmembrane proteins of cancer stem cells (381) have been
formulated. Similar to previous methods, the GNCs need to be PEGylated to extend
circulation time, and can also be conjugated with different targeting ligands to selectively
target tumor cells. Unlike GNS and GNRs that required stronger power intensity in the range
of 10s of W/ecm® at ~800 nm, which is far beyond the tolerable laser power intensity to be
used on skin at this wavelength (382), photo-thermal ablation with GNCs only require
electromagnetic radiation of 1.5 W/cm® over 5 minutes to accomplish efficient cell ablation
(379). Since then, other groups have improved on the use of GNCs in photo-thermal therapy
by making modifications to the initial GNC synthesis protocols. A combinatorial approach
was designed in which cationic mammalian-membrane-disruptive peptide cTL
(CFVQWEFSKFLGRIL-NH2)-GNC hybrid was prepared and administered into mouse
models to achieve dual photo-thermal- and cytotoxic effects (261). Compared to the stand-
alone treatment of cTL peptide, the use of cTL-GNC hybrid photo-thermal therapy at 0.4
W/cm? 850 nm wavelength laser exposure for 5 minutes resulted in a dramatic improvement
in tumor ablation efficiency, with 61% cell ablation using irradiated cTL-GNC versus 20%
cell ablation in cTL alone trials. Similarly, double-walled GNC/silica nanorattles were
prepared to enhance stability, biocompatibility, and drug-loading capacity of GNCs by
creating a more extensive surface area in which molecules of interest may be conjugated onto,
including ligands such as Tat peptide to promote cell internalization or antitumor drugs such
as doxorubicin (272). These modifications permit even further reduction of laser power in

achieving comparable ablation effects. When combined with doxorubicin, these double-
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walled GNC/silica “nanorattles” required 10 minute exposure to laser at power of only 0.12
W/em?® to achieve up to 80% cell ablation. Lastly, another model was arranged in which
aptamers against prostate specific membrane antigen (PSMA) were prepared as a targeting
ligand to a GNC-single walled carbon nanotube (SWCNT) hybrid (265). Once incubated with
the tumor cells, the GNC-SWCNT complex was excited with 1064 nm wavelength laser at
1.5 W/em® for 10 minutes. Compared to standalone GNRs functionalized with PSMA
aptamers against LNCaPs (2% cell ablation), the GNC-SWCNT complex showed superior

cell ablation efficiency under the same conditions (95% cell ablation).

3.5 Iron-based Nanoparticles

Compared to the previous nanomaterials, iron NPs (Fe-NPs) open up a new window
in cancer therapeutics. While the discussion of carbon- and gold-based materials have
focused on their ability to load drugs and produce efficient photo-thermal conversion upon
irradiation, Fe-based NPs also exhibit what is known as superparamagnetic properties that
could be exploited for biomedical applications (383, 384). One of the most common uses for
the superparamagnetic properties of Fe-NPs is as contrast agents in magnetic resonance
imaging (MRI) (385, 386). It has been reported that approximately 35% of clinical MRI scans
require contrast agents to improve the sensitivity and accuracy of the imaging (387), and as
such contrast agents based on iron oxides such as magnetite, maghemite, or hermatite have
been widely used to aid imaging and diagnosis of lesions during MRI(388, 389).

Furthermore, the use of iron oxides is not limited to imaging purposes. Iron oxides
make up the core in iron oxide NP (IONP) formation, which are known to be used for photo-
thermal therapy, drug delivery, and hyperthermia therapy (383, 390). Although the light
absorbance of IONPs in the NIR region is not as profound as other plasmonic NPs such as

carbon or gold, appropriate surface modifications may make up for this (391). Using IONPs
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that were modified with carboxymethyl chitosan (392), PEG (393), or were transformed into
Prussian blue NPs by reacting with potassium ferrocyanide (394), resulted in efficient cell
ablation after irradiating them with laser at power up to 5 W/cm? (exact cell ablation numbers
not reported in the articles). Furthermore, by combining the photo-thermal capabilities of
IONPs with their magnetic properties, a cumulative and potentially synergistic effect was
observed, where cell viability of the dual photo-thermal and magnetic hyperthermia resulted
in cell viability of 14+7%, compared to only 74+15% with just magnetic hyperthermia and
36+3% with laser treatment only (391). In such scenario, the power of electromagnetic
radiation required was also reduced dramatically from the abovementioned ranges to 300
mW/cm® at 808 nm wavelength, which is within the guideline suggested by the Laser
Institute of America, is safe use of a laser against cutaneous tissues (395).

IONPs have also been used as nanocarriers in targeted drug delivery systems. Similar
to other NP-based drug delivery, anti-tumor agents such as doxorubicin have been loaded
onto the surface of the particles. They are also often PEGylated to enhance in vivo
biocompatibility and stability (396). What makes IONPs unique from other nanovectors is the
application of magnetic field on the target site to guide them toward the tumor region (397).
In addition to the EPR effect, the magnetic-field-directed targeting of tumor further improves
therapeutic efficiency. Simultaneously, during these transfers, MRI may be used to track the
movement of the NP complexes in circulation.

Lastly, hyperthermia therapy with IONPs is distinct from the photo-thermal therapies
for the use of oscillating magnetic fields to stimulate IONPs, which would then subsequently
leads to generation of heat. The heat generation of superparamagnetic [ONPs depends on the
strength of the magnetic field, magnetic properties and size of the NPs (384, 396). If the
diameter of IONP applied is smaller than 100 nm, heat is produced due to the friction induced

from oscillating IONPs according to the magnetic field gradient. On the other hand, for larger
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IONPs, heat is rather generated by the rotation of the magnetic moment at each field
oscillation (398-400). Comparing magnetic hyperthermia therapy with photo-thermal
approach, the magnetic field that is used to excite IONPs may penetrate tissue more
efficiently than light in NIR range used for photo-thermal ablation (286, 401). On the other
hand, due to slower heating rate, hyperthermia treatment in general requires longer and
repeated exposure with magnetic field compared to the length of laser irradiation required for
photo-thermal ablation. This extended treatment results in a significant thermal diffusion
from the area of exposure, which may induce non-specific damage onto nearby normal
tissues (402). Furthermore, because of the strong magnetic field applied, metallic materials
around the region of treatment must be removed or avoided from the magnetic exposure.
Despite this room for improvement, hyperthermia therapies using iron-based NPs have been
extensively studied and have undergone/are undergoing human clinical trials for safety and

efficacy evaluations (403-406).

3.6 Potential Translation of Nanoparticle Therapeutics into the Clinic

Up to now, the basic therapeutic applications and research potentials of
nanomaterials in in vitro and pre-clinical in vivo settings were discussed. Nevertheless,
medical researches aim to translate the potential pre-clinical innovations into clinical settings,
with the ultimate objective of providing patients with essential care. Over the last few years,
the unique plasmonic properties of the abovementioned NPs were applied for theranostic
purposes. By labeling the NPs with contrasting agents, the use of NPs open up possibilities in
imaging modality by allowing physicians to identify clearly and obtain better understanding
of the treatment region. However, cancer is a heterogeneous disease. Tumor heterogeneity
encompasses more than distinct morphology and phenotype, but also includes variabilities in

gene expression, metabolism, motility, proliferation, and metastatic potential (407-409).
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These variations may occur between different tumor masses (inter-tumoral) and/or within the
single tumor mass (intra-tumoral). The heterogeneitic nature of cancer, including both inter-
tumoral (410-412) and intra-tumoral (411-416), has been well described in the literature.
Nevertheless, as a result of next generation sequencing technology the extensiveness of
somatic DNA alterations being reported in tumors, in numbers much higher than what was
originally anticipated (156, 417-419). Thus, the heterogeneitic nature of tumors still remains
to be the principal challenge in cancer treatment as individual tumor cells may develop
distinctive, yet functionally critical features that promote cancer progression and adopt a
unique pathophysiology (413). This, in turn, would lead to a “tug of war”, where
development of a unique, comprehensive treatment regime would be required to address the
malignant expansion of new tumors. Another potential challenge in cancer treatment is the
presence of shared traits and mutations between tumor foci and tissue samples that are
histologically “normal”. Multifocal tumors, such as CaP, by definition, are often identified to
be genetically distinct from each other. Nevertheless, this intra-patient heterogeneity of non-
driving somatic mutations common in both malignant and normal tissue samples complicate
the use of biological targeted treatments, as the difficulty in characterizing the dominant
biology of patient’s cancer is multiplied. This is especially critical for the use of NPs as
precision focal therapy agents in delivering therapeutic effects to the targeted area and
preventing damaging nearby tissue.

Currently, there are number of ongoing clinical trials using iron oxide contrast agents
to improve the quality of MRI (ClinicalTrials.gov Identifier: NCT01895829, NCT02744248,
NCTO02511028, NCT01815333). It remains to be seen whether these NPs are approved, as
previously available iron oxide contrast agents such as ferumoxides (Feridex) and ferumoxsil
(Gastromark) has been discontinued from clinical use in the U.S. due to regulatory and

marketing concerns (420-422).
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The concept of improving the therapeutic index by delivering the drug molecule near
the tumor mass, especially in regards to clinical environment, has been formulated for a while.
This idea was impaired by the method of delivery, where the presence of the immune system
restricts extended stay of foreign molecules in circulation as well as the limitations in
selective targeting of the tumor mass. Both challenges were approached by the use of
nanomaterials. One example of nanomaterial-mediated chemotherapy is ABI-007, where the
protein albumin as a delivery vehicle for paclitaxel (423). Paclitaxel, along with doxorubicin,
belongs to the taxane family of anti-cancer drugs that interfere with the breakdown of
microtubules during mitotic cell division (424). While paclitaxel itself is a highly proficient
anti-cancer agent, its poor solubility in water due to its structural hydrophobicity, initially
required the use of solvents such as Cremophor EL and ethanol for clinical uses despite the
severe allergic reactions associated with them (423, 425, 426). Therefore, albumin was
selected as an alternative means to carry the water-insoluble paclitaxel in circulation.
Numerous clinical trials using these albumin-bound paclitaxel (Abraxane) formulations were
performed to confirm the superior therapeutic efficacy (427, 428). In addition to the success
of ABI-007, more nanoparticle-drug formulations such as CRLX101 (cyclodextrin-based
polymer carrying camptothecin; ClinicalTrials.gov Identifier: NCT02010567) (429) and
BIND-014 (polymeric nanoparticle targeting PSMA, containing doxorubicin as the
therapeutic agent; ClinicalTrials.gov Identifier: NCT02010567) (430) are currently
undergoing clinical trials, and it remains to be seen whether the use of nanomaterials in drug
delivery can become a common practice.

On the other hand, clinical development in photo-thermal therapy using plasmonic
NPs has rather been slow. Although the concept of temperature-induced cell death has been
recognized for few decades (431), the method of generating heat at the region of interest had

been limited (432). Furthermore, electromagnetic irradiation had been used to ablate tumors,
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yet not only the results were unsatisfactory (evaluated by tumor recurrence and metastasis),
without the use of efficient photo-thermal agents these methods required a considerable
amount of laser power which was also detrimental to normal cells (433, 434). It has only been
about ten years since the first reports of photo-thermal therapy in current format became
available in pre-clinical settings (353). Therefore, while the field is rapidly advancing, it is
still experimental and the translation of photo-thermal therapy into clinics would require
more time. Currently, only one clinical trial has been performed in regards to photo-thermal
therapy. A non-randomized pilot study regarding safety and efficacy was performed on 11
patients using Aurolase™, which is a therapy based on the gold nanoshells produced from the
Halas group. (ClinicalTrials.gov Identifier: NCT01679470) (435). Based on the unreleased
results from the pilot study, phase 1 clinical trial targeting prostate cancer patients are

currently under way.

3.7 Conclusion

Modern methods in medicine have revolutionized the way diseases are being
managed. However, although our increasing understanding of the underlying mechanisms of
cancer has shown advancements, we have also seen the limitations of our current approach
toward treatment. Perhaps the single biggest challenge in the management of cancer is the
inevitable development of resistance against currently available therapeutic regimes. The
biological and chemical interventions undoubtedly exert selective pressure on the tumor,
which then would contribute to progression of tumor by promoting survival of the resistant-
phenotype (185). Therefore, in addition to the traditional biological and chemical
interventions, novel approaches across different fields of science, including the application of
nanomaterials and the use of nanotechnology, have been employed in cancer research and

treatment. The small size and the unique properties of these NPs allow them to be utilized not
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only as vectors to carry drugs, but also to be used as an immediate agent to deliver physical
energy at the site of tumor, thereby leaving an irreversible damage. In particular, the photo-
thermal approach in which the abovementioned NPs convert light into heat is gaining
attention as a potential therapeutic option in tumor ablation therapy, with in vitro and pre-
clinical animal models results showing promising results, can be translated to successful

clinical trials.
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