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ABSTRACT

Laser therapies can provide a minimally invasive treatment alternative to surgical
resection of tumors. However, therapy effectiveness is limited due to nonspecific heating
of target tissue, leading to healthy tissue injury and extended treatment durations. These
therapies can be further compromised due to heat shock protein (HSP) induction in tumor
regions where non-lethal temperature elevation occurs, thereby imparting enhanced
tumor cell viability and resistance to subsequent therapy treatments. Introducing
nanoparticles (NPs), such as multi-walled nanotubes (MWNTSs) or carbon nanohorns
(CNHs), into target tissue prior to laser irradiation increases heating selectivity permitting
more precise thermal energy delivery to the tumor region and enhances thermal
deposition thereby increasing tumor injury and reducing HSP expression induction. This
research investigates the impact of MWNTs and CNHs in untreated and laser-irradiated
monolayer cell culture, tissue phantoms, and/or tumor tissue from both thermal and
biological standpoints. Cell viability remained high for all unheated NP-containing
samples, demonstrating the non-toxic nature of both the nanoparticle and the alginate
phantom. Up-regulation of HSP27, 70 and 90 was witnessed in samples that achieved
sub-lethal temperature elevations. Tuning of laser parameters permitted dramatic
temperature elevations, decreased cell viability, and limited HSP induction in NP-
containing samples compared to those lacking NPs. Preliminary work showed MWNT
internalization by cells, which presents imaging and multi-modal therapy options for NT
use. The lethal combination of NPs and laser light and NP internalization reveals these
particles as being viable options for enhancing the thermal deposition and specificity of

hyperthermia treatments to eliminate cancer.
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Chapter 1: Introduction

1.1. Cancer: disease, detection, and treatment

1.1.1. Cancer: the disease

Estimates in 2007 state that one in six men in the United States will be diagnosed with
prostate cancer in his lifetime. It is estimated that there will be over 218,000 new cases and over
27,000 deaths related to prostate cancer this year. It is also the second most common cancer and
second leading cause of cancer death for men in the US [1, 2]. Prostate cancer affects the
prostate gland, located below the bladder and around the urethra in men. Figure 1.1 depicts the

surrounding human anatomy.

Figure 1.1. Male lower abdominal anatomy. http://www.cancer.gov/cancertopics/wyntk/prostate/page2.

Prostate cells can begin to mutate and can metastasize into surrounding tissue, such as
bone. It is not clear what causes prostate cancer. However, there are several risk factors
associated with prostate cancer, such as family history, race, diet, and age, with age being the

main factor. In the United States, most men with prostate cancer are older than 65 [3].

1.1.2. Detection and diagnosis

Evaluating the blood for prostate-specific antigen (PSA) levels and conducting a digital
rectal exam (DRE) are two ways to screen for prostate cancer [2]. If tissue looks suspicious, a
biopsy is taken. Pathologists evaluate a biopsy using a subjective rubric called the Gleason
scoring system which gives an overall summary of progression and aggressiveness of the cancer.

A cancer’s grade is based on comparison of the prostate tissue as seen under a microscope to a



discrete model structure. The scale runs from 1 to 5, where 1 represents cells that are very nearly
normal, and 5 represents cells that do not resemble native-normal cells. Two grades of the most
prevalent tissue structures are summed to create a Gleason score between 2 and 10. The more

advanced the cancer is, the higher its Gleason score [4, 5].

1.1.3. Treatment and recurrence

Prostate cancer has a high cure rate provided that the cancer is found early and the patient
has a low Gleason score. Conventional cancer methods include surgical removal of tumor tissue,
which is effective for removing well-defined, accessible tumors located within non-vital tissue.
However, this therapy method is highly invasive and possesses high tissue morbidity, making it
unsuitable for treating small, poorly-defined tumors or tumors within vital tissue. Minimally
invasive therapies, such as thermal therapies, are being investigated for better treatment of these
types of tumors. These therapies can provide minimally invasive treatment alternatives to
conventional resection procedures, reducing complication rates and decreasing the length of
hospital stays. Exposing tissue to elevated temperatures, or hyperthermia, is being used to
combat cancer. Thermal stress causes denaturation of proteins within cells which causes
irreversible cell damage. Lethal levels of heating (high thermal dose) will result in apoptosis.
Thermal therapies use a variety of delivery methods, such as laser-induced thermal therapy [6-9],
microwave and radiofrequency (RF) ablation [10, 11], magnetic thermal ablation [12, 13], and
focused ultrasound [14].

Even though prostate cancer has a high “cure rate,” the effectiveness of these cures is
complicated by higher recurrence rates. Kattan developed a pre-operative nomogram to predict
the probability of a patient living recurrence-free for five years [15]. Clinical stage refers to the
extent or severity of a patient’s cancer. Staging is important because it helps doctor plan patient
treatment, estimate prognosis, and identify suitable clinical trials for specific patients. The TNM
staging system is one of the most commonly used staging system. This system is based on the
size and extent of primary tumor (T), presence of distant metastasis (M), and extent of spread to

regional lymph nodes (N) [16]. Table 1.1 describes this staging system.



Table 1.1. TNM staging system for cancer [16].

Primary tumor (T) Regional Lymph Nodes (N) Distant Metastasis (M)
Category Description Category Description Category Description

Primary tumor . . .

TX cannot be NX Regional lymph nodes MX Distant metastasis

cannot be evaluated cannot be evaluated
evaluated

To Nq evidence of NO No reglonal lymph MO No dlstapt

primary tumor node involvement metastasis

Carcinoma in situ

Involvement of
(early cancer not VoV

regional lymph nodes

Tis spread to N1, N2, N3 Ml Distant metastasis
neighboring (number and/or extend
tissue) of spread)

Size and/or extent

T1, T2, T3, T4 .
of primary tumor

In the early 1990s, researchers reported that the 10-year clinical recurrence rates in a
majority of T1-T2 (NO: no cancer in lymph nodes, M0: no cancer spread to distant body parts)
patients following radical prostatectomy (RP) and radiotherapy (RT) were 28% and 33%,
respectively [17, 18]. A study by Walsh et al. reported the 5-year clinical recurrence rates
following RP and RT were up to 7% and 24%, respectively, and their 10-year clinical recurrence
rates were up to 31% and 44%, respectively [19].

Even thermal therapy effectiveness is limited due to nonspecific heating of target tissue
which often leads to healthy tissue injury. Due to the lack of heating specificity, treatment
volumes and durations are limited by the maximum temperature near the probe tip and the
expanding thermal boundary. Treatment of larger tumor volumes with hyperthermia therapies
results in longer treatment times and generation of poorly defined lesion boundaries because of
slow thermal diffusion from the heating source. In addition to these limitations, hyperthermia
therapies can frequently be compromised due to the induction of molecular chaperones, known
as heat shock proteins (HSP), in regions of the tumor where non-lethal temperature elevation
occurs [20, 21]. The success of thermal therapies is characterized most often according to the
equivalent thermal dose (the equivalent time that a tissue was at T = 43°C, which is the threshold
for thermal injury) and the associated temperature dependent cellular injury [22]. However, with
thermal induction of HSP and the subsequent protection of tumor cells, understanding both
cellular injury and HSP expression to characterize the cellular response to laser therapies and

their effectiveness is critical.



1.2. Heat shock proteins

1.2.1. Molecular roles

The HSP family of proteins is labeled according to molecular weight (in kilodaltons,
kDa). These proteins reside in several sub-cellular compartments as well as within the cytosol in
normal cells [23]. Table 1.2 lists known HSP along with their determined functions and

locations [24].

Table 1.2. HSP Locations and Specific Functions.

. Chaperone .
Family Members Cellular Compartment Function
HSP100 HSP104 Cytoplasm Thermotolerance
Cvioplasm Stabilize inactive forms of certain hormone receptors
HSP90 ytop until hormone is present; interaction with certain
protein kinases to help their transit to plasma
HSP90 :
membranes; prevent aggregation
Grp9%4 Endoplasmic Reticulum of denatureq proteins; a}qd interact with
immunophilins
HSC70 Cytoplasm/Nucleus Stabilize prefolded/unfolded structures towards
HSP70 Cytoplasm/Nucleus translocation/ folding; assembly of Immunoglgblr.ls;
HSP70 target old.protens to lysospmes for degrgdatlon,
. protein secretion; antigen presentation;
Bip/GRP78 ER thermotolerance; interaction with certain
GRP75 Mitochondria immunosuppressants

Stabilize prefolded structures towards
HSP60 HSP60 Mitochondria folding/assembly;
re-export of precursors to membrane space

Chaperone activity;
essential co-chaperon
HSP40 HSP40 Cytoplasm/Nucleus activity with HSP70 to
enhance ATPase rate
and substrate release

HSP27 Cvtoplasm Prevents polypeptide
Small ytop aggregation; thermotolerance through stabilization of
HSP aA and oB- Cvtoplasm microfilaments; possible roles in cell growth and
crystallins ytop differentiation

Rylander MN: Design of Hyperthermia Protocols for Inducing Cardiac Protection and Tumor Destruction by

Controlling Heat Shock Protein Expression. University of Texas at Austin, Biomedical Engineering; 2005.



Low levels of HSP are found in unstressed cells to inhibit improper protein aggregation
and direct new proteins to target organelles for final packaging, degradation, or repair [23].
However, in response to stress, HSP levels increase to help refold and repair denatured proteins
and assist in synthesizing new proteins [13, 14, 25]. Various stimuli can trigger up-regulation of
HSP, including environmental stresses (chemicals, heat shock, heavy metals), pathophysiological
state (fever, hypertrophy, inflammation, viral infection), and non-stressful conditions (cell cycle,
growth) [26]. Elevated expression of HSP were found in cells subjected to environmental
challenges, such as elevated temperatures, drugs, UV irradiations, glucose deprivation,
cytoskeletal perturbation, or other stresses [27]. Non-lethal thermal stress up-regulates
expression of HSP within the tissue, enhancing cell viability and resistance to other therapies,
such as chemotherapy and radiation therapy which are often used in combination with
hyperthermia. Higher levels of HSP can lead to increased tumor recurrence [20, 21]. As a result,
applied thermal stress associated with hyperthermia can induce the offsetting effects of HSP up-

regulation and cell necrosis [20, 21, 28].

1.2.2. Indications of apoptosis prevention in cancer cells by HSPs

During ineffective hyperthermia treatments, cells are exposed to sub-lethal temperatures,
increasing HSP levels which inhibit apoptosis and spare tumor cells. While HSPs perform
critical functions (protein refolding and repair) within normal cells, the up-regulated expression
of HSPs in cancer cells has been implicated in many roles of therapeutic resistance which
includes multi-drug resistance [29], regulation of apoptosis [30-32], and modulation of p53
functions [33] for a large range of neoplastic tissues. Even though there are many HSPs that are
thermally induced, previous research has shown HSP27 and HSP70 to be the most significantly
induced as a result of thermal stress [34-36] with HSP90 being investigated as well. Each of
these HSPs promotes survival mechanisms of a cell by interacting with Akt, a serine/threonine
protein kinase that is a critical regulator of cell survival and proliferation [27, 37].

Over-expression of HSP27 is a poor prognostic marker in invasive prostatic carcinoma in
humans [38]. Elevated levels of HSP70 have been observed in breast and cervical cancers [39,
40] and have a proven role in cell proliferation and drug resistance [41]. HSP70 and HSP27
over-expression has also been linked to the synergistic effect of hyperthermia on radio and

chemotherapies [42]. HSP90 is abundant in eukaryotes and is localized in the cytoplasm of cells.



However, after heat shock, it can travel to the nucleus [43]. It also inhibits apoptosis, providing a
protective role for the cell [44]. Investigating one of the primary pathways of apoptosis reveals
how HSP interaction can inhibit this process. Upon apoptotic stimuli, cytochrome c is released
from the mitochondria and then it binds to a protein called Apaf-1. This complex recruits pro-
caspase-9 (the unprocessed pro-form of a proteolytic enzyme caspase-9). Once this pro-form is
cleaved, caspase-9 becomes active and initiates the process of apoptosis. HSP27, 70, and 90
have been shown to inhibit at different stages in the initiation phase of apoptosis. HSP27 binds
to cytochrome c, preventing its binding to Apaf-1. HSP90 binds to Apaf-1 and prevents its
binding to cytochrome c. HSP70 prevents oligomerised Apaf-1 from recruiting pro-caspase-9
[24, 27, 45].

Therefore HSP induction, and thus protection, occurs if the temperature within any part
of the target tissue (i.e. tumor) is sub-lethal or the heating duration is insufficient to fully
coagulate proteins in any portion of the tissue, sparing cancer cells and making them more
resistant to other therapies. Because of this, HSP27, 70, and 90 expression needs to be used to
give both an indirect measure of heat delivery and cellular response which will allow evaluation
of the effectiveness of various therapies for tumor destruction.

To overcome the limitations of traditional hyperthermia therapies, researchers are
investigating various methods to enhance therapy selectivity and thermal deposition using
nanoparticles [46, 47]. Nanomaterials, such as Fe/Co graphitic-shell nanocrystals, gold
nanoshells, single walled nanotubes (SWNTs), and multi-walled nanotubes (MWNTs), are being
investigated for their potential role as heat delivery vehicles for laser ablation of tumors. Many
of these nanoparticles have excellent thermal properties, such as high thermal conductivities,

which would improve the thermal deposition and specificity for laser treatment [22, 46-56].

1.3. Nanotechnology: Multi-walled carbon nanotubes

1.3.1. Definition and applications

Nanotechnology refers to a field which uses a category of materials that have at least one
dimension between one nanometer and one micron. For comparison, a human hair is 60 pm in
diameter and red blood cells are 7 pm in diameter while a C60 nanoparticle could be 1 nm in
diameter. Nanoparticles are generally classified based on their dimensionality, morphology,

composition, uniformity, and agglomeration [57].



Carbon nanotechnology refers to carbon materials within this size range. There are three
forms of carbon, specifically graphite, diamond, and fullerenes. The fullerene form was
discovered by Kroto, Smalley, and Curl in 1985 [58]. Within the fullerene family, there are two
structures: spherical (called Buckeyballs) and tubular (called nanotubes). Their morphology is
dependent on the number and arrangement of their carbon atoms. Carbon nanotubes (CNTs or
NTs) are composed of graphene sheets of sp2 bonded carbon atoms rolled seamlessly into a
tubular form, capped at their ends by fullerene hemispheres. The two major configurations of
CNTs are single-walled (characterized by a single graphene tube) or multi-walled (characterized
by several concentric tubes nested within each other). For SWNTs, the diameter and length of
CNTs varies between 1.5-3.0 nm and 20-1000 nm and 5.0 -100 nm and 1-50 microns for multi-
walled CNTs, respectively.

Currently, a wide variety of carbon nanotubes can be created. These CNTs can be
metallic or semiconducting, which is function of the chirality of the tube. Chirality refers to the
property of non-superposition; a nanotube and its mirror image cannot be superimposed on each
other. Nanotubes can be “rolled” into different chiralities, thus possessing different electrical
and thermal properties (metallic and semi-metallic) [25, 59].

There are several techniques employed to produce nanotubes in relatively large
quantities, including arc discharge, laser ablation, and chemical vapor deposition (CVD). In
CVD, a specific catalyst initiates tube growth on a substrate, which can yield highly aligned NTs.
Choosing this catalyst affects properties of the tubes themselves [25, 60, 61]. If iron oxide
particles are used, iron will be incorporated into the structure of the NT and MRI could be
employed to visualize the nanotube-target site (i.e. a tumor) [62].

With increasing material variety, carbon nanomaterials have become the focus of much
research for biomedical applications [46, 50, 51, 56, 63]. Currently, researchers are investigating
various methods to enhance the selectivity and thermal deposition of these therapies [46, 47].
Many types of nanoparticles, such as Fe/Co graphitic-shell nanocrystals, gold nanoshells, single
walled nanotubes (SWNTs), and multi-walled nanotubes (MWNTs), are being investigated for
their potential role as heat delivery vehicles for laser ablation of target tissue [22, 46-56].

Although gold nanoshells, SWNTs, and MWNTs greatly enhance the effectiveness of
laser therapy due to their ability to act as antennae for electromagnetic energy, carbon nanotubes

(CNTs) are receiving much attention due to their stunning qualities, including remarkable



strength, hardness, electrical and thermal conductivity, and antenna properties. Embodied in this
tubular form, CNTs are unlike all other allotropes of carbon. Along the axial direction, the tube
is stronger than steel, harder than diamond, and carries greater current density than copper [52].
CNTs are the best known conductor of heat [64]. Absorption of light causes the tubes to
oscillate and the electromagnetic energy to be converted into heat. Because of their high aspect
ratio, the electric field within their localized area is enhanced, increasing heat generation of the
tube [65-68].

Unlike other thermal conductors, the oscillator strength of CNTs grows as the number of
dipole oscillators squared, making them ballistic conductors. Thus, CNTs have potential to
generate enormous amounts of heat per unit mass [67, 68]. In addition, CNTs are strong
absorbers in the near infrared (NIR) region of the spectrum, which includes wavelengths of 700—
1,100 nm [53, 54]. CNTs have an absorption peak within this wavelength range [46, 69, 70].
The antenna properties of MWNTs are far superior to the SWNTs and nanoshells. MWNTs can
absorb approximately three times the light as SWNTs, which is critical to permit reduction of the
typical light attenuation associated with scattering in irradiated skin and subcutaneous tissue by
NIR laser light. Due to the lack of NIR-absorbing chromophores in most tissue, NIR light is
transmitted through tissue with scattering-limited attenuation and minimal heating. NIR light has
been shown to penetrate tissue at depths up to 2-4 cm with power well below a threshold of
normal tissue damage. Since typically NIR irradiation may be applied through the skin to kill
embedded cancers, the decreased light intensities required to heat with MWNTs may reduce
damage to dermal layers, particularly when the cancer lies at the deeper end of the NIR
penetration range (2-4 cm). MWNTs must be illuminated with electromagnetic radiation to
produce heat, and are therefore not toxic in the absence of radiation [53, 54]. Within this region,
CNTs contained within tumors remain capable of absorbing infrared radiation and producing
heat while skin remains mostly transparent to this range of wavelengths. Previous work has
shown that MWNTs couple with 1064 nm incident light and generate heat with remarkable
efficiency [55]. Introducing CNTs within the target tissue can greatly enhance thermal
deposition by increasing the amount and specificity of thermal energy.

A second advantage of MWNTs is that they have broad bandwidth compared to the
specific resonance absorptions of SWNTs and nanoshells, allowing them to be activated by

broader bandwidths of electromagnetic radiation. A third distinction of MWNTSs as compared to



nanoshells is their ability to act as magnetic resonance imaging (MRI) agents when filled with
iron. Iron is a well known contrast agent for MRI, a procedure used routinely in diagnostic
radiology. The dual functionality of MWNTSs as both imaging and treatment agents is an
attractive option as it allows MWNTs to be used to localize the tumor, serve as the ablative
agent, and monitor tumor ablation. This should improve our ability to precisely target therapy to
the tumor [53, 54]. Due to the extremely high potential benefit of including MWNTs in laser
therapy, this study will focus on measuring the cellular response and thermal enhancement
effects of these particles in laser therapy.

Internalization of nanoparticles into cells is of particular interest since this interaction
between cells and nanoparticles is a critical issue which will determine any future biological
application of these particles. Nanoparticle induced toxicity is a major concern and area of
research [71]. However, internalization of NPs could be used to delivery therapeutic or imaging
agents into diseased cells. Developing new strategies for the delivery of therapeutic agents into
cells is necessary due to poor cellular penetration of many small molecules and some
macromolecules, including drugs, proteins, and nucleic acids [72]. Use of these loaded
nanoparticles could allow for better diagnosis, treatment, and monitoring of disease. Many
researchers are investigating the use of nanoparticles as delivery vehicles for therapeutically
active molecules [63, 73-75].

Studies have shown various nanoparticles being internalized by several cell types,
including endothelial cells [76], pulmonary epithelium [77-83], gastrointestinal epithelium [84],
red blood cells [85, 86], platelets [87], and nerve cells [88]. Cellular uptake and subcellular
localization depend on chemistry, size, and shape of the particular nanoparticle [89]. It is
proposed that NP internalization occurs through two routes. Passive uptake occurs through
diffusion across the lipid bilayer, similar to a “nanoneedle,” which allows NPs to perforate the
cell membrane without causing cell death [90, 91]. Another route of NP internalization is
through adhesive interaction [92, 93] (endocytosis). What initiates this uptake is not fully
understood and is thought to be factors such as van der Waals forces, electrostatic charges, steric
interactions, or interfacial tension effects [86, 94]. Nanoparticles have been found in the outer-
cell membrane [76, 95], cytoplasm [76, 95], lipid vesicles [76, 96], mitochondria [89, 97], along
the nuclear membrane [95, 98], or within the nucleus [76, 89, 98]. Studies have shown

functionalized MWNTs (lengths between 0.5-2 pum, 20-30 nm diameter) to cross the cell



membrane of multiple cell types [63]. This phenomenon warrants further investigation as it
could give additional useful features to the use of NPs in cancer therapy by adding other modes
of therapy (i.e. reactive oxygen species generation, drug delivery) and imaging options.

In addition to carbon nanotubes, we will explore a highly under-investigated
nanoparticle, called a carbon nanohorn (CNH), which has intrinsically lower toxicity and larger

loading potential for imaging cargo, such as gadolinium (Gd).

1.4. Nanotechnology: Nanohorns

1.4.1. Definition and applications

Recently, the carbon nanohorn (CNH) was recognized as a member of the fullerene
family [99, 100]. A single CNH has a similar structure to a pudgy single-wall carbon nanotube
(SWNT) with one closed end with a cone-shaped cap (horn) [101]. CNHs have diameters of
approximately 2-5 nm. Due to strong van der Waals forces, CNHs form spherical assemblies
with an overall diameter of 50-100 nm (average: 80 nm) [100, 102]. Based on their morphology,
these CNH agglomerates are classified into dahlia, bud, and seed types [103]. In the dahlia-like
aggregates, CNHs protrude from the surface of the aggregate like the petals of a dahlia flower.
For “bud-like” aggregates, CNHs do not protrude from the surface of the aggregate.

CO; laser vaporization of pure graphite at room temperature is one method to produce
carbon nanohorn (CNH) aggregates. Kasuya et al. found that a large mass of ambient gas at high
pressure was required for the formation of the “dahlia-like” aggregates. They also discovered
that as the gas mass and pressure decreased, the “bud-like” CNH aggregates were formed. In
other words, using different buffer gases at 760 Torr affected the morphology of CNHs, creating
“dahlia-like” CNH aggregates (yield of 95%) with Ar gas and “bud-like” aggregates (yield of 70
or 80%) with either N, or He gas [103]. CNHs are produced without the use of any metal
catalysts and are entirely metal-free [100, 104]. This fact enabled researchers to investigate the
pure toxicological effects of CNHs without the complication of metal inclusion [104]. CNHs
have been shown by in vitro and in vivo testing to be nontoxic in the short term, thus making
them a promising, more biocompatible nanomaterial [99, 104, 105].

Because of a rough external surface and large pore volume, investigators are already
using CNHs as catalyst supports [106, 107], hydrogen and methane storage media [108-111], and

super-capacitor electrodes [112]. These surface/volume properties are useful features within the
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biomedical field to enable absorption and containment of therapeutic drugs, genes, proteins, or
imaging contrast agents [100, 105, 113-117]. Researchers have already successfully
incorporated drugs such as cisplatin and dexamethasone into CNHs for controlled releases [115,
116]. This distinctive spherical structure and size may give CNHs potential advantages over
conventional nanoparticles, such as nanorods and nanotubes, for intracellular delivery. Spherical
nanoparticles of moderate size have shown improved cellular uptake efficiency over rod-shaped
nanoparticles [118]. Researchers have also shown the ability of CNHs to couple with NIR light

to generate heat and destroy microbes and viruses [48, 49].

Objective to research

The goal of this research was to characterize the heat delivery and cellular response to the
inclusion of CNTs and CNHs in laser therapy. There is limited information on how inclusion of
nanoparticles within tissues will affect their optical and thermal properties. Characterizing the
thermal and optical properties associated with inclusion of CNTs or CNHs in tissue is crucial to
predicting the tissue response to nanoparticle-mediated laser therapies. An understanding of all
of these aspects of the interaction of CNTs or CNHs with cells and tissues is essential to
developing cancer therapies utilizing both nanoparticles and laser therapy. Specifically, thermal
effects of CNTs and CNHs were assessed based on temperature elevations and optical properties
were acquired based on absorption within the NIR region. Cellular response was evaluated
based on cell viability and HSP expression. These experimental results will help improve and
validate a laser therapy model, which can offer insight into hyperthermia therapy design for
cancer patients, fine-tuning treatments to each patient. Optimized therapy would more

effectively eradicate cancer tissue and reduce the risk of tumor recurrence.
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Chapter 2: Hyperthermia treatment of PC3 and RENCA cells using MWNTSs

The effect of laser heating in combination with MWNTs was investigated with in vitro
cell studies. This initial study will provide insight into the relationship between laser parameters
(power, heating duration) and MWNT properties (length, concentration) to temperature elevation
and cellular response (HSP expression and cellular damage/lethality). Also, understanding if and
where the MWNTs are located within the cells themselves will determine future uses of these
particles as carriers of imaging agents or therapeutically active molecules to provide multi-modal
therapy options for the treatment of cancer. All of this information will help guide future in vivo
studies. Because of their role in apoptosis inhibition, HSP27, 70, and 90 expression are included
with cell viability as measures of effectiveness of a thermal cancer therapy.

Three levels of laser heating were investigated: (1) no heat (control), (2) “sub-lethal”
heating, and (3) “lethal” heating. Exclusion or inclusion of MWNTs (0.1 mg/ml) in each of
these heating groups shows their effects with NIR irradiation. The main difference between the
two heating regimes was heating time (laser power is kept constant). Preliminary data is
reported in previously published work [119]. Use of two cancer cell lines showed that the
proposed combined therapy with MWNT inclusion was broad enough to be effective for more
than one type of cancer. Temperature, cell viability, and HSP expression serve as points of
comparison between MWNT-coupled samples (i.e. tumor cells) and unheated samples.

The purpose of this chapter is to measure the effects of MWNT inclusion on optical
absorbance, heat generation, cell viability, and HSP expression on NIR laser irradiated
monolayer cell cultures. Initial investigation of MWNT internalization is also presented.
Spectrophotometric measurements confirmed the preferential absorption of MWNTs to ~1064
nm light by the presence of an absorption peak. Temperature tests confirmed this result,
comparing MWNTs to other nanoparticles which lacked this absorption peak. Longer heating
time resulted in a higher maximum temperature and larger temperature elevation for all samples.
MWNT samples showed higher maximum temperatures and larger temperature elevations
compared to their non-NT counterparts, which displayed the ability of MWNTs to couple to NIR
light to generate heat. Similar cell viability and HSP expression was seen in all control samples,
showing MWNTs to be nontoxic. Comparable viability between control and sub-lethal groups

showed that MWNT laser therapy needed to be tuned. Elevated HSP expression was seen in
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sub-lethal MWNT and lethal non-NT samples where cells received a sub-lethal thermal dose that
would not kill and eliminate HSP induction. There was 100% lethality for lethally heated
MWNT samples where temperatures rose above 60°C. HSP27 and 70 expression levels were
similar to basal levels for lethally heated MWNT samples. However, HSP90 expression was
higher in lethal groups compared with basal level. The ability of the MWNT to cross the cell
membrane was witnessed within the RENCA cell control groups. Incubation of 24 hr caused at
least 40% of cells to appear to have internalized MWNTs. This phenomenon was not
perceivable in heated groups, where incubation time was less than 20 minutes. This phenomenon
requires further research since this action would provide additional advantages to MWNT use in
cancer therapy by supplying other modes of therapy (i.e. reactive oxygen species generation,
chemo-drug delivery) and imaging options for diagnosing and monitoring target tissue.

This research shows the ability of MWNTs to increase local temperature while using a
wavelength of light known to be transparent to tissue. Their inclusion would minimize healthy
tissue damage by lowering the necessary power or heating time to eradicate cancer cells and

eliminate HSP induction and tumor cell protection.

2.1. Experimental materials and methods

2.1.1. Cell culture

A human androgen-independent prostate cancer cell line, PC3, was purchased from
American Type Culture Collection (Manassas, VA) and used in these cell experiments. RPMI
1640 media with L-glutamine (Mediatech, Manassas, VA) was supplemented with 10% FBS and
1% Pen-Strep (Sigma-Aldrich). A murine renal cancer cell line, RENCA, was provided by Dr.
Heather Hatcher (Wake Forest University Baptist Medical Center) and was used in RENCA cell
culture experiments. RENCA media was the same formulation as PC3 media with an addition of
1% sodium pyruvate (Mediatech, Manassas, VA). Cell cultures were kept in a 5% CO,
incubator at 37°C in T25 (25 cm’ area) membrane cap flasks. For cell experiments, cell
monolayer cultures were grown on coated 2-chamber glass slides (Fisher Scientific) in a density
of 100,000 cells/chamber (1-2 ml volume) and left to seed for 24 hr before experimentation.
During MWNT heating, culture media was removed and sterile-filtered eagle minimum essential
medium (Sigma-Aldrich) was mixed with 0.1 mg/ml MWNTs and used during heating. Using

this media prevented media protein coagulation, which is toxic to cells.
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2.1.2. Multi-walled nanotubes

Multi-walled carbon nanotubes (MWNTSs) were fabricated by chemical vapor deposition
(CVD) at Wake Forest University using an iron catalyst amount of 600 mg Fe, as described
previously [55, 120]. Briefly, ferrocene was dissolved in pyridine and was fed into the preheater
(200°C). The volatilized reaction gas was swept into the reactor by hydrogen carrier gas. To cut
the nanotubes to an appropriate length, NTs were sonicated for 20 hr in a 3:1 sulfuric-nitric acid
solution. This process yielded NTs with an average length of 900 nm, verified by TEM. This
length was used because of its ability to couple to NIR light, described by antennae theory and
shown in previous work. In short, a nanotube length of at least half the laser light wavelength is
needed to properly transform the light into heat [55, 67, 68]. After sonication, nanotubes were
later filtered and dried. Then, the nanotubes were placed in deionized water in a stock
concentration of 2 mg/ml with 1% w/v Pluronic F-127 (PL-127) and sonicated for 20 min to
uniformly disperse the NTs within solution. PL-127 at a 1% concentration was chosen based on
its biocompatibility and proven dispersion abilities of NTs [121-123]. The resulting stock
solution was steam autoclaved for 20 min to sterilize. A final solution concentration of 0.1

mg/ml MWNT was used in all experiments.

2.1.3. Laser-thermocouple system setup

A continuous wave (CW) laser with a beam diameter of 5 mm (YLR-10-1064-LP, IPG
Photonics) was used to heat all test groups. Laser irradiance of 15.3 W/cm? (3W, 5 mm beam
diameter) and a heating time of 1.5 or 5 min were used for sub-lethal and lethal monolayer cell
culture experiments, respectively. The laser light was coupled to a fiber optic probe that allowed
incident light on the center of the culture slide. Two hypodermic thermocouples were placed in
the media of the culture chamber at known distances (4 mm and 7 mm from laser center) to
measure real-time temperature elevations. A National Instruments thermocouple reader (USB-
9211) and VI Logger Lite software were used to record temperature data during the experiments.

Figure 2.1 shows a picture of this laser setup.
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Figure 2.1. External beam laser setup for cell heating.

2.1.4. Spectrophotometer and optical setup

A double-beam Cary 5000 spectrophotometer (Varian, Inc.) was used to assess optical
properties of all liquid samples. Particles were made water-soluble and dissolved in phosphate
buffered saline (PBS) or deionized water (ddH,O) for optical assessment. Liquid samples were
placed in fluorometer or self-masked cuvettes (Starna Cells) and held in the internal DRA

integrating sphere cuvette holder. This setup would account for scattering effects of the samples.

2.1.5. Cell viability

Trypan blue cell viability studies for unheated MWNT controls were carried out at 16,
24, and 48 hr post-seeding. Cell viability of lased samples was assessed at 16 hr post-heating
using sterile-filtered 0.4% trypan blue solution (Sigma-Aldrich). For monolayer cell
experiments, 0.4% trypan blue solution was diluted in warmed PBS at a ratio of 1:1. Briefly,
culture media was removed and samples were rinsed with warmed PBS twice. Diluted trypan

blue solution was placed on samples for 5 min at room temperature. Trypan blue was removed
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and the samples were rinsed with PBS twice. PBS was placed on samples during imaging. A

Leica DM IL or Leica DMI6000B microscope was used to capture cell viability pictures.

2.1.6. HSP immunostaining

Fluorescent immunostaining was used to visualize HSP27, 70, and 90 expression in
control and heated cell samples with and without MWNTs. HSP expression was measured at 16
hr post-heating which has been shown as the time of peak HSP expression [124]. All incubation
steps were carried out in the 37°C incubator (5% CO,). Briefly, cells were rinsed with warmed
PBS, fixed with Histochoice fixative MB (Electron Microscopy Sciences, Hatfield, PA) for 20
minutes, rinsed with PBS, and permeabilized by 0.5% Triton X-100 (diluted in deionized water)
to allow antibody staining. After cell cultures were rinsed with PBS, a blocking buffer of 5%
normal goat sera (Santa Cruz Biotechnology, Inc.) diluted in PBS was incubated with cell culture
for 1 hr. Next, a primary antibody for HSP27 (dilution: 1:100), HSP70 (dilution: 1:500), or
HSP90 (dilution: 1:100) from Assay Designs was diluted in 1.5% normal goat sera and incubated
with its corresponding cell culture for 1 hr. The fluorescent secondary antibodies Cyanine2 (Cy2,
for HSP27, dilution: 1:300), AMCA (for HSP70, dilution: 1:50), or Rhodamine Red-X (RRX, for
HSP90, dilution: 1:50) from Jackson Immunoresearch, was first diluted in deionized water and
further diluted in PBS. After slides were rinsed with PBS to remove residual unbound primary
antibodies, each secondary antibody was incubated with its corresponding sample for 1 hr.
Slides were rinsed, mounting media applied, and cover slips sealed before imaging. The slides
were imaged on a Leica DMI6000B microscope. Photoshop Elements 6.0 was used to assess
average intensity measurements of sample cells. Table 2.1 gives the antibody pairings and

dilutions.
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Table 2.1. Antibodies used for HSP27, 70, and 90 immunostaining.

Protein | Primary Antibody | Primary Dilution | Secondary antibody | Secondary dilution
Mouse Anti-HSP27,
HSP27 biotin-conjugated 1:100 Goat Cy2-streptavidin 1:300
monoclonal
Rabbit Anti-HSP70 Goat Anti-rabbit
HSP70 1:500 1:50
polyclonal AMCA
Rat Anti-HSP90
HSP90 1:100 Goat Anti-rat RRX 1:50
monoclonal

2.1.7. MWNT internalization

RENCA cells were seeded for 24 hr and then incubated with 0.1 mg/ml MWNTs for 24
hr. Cells were washed with warmed PBS, fixed with Histochoice MB fixative (Electron
Microscopy Sciences, Hatfield, PA) for 20 min, washed with PBS 3 times, permeabilized with
0.5% Triton X-100, and washed with PBS 3 additional times. Mounting media with DAPI
(Vector Labs, Inc.) was placed on samples and coverslips were sealed on the slides. A Leica
DMI6000 microscope was used to take brightfield and DAPI fluorescent images. The Leica
Application Software Advanced Fluorescence program was used to overlay images to locate

nuclei and NTs.

2.2. Experimental results

2.2.1. Optical properties

A spectrophotometer scan was taken of the UV-Vis-NIR range from 200-1200 nm. A
grating change occurred at 850 nm. Deionized water (ddH»O) in a fluorometer was taken as a
baseline. A scan of 0.1 mg/ml MWNTs in ddH,O was taken and baseline-corrected to account
for the effects of cuvette and water absorption in order to isolate the optical properties of the
MWNTs themselves. Figure 2.2 shows the absorbance curve of ddH,O and MWNTs (baseline-

corrected).
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Figure 2.2. Absorbance curve for 0.1 mg/ml MWNT in ddH,O (baseline corrected). Deionized water (ddH,0) in a

fluorometer was used as the baseline curve.

In order to compare the absorption of MWNTs with other fullerenes, another scan was

taken of other particles alone or within Cgp and Cs fullerenes to assess their absorption within the

NIR region.

Scan rate 600nm/min.

Figure 2.3 shows the lack of NIR absorption (near that of water) but a high

absorbance in the UV range, which has been shown by other researchers [125].
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Figure 2.3. Spectral data of various fullerenes and imaging particles dispersed in PBS with 1% Pluronic F-127.
Note the preferential absorption peak of fullerenes in the UV-Vis range but the absence of NIR absorption.

2.2.2. Temperature and heat generation

An absorption peak is indicative of preferential absorption of that range of wavelengths.
In the case of MWNTs, absorption of those preferred wavelengths translates to increased heat
generation. To test this theory, a 96-well cell plate was used to assess the temperature of various
nanoparticle samples during laser irradiation. One thermocouple was placed just outside of the
laser beam profile. 100 pL of solution of each particle was heated with a 1064 nm (NIR) CW
laser for 30 sec at 3W power. Figure 2.4 shows that MWNT solution heated significantly. A
close-up view of the other particles shows little difference between water and particle (Figure

2.5).
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Figure 2.5. Close-up view of temperature increase of non-NIR-specific particles and water heated with a 1064 nm

laser at 3W for 30 sec.
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The next step was temperature measurements as PC3 cells underwent laser irradiation
with and without MWNT inclusion. The subsequent HSP expression and cell viability would be
measured for these same samples and correlated with this temperature. Temperature
measurements were obtained from thermocouples placed at known radial positions from the laser
center (TCO and TC1 located 4 mm and 7 mm from laser center, respectively). During sub-lethal
heating (3W, 90 sec), higher temperature elevations were observed in cell cultures with MWNT
inclusion compared to non-NT cultures. Maximum temperatures in these non-NT and MWNT
cultures were near 28.73°C and 53.31°C, respectively, with a standard deviation (o) of 1.79 and
3.88°C respectively. Figure 2.6 is an example of temperature curves acquired real-time during
sub-lethal heating. Mean temperature elevation was 5°C and 30°C for non-NT and MWNT
samples, respectively. Temperature elevations for non-NT and NT samples had standard
deviations of 2.10 and 3.41°C, respectively. Figure 2.7 shows the marked difference the
inclusion of MWNTs made with respect to temperature rise in 90 sec of irradiation during sub-

lethal laser heating.
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Figure 2.6. Temperature profile during sub-lethal laser heating of 3W for 90 sec of (A) PC3 cells without NTs and
(B) PC3 cells with MWNT. TCO is located 4 mm from laser center, TC1 is located 7 mm from laser center.
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Figure 2.7. Temperature increase of sub-lethal heating (3W, 90 sec) of media in the absence and presence of 0.1

mg/ml MWNTs. n=6, ¢ range: 2.10 and 3.41°C.

Laser heating at the lethal level (3W, 5 min) revealed higher maximum temperatures and
larger temperature increases for both non-NT and MWNT samples compared to their respective
sub-lethal groups. Mean maximum temperatures for non-NT and MWNT samples were 33.55°C
and 67.43°C, respectively, with standard deviations ranging from 4.41-6.74°C. Temperature
elevations for non-NT and MWNT samples were 7.12°C and 42.87°C, respectively.
Temperature elevation for these samples had standard deviations ranging from 2.25-6.52°C.
Figure 2.8 shows a typical temperature plot of non-NT and MWNT samples. Similar to sub-
lethal heating, MWNT samples displayed larger temperature elevations compared to non-NT

samples, as seen in Figure 2.9.
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Figure 2.8. Temperature plot of lethal heating of media (A) without and (B) with 0.1 mg/ml MWNTs. TCO is

located 4 mm from laser center and TC1 is located 7 mm from laser center.
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Figure 2.9. Temperature increase of lethal heating (3W, 5 min) of media in the absence and presence of MWNTs.
N=6, ¢ range: 2.25-6.52°C.
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2.2.3. Cell viability

Staining with trypan blue allows visualization of the amount of dead cells within a cell
population. The relatively large size of trypan blue dye and the selective transport mechanisms
of a cell membrane mean that trypan blue can only enter dead or dying cells whose membranes
have become permeable enough while viable cells with intact membranes exclude the dye. With
this technique, we were able to compare cell viability between the various cell cultures. Several
pictures were taken of each cell population with viable and dead cells counted and averaged for a
particular sample. Unheated PC3 cell cultures with and without MWNTs showed high cell
viability. Sub-lethal heating of cell cultures without MWNTs maintained high cell viability,
similar to control (unheated) samples. Although significant temperature elevations were
observed in the sub-lethally heated MWNT samples, these elevations were below the threshold
necessary for irreversible thermal injury and cell death. Therefore, cell viability remained high.
Increasing heating time allowed MWNTs to effectively enhance thermal deposition and increase
temperatures to lethal limits that resulted in 0% viable cells. For non-NT cell cultures, lethal
heating did not affect cell viability as it remained similar to cell viability of controls. Figure 2.10
shows representative images of cell viability attained from trypan blue staining of PC3 cell
culture groups near laser center. Black dots are clusters of nanotubes which are indicated with

arrows.
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Figure 2.10. Cell viability staining with trypan blue of PC3 cells near laser center. (A) Unheated cells without
NTs, (B), Unheated cells with MWNTSs, (C) Sub-lethal heated cells without NTs, (D) Sub-lethal heated cells
with MWNT, (E) Lethal heated cells without NTs, and (F) Lethal heated cells with MWNT. Red arrows
indicate MWNT clusters. Scale bars are 100 pm.

RENCA cells showed similar cell viability at the different heating levels compared to the
PC3 cells samples. Figure 2.11 shows RENCA cells stained with trypan blue.
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100 pm

Figure 2.11. Cell viability staining with trypan blue of RENCA cells near laser center. (A) Unheated cells
without NTs, (B) Unheated cells with MWNTSs, (C) Sub-lethal heated cells without NTs, (D) Sub-lethal heated
cells with MWNT, (E) Lethal heated cells without NTs, and (F) Lethal heated cells with MWNT. Red arrows
indicate MWNT clusters. Scale bars are 100 pm.

The cell viability is shown graphically for PC3 and RENCA cells at the various heating
conditions in Figure 2.12A and 2.12B, respectively. The only significant difference in cell
viability was seen in the lethal-laser heated MWNT group, where cell death is 100%. Cell
viability for PC3 and RENCA cells had standard deviations ranging from 0.27-2.45% and 0.27-
0.89%, respectively.
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Figure 2.12. Cell viability of (A) PC3 and (B) RENCA for various heating levels. -NT: no MWNT, +NT: 0.1
mg/ml MWNT; —Laser: unheated, subL: 3W for 90 sec, Lethal: 3W for 5 min. n=3 except in lethal cases; opc; range:
0.27-2.45%, orenca range: 0.27-0.89%.

2.2.4. HSP expression

Since new and multi-species primary and secondary antibodies were being used, these
antibodies were first tested for feasibility on monolayer cell culture with and without constant
temperature water bath heating. These tests showed these dyes can be used to image HSP27, 70,
and 90. The up-regulation of HSP in the water bath heated samples indicated the feasibility of
these primary and secondary antibodies for future HSP staining.

At 16 hr post-laser heating, laser irradiated and unheated samples were stained for
HSP27, 70 and 90. There was little difference between the control (unheated) and sub-lethal
non-NT groups. In lethal MWNT samples, HSP27 and 70 expression was near basal levels
while HSP90 was above its basal level. Up-regulated expression of HSP27, 70, and 90 was seen
in sub-lethal heated MWNT and lethal heated non-NT samples. Figure 2.13 shows the HSP
expression intensity of these PC3 groups. Graphically, these fluorescent intensities of PC3 cells
are shown in Figure 2.14. Note the higher intensity of sub-lethal with MWNT and lethal without
MWNTs groups. Intensity measurements for PC3 groups for HSP27, 70, and 90 had standard
deviations ranging from 2.23-11.77AU, 0.35-6.74AU, and 1.04-6.49AU, respectively. Table 2.2

summarized the mean intensities of each PC3 group with its associated standard deviation.
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Figure 2.13. HSP fluorescent microscope images of unheated and laser heated PC3 cells with and without MWNTs. These
cells have been stained separately for HSP27, 70, and 90. NL: no laser; Sub-L: sub-lethal laser; L: lethal laser; noNT: no
MWNTs; NT: MWNTs. Scale bars are 50 um.
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Figure 2.14. HSP fluorescent intensities of unheated and laser heated PC3 cells with and without MWNTs. These
cells have been stained separately for HSP27, 70, and 90. NL: no laser; Sub-L: sub-lethal laser; LL: lethal laser;
noNT: no MWNTS, NT: MWNTs. N=3 (* group: N:2), GHSP27:2.23‘1 177AU, GHSP70:0.35-6.74AU, 0HSP90:1-04'
6.49AU.

Table 2.2. Summary of mean intensities of each PC3 group with its associated standard deviation. N=3, except

*N=2.
Mean Intensity£SD (AU)

PC3 Group HSP27 HSP70 HSP90
NL-noNT 13.9342.26 | 10.68+0.35 | 14.97+2.66
NL+NT 12.1742.55 | 8.76£2.45 | 14.15+2.28
SubL-noNT 8.41£2.23 | 19.49+1.05 | 27.39+1.04
SubL+NT 22.08+3.89 | 60.44+2.81 | 36.38+6.49
LL-noNT* | 40.60+11.77 | 31.79+6.74 | 36.33+4.08
LL+NT 14.06+2.23 | 17.30+1.06 | 31.71+1.31

Similar HSP studies were carried out with RENCA cells, to see if the proposed therapy
would be applicable to more than one type of cancer. Figure 2.15 gives fluorescent images of
HSP27, 70, and 90 of RENCA cells under various laser heating conditions and Figure 2.16
shows the resulting fluorescent intensities. Note the higher expression of HSPs in the sub-lethal
with NTs and lethal without NTs groups. Also, more HSP90 has translocated into the nucleus
for lethae-MWNT samples as seen in Figure 2.15. Intensity measurements for HSP27, 70, and
90 had standard deviations ranging from 0.48-1.87AU, 2.67-4.77AU, and 1.58-8.37AU,
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respectively. Table 2.3 gives a summary of mean intensities of each group with its associated

standard deviation.

HSP27 HSP70 HSP90

NL,
noNT

NL,
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Sub-L,
NT

noNT

L,NT

Figure 2.15. HSP fluorescent microscope images of unheated and laser heated RENCA cells with and without
MWNTs. These cells have been stained separately for HSP27, 70, and 90. NL: no laser; Sub-L: sub-lethal laser; L:
lethal laser; noNT: no MWNTs; NT: MWNTs. Scale bars are 50 pm.
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Figure 2.16. HSP fluorescent intensities of unheated and laser heated RENCA (R) cells with and without MWNTs.
These cells have been stained separately for HSP27, 70, and 90. NL: no laser; Sub-L: sub-lethal laser; LL: lethal
laser; noNT: no MWNTs; NT: MWNTs. N=3 (* group: N=2; # group: N=1), oyspr7=0.48-1.87AU, oysp70=2.67-

477AU, GHS[)QO:l .58-8.37AU.

Table 2.3. Summary of mean intensities of each RENCA group with its associated standard deviation. N=3, except

*N=2.
Mean Intensity=SD (AU)
RENCA Group HSP27 HSP70 HSP90
NL-noNT 9.63+0.67 | 13.78+4.77 | 26.01£1.58
NL+NT 9.22+0.48 | 12.98+3.03 | 24.99+3.15
LL-noNT* 28.88+1.87 | 15.09+4.43 | 47.33+£8.37
LL+NT 5.76+0.88 | 9.804+2.67 | 33.09+2.31

Comparing the two cell lines, similar trends are seen. Higher levels of HSP27 and 90 are
seen in the sub-lethal with MWNTs and lethal without MWNTs groups. HSP70 is up-regulated
in the sub-lethal with MWNTs groups. Figure 2.17 shows the HSP fluorescent intensity for all

samples.
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Figure 2.17. HSP fluorescent intensities of unheated and laser heated PC3 and RENCA cells with and without
MWNTs. These cells have been stained separately for HSP27, 70, and 90. NL: no laser; Sub-L: sub-lethal laser; LL:
lethal laser; noNT: no MWNTs; NT: MWNTSs. N=3 (* group: N=2; # group: N=1).

2.2.5. MWNT internalization

In heated MWNT samples, MWNTs localized around the cells but not inside them.
Figure 2.18 shows a magnified image of heated cells with MWNTs, indicated by white arrows.
However, in unheated RENCA cells, which were incubated with MWNTs for 24 hr, MWNTs
appear to have entered the cell through the cell membrane but did not enter into the nucleus (see

Figure 2.19).

Figure 2.18. Microscope image of MWNT clusters (arrows) near unheated PC3 cells. Magnification: 400x.
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aggregates encircled the nucleus (red circle).

DAPI staining of DNA allowed imaging of cell nuclei. These initial images seemed to
indicate that these MWNT aggregate passed through the cell membrane but did not translocate
into the nucleus. MWNT aggregates showed up as black clusters that surround the nucleus,
highlighted by white arrows in Figure 2.20. This phenomenon was seen in approximately 40%

of the population of RENCA cells, both large and small.
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Figure 2.20. DAPI-stained nuclei of RENCA cells overlaid on bright field images. Unheated non-NT samples (A,
B) and samples with 0.1 mg/ml MWNT added 24 hours earlier (C-F). MWNT aggregates show up as black clusters
around the nuclei (see arrows). Scale bars are 25 um.
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2.3. Discussion and conclusions

MWNTs are effective enhancers of heat generation upon NIR irradiation. Their inclusion
in laser therapy dramatically increased temperature elevation and cell death and diminished HSP
expression. They possessed no inherent cell toxicity in the absence of laser irradiation making
them a promising option for improving thermal dose deposition and specificity.

Cell viability revealed that MWNTs are not inherently toxic to cells as evidenced by the
high cell viability count in the unheated MWNT cell cultures with little difference compared to
non-NT cells. The lack of HSP induction in the presence of unheated MWNTs indicated that
these particles are not producing enough environmental stress signals that would initiate HSP up-
regulation, as described in Chapter 1. Toxicity is a long debated subject with regards to
nanotubes. With many variables affecting NT chemical properties and structure, toxicity is not
an easy measure to delineate. It has been found that the surface chemistry of NTs is critical in
determining their in vivo behavior. Pristine carbon nanotubes have very hydrophobic surfaces
and are highly nonspecific in binding to biological species [126, 127]. By modifying the surface
chemistry of NTs, these particles can be made more inert (less toxic) and resistant to nonspecific
biological species and uptake [128]. Adding the biocompatible surfactant Pluronic F-127 coats
the NT surface and thus makes the NT more biocompatible and water soluble [123]. This could
lead to complex micelle formation in aqueous systems which would decrease NT availability to
cells, and offer lower toxicity effects [121, 129].

Fullerenes filled with various imaging agents (gadolinium and scandium) showed lower
NIR absorption but a high absorbance in the UV range, which has been shown by other
researchers [125]. This low NIR absorbance resulted in low temperature elevations upon
irradiation with NIR light. The temperature rise exhibited in these samples was similar to that
witnessed in NIR irradiation of deionized water. However, an absorption peak, as seen in the
MWNT sample, reveals the ability of MWNTs to couple with NIR and generate heat. The large
difference in temperatures observed between laser heating of non-NT and MWNT cultures
showed the thermal enhancement imparted by MWNT inclusion when coupled to NIR light. The
antennae effects of MWNTs can be utilized for specifically targeting tumor tissue and selectively
heating that tissue to lethal levels using NIR of 1064 nm, a wavelength to which tissue is mostly

transparent.
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For all heated samples, measured temperatures close to the laser beam (4 mm from laser
center or less) were higher than measured temperatures farther away. This phenomenon was
more pronounced in monolayer cells with MWNT inclusion. For sub-lethal laser heating (3W,
90 sec), laser treatment alone (no NTs) had little effect on cells from either a cell viability or
HSP induction standpoint. This treatment did not up-regulate HSP27, 70, and 90 expression in
cell monolayer culture when compared to the basal HSP levels, indicating that little thermal
stress was given to the cells. By comparing the temperature, cell viability, and HSP data, it can
be concluded that little thermal injury or damage was imparted to these cells, leaving them
unharmed and viable. This evidence verified the transparency of cells to NIR laser light, with
little heat deposition within the non-NT culture. Unaided by heat delivery agents like MWNTs,
NIR laser application would need to apply higher power or much longer heating times in order to
eradicate tumor cells and prevent HSP up-regulation and future therapy resistance. Under the
same laser parameters, heated samples containing MWNT produced more HSP expression than
the non-NT or control samples. This higher HSP expression was expected since maximum
temperatures were within the HSP up-regulation temperature range (44-60°C) and lethal
temperature limits were not exceeded [34-36, 124]. Even though 50-55°C is well above the
prescribed lethal temperature limit used in most thermal therapies (43°C), cells were not heated
for an adequate amount of time to effectively thermally damage and kill cells, which would
eliminate HSP expression. This induction of HSP at these laser parameters revealed that an
increase in laser power or lasing time was needed to effectively eliminate HSP expression within
the MWNT target area.

Tuning of one laser therapy parameter (i.e. heating time) had a drastic effect on heat
generation and therapy outcome when coupled with MWNTs. When heating time was increased
from 90 sec to 5 min, an increase in maximum temperature is seen in both NT and non-NT
groups. However, increasing of laser power or heating time alone may not be adequate to
eliminate all cancer cells that did not contain MWNTs. There still existed a significant
temperature difference between the NT and non-NT samples. Heating of the non-NT cultures
gave temperatures that are not lethal to cells. During lethal laser heating (3W, 5 min),
inadequate heating of prostate and renal cancer cells induced higher expression of HSP27, 70,
and 90 within the non-NT samples. The lethal laser settings alone were not harmful enough to

cause cell death or stop HSP induction by cells. When NIR laser light was coupled with
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MWNTs, the resulting therapy produced much higher temperatures, reaching temperature above
the fatal temperature of 60°C [24]. Lethally heated MWNT samples exhibited low levels of
HSP27 and 70, similar to basal (control) expression, revealing the destruction of cancer cells
before significant induction of HSP began. However, HSP90 levels in this lethal MWNT group
were higher than the control groups. This discrepancy could be due to the fact that HSP9O0 is one
of the most abundant proteins expressed in cells, accounting for 1-2% of all cellular proteins in
unstressed cells [130]. The exact temperature that a particular group of cells was experiencing is
not known since the thermocouples measure only the temperature of surrounding media.
Another possibility is the temperature activation versus destruction of HSP90 compared to the
other HSPs. HSP90 may not be as sensitive to thermal stress as HSP27 and HSP70 thereby
requiring a higher thermal dose for protein denaturation. In order for HSP90 to be “activated” so
it can become a fully functional molecular chaperone, oligomerization of the protein is required.
Oligmerization of HSP90 is triggered by heat shock and allows it to perform molecular
chaperone duties like bind substrate proteins and prevent irreversible protein aggregation [131,
132]. Even though oligomerization of HSP90 occurs quickly as soon as temperature increases,
Garnier et al. showed that cations, like calcium, influenced this process by lowering the
temperature threshold of oligomer formation of HSP90 [131]. A rise in intracellular calcium, as
witnessed during heat stress, decreases HSP90 thermostability and could account for HSP90
oligomerizing easier and becoming fully functional to perform its molecular chaperone duties
[131, 133].

Even with significant enhancement of thermal properties, this therapy combination of
NIR light and MWNTs needed tuning, as shown by the sub-lethal setting on MWNT samples
with respect to cell viability and HSP induction. Laser parameters (heating time, heating power)
were further tuned to give adequate temperature rise to kill MWNT-targeted tumor cells and to
eliminate HSP expression within the tumor. This optimization would destroy cancerous tissue
but minimize damage and impart HSP protection to surrounding healthy cells (or cells not near
MWNTs). Thus, there is a need to optimize this therapy by using computational models as well
as increasing heating specificity with agents such as MWNTs. These experimental results will
aid in the improvement and validation of a laser therapy model, which can offer insight into
hyperthermia therapy design for cancer patients, optimizing treatments to each patient. A

properly tailored therapy would reduce the risk of tumor recurrence.
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Because of poor cellular penetration of many therapeutically active molecules, new
strategies for the delivery of therapeutic agents into cells is necessary [72]. Several groups have
shown that SWNTs and MWNTs can be internalized by a variety of cell types to act as delivery
vehicles to cells [63, 73-75]. Cell internalization of MWNTs sparks debate since this process is
very dependent on nanotube and cell characteristics and properties. A critical parameter in these
studies is the type of carbon nanotubes used, which is determined by: (i) the preparation and
manufacturing process, (ii) the structural characteristics of the CNTs, and (iii) the surface
characteristics of the CNTs including the characteristics of the functional groups at the CNT
surface [134]. This complexity of cellular uptake as well as the variety of NT material types
accounts for the difficulty in studying MWNT internalization in cells.

One research group took fluorescently labeled (FITC) functionalized CNTs
(concentration: 2-200 pg/ml, diameter: 20-30 nm, length: 0.5-2 pm) and showed that they
entered a variety of cell types within hours of initial cell contact [63]. Because of the types of
cells that they studied, the researchers concluded that internalization is not solely dependent on
endocytosis of the particle although other studies have shown endocytosis as a main gateway of
nanoparticles into the cell [63, 92, 135]. MWNT internalization has been proposed based on the
cylindrical shape and high aspect ratio, like a “nanosyringe,” reported [90] and simulated [136].
Functionalized MWNTs have been shown to penetrate the plasma membrane of mammalian
HeLa cells and translocate into the cytoplasm [90, 137].

In heated cultures, MWNTSs were only incubated with the cells during heating (no more
than 20 min). This was not sufficient time for MWNTs to be internalized into the cells.
However, in unheated groups where the MWNTs were incubated with the cells for 24 hr,
MWNT aggregates appeared to have crossed the membrane but remained excluded from the
nuclear envelope in approximately 40% of the cell population. Working to stain other
intracellular components (lysosomes, ER, Golgi Apparatus) will help to understand the pathways
they use to enter cells and where they localize within cells. Using phase contrast methods for
microscopic imaging will provide a better image to show if the NTs are gathered around the
nuclei outside of the membrane or inside of it. Another factor that may have aided in membrane
permeation was the use of Pluronic F-127 as a surfactant to disperse MWNTs in aqueous
solution. Nonionic surfactants, like Pluronic block copolymers, are known to be less toxic and

less irritating to biological systems and have been shown to affect the permeability of biological
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membranes by solubilizing the lipid membrane [138-145]. They have also been used as
penetration enhancers in transdermal delivery systems [146]. It is unknown whether Pluronic
played a role in MWNT internalization. This internalization warrants further investigation since
this would provide additional advantages to MWNT use in cancer therapy by supplying other
modes of therapy (i.e. reactive oxygen species generation, chemo-drug delivery) and imaging

options for diagnosing and monitoring target tissue.
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Chapter 3: Hyperthermia treatment of tissue phantoms and tumors using

MWNTs

Tissue representative phantoms can provide a closer approximation to tissue than in vitro
cultures and provide a way to measure responses more similar to that found in vivo without
requiring the use of animals. Phantoms provide a three dimensional environment to cells that
more closely resembles cells within tumor tissue. This tool permits refinements of therapies
prior to animal sacrifice. For instance, phantoms permit volumetric measurement of temperature
and provide HSP expression and cell death as a function of three dimensional position. This
information would be used to optimize therapy parameters before moving into animal tissue.
With several options available, we chose sodium alginate as the main material of our phantoms.

Sodium alginate is a polysaccharide derived from brown seaweed which has the ability of
to form a gel when it comes in contact with certain divalent cations, such as calcium. Alginate
has been used in the commercial food industry as an emulsifier, thickener, and stabilizer since its
properties were discovered in the 1930s [147]. Alginate has also been used within the
biomedical realm in the manufacturing of surgical dressings [148] but has gained increased
interest for its function as a scaffold for encapsulation and immunoprotection of transplanted
cells, such as non-autologous islet cells for diabetes treatment [149, 150]. It has also been used
to protect recombinant cells delivering tumor-suppressing agents [151, 152] and growth hormone
[153]. Alginates have also served as culture scaffolds for a variety of cell types, including
chondrocytes, bone-marrow stromal cells, islets, myoblasts, fibroblasts, Schwann cells, kidney
cells, epithelial cells, and hepatocytes. These cell-seeded scaffolds that encapsulate bone-
marrow stromal cells and chondrocytes could provide for the healing of bone and cartilage
defects [154-156]. However, a lack of research exists using this alginate as a scaffold for
thermal therapy evaluation. Initial testing showed the alginate would retain its stiffness and
structure during laser heating while other gels would melt. Because of its biocompatibility with
many cell types, this alginate was used to provide three-dimensional architecture to simulate
cancerous tumor tissue.

In vivo studies, such as subcutaneous tumors on animals, allow testing of therapy options
in a comparable complex, three-dimensional living environment and situation to that of human

cancer. Superficial tumors are used because they are easy to grow, monitor, and extract. They
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also provide an easily accessible target tissue for NIR light excitation of MWNTs. Injection of
MWNTs intratumorally allow for the initial proof of concept of this therapy by guaranteeing the
presence of MWNTs within the tumor and bypassing complex surface modifications needed to
attach elusive antibodies for proteins that are expressed exclusively by cancer cells.

The focus of this chapter is the evaluation of the effects of MWNT inclusion onheat
generation and cell viability of NIR-irradiated tissue phantoms. This chapter also provides an
initial assessment of HSP expression within tumor tissue. Temperature profiles and cell
viabilities of phantoms were assessed for different heating regimes with and without MWNTs:
(1) unheated and (2) NIR laser heated phantoms (3W power for 45 sec). Both types of phantoms
showed the dependence of temperature on position within the phantom. Higher temperatures
were seen close to the surface and closer to the laser beam with decreasing thermal effects in
deeper or farther (radial) positions. This effect was more pronounced in MWNT phantoms
compared to non-NT ones. MWNT phantoms showed higher temperatures and larger
temperature elevations than non-NT phantoms as well as decreased cell viability near the laser
beam profile.For in vivo studies, HSP expression and cell damage were examined in unheated
growth control, unheated MWNT-injected, laser heated saline-injected, and laser heated MWNT-
injected tumors. Preliminary HSP27, 70, and 90 staining of the growth control and unheated
MWNT tumors showed low levels of HSP. The MWNT irradiated tumor showed areas of higher
HSP where tissue experienced sub-lethal temperatures that would induce the HSP response. The
saline irradiated tumor had higher HSP levels than unheated tumors but lower HSP levels
compared with the MWNT tumor. This induction indicated that sub-lethal temperatures were
present in this imaged area. Further investigation is needed to correlate magnetic resonance
temperature imaging (MRTI) temperature maps (being produced at Wake Forest University) to

variable HSP expression within an irradiated tumor.

3.1. [Experimental materials and methods

3.1.1. Sodium alginate phantom creation

Sodium alginate, Protanal LF 10/60 (FMC Biopolymer, Drammen, Norway), a low
viscosity alginate with a mean G/M (guluronate / mannuronate) ratio of 70% and mean
molecular weight of 180 kDa [157], was stirred vigorously with deionized water to a 3% w/v

concentration (3g / 100 ml) for 1 hour. The alginate was sterile filtered through a 0.45 pm
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membrane. For the alginate-MWNT solution, MWNT stock solution was added to the alginate
solution to yield a 0.2 mg/ml NT concentration and vortexed for 60 seconds. PC3 cells were
suspended in complete media by pipette mixing. The cell-media solution was added to the
alginate solution or the alginate-NT solution in a 1:1 volume ratio and mixed by gentle pipetting,
giving a final NT concentration of 0.1 mg/ml. A total of 1x10° cells/phantom was suspended in
the structure. To crosslink the phantom, a previous method was modified [147]. Briefly, sterile
80 mM CaCl, solution was poured into a shallow, sterile dish. Molds were used to constrain the

phantom solution (Figure 3.1). The resulting phantoms are shown in Figure 3.2.

; SS screws L Lexan holder Stainless
. v::)awv TR TR b - / PVDF filter steel washer

Figure 3.1. Lexan mold setup for tissue phantom creation. Note the filters are placed on either side of metal mold to

shape phantoms into 1-2 mm thick phantoms.

Figure 3.2. Tissue phantoms shown here, 0.1 mg/ml MWNT phantom (left) and non-NT phantom (right).

All containers and mold components were placed inside a sterile biological hood. These
molds were soaked in 70% ethanol for 15 minutes. Then, they were placed in PBS to soak for 2

minutes. PVDF filters (Millipore; 5 pum pore size) were placed in the CaCl, solution for 5
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minutes. The mold was assembled aseptically and the alginate was slowly pipetted to fill the
mold and the entire assembly was secured and placed into the CaCl, bath for 20 minutes. The
phantoms were de-molded and washed with PBS and immediately lased. After heating, the

phantoms were placed in sterile dishes and covered with complete media for 16 hours.

3.1.2. Tumor implantation and MWNT injection

A murine renal cancer cell line, RENCA, was provided by Dr. Heather Hatcher (Wake
Forest University Baptist Medical Center). RENCA cells were injected subcutaneously into the
flanks of host nude mice. Within two weeks, tumors were removed and cut into smaller pieces
and each piece implanted under the skin of experimental nude mice. Tumors grew for 2 weeks
to allow tumor diameters to be between 5 and 10 mm. Once tumors were an appropriate size,
200 pL of either saline or 2 mg/ml MWNT stock solution was injected via a 27.5 gauge needle.
This injection would yield 0.1 mg/ml MWNT concentration within the mouse tumor, which was
estimated to have a blood volume of approximately 2 ml. Tumors were irradiated 24 hr post-
injection and were sacrificed 16 hours post-heating. Figure 3.3 shows RENCA subcutaneous

tumors.

e

Figure 3.3. Nude mice bearing RENCA tumors subcutaneously. Red circle indicates the location of one tumor.

3.1.3. Laser and temperature measurement system setup

A continuous wave (CW) laser with a beam diameter of 5 mm (YLR-10-1064-LP, IPG
Photonics) was used to heat mouse tumors. Laser irradiance of 15.3 W/cm® (3W, 5 mm beam
diameter) was used. A heating time of 30 seconds was used to heat the tumors and 45 seconds to
heat phantoms. Four hypodermic thermocouples (Omega) were placed at specified depths and
radial positions in the phantoms for real-time temperature measurements during heating. Figure

3.4 shows the laser setup for tumor heating.
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Figure 3.4. External beam laser setup for mouse experiments.

For tumor tissue within the MRI machine, three MR-compatible thermal probes (Luxtron
m3300, LumaSense Technologies) were inserted into the tumor with an additional probe
measuring room temperature to provide absolute temperature measurements. Magnetic
resonance temperature imaging (MRTI) was used to measure temperature. MRTI makes use of
the physical property that the resonance frequency of a proton is proportional to temperature
[158]. Relative temperature maps can be made from measuring the phase change between two
complex MR images and converted into absolute thermal measurements by calibration with the

thermal probes.

3.1.4. Cell viability

A concentration of 0.4% trypan blue solution was used for phantom experiments.
Briefly, media was removed and phantoms were rinsed with warmed PBS twice. Trypan blue
solution was placed on samples for 5 minutes at room temperature. Trypan blue was removed
and the samples were rinsed with PBS twice. PBS was placed on samples during imaging. A
Leica DM IL or Leica DMI6000B microscope was used to capture cell viability pictures.
Pictures were taken at known depths of interest in the phantoms (0, 0.5, 1.0, and 1.5 mm depth).
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3.1.5. Tissue processing and H&E staining

Mouse RENCA tumors were removed at 16 hr post-lasing. Tumors were cut in half, one
half being fixed in 10% neutral buffered formalin and the other half being frozen in OCT. Figure
3.5 shows one tumor half in liquid OCT. The tumors were sent to AML Labs (Rosedale, MD)
for tissue processing and sectioning. The formalin-fixed tumor was embedded in paraffin,
sectioned at 5 um thickness, and stained with hematoxylin and eosin (H&E). The frozen tissue

was sectioned at 5 um thickness onto glass slides (Fisher Scientific).

Figure 3.5. Tumor half in liquid OCT (pre-freezing). Black area is MWNTs (see arrow).

3.1.6. HSP immunostaining

Please see Chapter 2 for process details. Tissue sections (on slides) were thawed at
room temperature for 20 min. Tissue slides were then sealed with Secure-seal® hybridization
chambers (Grace BioLabs) to aid liquid handling during staining and reduce chance of
evaporation or tissue section loss. This chamber was removed and a coverslip secured prior to
imaging. A Leica DMI6000B microscope was used to capture HSP images, using LASAF

software.

3.2. Experimental results

3.2.1. Temperature for phantoms

Laser heating trials with the phantoms (MWNT and non-NT) showed higher temperature
elevation than what was seen in initial cell experiments. Significant heating was confined to the
first 1.5 mm in depth and minimal temperature elevation occurred outside of the 7 mm radius.
Therefore, we restricted our experiments to this region of interest. Figure 3.6A is the temperature

profile in the radial direction at 1-1.5 mm depth during heating of a non-NT phantom while
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Figure 3.6B is heating of a MWNT phantom. The highest temperatures were seen closer to the
laser beam and irradiated surface and decreased as depth from surface and radial distance from

beam center increased.
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Figure 3.6. Temperature profile during laser heating of 3W for 45 sec as a function of various radial positions of (A)
non-NT phantom and (B) MWNT phantom. All thermocouples were positioned 1 mm in depth. TCO is located 3

mm from center, TC2 is located 4 mm from center, TC1 is located 6 mm from center, and TC3 is located 7 mm from
center.

3.2.2. Cell viability of phantoms

Trypan blue (concentration: 0.4%) was verified as a useful measurement of cell viability
for cells contained within alginate phantoms. Dye penetration effectiveness was tested using
positive controls of PC3 cell seeded phantoms immersed in methanol for 10 minutes at room
temperature while negative controls were PC3 cell seeded in unheated phantoms. Figure 3.7
depicts the successful penetration and staining of dead cells with trypan blue. Trypan blue
successfully infiltrated every part of the phantom and continues to properly stain dead cells. This

fact indicated that any unstained cells are viable not unreachable.
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Figure 3.7. Representative image of trypan blue staining of (A) unheated PC3 phantom and (B) unheated PC3

phantom immersed in methanol. Similar results were seen at all depth positions within phantoms. Magnification:
100x.

For control (unheated) phantoms with and without MWNTs, trypan blue staining showed
comparable high cell viability. Heated non-NT phantoms did not show any difference in cell
viability compared to unheated controls. In all these cases, there was no significant difference
between cell viability from 0 (top surface), 0.5, 1.0, and 1.5 mm depths within the phantoms.
Upon laser heating, MWNT phantoms experienced a decrease in cell viability near the surface
and closer to the laser beam area. In heated MWNT phantoms, the majority of cell death
occurred within the top 1.5 mm depth. At all relevant depths of the heated MWNT phantoms,
cell viability was lowest near laser center and increased with increasing radial distance from laser
center. Within MWNT heated phantoms, increased cell viability was observed with increasing
depth from the irradiated surface and radial distance away from the laser beam. Figure 3.8
shows trypan blue staining for all phantom cases at the top surface. In heated phantoms, the

bottom right corner was laser center.
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Figure 3.8. Cell viability staining with trypan blue of PC3-seeded phantoms. Trypan blue enters dead or dying cells while
viable cells exclude the dye. (A) Unheated phantom without NTs, (B) unheated phantom with MWNTs, (C) heated phantom
without NTs, and (D) heated phantom with MWNT. Magnification: 100x. Note: black arrows indicate examples of dead
cells.

3.2.3. H&E staining and HSP expression of tissue

RENCA tumor tissue was stained with hematoxylin and eosin (H&E) to assess tissue
morphology and subsequent structure alterations from inclusion of MWNT and laser heating as
shown in Figure 3.9. Higher magnification of some MWNT clumping is displayed in Figure
3.10. Preliminary data indicated that MWNTSs clump in certain areas of the tumor (see arrows).

MWNT are shown as black clusters, usually near needle track areas.
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Figure 3.10. Magnified area of MWNT clumping in H&E stained section of RENCA mouse tumor. Note MWNT

clustering (arrow). Scale bar is 100 pm.

HSP staining was conducted on tissue samples from 4 tumors: (1) growth control, (2)
MWNT alone (no heating), (3) saline with laser heating, and (4) MWNT with laser heating.
Images were difficult to resolve due to lower cell number and slightly altered tissue morphology

due to freezing. Figure 3.11 shows these tumors and their HSP levels.
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Figure 3.11. HSP staining of RENCA mouse tumors. (A) Growth control, (B) MWNT control, (C) Saline with laser
irradiation, and (D) MWNT with laser irradiation. Scale bar is 10 pm.



Initial investigations show very low basal levels of HSP within the control (unheated)
tissue. In the heated groups, all HSP had higher expression (within the imaged area) compared
to control sections. Heated MWNT tissue showed higher HSP expression than heated saline

tissue. Figure 3.12 shows a higher magnified image of HSP90 in tumor tissue.

Figure 3.12. HSP90 staining of RENCA mouse tumors. (A) Growth control, (B) MWNT control, (C) Saline with

laser irradiation, and (D) MWNT with laser irradiation. Scale bar is 50 um.

3.3. Discussion and conclusions

Phantoms with MWNTs produced much higher temperatures compared to non-NT
phantoms. The largest temperature elevations in either phantom occurred at the top surface with
decreasing temperature elevations with increasing depth. Similar depth-dependent temperature
profiles have been shown in previous in vivo work with nanoshells [34]. Measured temperatures
showed a radial-dependence as well, higher temperatures present closer to the laser beam. These

findings are similar to results from preliminary in vivo work and may suggest that these
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phantoms may better replicate what happens in tissue heating. This temperature distribution was
more drastic in MWNT phantoms. A small temperature rise was seen in the non-NT phantoms,
however, this temperature rise was not sufficient to affect cell viability. This data showed that
the current laser treatment alone cannot kill cells. For identical heating conditions, the MWNT
samples produced a significantly greater amount of heat. Comparing the temperature rises
between non-NT and MWNT phantoms revealed a similar trend in that the highest temperature
elevations occur within the MWNT phantoms. This work also showed that the alginate itself is
not coupling to the NIR light but that it is the MWNTs that produced the high temperature rise.
The phantom data showed that the alginate itself is not toxic to prostate cancer cells. In
preliminary work, these cells remained viable for more than 2 days within the alginate scaffold.
Other work documented cells remaining viable and proliferating within sodium alginate
scaffolds for up to 10 weeks [157]. Unheated MWNT phantoms revealed that the MWNTs were
not toxic to the cells, as shown in previous research [55]. Under laser heating, the cells within
the non-NT phantoms underwent little thermal stress and showed no significant change in cell
viability. However, phantoms containing MWNTs exhibited an area of dead cells after heating,
centered around the laser beam and closer to the irradiated surface. This significant difference in
cell viability between lased phantoms with and without MWNTs illustrates the heat delivery
potential of MWNTs and their use as a more specific heat delivery vehicle to target tissue. With
optimized laser settings, their inclusion would increase tissue temperatures to lethal levels and
increase cell death within a target tissue, as shown in previous work [55]. These phantoms may
better replicate what occurs during tissue heating since these results are comparable to
preliminary in vivo studies where lasing resulted in tissue burn and subsequent tumor regression.
Initial in vivo data showed promise for HSP visualization within tissue. HSP intensities
were higher in both lased tumors when compared to unheated ones. This observation indicated
that certain areas of the lased tumor tissue experience sub-lethal thermal doses which up-
regulated HSP. Future work is required to image and compare HSP intensity at different
locations within the tumor and compare these values to MRTI temperature mapping data to
understand the correlation between temperature and HSP expression. Also, future work will
include consulting a pathologist to gain understanding on the H&E stained tissue structure and its

markers for tissue health and damage.
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Chapter 4: Hyperthermia treatment of PC3 cells using CNHs

Carbon nanohorns (CNHs) are receiving increased interest in the biomedical field. These
nanoparticles are entirely metal free (biocompatible), possess large surface areas, contain large
cavities (for drug or imaging agent inclusion), have unique spherical shape, and absorbs NIR
light to generate heat. These properties make them advantageous for enhancing thermal
therapies [48, 49].

The purpose of this chapter is to examine the thermal and biological effects of CNH
inclusion in monolayer cell cultures during NIR laser therapy. Specifically, this chapter
addresses the effects of CNHs on heat generation and cell viability. In this study, CNHs (0.1
mg/ml) were heated with PC3 cells to assess their thermal properties and implications for use
with thermal cancer therapies. Two thermal settings were used: (1) control (unheated) and (2)
lethal laser setting (3W, 5 min). There was a large difference in maximum temperature (31.4°C
for non-CNH and 60.5°C for CNH samples) and temperature elevation (7.5°C for non-CNH and
36.3°C for CNH samples). Cell viability remained high in all groups except the lethal laser
group with CNH inclusion (cell viability = 4.85%). These data showed that CNH were not
inherently toxic to the cells, but combined with NIR, can kill cancer cells.

Because of their large cavities, particles can be incorporated into their structure. Groups
have already begun inserting drugs, imaging agents, and other nanoparticles [105, 106, 113, 115,
116, 159-162]. Dr. Harry Dorn’s group has already inserted Gd;N@Cso inside CNHs and
collaborators at ORNL have imaged these particles. Being able to use this particle as both an
imaging and therapy agent is useful to image tumor areas, thermally eradicate the tissue, and
better monitor the target tissue. The results from this study show lethal combination of CNH and
laser light as being a viable option for enhancing the thermal deposition and specificity of

hyperthermia treatments for elimination of cancer or other unwanted tissue.

4.1. Experimental materials and methods

4.1.1. Nanohorn fabrication

Pristine single-walled carbon nanohorns (SWNHs) were provided by Oak Ridge National
Laboratories (ORNL). TEM was used to verify structure and inclusion of various particles

within the CNH. CNHs were functionalized using carboxyl groups to make them water-soluble.
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One approach took SWNHs and mixed them with KOH with mass ratio 1:40. This mixture was
placed in a stainless steel capsule and shaken vigorously for 3 h, 30 min, 10 min, respectively.
The final product was sonicated in pure water and dialyzed with tubing dialysis membrane
(MWCO: 50000) until the pH is 7.

An alternative approach took purified SWNHs (5 mg) and placed them in 5 ml of dry o-
dichlorobenzene and sonicated for 30 min to obtain a CNHs suspension solution. The latter
solution was heated at 85°C for 3 days. Each day 50 mg of peroxide was added to the solution.
After the reaction was completed, the suspension was cooled and poured into an Erlenmeyer
flask containing a tetrahydrofuran and sonicated for 15 min. This solution was then filtered
using a 0.45 pm pore size PTFE membrane. Functionalized SWNHs collected on the membrane,
placed in 10 ml of ethanol, sonicated for 20 min, and filtered again. During the filtration, a large
amount of ethanol was repeatedly used to completely wash off the unreacted peroxides and
reaction byproducts. Finally functionalized SWNHs were vacuum-dried at 70°C overnight.
Functionalized SWNHSs (1 mg) were poured into 2 ml of PBS solution containing 1% Pluronic F-
127 (PL-127) and sonicated for 30 min to obtain a 0.5 mg/ml homogenous solution. A final
solution concentration of 0.1 mg/ml CNH was used for all experiments. Heating of cells with
CNHs was done in PBS with 1% PL-127. Unheated controls were allowed to seed on slides for
24 hr and then incubated with functionalized CNHs (0.1 mg/ml) for 24 hours. To clarify, empty

nanohorns were used in these experiments.

4.1.2. Nanohorn structure and imaging
Imaging was performed by our collaborators at Oak Ridge National Laboratories

(ORNL) using a Hitachi HF-3300 TEM operated at 300 kV.

4.1.3. Temperature and heat generation

See Chapter 2 for procedure details. Lethal heating time was 5 min at 3W laser power.
4.1.4. Cell viability

See Chapter 2 for procedure details. Cell viability was carried out 24 hr post-seeding for
unheated CNH controls and 16 hr post-seeding for heated samples.
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4.2. [Experimental results

4.2.1. Nanohorn structure and imaging

Carbon nanohorns were verified as dahlia-like structures having an overall diameter of
between 80-100 nm. Dr. Harry Dorn’s group had inserted Gd;N@Csg trimetallic nitride template
endohedral metallofullerenes (TNT EMFs) into CNHs. Figure 4.1 shows various TEM images
of dahlia-like CNHs with the inclusion of Gd;N@Csy.

Figure 4.1. TEM images of GA3N@C80@SWNH taken by collaborators at ORNL. (A) Low magnification TEM
image showing the flower-like structure of the functionalized carbon SWNHs filled with GA3N@C80
metallofullerenes, 20 nm scale bar; (B) High magnification micrograph from the SWNH edge showing the carbon
nanohorn structure, as well as individual fullerene particles trapped inside cones, 5 nm scale bar; (C) STEM-
HAADF image from the edge of a functionalized SWNH containing Gd3N@C80. Bright dots are the individual
metal particles, 2 nm scale bar; (D) A bright field image from the same area showing SWNH caps of single
graphene sheets (see arrow), 2 nm scale bar.

4.2.2. Temperature and heat generation
CNH were laser-irradiated at a power of 3W for 5 min (lethal setting). Temperature
profiles were similar to MWNTs at this laser setting except maximum temperatures were slightly

lower. Maximum temperatures for non-CNH and CNH samples were 31.43°C and 60.53°C,
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respectively, with a standard deviation range between 0.72-1.16°C. Temperature profiles are

shown for non-CNH and 0.1mg/ml CNH samples in Figure 4.2.
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Figure 4.2. Temperature plots of lethal heating (3W, 5 min) of PBS with 1% PL-127 (A) without and (B) with 0.1

mg/ml CNHs. (TCO is 4 mm from laser center and TC1 is 7 mm from laser center).

Temperatures rose within the non-CNH and 0.1 mg/ml CNH samples by 7.5°C and

36.3°C, respectively. Standard deviations (o) ranged from 2.6-3.2°C. Figure 4.3 shows this

significant different in temperature elevation.
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Figure 4.3. Temperature elevation without and with CNHs at lethal laser level (3W, 5Smin). Concentration of CNH
was 0.1 mg/ml in PBS. N=3, 6 =2.6-3.2°C.
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4.2.3. Cell viability

Cell viability remained high and comparable within the control groups. Upon laser
application, samples not containing CNHs possessed a similar cell viability compared to
controls. The only significant difference was seen in the lethal heating of samples with CNH

inclusion. Figure 4.4 shows trypan blue staining of PC3 control and lethal heated cells.

Figure 4.4. Trypan Blue staining of PC3 cells: (A) unheated without CNH, (B) unheated with CNH, (C) lethal
heating without CNH, and (D) lethal heating with CNHs. Scale bar is 100 um.

Mean cell viability for unheated non-CNH samples was 99.28%, for unheated CNH
samples 99.35%, for lethally heated non-CNH samples was 98.39%, and for lethally heated CNH
samples 4.85% (see Figure 4.5). The standard deviations ranged from 0.49 - 3.64%.
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Figure 4.5. Cell viability of PC3 cells. Note the significant reduction in viable cells with lethal and CNHs. n=3, ¢
range: 0.49 - 3.64%.

4.3. Discussion and conclusions

Miyako et al. showed that CNHs have slight absorbance within the NIR wavelength
range. This absorbance is less than MWNT, but is substantial enough to produce heat if
illuminated by light of the correct wavelength range. This group has shown temperature
elevations in 0.3 mg/ml and 0.025 mg/ml CNH solutions upon 1064 nm laser irradiation of 1-5W
[48, 49]. With a concentration of 0.1 mg/ml CNH and laser power of 3W, similar temperature
rises occurred in CNH samples in my studies. There was a large difference in maximum
temperature (31.4°C for non-CNH and 60.5°C for CNH samples) and temperature elevation
(7.5°C for non-CNH and 36.3°C for CNH samples).

Cell viability remained high in all groups except the lethal laser group with CNHs (cell
viability = 4.85%). CNHs are more biocompatible because they are entirely metal free, unlike
NTs. High cell viability in unheated groups shows that CNH were not inherently toxic to the
cells. This data was further supported by research from other groups at the tissue and organism
level that showed little toxicity of CNHs to tissue [104, 163].

The dramatic difference in cell viability in the heated CNH samples demonstrated the
potential of CNH as a thermal enhancer to effectively kill cancer cells. Miyako et al. have
shown elimination of phages and microbes by coupling NIR laser light with CNH inclusion [48,

49]. Because of large cavities within the CNH, other particles can be inserted into their
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structure. Groups have already begun inserting drugs, imaging agents, and other nanoparticles
[105, 106, 113, 115, 116, 159-162]. Some groups have utilized the large surface area of CNHs
to attach antibodies specific to a virus or microbe of interest [48, 49]. This feature could be used
to target cancer cells or other cells of interest by attachment of specific antibodies. Being able to
use this particle as both an imaging and therapy agent is useful to image tumor areas, thermally
eradicate the tissue, and better monitor the target tissue. The lethal combination of CNHs and
NIR laser light shows these particles as a viable option for enhancing the thermal deposition and
specificity of hyperthermia treatments for elimination of cancer.

Integration of CNHs into laser hyperthermia treatment could lead to enhanced thermal
deposition and specificity to increase cancer cell injury and minimize healthy tissue injury.
These factors would blend well with treatments combating poorly defined tumors regions or
tumors within vital tissue. Enhancing thermal therapies and optimizing those therapies could

decrease recovery times and reduce the risk of tumor recurrence.
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Chapter 5: Future Prospects

5.1. Multi-walled nanotubes

5.1.1. Cell culture

Future work will include HSP staining of unresolved groups within the PC3 and RENCA
cell samples to increase sample size to at least 3 samples per group. Additional cell viability data
will be acquired to increase sample size within each lethal lased group. Cell internalization of
the MWNT must undergo further scrutiny, since this theory is very dependent on nanotube and
cell type. Staining of other subcellular components will enable researchers to mark the locations
of nanotubes to further solidify MWNT transport into cells. This step may also lead to further
understanding of the mechanisms behind the movement of MWNT into cells.

Varying laser power would be another direction to pursue. The gathered data would give
a better picture of which laser parameters are more critical to affect cells with and without

nanotubes from the various measures of temperature, cell viability, and HSP expression.

5.1.2. Phantoms and in vivo mouse tumor study

HSP staining will need to be conducted on unheated and heated phantoms with and
without MWNTs. HSP expression will be evaluated in lased mouse tumors containing MWNTs
to determine if phantoms provide a comparable model to tissue heating monitored by MRTI. To
better understand heating phenomena, thermal camera technology will be used to visualize radial
surface heating paired with thermocouples for depth measurements in each phantom. These
technologies will allow better simultaneous temperature measurements within the phantoms.
Further phantom studies would involve different “layers” (non-NT and MWNT) being
assembled, irradiated, and evaluated for temperature elevation, cell viability, and HSP
expression. This work would increase confidence of using MWNTs in embedded tumor therapy.

Future work is required to image and compare HSP intensities at different locations
within heated tumors. Optimization of the antibodies is needed to ensure HSP expression. Once
this protocol is optimized, HSP distribution can be compared with MRTI temperature mapping
data to better understand the correlation between temperature and HSP expression distribution.

Also, future work will include studying cell structure damage from H&E stained tumor tissue
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structure at various depths and radii away from the laser beam and correlating that tissue damage

evidence with HSP and temperature data.

5.2. Nanohorns

Using various laser powers and heating times would provide a better picture of the
thermal properties of CNHs. CNH internalization studies should be conducted to see if these
nanoparticles pass through cell membranes with more efficiency than cylindrical nanotubes.
Also, defining the intracellular locations that CNH congregate would help shed light on the

mechanisms of intercellular transport.
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