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ABSTRACT

EXPLORATORY STUDY OF GOLD NANOSHELL AS A THERAPEUTIC
THERMAL ABLATION AGENT FOR CANCER TREATMENT
USING LABORATORY AND ANIMAL

TISSUE PHANTOMS

Yajuvendra Rathore, M.S.

The University of Texas at Arlington, 2009

Supervising Professor: Dr. Hanli Liu

Prostate cancer is the most common male cancer in the Unégtxh Sind the
second leading cause of male death from cancer. Surgical remotred pfostate is
associated with high risks of surgical complications and consequews®s as
incontinence and sexual dysfunction. In my study, | have invedligateanopatrticle-
assisted photothermal therapeutic method that may be usecdtmént of prostate
cancer in the future. This method is minimally-invasive and usesrgoid-shells as

hyperthermia agents to treat localized necrosis of cancer s. cell



| have conducted a feasibility study for a new class of NIRrdlbsg nanoparticles
called Gold Nanoshells for interstitial laser-induced thermabfhe These are optically
tunable nanoparticles, consisting of a dielectric core (silioajed with an ultrathin
metallic layer (gold). These metal coated nanoshells wetzedtito convert the
absorbed near-infrared light to heat with more efficacy dabilgy. Extensive study
was performed on tissue simulating phantoms in order to examintert@erature
profiles. With different concentrations of gold nanoshells, tempergitoles as a
function of distance (mm) from the spot of illumination were deitegoch The phantom
study was also aimed to determine the optimal power, concentitigold nanoshells,
and heat spread over vicinity. The results of phantom study tvemneutsed to carry out
animal tissue study, where direct injections of gold nanoshgllesgns into chicken
tissue were performed and rapid heating of gold nanoshell embedded tigsue
exposure to the near infrared light was measured. This precedlr provide the

relationship among nanoshell dosages, light intensity, and durdtitinnoination for

tissue damage. The success of this project will be helpfukptoeng new treatment
techniques (i.e., hyperthermia) for prostate cancer, thus improvirguéey of life for

prostate cancer patients. Furthermore, this technology can alguplealble to other

types of solid tumors/cancers for improved therapeutic outcome.
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CHAPTER 1
INTRODUCTION

1.1 Prostate
A normal-sized prostate is a small walnut sized exocrinadgtz the male
reproductive system. It is located between the bladder and the patesior to the
rectum, and above the sphincter & the penis. Prostate gland iniméar 8 breast in
woman, is to store and produce seminal fluid. It is muscular and ghainduth ducts
are lined by transitional epithelium [1, 2]. This ducts open intgtbstatic portion of
the urethra which runs through the center of the prostate, frobiatider to the penis,

and allow urine to flow out of the body [3].
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Figure 1.1 Male Reproductive Tract [4].



As part of the male reproductive system, the primary functioneptostate is
to secrete a slightly alkaline fluid which constitutes about 28-80the seminal fluid.
During ejaculation, alkaline fluid activates the sperms and sqaesto the urethra, by
prostate. It is then expelled with sperm as semen. The acidityeofaginal tract is
neutralized by alkaline liquid which helps to prolong the lifespathefsperm. The
urethra passes through the center of the prostate and mergdékendjaculatory ducts
(the male urethra has two functions). The gland is enclosed on the fp@dr muscles
which contract during ejaculation. It consists of three lobesntecbe with one lobe
on each side. It can be divided into four distinct zones, characteboygediffering
embryological origin, location and pathologies [4, 5, 7].

Peripheral Zone: This zone is the sub-capsular portion of the gragtatd which
surrounds the urethra. In this zone, glands are normally snthBiarple but the main
site of origin for prostate cancer is about 70%.

Central Zone (CZ): Central zone surrounds the ejaculatory ductscamstitutes
approximately about 25% of the prostate cancer origin.

Transition Zone (TZ): This zone region surrounds the proximal urethch also
responsible for benign prostatic hypertrophy. However, this zone achyuats 5%
chance for the origin of cancer. Also, this is the region of thetgieogland which
grows throughout life.

Anterior fibro-muscular Zone: This zone is only consists of musatek the fibrous

tissue with very few glandular components.



1.1.1 Growth of a prostate

At birth, the size of prostate gland is very small and remsamse throughout
early childhood. During puberty, stages marked by body in addition to hormone
changes, the growth of the prostate occurs due to induced testostaronés the male
sex hormone. However, the prostate continues to grow due to thgesnéats of
glands as well as due to the muscle present within the prosiégeefargement of the
prostate gland with age is called Benign Prostatic Hypertr@@Bid). Furthermore, the
BPH is not related with cancer, but it is a problem which reqtrieagment. In general,
the prostate cancer occurs in older men and nearly 60% of the male population.

1.1.2 Prostate cancer

Prostate cancer is one of the most common types of cancer inPnuetate
cancer is a type of cancer which grows in prostate gland iesntl@it produces seminal
fluid. It involves in the growth of abnormal cells usually in the gegral zone, and
particularly close to the outer surface of the prostate. Iyitipfostate tumors do not
show urinary symptoms because it does not put pressure on the uretbuallit grows
slowly and initially spread to the interior of the gland, whichynmat be serious.
However, there are some types of prostate cancer which aessigg and can spread
quickly. At early stage, in which it grows slowly may requirmimal or no treatment
and have a better chance of successful treatment. Various symptonmenadersgg this
stage: pain, difficulty in urinating, problems during sexual interequesd erectile
dysfunction. It is grouped on the basis of tumor size, spreading, dedediftumor

cells. This is known as staging, it may help the doctor to deterwhich treatment is
3



suitable. Prostate cancer may spread to tissues near thegramstats well as to distant
parts of the body. Prostate cancers which are limited to #ed ghre often treated
successfully [6].
1.2 Prostate cancer diagnosis

For prostate cancer detection, doctors follow up an elevated PoAtqR
Specific Antigen) or positive DRE (Digital Rectal Examinatiovijh more definitive
testing. Some physicians employ Trans-rectal ultrasound (TRAI#h uses a rectal
probe that creates a video image of the prostate using harmoless waves collected
by a computer. TRUS helps the physician decide if a biopsyadede If biopsy is
needed, the doctor will take tiny prostate tissue samples wstimadl-gauge needle,
injected typically through the rectum. A pathologist then examimesamples under a
microscope after the prostate samples are collected. Oncerca diagnosed, other
tests such as computerized tomography, lymph-node biopsies, and boneascdas

used to determine if tumors have spread beyond the prostate [6].



1.3 Treatment Modalities
Various treatment techniques have been employed to treat prostaer after
examination of elevated prostate specific antigen or positiveadrgittal examination.
At present, most widely used treatment techniques involves prastatgcradiation

therapy, chemotherapy, cryotherapy, and hormone therapy (figure 1.2).

Treatment Modalities
Prostatectomy Cryotherapy Radiation  Chemotherapy Hormone Brachytherapy
therapy therapy
Laparoscopic Robotic Electron beam Intensity 3-D conformal  Anti LHRH LHRH  Orchiectomy
prostatectomy  prostatectomy radiation Modulated radiation  androgens antagomist (luteinizing
therapy radiation therapy (Plenaxis) hormone-
(EBRT) (IMRT) (3D-CRT) releasing
hormone)
analogs

Figure 1.2 Classification of treatment modalities for prostate carezgment.

In Prostatectomy, treatment can be carried out by a singlanar by a series
of small incisions to the lower abdomen or perineum. This technique is one of thie olde
prostate cancer treatment techniques. However, it is employedively by which
prostate and seminal vesicles are removed to prevent cancdrirgmeens are placed
on the abdomens to permit the instruments and the video camera thrpagb. This
procedure employs video camera to help surgeon to observe the sBrgstgtectomy

technique can be classified as: laparoscopic prostatectomy and notostiatectomy.



Both are the two latest surgical techniques for prostateecareatment which can be
performed using one of the two ways: extraperitoneal and tratmspal. A thin
membrane which lines the abdominal cavity and envelops most of the alatlongians
is peritoneum. In extraperitoneal prostatectomy, it is requiredttthoough peritoneum
membrane, whereas it is not required in the transperitoneal paistaly. Also, in
some cases longer recovery times and more complications tientgaare observed,
undergone the transperitoneal prostatectomy. The major drawbacks&atessedth
prostatectomy are surgical risks as it is performed invasiaelyg deep venous
thrombosis, which arises after blood travels very slowly thrabhghveins in the legs
and starts to clot. However, there are risks for pulmonary emmoheart attack, or
stroke cause due to lodging of clot, which breaks off and travels thtbaegbody, in
the lungs, heart, or brain. In addition, there is a risk of infeetssociated with patient
at the location of the incision or at the exit of the cathigten the penis. The most
frequently observed side effects after radical prostatectamgy impotence and

incontinence [8].

Cryotherapy, also known as cryosurgery and cryoablation is one ofetlie
prostate cancer treatment techniques. In cryotherapy, the mais # destroy prostate
cancer by freezing or using thaw cycles. It is also invasiugery in which after
receiving anesthesia, the physician introduces needles intodbk&ter gland through
the perineum, the area between the scrotum and anus. These needtategvery cold

temperatures and help to destroy the entire prostate, togatheramcerous tissue. In

6



some cases it is useful to employ freezing temperatutiesr rthan stronger doses of
radiation therapy for prostate cancer treatment. Howeveg #rersome disadvantages
associated with this technique like it lacks long term surgitadies, risk of impotency,
and risk of side effects which include moderate pelvic pain, bloodeirutime, mild

urinary urgency, scrotal swelling [8].

Radiation therapy is the most common technique used for prostaterca
treatment. It oldest type is electron beam, whereas intensitlated, 3D-CRT, and
proton beam therapy come under newer versions. In principle, thisgaehemploys
high-energy rays to kill cancer cells, which are limitathim prostate gland. However,
in cancers which are limited to prostate gland, results aré siatlar to those patients
for getting prostatectomy. Radiation therapy is categorinéa two groups: external
beam radiation and internal beam radiation (brachytherapy). Timegoal of treatment
is to damage the DNA of cells using high energy radiation, wbarhdestroy cancer
cells. An appropriate amount and aimed energy will be required f&rudgon of
cancer cells, since cancerous tissue divide more rapidly congphsalthy tissue. The
most commonly used radiation therapies are the conventional elbéetaom radiation
therapy (EBRT), 3D-conformal radiation therapy and intensity meetlilaadiation
(IMRT). All the three types of radiation therapy employ saypme of particle called
photons, which have no electric charge and no rest mass. Furthermeoeearte some
disadvantages associated with radiation therapy which cawssesoripatient health.

These risks occur due to variety of side effects, since lyestue are often destroyed



together with the targeted cancer cells. These risks involdedrgoroblem, urinary
incontinence, impotence, tiredness, lymphedema, skin reactions indtraetas,
diarrhea, and rectal irritation and bleeding. There may be riskrofgpent side effects

like bowel function may not be normal even after treatment [8].

Chemotherapy is performed using different drugs in order to t@aterous
cells. This therapy is not mainly use for cancer which istdichito prostate, but it
usually employed for cancer extended outside of the prostate dfaadalso used in
combination with other therapies with the aim of treating cancecels. It aid in
reducing pain and tumor growth and therefore, it is usually usevagysaherapy. On
the other hand, drugs employed in chemotherapy are toxic and systérase drugs
destroy cells in such a way that upon division the cell dies andsthvalty they are
toxic. While, this therapy has systemic affects as it teattlelough the blood stream
affecting other cells of the body. Furthermore, it is not foctisexhy particular area of
the body and lacks localized treatment alternative. Therefote vdalch divide rapidly
which include follicles, skin, gastrointestinal tract, and bone amarare mostly
affected. Benefits of chemotherapy for early prostate cariceatment are

overshadowed by the side effects of chemotherapy drugs [8].

This therapy targets systemic ablation of the male hormonesh vialps to
prevent the growth of prostate cancer. This therapy is also knowmdrsgan
deprivation ablation therapy. The main aim is to decrease theds|lef androgens,

hormones in the male body. Testosterone and dihydrotestosterotige amgo main
8



androgens in the male body. These hormones are mainly seiereatedtesticles and
helps in prostate cancer cells growth. Decreasing androgets lesually helps to
shrink prostate cancer and also prevents prostate cancer grovitie Gther hand, this
therapy does not cure prostate cancer patient from cancee dteemany side effects
associated with hormone therapy which includes impotency, hot flasste®porosis,
anemia, breast tenderness and growth of breast tissue, deareagatiacuity, weight
gain, fatigue, increased cholesterol, depression [9].

One more type of radiation therapy used for prostate camagmient known as
Brachytherapy. This therapy is also called as interstdidiation therapy, seed therapy.
In this therapy, high and concentrated doses of radiation are emptrytbe treatment.
Side effects associated with Brachytherapy include fgeliof urgency, frequent
urination, and also with slower and weaker urinary streams. Sgieaéffects are also

common [9].



1.4 Motivation for research

In medical field, application of locally induced hyperthermia pdove be
promising as a treatment tool for different cancers. In nies$hodology, irreversible
tissue damage, which is due to loosening of cell membranes and denattens, is
caused by means of heat [10]. Hyperthermia induced cancer e¢rgathmough heat
sources like focused ultrasound waves, radio waves and near infraRedigBirs has
been investigated in animal models for past few years [11, 12priunately, these
simple heating techniques have some limitations due to complexigomtrolling
delivering heat dosage and restricting the effects to the tuloissleads to ablation of
healthy tissue too, which destroys healthy tissue along witkkecaus tissue in the
process of treatment. However, these limitations are overcgnibhebapplication of
laser light through thin optical fibers. Laser energy in mases delivered interstitially
to tumors through fibers into the center of the tumor area [13]nidjer disadvantage
using laser is very high laser power output is required to effectivelyciaaerous part.
In alternative techniques, which employ photosensitizing drugs and photothgemtd a
to absorb light, demonstrate effective way to lower down the hilgiser power for
tissue ablation. Due to drawbacks associated with drugs as] dfich are toxic in
nature and are not biocompatible, limits the application of these techniques [12].

As currently available treatment modalities have drawbacks, hergrowing
demand to develop a safe, cost and time effective treatment techrigthee past few
years, near infrared (NIR) light has been employed both in igagnd treatment

technique for prostate cancer. Light incident on tissue undergokgple scattering
10



and absorption. Figure 1.3 shows the absorption spectra of various pharemin the
tissue in NIR wavelength range (700-900 nm). NIR photons are ablsledsby the
tissue chromophores as compared to visible photons [14], which in turns resul
greater penetration in tissue by the NIR photons. Therefore, ggytration through
tissue is optimal in the NIR ‘tissue window’. Recently, laaetivated gold nanoshell
thermal ablation technique for cancer treatment has been stydvedidus groups [12-
15]. In this technique, optically tunable nanoparticles consist of amaged with an
ultra thin gold layer acts as a photo-sensitizer and helps in tlagokeat in the
targeted tissue to cause photothermal reactions [11,12]. However, detailedfstady
spread as a function of excitation energy requires further ige#istn. | proposed a
novel approach of administrating gold nanoshell to the tumor siteoe#h injection.
Successful implementation of this approach could reduce patient dosageoshells
and minimize healthy tissue damage significantly, as compar#dtetearlier approach

of intravenous injection and simple heat source.

7 | — Hb
3 = HbO
8 Water
= 5.5 -
O
S 4
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=
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Figure 1.3 Absorption characteristics of tissue chromophores in the neegdnfra
wavelength region.
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CHAPTER 2
GOLDNANOSHELL AND ITS APPLICATION
2.1 Introduction

In recent years, new medical technologies employ gold as @aowdwm fighting
cancer. Emerging nanotechnology has offered development of a rems of
nanoparticles called Gold nanoshells. In improving biomedical solutions, unéguely
designed gold nanoshells played a key role because of their peepentd
characteristics which involves nanoscale size, optical tunalahiy,chemical stability.
Nanoshells are being examined and are appears to be promisimdoibmhaging and
treatment of cancer. Nanoshells can be administered to targeteer cells and their
properties can be altered for particular application. In additiod, lggihg a noble metal
makes these nanoshells biocompatible and because of this propertyetHegrative
for biomedical applications [16, 17].

2.1.1 Why Gold nanoshells?

In many cancers, tumor margins which are well charaetrizom normal
tissues are treated or removed using conventional surgical techmuever, surgical
removal is not possible in some cases which demands for alteesttaent technique.
Also, in many cases conventional techniques may cause side effeséis of

complications and longer recovery periods hence greatly affectenpatilife.

12



Therefore, | have employed this innovative nanotechnology in order to
overcome these treatment complications and risks. Gold nanoshefishave class of
nanoparticles that consists of a dielectric core and coatadhig layer of gold. These
nanoshells are sensitive to particular wavelength of light andecheating effect
sufficient to destroy cancerous cells. This property of gold nanedkdllus to employ
gold nanoshells to cause thermal ablation of tumor [18].

2.2 Optical properties of Gold nanoshells

Gold nanoshells are the new types of gold particles consistiflectric core
(silica) covered with a thin layer of gold (shell). Thessashells offer strong optical
absorption of light due to the presence of metal layer, which is kiaswa shell. The
reason behind coating of core with metallic layer comes filoenfact that metallic
coating permits strong interaction with electromagnetic walgson exposure to
electromagnetic waves, like light, these gold nanoshells deratmst strong interaction
phenomenon known as surface plasmon resonance. As a result of surfamenpla
resonance, there are oscillations in surface electrons of thehetlaosaused due to
excitation by the energy absorbed from light. Using this phenomenon, nisasinebe
designed for particular application with the intention that theifasarplasmon will
resonate at a certain frequency of light. This phenomenon is an tid treatment of
cancer as oscillations of surface plasmon efficiently convigtis ¢nergy into heat [16,
20].

In response to light, the optical absorption mainly depends on theeedate of

the nanoshells core and the thickness of the shell. Thereforkkebyaathe relative core
13



and shell thickness the optical response can be varied acrads eange of the optical
spectrum which includes both the visible and NIR band. In addition, other fde
large cross-section, spectral tunability, absorption/scatteringability ratio,
electromagnetic near-field enhancement permit gold nanoshellfetouséful role as a
thermal treatment agent [20]. In cancer treatment applicaticement through light
absorption property of gold nanoshells requires higher absorption crossrseih
lesser scattering. In several cancer cases, tumor margick are well characterized
from normal tissues can be treated or removed using conventionatasusgihnique.
However, conventional techniques may cause side effects, risks glications and
longer recovery periods hence greatly affect patient’s life. Hsnicgical removal is not

possible in every case which demands for alternate technique for treatnsent. Al

Shell

Figure 2.1 Structure of gold nanoshell [16].
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2.3 Applications of Gold nanoshell in biomedical field

In the field of nanotechnology for complicated biomedical prahlegold
nanoshells provide safe and unique solutions. Apart from their nanostrutiese,
nanoshells incorporate many features which are potentially ashebexceptional for a
single particle. The features of gold nanoshells that offeletyapf application in
biomedical field are biocompatibility, chemical functionality, andiegbttunability in
the near infraredThe two main applications which are possible are diagnostic and
therapeutic biomedical applications. In diagnostic solutions, a sigmifitinction of
nanoshells is to act as near infrared resonant that rendersabenoptically detectable
in whole blood. While in therapeutic solutions, these highly near infrabsorbing
nanoshells can be employed as a heating tool to kill canceanusNear infrared light
is employed for the excitation of nanoshells in order to aid photo#tetestruction of
cancerous growths in vitro as well as in vivo. Moreover, nanostailde specifically
accumulated to certain tumor sites because of their nanos&ru@tue reason behind
using gold for outer shell is that as an inert metal it offar®us advantages over other
nanoparticles. It provides numerous advantages which include biocompatibilit
noncytotoxicity, and also it helps in conjugation to monoclonal antibodiesoanttier
biomolecules for both active tumor targeting and biosensing apphsatHowever,

tunability may be the most novel and versatile feature of gold nanoshells [20].
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2.3.1 Diagnostic applications of gold nanoshells

Cancer diagnosis is one of the most imperative and challermgesy in the
biomedical research. There are numerous techniques availalgdanfmer imaging and
out of which some have great potential in diagnosis. However, ouesé tlechniques
some suffer inaccuracy and cause complications, risks and Hetdse With the
emergence of nanotechnology, it is possible to diagnose diffeaanéis with greater
accuracy and less risks or side effects. Application of nadsstsehn imaging tool for
cancer provides variety of advantages over other methods. But, thé ppijperties of
gold nanoshells make them superior for imaging and upon accumulation these
properties becomes further sensitive. As nanoshells accunthlatabsorption and the
absorption spectra shifts at the original peak are reduced. Asuli the scattering

properties of nanoshells make them valuable for imaging purpose [21].

& &
nd
o-0-% - W
@ &

Gold Larger cross-section
Nansohell Provide Targeted tumor Targeted tumor
high optical scattering with can be imaged
gold nanoshells

Figure 2.2 Application of Gold nanoshells in imaging cancer [23]
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In cancer imaging, near infrared light are used to illunsirencer targeted
nanoshells which scatters back some amount of light from the {fsgue 2.2). There
are a number of techniques available to detect and capture d¢stdred light using
camera and photo detectors. For results, amount of detected backddagterhelps to
construct an image for further analysis.

2.3.2 Therapeutic applications of gold nanoshells

In this modern era, the remarkable growth in the field of rdmati®gy has
offered a range of nanostructures with unique properties vanekaluable to biology
and biomedical applications [23]. However, among all the applicationsmibet
fascinating and promising is the treatment of various caneeng thermal therapy.
Furthermore, various destruction techniques for solid tumors usingthgpaia have
been under research and in the past studies for thermal therape®usifmeat sources
have been employed which include laser light, focused ultrasound, armuvanes.
Thermal therapeutics is advantageous over conventional because obusimearsons
which include that they are minimally or non-invasive, relativedgy to perform, and
tumors embedded within or located near vital tissue regions cé&iedied with more
accuracy and ease where surgical resection may not be possibbme situation, it is
possible to perform surgical resection of solid tumors, which invokm®val of well-
defined, accessible, and for tumors not embedded within or located redatisgitie
regions. But, due to the risks of high morbidity, invasive nature agedanith surgical
resection of small tumors embedded within or located near tigkales, makes this

therapy inappropriate for treatment. As an alternative to conventimeatment
17



therapies and surgical treatment for solid tumors, thermal @bltterapies can offer a

minimally invasive way of destroying tumors by the application of heat.

O
4
0-0-% - W
® o

i Gold Larger cross-section
Nansohell Provide Targeted tumor Targeted
high optical absorption with tumor can be
gold nanoshells treated

thermally
Figure 2.3 Application of Gold nanoshells in cancer treatment [24]

Also, these therapies are performed with ease and offer beti@very time
with low risks. On the other hand, heat energy source to treagstrogl underlying
tumors are required to adequately penetrate healthy tissulesutviharming them.
However, conventional heating techniques are not completely succesdfukrader
difficulty in discriminating tumors from surrounding healthy tiss. Conventional
heating techniques often heat intervening tissue between the hsatinge and the
tumor, hence adding risk to patient’s life [12]. In human body, thencbphores that
amount for major absorption of light are water, oxygenated & deoxiggna

hemoglobin. However, human body only permits certain wavelengthghoftd travel
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through the body and these wavelengths fall outside the visible lgpej@4, 25]. In
electromagnetic spectrum, near infrared region offer tisgurglow, that permits
optimal penetration of light through biological tissues. Therefaepgenetrating NIR
light is useful for treatment of tumor via hyperthermia. Hypemnia is described as
heating tissue by elevating temperature in the range of 41-47°€ofoe minutes,
while the spread of heat is based on wavelength of light, tissue ctioypasid blood
perfusion [26].

Effective hyperthermia is difficult to achieve by solelygda application and
many contrast agents (such as indocyanine green) have been usedctome this
drawback. However, successes with current agents and systemst gn@mising to
effectively treat cancer. Therefore, | have implemented a teehnique, interstitial
laser induced hyperthermia (ILIH), mediated by a new claisNIR absorbing

nanoparticles known as gold nanoshells [22].
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CHAPTER 3
METHODS AND MATERIALS
3.1 Instrumentation

I have employed an integrated Fiber Array Pack, FAP-I system (CohBearta
Clara, CA, USA), which is a turn-key, fiber-delivered las@&dedi bar system as shown
in figure 3.1, and is capable for many applications including medical therapeutics.
3.1.1 Laser diode FAP system

This Laser diode system is composed of a single enclosure wnticides an
integrated fiber array packaged (FAP-I) laser diode bar mowmtexh air-cooled heat
sink with all necessary drive and control electronics. This FARiudes integrated
thermoelectric coolers in a sealed package, with control oser thode temperature,
as well as current and pulsed or continuous wave (CW) diode operatioiAHze
System is capable of delivering up to 30W of optical radiation/diagté Into an
armored 800um core fiber. Optical radiation is delivered via a franel mounted
SMA 905 connector, which connects factory supplied armored 800 microntdrame
transport fiber. The transport fiber is 5 meters long and sheathadstainless steel
jacket which makes it easy to use and handle for new applicalibase advantages

make FAP-system flexible and an easy to wuse interface [27].
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The FAP-system is rack mountable, plugs into a standard wall tscaohe
requires no water cooling, while it can be controlled either byfribve panel user
interface or by a computer-controlled RS-232 interface. Thitesy®ffers a user-
replaceable FAP-1 diode module, which can also be replaced witkredit
wavelengths allowing complete flexibility for the user. Also,h#s imaging and
collimating modules which offer different spot sizes and focaiadies for various
medical or pumping applications. However, a proprietary aiming modaie be
integrated with any of the imaging modules, to show the path and &ddhe laser

beam.

Figure 3.1 Laser diode FAP system and Optical transport fiber [27].
3.1.2 FAP
The heart of the FAP-system is the fiber array package @AMiich consists
of a laser diode bar with collection and symmetrizing optics mdumigh an
environmentally sealed package. The FAP-B efficiently convedasctrrent supplied
by the FAP-system electronics into a circularly — symimetnulti-mode laser beam.

The FAP-B is designed to operate under continuous wave (CW) or pulsedirape
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conditions at high, multi-watt output power for thousands of hours. Howevesufor
application the system was operated in continuous wave (CW) modewAdrlve
currents, the laser diode bar will have insufficient gain to les¢his system, some
light, originating from spontaneous emission, will be visible emer@iom the distal
end of the optical transport fiber. As the drive current incredsedaser diode bar
reach threshold, where it will have sufficient gain to lase. Thiedwrrent is called
threshold current. Furthermore, increase in current will calisea increase in output
optical power up to the specified operating power [27].
3.1.3 Optical transport fiber

The FAP-I output laser beam is fiber delivered with a multi-msawgle core
optical transport. Within the FAP-system enclosure is a short juriiiper which
transports the laser radiation from the FAP-I output to the fronelp@t the front
panel, the output from this short jumper is butted against the armored|dnsport
fiber as shown in figure 3.1. The transport fiber has an 800um diafmetst silica
core with a glass cladding. All optical interfaces are aitection coated to minimize
loss and optical feedback to the laser diode [27].
3.1.3.1 Beam laser fiber

A 600 micron bare fiber (Laser peripherals LLC) with a polisHattip was
used along with previously described optical transport fiber. This tlaasmits the
laser energy in a forward direction and was coupled with armored optical triafiisgor
using a small connector as shown in figure (3.2). The fiber is 3.5srleteg and is

terminated with an SMA-905 connector.
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Figure 3.2 Beam laser fiber.

3.1.4 Power meter

The laser power meter model used for power measurement was &xlND
(Coherent, Santa Clara, CA, USA). This power meter functions vtioad range of
thermopile and optical sensors, but in this study | have used thermepser sfor
measurement as shown in figure 3.3. Together, this sensor enaliddaikie TO to
measure NIR laser output from the nanowatt to the kilowatt ramgkio work with

CW and pulsed lasers.

| Meter ] I Sensor I

Figure 3.3 FieldMaxlI-TO laser power meter and thermopile sensor.
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3.1.5 Thermometer and thermocouple needle

A handheld thermometer (Omega Technologies, Stamford, Connectmug) a
with a thermocouple needle were used to measure temperatwee (Bgd). The
thermometer used accepts different types of thermocouple whictdénk, J, E, T, S
type thermocouple. However, we have used T type thermocoupleiseecd its
sensitivity and wide range for temperature measurement. A hypaderobe was used
which comes with a type T (Copper-Constantan) element, 1.2 m (4') PFA-iddelade
wires, and uses a standard (21 gage) hypodermic needle 38 mm (1.5".fbng(4")

lead wire is a standard. Standard size male connector terminatesitirdéréea

Figure 3.4 Thermometer and hypodermic thermocouple needle.
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3.1.6 Data logger

The Hydra Series Il (figure 3.5) is a 21-channel data loggingument that
measures and records temperature via thermocouples (T-typejtigle measurement
locations. Also, thermocouple reference junction compensation is aidaltyat
performed by sensing the temperature of the input module's isathielook. An RS-
232 serial interface makes it easy to connect the Hydra Bejuisition Unit to a PC
for real-time data acquisition. This Fluke hydra data loggertaes removable memory
data storage, internal memory storage, and direct real-tiraetrdatsfer options. Also,
the removable Universal Input Module enables fast, convenient set-up and
reconfiguration. This module also has the ability to quickly connect aubrthect a

Hydra to these various sites while leaving all sensors wiring intact.

L R | f

-

Figure 3.5 Hydra series Il data logger [28]
3.1.7 Thermocouple wire
High quality type “T” thermocouple wire with Neoflon PFA insulatiand
improved wire accuracy was used for temperature measuremfentmeasuring end
was soldered and the other end was connected to Universal input module for

temperature measurements.
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3.2 Experimental Setup for Phantom study

3.2.1 Tissue simulating phantom

| have developed tissue simulating phantoms for different Gold nahbsiseld
heat source geometries. The main materials which were upeelp@re these phantoms
are Gelatin powder (Sigma, St. Louis, Missouri, USA), intralipidx(Ba Deerfield,
lllinois, USA), and water. | have used intralipid 20% which is alstaron-pyrogenic
fat emulsion prepared for intravenous administration as a sourcelafesaand
essential fatty acids. It is made up of 20% soybean oil, 1.2% eggplasspholipids,
2.25% glycerin and water for injection. In addition to this, sodium hydeos added
to adjust the pH so that the final pH of the product is 8[35]. The ohakVi
concentrations of these two materials (Gelatin powder and inthafigsults in different
optical properties and hardness. However, | have used the same ahoirdlipid
and gelatin concentration for the two types of phantom geometries. [29, 30]
3.2.2 Gold nanoshell based heat source geometries

In the modeling experiment, phantoms were designed and built to rexane

temperature profile for different heat source geometries.

Temperature Profile B
- TTemperature

Distance

Figure 3.6 Schematic of temperature profile as a function of distance.
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These phantoms were built to model and mimic gold nanoshells embedded
tissue, by utilizing gold as a heat source in different phantom gfeies1 Along with
the temperature profiles, this study also helped to determineptireal relationship
between the powers, concentration of gold nanoshell. These modeled gold hanoshe
based heat source geometries are point heat source and single layered ¢teat sour
3.2.2.1 Point heat source
This phantom geometry was aimed to mimic localized injectionotf ganoshells at
the tumor site as shown in figure 3.7. Therefore, a simple t@sudating phantom
geometry was built in a rectangular shaped plastic containt® e x 5 cm x 5 cm
(length x breadth x height). For gelatin-intralipid layer, 30 grafngelatin powder
(Sigma, St. Louis, Missouri, USA) made from porcine skin were agddedt00 ml of
boiling water and by stirring the warm solution was dissolved cdsipleOnce the
solution was cool down to 50 ° C, a solution of the 1% intralipid &lid 2.4 grams of
paraformaldehyde was added to the prepared gelatin solution. Equal sqR0Odenl)
of the prepared gelatin solution and a solution of intralipid with parefloiehyde were
added, followed by stirring to dissolve it completely. This homogesougion was
then poured into the rectangular shaped plastic container and allowbd formation
of gel [29, 30].

Paraformaldehyde aids in increasing the melting temperatuhe phantom by
increasing the cross-linking of the fibers [32]. An array of calnshape cavities with a
diameter of 3 mm was created using pipette tips on the top ajetlaén-intralipid

phantom (figure 3.7). This was done before the formation of ggdlduyng pipette tips
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such that they were immersed ~4-5mm from the top surface of phaotameate
cavities. The reason behind creating multiple cavities wasettormm experiments
multiple times for consistency. Before performing experiment,dineeloped empty
cavities were then filled with 50ul of gold nanoshells solution.

Thermocouple

Needle
5 mm
Optical | Amm
Laser: ' Jmm
; 808nm
Point Heat Source Photon
. . cloud 1 mm
Cross Sectional View o l»
Conical Shape
. Cf’:wity with
Air | Diameter 3 mm II "I ]
P Cavity filled
w with Au-
Nanoshells

Gelatin-Intralipid . o
Phantom Gelatin-Intralipid Phantom

Figure 3.7 Cross sectional view of Gelatin-Intralipid phantom for point heat
source geometry.

In point heat source experimental setup, the developed point heat source
phantom geometry was used to perform experiments. As shown in 3igura conical
shaped cavity is filled with a 50ul solution of gold nanoshells andpaical fiber
(Laser peripherals LLC) is placed at a depth of ~1.5mm fromtdpesurface. A
hypodermic thermocouple needle is inserted at 1, 3, 4 and 5mm distancehe
optical fiber in order to measure temperature. However, it ficulifto place or insert
the needle at a distance of 2 mm i.e. at the periphery of theat@awvity. Therefore,

temperature measurement was not performed at a distance ofr@mnthe fiber or
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from the site of illumination. As shown in figure 3.8, stand and holdeused to hold

both the thermocouple needle and an optical fiber at a fixed position.

Stand and
Holder

Coumect S000mA
Ltseomzze T

OO0 000 Laser Fiber

:

Thermocouple
Needle

\L Phantom
Thermometer

Figure 3.8 Schematic of setup for point heat source phantom geometry.

Optical fiber

Thermocouple Needle

Figure 3.9 Actual setup in point heat source geometry.
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One end of the optical fiber is inserted at a depth of ~1.5mm intcatigy
while the other end is connected to the front panel of the FAP dasde system
(Coherent, Santa Clara, CA, USA) using a SMA connector. In€i@®, an actual
setup is shown for point heat source geometry as described above.

Table 3.1 Experimental protocol employed on point heat source setup.

Exposure Power Power Concentration of Gold Distance
Time density nanoshells in particles/ml
1 min 1W 7.96 W/em? 0.8¢9 1.6e10 2.4e10 1,34,5mm
1 min L5SW 11.94 W/em? 0.8¢9 1.6e10 2.4¢10 1,3.4,5mm
1 min W 15.92 W/em? 0.8¢9 1.6e10 2.4e10 1,3,4,5mm

Table 3.1 summarizes the experimental protocol employed on pointdueet s
geometry setup. The experiments were performed with 3 diffp@ver setting 1, 1.5,
2 W, while the calculated equivalent power densities are 7.96, 11.94, 15.9% W/cm
respectively. The conical cavities were filled with 50ul of go&hoshells and the
concentrations of gold nanoshells used were 0.8e9, 1.6e10, and 2.4e10 particles/ml. |
addition, water was also used in one set of experiments to mxdhe difference in
heating effect both from gold nanoshell and water. As shown in Tabld8.@xposure
time for all combination of experiments was 1min.

At the beginning of each simulation, finite humbers of photons are ladinche
into the tissue with a predefined direction and position. Thereafter, phaftardefined

light wavelength are propagated through the predefined tissue volwneeyg that
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has been assigned appropriate optical properties for each tigsieand photon
wavelength.
3.2.2.2 Sngle layer heat source

A cubical plastic container of 5 cm x 5 cm x 5 cm (lengthreadth x height)
was used to built this tissue-simulating phantom geometry. &lgnifor gelatin-
intralipid layer, 30 grams of gelatin powder (Sigma, St. Louis, &dligs USA) made
from porcine skin were added into 400 ml of boiling water and byirgfithe warm
solution was dissolved completely. Once the solution was cool down to 50a° C
solution of the intralipid (IL) and paraformaldehyde was added tprgared gelatin
solution and was allowed for the formation of gel.

Thermocouple

wire
4 mm
Optical 3 mm
Eiber mm

Single Layered Heat

Source
Cross Sectional View

i
“.

Air

Cavity filled with Solution of
Au-Nanoshells. Gelatin.
1% Intralipid & Para-formaldehyde
Figure 3.10 Cross sectional view of Gelatin-Intralipid phantom for single laye
heat source geometry.

Gelatin-Intralipid
Phantom
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Paraformaldehyde aids in increasing the melting temperatuhe phantom by
increasing the cross-linking of the fibers. In this phantom geomeatrgrray of cubical
shaped cavities with volume of 1000ul was created using cuvetteswas shfigure
3.11. Before the formation of gel, cuvettes were positioned such thatwaee
immersed ~4-5mm from the top surface of phantom to create esavithe reason
behind creating multiple cavities is to perform experiments iphlttimes for

consistency.

Intralipid-Gelatin phantom

Cubical shaped cavities

[ Volume of Cavity ~ 1000u1 |
Figure 3.11 Top view of single layer heat source phantom after first step.

In the next step of phantom preparation, the empty cavities werdilted with
a solution of 1% intralipid, gelatin, paraformaldehyde and gold nancshalhown in
figure 3.12. The concentrations of gold nanoshells used were 0.8e9, 1.6e10, and 2.4e10

particles/ml.
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Y Cavity filled with Intralipid + gelatin + paraformaldehyde
+ Au nanoshells

Figure 3.12 Top of single layer phantom after final step.

In single layer heat source experimental setup, the develapgd fayer heat
source phantom geometry (figure 3.12) was used to perform exgmésinAs shown in
figure 3.3 and figure 3.7, a cubical shaped cavity was filleth witsolution of 1%
intralipid, gelatin, paraformaldehyde and gold nanoshell and an optieal fiLaser
peripherals LLC) was inserted at a depth of ~1.5mm from the tdacsurFor this
setup, hypodermic thermocouple needle was not used to measure tarepe&s an
alternative | have used T type thermocouple wires. Each of tlypelrthermocouple
wires were soldered at one end and the other ends were iei$,as order to connect
it with data logger. The positions of the four thermocouple wireg werat 1, 2, 3, and
4 mm away from an optical probe as shown in figure 3.13. This s#&ioposf the
thermocouple wires and an optical fiber was then inserted at aafepttbmm (figure

3.15), while the other ends were connected to the hydra series Il data logger.
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Figure 3.13 Thermocouple wires and optical fiber position.

Stand and
Holder

Lo oty LaserFiber
OO0 00

Hydra Series|l
Thermocouple Phantom
Data Logger Wires
Laptop

Figure 3.14 Schematic of setup for single layer heat source geometry.
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Hydra series Il data logger also offer RS-232 computer fadieig and
therefore, temperature measurement and recording was performegdapglication
software provided with the instrument. Stand and holder are used to holdhboth

thermocouple needle and an optical fiber at a fixed position as shown in figure 3.14.

Figure 3.15 Actual setup in single heat sourcegeometr.

-,

The above figure 3.7 shows an actual setup in single layer heat source geometr
I have employed a similar experimental protocol as used in pahsbarce geometry,
S0 as to compare the heating effect in the two different phantomegees. However,
it was easy to measure temperature at 2mm away from ofiitieain this setup, which

was not possible in point source geometry setup.
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3.3 Experimental Setup for Chicken tissue study
The reason for performing experiments on chicken tissue is to moplfiantom
study results and to validate optimal experimental parametergsér animal study.
Therefore, | have used normal chicken breast tissue for our exgmsinSimilar kind
of experimental setup was used as in phantom study, but with someeghamgve
used an optical transport fiber laser delivery, not the beam fdmaras used in
phantom study. As shown in figure 3.16, holder and clip were used to hold the

thermocouple wires and the laser fiber because of the linaited for fiber and

thermocouples placement.

 Holder .ml

Optical =
Fiber

Experimental setup

Figure 3.16 Chicken tissue study setup.
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In this study, | have employed a modified protocol to see heatfagt dor
longer exposure time. At multiple sites gold nanoshells dosagesinjected, this was
done by creating a small pocket using syringe and nanoshellsinyected using
micropipette. This is done so as to efficiently embed tissues avith gold nanoshell
and to avoid overflow of nanoshells. Here | aimed to determine optionarpsetting

for longer exposure time which was not performed in the phantom study.
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3.4 Animal preparation and experimental setup
For preliminary study, | have also used two Copenhagen rats at 2geanths
and with weights ~300gms. The animal preparation and handling during the
experiments were carried by Dr. Jinhui Shen, post doctoral cbsassociate working
with Dr. Liping Tang, Department of Bioengineering at UT idgton. Rats were
anesthetized for 4 minutes for hair removal from the back wihereancer cell line
was injected. Prostate tumor cells (PC-3 cell lines) wijected bilaterally
subcutaneously on the fore back of male rats under gas anesilinestamors growth
was monitored daily, and the tumor diameters were measured evawy day to
determine the volume. The tumors were allowed to grow until they reaiameter of

~1cm as shown in figure 13.7.

Bt o
e g

Fiéure 3.17 Rat after developed prostate tumor 'bilaterally.
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The rats with tumors of size ~1cm were anesthetized and amsdt under
general gaseous anesthesia with 1-3% isoflurane in air ¢imimi Tumors were
shaved and a very small incision was placed to inject gold-ndiswsimel to place
optical fiber for treatment. Rats were placed on a temperatuntrolled, warm blanket
to maintain their body temperature. Prior to laser treatment, &0gbld nanoshells
doses with concentration 2.73%%0particles/ml were injected through syringe at
different tumor location for treatment. After injections, an optfdar coupled to the
800-um laser was used to expose the laser light to the gold naseshbkdded tumor
by placing the fiber interstitially at a site of injectiaith ~1mm depth. The integrated
Fiber Array Pack, FAP-I system (Coherent, Santa Clara, G®)Uas shown in figure

3.1, was employed to deliver 808 nm near infrared light at the tumor bed for 5 minutes.

Thermometer

/

Stand and
Holder

¢y CIEEREDN
~

/ Rat with
Thermocouple prostate tumor
Needle

Figure 3.18 Schematic of setup for single layer heat source geometry.

Anesthesia
Equipment
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Temperature in the vicinity of the treatment area was moditdtging laser
activation, using thermocouple needle (Omega Technologies, Stamford,cGcurthe
This was done to avoid overheating of the treatment site which qaage tissue
carbonization. The overall setup is shown in fig. 3.18. Care was takavoid any
movement of laser fiber and thermocouple needle. During the ieyges, the rats
were injected at multiple locations with different gold nanoshaiscentrations and

consequently thermally treated.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Phantom study results

This study was aimed to investigate the optimal relationshipeestywower and
concentration of gold nanoshells, intended for effective heat spreadvimveiy.
Temperature profiles for different tissue phantom geometriéschwsimulate gold
nanoshells embedded tumor from different injection schemes, wereined As
discussed in chapter 3, experiments were performed on differemtophgeometries,
with different combination of power settings and gold nanoshell contentrd
defined change in temperatutd (°C) as the difference in temperature attained after
laser exposure and the temperature measured before laser eXpasareemperature).
Following sections discuss the comparison of change in tempem@iug@C) as a
function of time and distance for different gold nanoshells basedsbaate phantom
geometries.
4.1.1 Point heat source geometry

In this section, a comparison between experiments performed waileg and

different gold nanoshell concentrations with different power settings scessied.
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Figure 4.1 showaT (°C) as a function of power and distance for water and 3
different gold nanoshell concentrations. It can be observed from th@oBEhat the
there is an insignificant change in temperathfe(°C) with water for different power
settings, a compare to different gold nanoshell concentrations. Thisigrafies that
there was less absorption of NIR light by water as compargold nanoshells.
Conversely, for same laser power setting and different gold nahasimelentration
considerable heating effe&dT (°C) was observed, which could be due to high

absorption of light by more gold nanoshells.

3D-Plot for Point Heat Source Geometry:
AT(°C) as a function of Power (W) and Distance (mm)
for Water and 3 different Concentrations of Nano-shell Solution

The heat spread (AT(°C) } is significant Conical
i up to distance of ~ 3 mm from the site of [RSUNRIIE:] ﬁ”EJ
B treatment with Au-

: Nanoshells
Gelatin-Intralipid Phantom

Thermocouple
Needle

W

Figure 4.1 3D-plot comparingT (°C) as a function of power and distance for water
and different gold nanoshell conc. 0.8e10, 1.6e10 and 2.4e10 in point heat source
geometry.
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Although, significant change in temperature was observed usinghgotshells
but this change is limited to vicinity. Therefore, experiments Wwigher power setting
and higher gold nanoshells concentration were carried out, with thefagxploring
heat spread from the site of laser illumination. Figure 4.1 shbas dhange in
temperatureAT (°C) decays fasters over vicinity even with higher powéings and
higher gold nanoshells concentration. Thus, even highe(°C) observed for higher
laser power and higher gold nanoshells concentration around the pointrohdtion
but it is limited up to ~3mm.

4.1.2 Sngle layer heat source geometry

As discussed earlier, this model was aimed to simulate gold ndresibedded
tissue. From the previous model, | estimated an optimal relatpristtiveen the
parameter which can be useful for further study on phantoms andhlaniln this
section, a same experimental protocol was employed in orderatactérize the two

different phantom models.
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AT (°C) as a function of time (sec) with 1 W
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Figure 4.2AT (°C) as a function of time for nanoshell conc. 0.8e10, 1.6e10 and
2.4e9 particles/ml and 1 W power in single layer heat source geometry.

Figure 4.2 shows change in temperathife(°C) as a function of time (sec) for 3
different gold nanoshell concentrations when 1W power was employddniar It can
be observed thaAT (°C) increases with the concentration of gold nanoshellsABut
(°C) decays faster as | move away from the point of illumina#@far as this model is
concerned, the reason behind faster decayz\bf(°C) may be due to localized
absorption of light photons resulting in less number of photon absorption in the

surrounding area. This explanation may justify the observed local heatiog effe
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AT (°C) as a function of Distance (mm)
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Figure 4.3AT (°C) as a functi]c))isrllm;; ((lzlllims)tance for 3 different gold nanoshell
concentrations 0.8e10, 1.6e10 and 2.4e10 particles/ml and 1 W power setting in single
layer phantom model.

Figure 4.3 above shows temperature profiles for 3 different caoatients of
gold nanoshells with 1 W power setting and 1 min exposure time. Husefshows
heating effect increases with the concentration of gold nanoshelhobsignificantly
over the surrounding area. It can be noticed in figure 4.3 thah#rege in temperature
at 2mm for gold nanoshell concentration of 1.6e10 particles/ml wasrhaghcompare
to 2.4e10 particles/ml. The possible reason behind could be false tamperat

measurement and which may be caused by improper placement ob¢bapte wires,

or may be due to discontinuity in phantom surface. However, theraaoes such as
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optical properties of phantom, inadequate gold nanoshells may accoungmificesnt
heat spread over surrounding area.

In the next step, to investigate the effect of higher powers ohdpeead |
attempt another set of experiment. Figures 4.4 and 4.5 show reghlts.5vMW power
setting. Figure 4.5 showsT (°C) as a function of distance (mm) and | observe rise in
the slope of curves which means that there was significant chratgyaperature within
the radius of ~3mm.

AT (°C) as a function of time (sec) with Power 1.5 W
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Figure 4.4AT (°C) as a function of time (sec) for nanoshell conc. 0.8e10, 1.6e10 and
2.4e9 particles/ml and 1.5 W power in single layer heat source geometry.
Also, Figure 4.4 shows rise iT (°C) for 1 min exposure of laser at 1, 2, 3, 4

mm. | deduce from the these results that though there is amsecieAT (°C) while
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employing higher power, the significant change ~10°C is limitédinvthe radius of

3mm circle.
AT (°C) as a function of Distance (mm) with Power 1.5 W
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Figure 4.5AT (°C) as a function of distance for 3 different gold nanoshell
concentrations 0.8e10, 1.6e10 and 2.4e10 particles/ml and 1.5 W power setting in single
layer phantom model.
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Figure 4.6 and 4.7 showsT (°C) for the highest power employed with the hope
to see significant heat spread over larger area, which was natvedbsa previous
settings. In this set, the different gold nanoshell concentratiodswese same and the
exposure time was kept 1 min. Again, riseAin (°C) was observed with increase in
concentration of gold nanoshells. However, it shows similar trervdaa observed with
lower power settings, i.e. the coverage area was within thasradi~3mm. The 3
graphs in Figure 4.6 showsl (°C) as a function of time (sec) for the 3 gold nanoshell

concentrations 0.8e10, 1.6e10 and 2.4e10 particles/ml.

AT (°C) as a function of time (sec) with Power 2 W

Nanoshells Conc.= 0.8e10 particles/mll |Nanoshe|ls Conc.= 1.6e10 particles/ml |
30 18
o 16 - 4
25 S * * @ I
—" 14 . ¢ o
~20 ¢ ¢ 12 o s—1
Z Y10 ¢ .
~ 15 . & a
- B B [ 8
> a8 E o
10 P & <6
[ | 4 A
> x * *— 2 » X ® X *
% % * " % %
0 = * 0
20 30 40 50 60 20 30 40 50 60
Time (sec) |Nanoshe|ls Conc.= 2.4e10 particles/ml | Time (sec)
60
* 4
50 R PY - * *
&
- 40 + . 4
~ s & 2
“ 30 o B
o a
< 20 ]
10 . w N X 3% % X
[ ——
20 30 40 50 60
Time (sec)

Figure 4.6AT (°C) as a function of time (sec) for nanoshell conc. 0.8e10, 1.6e10 and
2.4e9 particles/ml and 2 W power in single layer heat source geometry.
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This can be noticed from these graphs that there is some irteangisn the
result, asAT (°C) for gold nanoshell concentration 1.6e10 particles/ml shows lower
values compare to the other two concentrations. The reason behind thissiecoyss
may be due to discontinuity in phantom surface, improper placemesstesffiber and

thermocouple wire.

AT (°C) as a function of Distance (mm) with Power 2 W
25
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Figure 4.7AT (°C) as a function of distance for 3 different gold nanoshell
concentrations 0.8e10, 1.6e10 and 2.4e10 particles/ml and 2 W power setting in single
layer phantom model.

It can be deduced that a higher laser power can assist hesad apthe presence
of high gold nanoshells concentration. As in figure AT/ (°C) for gold nanoshell

concentration 2.4el10 particles/ml differ significantly as compared other

concentrations and power settings. In this cA3e(°C) is significant up to ~4mm with
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highest change of 50°C was observed at 1mm. Despite the fabighat laser power
would be helpful for greater heat spread, it is desirable to eniplegr power for

biological tissue. This is to avoid over heating which may lead tboo&ation of

3D-Plot for Single Layered Heat Source Geometry : 4mm
AT(°C) as a function of Power (W) and Distance (mm) Optical 3,,,",‘“’"
For 3 different Concentrations of Au Nano-shell m\
m\. i .u...‘..-...._.‘, ‘ 1mm
: IPTTTLEL Air I

Conical |
Cavity ﬂllec&

with Au-
Nanoshells

Gelatin-Intralipid Phantom

Thermocouple
Needle

Power (W) = /

1 1

Distance (mm)
Figure 4.8 3D-plots comparingTl (°C) as a function of power and distance for different
gold nanoshell concentration 0.8e10, 1.6e10 and 2.4e10in single heat source geometry.

Above figure 4.8 shows similar 3D-plots for single layer heat soptantom
model as demonstrated for point heat source model. Basically, thido&Dillustrate
overall summary of the results for experiments performed on slagér phantom
model with different protocol. On comparing with point heat sourcaltsgssimilar

fashion have been observed for different power settings and gold n&noshel
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concentrations. But, for single layer phantom model highest changamiperature
achieved was lower (~10 °C) than the point source geometry. The rbabkord
inconsistency observed, as shown in figure 4.8 plot B with gold nanoshelhti@tics
1.6e10 particles/ml shows lower values as compare to 0.8e10gsdnikcin plot A, is

discussed earlier in this section.
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4.2 Chicken tissue study results
Apart from the phantom study, to examine the feasibility of pheposed
technique on real biological tissues, chicken breast sample stuwlpes@rmed. The
idea was to characterize optimal parameter settings fortisesae based on phantom
study results. An attempt was made to repeat similar ewpeti performed on
phantoms, at the same time some modifications were done in egp&aimrotocol for
further details. As discussed in chapter 3, measurements weoenpealf with longer

laser exposure times and also for different power settings.

Power = 1.02W
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Figure 4.9AT (°C) as a function of time for nanoshell conc. 2.73e10 particles/ml and
1.02W power in chicken breast sample.

Figure 4.9 shows thaT (°C) as a function of time for nanoshell conc. 2.73e10
particles/ml and 1.02 W laser power setting. Laser exposurartithes experiment was
2 minutes unlike exposure time used in phantom study. Temperatweeet 10
seconds was measured before and after laser exposure, whexecagdbpondingh T
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(°C) was calculated. In addition, experiments with lower Igs@vers were also
performed. As shown in below Table 4.1, 3 different laser powersogagphere 0.27,

0.53 and 1.02 W, while the exposure times for these powers were 420, 420 and 120
seconds respectively. It can be noticed in Table. 4.1, that for l@xpasure times
change in temperaturel (°C) was not significant at 0.27 and 0.53 W powers, whereas
for power 1.02 W, there is further rise in the valuesA®f (°C) even with shorter
exposure time.

Table 4.1AT (°C) as a function of exposure time (sec) and power (W) in
chicken breast sample study

. Change in temperature (AT ° C)
Exposure Time (Sec) Power (W)
1mm 2Zmm | 3mm
420 sec 0.27W 1.5 1.25 1
420 sec 0.53W 5.9 5.2 3.1
120 sec 1.02W 16.1 9.75 5.82

On comparing with phantom study, similar trend was observed in tieioe
of AT (°C) as a function of laser power for the same gold nanosbedeatration.
However, AT (°C) in case of chicken breast sample were attained laither laser
exposure time (2 min) as compare to shorter exposure timenjlimpoint heat source
phantom model. This may be due to the difference in physiologpatichl properties
of tissue sample and phantom model, which can affect the absorptightofAnother
reason which may account in this discrepancy is rate of heairlahe surrounding

medium.
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Power = 1.02W

AT ('C) as function of Distance (lIlIIl) Nanoshells Conc. = 2.736e10 particles/ml
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Figure 4.10AT (°C) as a distance for exposure time 1 and 2 min, with nanoshell

conc. 2.73e10 particles/ml and 1.02W power in chicken breast sample.

The above figure 4.10 shows change in temperatiir¢°C) for 1 and 2 min
exposure times. As discussed earlier in phantom studies, signiidar(t-10 °C)
observed was up to ~3mm, whereas for optimal setting of powerxpodwge time |
observed similar heat spread pattern in this tissue sample. dtigthge, AT (°C)
observed in both the studies decays faster from the site of gold rlisa@sjection i.e.
where laser is illuminated. However, additional study on tissoglgamay provide
clearer picture for the experimental aspect on living animalgh&more, in order to
check the effect of proposed method on living animal definitely sdtem@ons are

required in the protocol as | observed between phantom and tissue sample.
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4.3 Rat study results

This section covers outcome for the animal study carried ott tiwé aim to
validate this proposed method. Therefore, an attempt was maddaorpexrperiments
on rats with prostate tumor in order to treat them. In this studyyé analyzed the data
taken from two prostate cancer xenograft rat models, which involved dijections of
gold nanoshell suspensions into tumor sites and rapid heating of gold rlanoshe
embedded tumors, upon exposure to the near infrared light. Before smuggion on
results, let’s first see the basic idea which | aimed to eynfar the thermal ablation

treatment of particular size of tumors.

Gold nanoshell injection Gold nanoshell injection
site and laser treatment site and laser treatment

Photon Photon
cloud cloud
Figure 4.11 Schematic of the proposed technique for thermal ablation therapy of
Tumors

Figure 4.11 illustrates two tumors with different sizes andr thiges of laser
treatment for hyperthermia. My plan is to cover tumor volumea d&snction of gold
nanoshell injections and laser dosages. In figure 4.11, with the intention of
demonstration, red colored shape shows NIR light pattern i.e. photon clowshon t

Overlapping of these photon cloud patterns would be advantageous as itcavght
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total tumor volume. Previous studies on phantom and chicken breaststisspke give
me a rough idea of heat spread, which is significant to inducethgpmia. Moreover,
these studies also aid in determining parameters, such as gaolsheh dosages and
laser exposure time for a particular size of tumor. Figure halvs a comparison of
two tumors with different sizes, their injection sites andrlagatment. A tumor with a
larger size would require more number of gold nanoshell injectioregher words, an
extra number of gold nanoshells need to be injected as comparesn@ler sumor.
This can be explained, as | observed in point heat source phantom madgiicken
breast tissue study, that single gold nanoshell injection would bel useinduce
hyperthermia within a sphere of radius ~3mm. Therefore, | asthemeo effectively
treat a tumor of a larger size, more number of gold nanostjelitions would be
required as shown in figure 4.11.

Two Copenhagen rats were used in this study. Each rat with twargwon the
back and with size ~1 cm was treated. Depending up on the sizenof, gold
nanoshell concentrations of 2.73*4@articles/ml and 50pl volume were injected.
After injections, a beam of laser at 800-um through the coupled \fibs used to
expose the gold nanoshells-embedded tumor by placing the fiber trakysdit a site
of injection with ~1mm depth. Each injected site was delivered atr808for 5
minutes. Temperature in the vicinity of the treatment areamenitored during laser
activation, using thermocouple needle (Omega Technologies, Stamford,cGcurthe
This was done to avoid overheating of the treatment site which qaage tissue

carbonization.
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Figure 4.12 Tumor volumes during the tumor growth period and after the
treatment. In the graph, two rats are number as Ratl and Redzas tumors on their
back are grouped as T1 and T2. Also, both the tumors on Ratl were giventi®msj
of gold nanoshells; where as tumors on Rat2 were injected 2 goldhednissages.
Treatment day for T2 and T1 on Ratl and Rat2 wWadag, while T1 and T2 on Ratl
and Rat2 was"8day. It can be noticed from the trend of graph in figure 4.12 that even
after treatment | still observe increase in tumor size. iBhisay be due to insufficient

gold nanoshells dosages.
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Figure 4.12 Graph shows Tumor volume as a function of days for 4 tumors,
Ratl_T1, Ratl_T2, Rat2_T1, and Rat2_T2.
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There are many others reasons which may account for this beb&vigonor
growth. Tumors are highly vascularized in nature, i.e. they doofséslarge number of
blood vessels. This nature of tumor accounts for high absorption of lighpassible
heat loss will occur due to continuous blood flow in vessels. Theredfuge,may
explain why | observed an increase in tumor size even aftenettenent. However, the
rate of tumor growth for the treated group needs to be comparbéd(uvitreated)
control group. Further animal study with a large sample sinedsssary in order to

draw any meaningful conclusions.
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CHAPTER 5
CONCLUSION AND FUTURE SCOPE

In my preliminary study, | explored gold nanoshells as Nifsisige heat
absorbers to induce local hyperthermia to treat cancer. | ob#®vean increase in
temperature at the maximum laser power was ~20% lower ferddyheat source
geometry than the point heat source geometry. Heat spread wésangrhT > 15°C)
up to ~3 mm from the site of laser treatment. From this extgdor study, | can
conclude that the multiple gold nanoshell injections are benedieg the conventional
intravenous injection to increase the therapeutic efficacy. Morgdvéound that
hyperthermia can be induced more efficiently by increasiagrlexposure time without

increasing dosage of gold nanoshell concentrations.

From the tissue phantom and chicken tissue studies, | concludesttatpread
was significant up to ~ 3 mm using the point heat source. The optaadiionship
among laser powers, concentration of gold nanoshells and exposureotimealf
biological (chicken) tissue differs slightly as comparedh® tissue phantom model.
Hence, | could estimate parameter settings in the animagl ¢tudy by means of
phantom and chicken tissue results. Moreover, temperature profiled @blelpful to

estimate the number of gold nanoshell injections to effectively induce hypedherm
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In the very preliminary rat study, | observed that even dlfterhyperthermia
treatment there was an increase in size of tumors. Theretarent study needs to be
explored further with more animal experiments and by compahagdte of tumor
growth with untreated (control) rats. | have also planned to perfoore animal
measurements to validate the efficacy our methodology.

The match between the phantom experiments and chicken tissuewstusly
found to be reasonable, having a similar trend but not having thereralmtgs. The
reason for the exact match may be due to different physiologyebe the chicken
tissue and phantom, in which surely have different optical propeftethe present,
inefficacy observed in the animal study is unclear to me. Fumiestigations on the
experimental parameters and their optimal relationships are chéedenderstand the
inefficacy. For the future study, this project may be expldsgdfurther phantom
experiments with more complex geometries and validation of thtgessing a larger

animal sample size.
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APPENDIX A

MATLAB SCRIPTS
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MATLAB code for generating 3D plot

close all;

clear all;

clc;

% Load the data and extract the (x,y,z) information:
% load sample.mat

x=xlIsread('data.xls','water','/A2:A13");
y=xlsread('data.xlIs','water','B2:B13");
z1=xlsread('data.xIs','water’,'C2:C13");
z2=xlsread(‘data.xIs','water’,'D2:D13");
z3=xlsread('data.xls','water','E2:E13");
z4=xlsread(‘'data.xIs','water’,'F2:F13";

% Determine the minimum and the maximum x and y values:
xmin = min(x); ymin = min(y);
xmax = max(x); ymax = max(y);

% Define the resolution of the grid:
xres=100;
yres=100;

% Define the range and spacing of the x- and y-coordinates,
% and then fit them into X and Y

XV = linspace(xmin, xmax, xres);

yv = linspace(ymin, ymax, yres);

[Xinterp,Yinterp] = meshgrid(xv,yv);

% Calculate Z in the X-Y interpolation space, which is an
% evenly spaced grid:

% for i=1:4

% if (i==1)
% z1=i;

% elseif (i==2)
% z2=i;

% elseif (i==3)
% z3=i;

% else (i==4)
% z4=i;

% end

Zinterpl = griddata(x,y,z1,Xinterp,Yinterp);
Zinterp2 = griddata(x,y,z2,Xinterp,Yinterp);
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Zinterp3 = griddata(x,y,z3,Xinterp,Yinterp);
Zinterp4 = griddata(x,y,z4,Xinterp,Yinterp);

% Generate the mesh plot

figure

% hold on;
mesh(Xinterp,Yinterp,Zinterpl), hold
mesh(Xinterp,Yinterp,Zinterp2)
mesh(Xinterp,Yinterp,Zinterp3)
mesh(Xinterp,Yinterp,Zinterp4)
colormap (‘default’)

xlabel Distance(mm); ylabel Power(W) ; zlabel("\deltaT(°C)";
legend(‘water’,'8.0€9','1.6e10','2.4e10";
% end
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