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ABSTRACT

DEVELOPMENT OF A QUANTUM DOT MEDIATED THERMOMETRY

FOR MINIMALLY INVASIVE THERMAL THERAPY

Willard Leo Hanson, PhD.
The University of Texas at Arlington, 2009

Supervising Professor. Bumsoo Han

Thermally-related, minimally invasive therapies areigte=] to treat tumors
while minimizing damage to the surrounding tissues. Adjadesues become
susceptible to thermal injury to ensure the cancer igpteigly destroyed. Destroying
tumor cells, while minimizing collateral damage to the @unding tissue, requires the
capacity to control and monitor tissue temperatures bkpttially and temporally.
Current devices measure the tumor’s tissue temperatwrespcific location leaving
the majority unmonitored. A point-wise application caot substantiate complete
tumor destruction. This type of surgery would be more g¥edf volumetric tissue

temperature measurement were available.



On this premise, the feasibility of a quantum dot (@B9embly to measure the
tissue temperature volumetrically was tested in the @rpets described in this
dissertation. QDs are fluorescence semiconductor netrades having various superior
optical properties. This new QD-mediated thermomedrgaipable of monitoring the
thermal features of tissues non-invasively by measuringatgregate fluorescence
intensity of the QDs accumulated at the target tispuies to and during the surgical
procedure. Thus, such a modality would allow evaluatibtissue destruction by
measuring the fluorescence intensity of the QD asnatifan of temperature. The
present study also quantified the photoluminescence itywemsl attenuation of the QD
as a function of depth and wavelength using a tissue phamomnototype system was
developed to measure the illumination through a tissue pmeas a proof of concept of
the feasibility of a noninvasive thermal therapy. Tpristotype includes experimental
hardware, software and working methods to perform imaggiigition, and data
reduction strategic to quantify the intensity and transglmatacteristics of the QD.

The significance of this work is that real-time voktnt temperature
information will prove a more robust tool for use iretimal surgery. The thermal
ablation zone is extremely diffusive and current imadachniques and/or equipment
may not accurately monitor portions of the tumor sungvihe ablation process. Used
in conjunction with other volumetric measuring systems,, fluorescence or
bioluminescence tomography, this platform will have thpacity to produce direct

three dimensional intraoperative monitoring of thered surgical procedure. Lastely,
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realization of system requirements will aid in the awdton of imaging to ease data

acquisition, maximize exposure, and control test bed tenhpe.
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CHAPTER 1

INTRODUCTION

It is estimated that over 200,000 men were diagnosed paatstate cancer in
2007, with an estimated 10% of cases resulting in death Patient survival is
generally in direct proportion to the extent of thentw development. During the
earlier stages of a cancer the cells are relativefytained. After further development
the tumor spreads to adjacent tissues, (metastasites)wdnich it is generally not
curable. Current technology enables detection of ovés @Dall early stage prostate
cancers ensuring a nearly 100% survival rate [2].

Traditional cancer treatment requires tumor remownowith post-surgical
radiation treatment. Because of the associated amatiphs with the surgery this
conventional treatment is typically reserved for mogalthy patients.

Ablative therapy is an alternative, minimally-invasiveatment to destroy
cancerous tissue with minimal impact and associated coatiphs. Nevertheless, the
limiting factor in ablative therapy is the ability toomtor and thus control the energy
deposition to prevent collateral tissue damage.

The present dissertation focuses on the developmert éw noninvasive
modality to monitor tissue temperature volumetrically ngirtherapeutic procedures.

Such procedure would 1) enable greater control over théingstemperature profile,



2) allow more accurately placed temperature gradiemd, 3 result in optimized

energy deposition within the tumor. Various biomedicahging techniques offer
greater detail and thus are capable of providing quantitatfeemation on disease
diagnostics. However, these methods are not condtwxitiee thermal surgical arena.
The development of a temperature field image overlaid th& diagnostic imaging data
would increase the potential to facilitate control oveuggical heat transfer application
by providing real-time monitoring through volumetric tempera feedback during

treatment. The goal of the experiments in this work twadevelop the methodology
for intraoperative monitoring of the lesion during thernthlerapy using the

temperature-dependent fluorescence intensity of a QD.wais this end, the
characterization of the tissue-light interactionaofQD mediated thermometry for in
vivo application will be addressed. This includes 1) developnoéna prototype

thermometry system to monitor the temperature changeama to thermal therapies, 2)
establishment of the temperature dependence of the QDRedhence intensity; 3)
testing of new nanocomposite particles, QD-embedded ndiotgsm 4) demonstration
of the feasibility of QD fluorescence thermometry dgréa gold nanoshell-mediated
thermal application, and 5) characterizing the intevaabif QD fluorescence with tissue
both experimentally and theoretically. More broadiys research will facilitate future
engineering research toward the development of a diitocd facilitating real-time,

high-resolution imaging feedback of bioheat transfer to used for surgical

applications.



CHAPTER 2

BACKGROUND

2.1 Thermal Injury

The safe application of thermal energy to destroy turedls, while minimizing
damage to the surrounding healthy tissue, requires theydbildeliver heat with large
temperature gradients. Hyperthermia is a surgical tecénimu which tissue
temperature is increased from a normal temperature of 8Y°43-46°C. Thermal
injury usually begins near 42°C and the application oft heatumors, even at
temperatures as low as 45°C, can be cytotoxic if apphed a sufficient period of
time. Heating tissues to these temperatures causessi® i.e., molecular changes in
tissue by bond destruction and membrane alteration thadlt ren cell death.
Hyperthermia requires several minutes to evolve andaitsage can be forecasted via
the Arrhenius equation, (1). A consequence of hyperthemtigiactivation of cellular

thermotolerance after an initial exposure to higher tempest

Q(r) = In[c(0)/c(r)] = Af exd- E./(RT(t))]dt (1)

For temperatures slightly above 46-50°C, held for extendaeddseof time, the
cells suffer irreversible damage in less than sixty nesutvhile hold temperatures

3



greater than 50°C cell death occurs more quickly. Operatn tissues at temperatures
greater than 50°C requires much less time. Thermedyfigs the exposure of tissue to
temperatures of 50-52°C and is cytotoxic within 4-6 minutes [Bhermal therapy
destroys tumor cells through the application of heatatose coagulation, using radio
frequency, microwave, laser, or ultrasound energy. émpeératures less than boiling
the main mechanism for the denaturation of macromadeadslby breaking the van der
Waal's bonds which causes a permanent alteration afaredind vascular tissue [3-6].
At temperatures greater than 50°C there are more sevesequences. The destruction
of enzymatic activity, reduction in energy transportreased cellular immobility, and
disabling of cellular repair mechanisms.

Hydrogen bonding assembles atoms into secondary strsiatteating alpha
helices and beta sheets. The outermost levelseapmmsible for arranging the protein
for a particular function. Molecules organize or-se§emble through the formation of
hydrogen, ionic, and van derWaals bonds or by non-covhajelmbphobic interactions.
The cell itself is housed in an amphiphilic bilayer meanme, mainly composed of
phospholipids, positioned with their polar groups facing ewtls, toward the
surrounding medium, and their lipophilic chains facing eattier, on the inside of the
bilayer. Generally a polymer can have hydrophobic and pyilio regions, possess a
charge-carrying capacity and have the ability to saléable into a hydrogel [7].

Biological soft tissue behaves much like an elastommaterial. It can have
nonlinear elastic behavior with cycling hysteresis, crestpess relaxation, and can

shrink upon heating mainly because of the long-chained polymecrostructures that
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contribute entropic behavior [7]. Below 85-90°C, componedisie the cell like DNA
and RNA will not incur any substantial damage to theinctionality or spatial
arrangement [4]. From 10-40°C lipid membranes incur a phlaseition but the
temperature needs to be much higher for it to actrasananism for hyperthermic cell
destruction [3].

The temperature of the human body is approximately 3t the ability of
cells to remain in thermal equilibrium can be occur up atotemperature of
approximately 40°C [8]. There seems to be minimal meddrireffect of any thermal
application below 42°C [9]. Thermal denaturation desttbgsprotein structure within
the cell by making it biologically inactive around 42-65°C 43 Cells become more
easily damaged however when exposed to chemotherapydiation treatments with
accompanied temperatures in the initial hyperthermic necaoound 45°C [8]. The
temperature effect varies with tissue type, and expasutbese temperatures alone,
even for extended periods of time, does not mean thaeldl will be destroyed [8].
Above 60°C, protein and collagen denaturization leads torthesrsible coagulation of
tissue [8]. Application of thermal therapy in this tergture range does not require
assistance by radiation or chemotherapeutic adjuvants.

Exposure of adjacent healthy tissue to these temperdburas extended period
of time increases the risk of unnecessary cell damagk thns requires some
modification of the application to improve the thernaddlation to better regulating
coagulation. Any volumetric heating effect would natyrakquire a corresponding

increase in energy. There are some limitations teethemperature insults, i.e., not
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being able to uniformly heat a large or irregular tissukinae or in the situation of

adjacent tissues with markedly different heat capec[8]. According to Kang, saline
or iron compounds could be implemented to augment theepso Saline may also be
used during ablative therapy as a continuous stream dftflansporting heat from the
affected volume. Controlling the blood flow to the efédl area can also reduce
collateral heating thus improve ablation [8].

Thermally-mediated events destroy malignant tumors thynd cells and
shrinking collagen to influence tissue stability and by moag protein kinetics.
Proteins are composed of amino acids crucial for tissoetibn. They have a bond
strength hierarchy that provides molecular structures-sthongest being the covalent
bond [5]. Proteins are bound to lipids and carbohydratesaay thermal application
should recognize how these compounds might affect proteiding.

Protein in the form of collagen is the primary strudte@mponent in the body
and excessive heat can alter its structure [7]. Asidemof practice, proteins have the
most effect on cell destruction in hyperthermic thgrég changing the mechanical
behavior of collagen [3, 7]. Altered viscoelastic beheyviduring and following the
heating of protein is independent of any previous thermaltimgwedn the temperature
range is within the physiological range. When the teatpee is increased to the supra-
physiological range however, the viscoelastic behawaoines irreversible [7].

Kinetics may also be used in the denaturation procesaighr mechanical
and/or chemical means [5]. Hyperthermia exposes tiesteamperatures less than 60°C

where the cell viability is determined by protein denatonsas modeled by the thermal



damage function2. This is a first-order irreversible rate process useaddel tissue
kinetics mathematically [10]. The Arrhenius relationsispused to predict cellular
viability from the effects of hyperthermic temperatuihe activation energy gkand
molecular collision frequency factor (A) are used to gfatissue damage by duration
and temperature profile Eq. 1 [3, 11, 12]. For temperatures tleen a critical
temperature i, there will be no substantive tissue damage [9].

Henriques (1947) used rate coefficients such that coenpkstrosis of the skin
was associated with a solution@f= 1. Equation. (2) which is derived from (1), when
set equal to one can then determine the critical termperaly;; of the tissue. For
example, using the injury criteria for skin tissue, B1.33 [kJ/mol], and the A,
6.28e5[1/s], and R the universal gas constant, 8.3143 [kJ/molfsyl critical

temperature of 59.7°C for skin tissue [10] [9].

= Aexp{ & }zl thus T, - B (2)

(Rin())

Heat denaturation occurs when changes in protein structeresuah that the
protein can no longer carry out its specific functiorhis denaturation can be partial,
total, reversible or irreversible. It is considered iemsible when the hydrogen bonding
of the protein is rearranged to a less-ordered state.tofal amount of heat absorbed or
released is defined as the enthalpic heat change meashea a phase transition takes

place. This can result in an exothermic process thay cause coagulation,



aggregation, and/or gelation of the denatured proteins [Speriirental data are fitted
to the Arrhenius chart to determine the unknown parasy@&ecand A. The damage
accumulation rate, Eq. 2, relates the critical tenappee, T, to damage accumulation
[12].

Latent heat and heat capacity are values used to mediiehmal effects in the
blood perfusion response during vascular injury [3]. Téwt kransfer equation used for
modeling blood perfused tissue is the Pennes “bioheat” equdtiere the heat transfer
is proportional to the volumetric flow temperaturdetiénce between arterial blood and
local tissue temperatures. It is assumed the heaptdns in regions where the blood

vessels are less than one half mm in diameter, (3) [3]

Qu = WPy Cy (Ta _T) (3)

There are several essential factors that influencehdvrenal sensitivity of tissue.
They are thermotolerance, pH, pressure and a phenomefaored to as ‘step down’
heating. The effect of these factors on the thes®askitivity can be determined using
Arrhenius analysis [13].

Thermotolerance, occurs when tissues or cells acgasstance to thermal
cytotoxicity as a transient response after exposurédomal stress [13]. Biological
specimens respond to thermal heat shock in response totudtion and
thermotolerance [3]. Heat shock is the effect of suimjgca cell to a temperature

higher than the ideal body temperature of the organigmye 60°C is considered the

8



transition to denaturation [3]. Thermotolerance \adlothe protein to protect
intracellular components during mild thermal insulihe cell can actually heal itself
from any excess heat energy through the activatioeatf $hock proteins [3]. At 80°C,
the membrane’s mechanical permeability is greatly inexkd42]. Above 105°C,

thermotropic injury is induced and the tissue experienceshamical events such as
boiling, vaporization, or even carbonization [3, 8]. Thiggests that a controllable
scheme for ablative therapy would be to apply energlyraaintain it within the 50-

100°C range [8].

As a transient phenomenon, thermotolerance is auread the added cellular
resistance to thermal cytotoxicity. The amount of addéshde depends on the amount
of initial damage and the time elapsed since the irapalication. For example, initial
thermal treatment of mouse ear skin found the maximonouat of thermotolerance
was achieved when it took twice the amount of time toeaehhalf the necrosis [13].
This elapse time was also dependent on the original exposudree effect of
thermotolerance, as shown by Arrhenius analysis, irgictiat the magnitude of the
plot shifts to the right as much as 2°C, but thatsibpe of the curve was not influenced
[13].

Thermotolerance has applications for all types of ¢éissand also influences
vascular reaction to thermal injury. During mild thetigury, the natural response of
biological tissue is to increase the perfusion rate.nv€xsely, when tissues have
experienced previous heat insults the perfusion ratemigidhed [13]. The effect of

thermotolerance in humans is unknown, however, animdings show a full burn



would occur after nine minutes of continuous heating at 49°C [Y&, if the same

energy was segmented and spread over an hour, theréesgadamage, eventually
resulting in only a mild erythema [13, 14]. This is comsistwith stimulation by

thermotolerance [13]. With a reduction in blood supply, rediyserfusion is sensed
and this causes a decrease in the thermoregulatory gapécthie tissue resulting in
increasing its thermal sensitivity [13].

Tissue heating rate can also dramatically affect @kient of cytotoxicity.
Tissue cultures in a water bath can reach their taegapedrature within two minutes
and clinical treatment of tumors may reach target exatpres within twenty minutes
[13]. However, if the same target temperature is acHiexer an extended heating
period there will be a proportional increase in viabilifjhus thermotolerance develops
to a greater degree during slow heating rates. The defjr@gotoxicity that occurs
from differences between the resting and final tentpegadepends on the final resting
temperature [13].

Other factors may also affect protein stability inclgdpH, a factor which when
increased, enhances the heat effect of protein denaturatfubstances, such as
methanol, ethanol or butanol, can also be introducedatsec proteins to be more
sensitive to hyperthermic activity. Glycerol, deuterilewen other proteins can retard
or delay protein denaturation in cells [5].

At 100°C, water within the tissue begins to vaporize and hyiog away large
amounts of latent heat from the surrounding tissueo,Ajas bubbles can be generated

which can cause mechanical rupture. After the cells baea completely dehydrated
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carbonization takes place because there is no phasgemechanism left to remove
the heat. Finally at about 300°C melting will occur [10]

As mentioned earlier, heat shock proteins (HSP) are aasmdmss of cellular
proteins designed to regulate thermotolerance. They ateopahe body’s natural
defense against injury caused by high temperatures. Thatsinprare responsible for
delaying the denaturation of other proteins [5, 13, 15]. HSRw@reated during less
than lethal heating [5], and it is believed that they ocaly be activated through
application of heat, meaning they may not protect tHe duging freezing-induced
protein denaturation [5].

The production of most cellular proteins is down-regulateihduand after an
application of heat stress [13]. HSP however are upatgiland may participate in
the degradation or refolding of other proteins [13, 15]. Theegmee of HSP directly
reflects the degree of initial thermal damage to théamad the time that has lapsed
since the initial injury. When HSP become expresseyl fibduce the effectiveness of
thermal therapy by enhancing tumor cell resistance, thusasing the cell viability
[15]. This occurs in regions where insufficient therneadergy is available to
adequately destroy any protein by coagulation. HSP activaiso inhibits future
chemotherapy or radiation treatment.

During hyperthermic treatment, 42-44°C, HSP molecules @rnthuced to
express themselves [15]. This also enhances cell vialmittgasing tumor resistance
to later treatments. Thus the presence of HSP ctnitnpede thermal treatments of

tumors as described above and aid in the protection dthirdegssue. HSP activation
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may cause the surrounding healthy tissue to survive amaskelethal dose of heat, if
applied properly. In effect, this allows the increasermial resistance of the healthy
cells to improve the efficacy of target cells. Atlmeg temperatures, around 55°C, the
application of ablative thermal treatments can dedtneyentire organ [15]. Thermal
injury strong enough to cause destruction of the tumor regjudenaturation to
completely eliminate the functionality of HSP. Healthysue can be groomed to
survive ablation thus decreasing the unwanted destructidissafe adjacent to the
tumor. HSP can also repair thermally-injured proteins aitiate the production of
new proteins [15].

Examples of HSP are the molecule HSP27, a 27 kilodaftariecule,
responsible for modulating oxygen, and HSP70, a proteirattiatin cell reproduction.
HSP27 and HSP70 expression kinetics and injury data fromahand cancerous
prostate tumors follow the Arrhenius damage model. Tisaltse show a strong
correlation confirming the predicted temperature-induced egme of HSP27 and
HSP70 [15].

In addition to HSP, two other aspects that influence xbene of thermal injury
are pressure points and a phenomenon referred to adostepheating. Pressure points
have been found to cause premature burning with respect tdéirtical@pplication of
RF thermal therapy. This is owing to reduced perfusiot i8 found to occur at
temperatures lower than what might be predicted by modgliB§ In clinical

applications of hyperthermia, burn injuries have been rtegowhere the skin
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temperature had not exceeded 43°C, but at sites near prpesiige developed during
whole body hyperthermia using water blankets [13].

Step-down heating occurs when the temperature drops aardmseakpoint
temperature. This breakpoint condition is based uponnio@iiat of heat stress required
to initiate thermotolerance at a given temperature [18hce thermotolerance has been
initiated it will continue to affect the tissue everthe temperature drops back down
below the activation temperature [13]. This result hasaffect on the slope of the
Arrhenius plot but only shifts its magnitude. The skewedlt®dicate that the actual
thermal damage will be less than what is predicted Iolgghius analysis [13].

Generally all actions of the freeze-thaw cycle aapable of causing tissue
injury [16]. As a rule of thumb, staying at the coldesnperature for a prolonged
period of time is the primary cause of cell death andHar technique to be efficient,
attempts should be made to reach -50°C [16]. The coolingsrat# the most critical
factor but should be as fast as possible. On the ¢idned, a slow thawing rate is
considered a major destructive factor [16]. Cycling through fteeze-thaw phase
region improves efficacy [16]. At the periphery of @rgosurgical lesion the cells do
not reach a temperature low enough to cause sufficrerdcellular freezing [16].
However, even though there is not enough stress inrégien to destroy the cells
immediately, they die by apoptosis, even days afterstmgery [17].

Glycerol, along with other adjuvents, can be used asy@protectant against
freezing injury caused by dehydration. Glycerol is commounsed in many

manufacturing processes to maintain hydration because dlexute naturally binds
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water with a high affinity. Hydration may of proteins peitehem through
cryoprotectant interactions. Drying increases crossiniipkand cell damage [5].
Protectants such as ethylene glycol and even mechaoaidihg can be used during
heat denaturation to stabilize collagenous tissues by delfiygngenaturation events
when higher temperatures have been reached. Chemicaveslitiitat change pH help
protect protein denaturation by changing the activationggnactivation enthalpy, on
frequency factor activation entropy, and reduce the ar@cal stress of the protein [5].
Gene-regulated cell death by apoptosis is evident to terapesaas low as -
75°C [16, 18]. Evidence exists to support molecular mechanitats can also
contribute to cell survivability. However exposure to ltemperature alone is not

enough to assume cell destruction [16]. The resultstdbbeswell predicted however,

t=final

but they are strong nonlinear functions of temperatocetime, t; = | RiT 0y

where Tes is the reference temperature, R is empirically defee®.5 for T(tp 43°C

and 0.25 for T(tk 43°C [19].

2.2 Current Thermal Therapies

2.2.1 High Intensity Focused Ultrasound

2.2.1.1 Theory

An early twentieth century technology, ultrasound leygthe characteristic of
certain crystalline materials to develop an electrargb. Piezoelectricity is the ability

of certain crystals to generate a voltage proportitmalpplied mechanical stress. The
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converse is also true; a geometric strain or defoomadf certain materials will
generate a proportional voltage output. Thus, a pulsesinasoidal excitation of a
ceramic element can generate sound waves and the prireguency of resonance is
determined by the thickness of the transducer [19]. In genérthe material
transducer speed of sound equalsaad the resonance frequency equaldhen the

thickness of the transducer material shouldpe A,/2where A, =c,/f,[19].

2.2.1.2 Application

High-intensity focused ultrasound (HIFU) uses mechanaad|fstic) energy as
an ablation tool for non-invasive, or minimally-invasileetmal therapy. HIFU can
selectively localize and destroy a tumor volume by imtlyccoagulative necrosis
without damaging the intervening and surrounding tissue [20-23jloes this by using
sharply focused mechanical energy accurately placetinrva well defined focal
volume to cause tissue destruction [22]. The propagatingtmingal pressure waves
are mechanical vibrations from sound waves that areected/to heat when absorbed
by tissue. This sound wave energy is converted into heéhtemough strength to
destroy the tissue [20]. HIFU functions hyperthermicadlyekevate tissue temperature
to destroy deceased tissue by necrosis [6, 19, 20, 23-25].

HIFU is similar to its electromagnetic counterparttiiat it can be tuned to
deliver an output proportional to its aperture geometrytpuiu frequency, and
penetration depth [19]. However, compared to heating psofdf other thermal
therapies, ultrasound has deeper tissue penetrationdaectlower attenuation rate [6].
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Studies have shown that interstitial ultrasound deliveediation-free coagulative
necrosis e.g., the localized treatment of prostataplyg6, 19, 21, 22].

Most HIFU therapies operate in the frequency rang8.5fto 5.0 MHz [19].
The amount of coagulation depends on many factors; exptiswge applied power,
type and density variation of tissue, perfusion rate gm@s of major blood vessels, and
is difficult to estimate [19, 24]. More energy is regdito produce a thermal lesion the
deeper into the tissue beam is focused into the tis§heés is accomplished either by
increasing the exposure time or ultrasonic intensity.imalely, the absorbed energy
determines the lesion volume. The lesions form ardbhedocal plane and are biased
to the front of it due to the non-linearity of theratound. This is caused by the high
frequency components of the beam traveling ahead ddtis [22].

Unlike other forms of focused energy, HIFU does not hawaulative effects
and can thus be used in conjunction with other cancetnte@d modalities, e.g.,
radiation therapy for deep localized hyperthermia [23]|FHis a repeatable treatment
and even allows other treatments after HIFU surg2@).[ Joint application can be
applied through hyperthermic heating of tissue to 42 to 46°@dnods extending up to
several hours, or by thermal coagulation, where Hsiéi is heated for several seconds
only, but to temperatures from 60 to 100°C where both tHeanthmechanical energy
combine to cause cavitation of the tissue [19]. Onedd&aage of HIFU is that as a
localized treatment, a volume limit can be reachleel upper limit of the tissue volume

approximately 50 mL [20]. For larger tumors, longer depthsgs@lpe required.
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A larger blood perfusion rate will result in a smallerrthal lesion size during
HIFU [24]. For a focal zone larger than 20mm in diametiee threshold value of
thermal dose heating temperature is only affected by thedbperfusion rate [24].
Blood perfusion rate also greatly affects the thermaédbstribution and the contour of
T300 [24]. T300 is a benchmark, defined as the maximum temperaussponding
to a thermal dose after 300 minutes. The thermal lesiafirectly proportional to
sonication time and heating power. In essence, a higbed lperfusion rate acts as a
strong heat sink, taking energy away more quickly, regmihigher temperatures to
achieve the thermal dose threshold.

To determine the dimensions of the thermal lesion target points on the
heating volume's boundary are set. One boundary islabed the other behind, the
targeted tissue centerline to create a heating patiatrcan deliver the same absorbed
power density level onto these two target points ur@D0 [24]. When the target
volume is larger than 20mm the thermal conduction effecomes negligible. T300 is
defined on the central z axis and is independent of themyparameters and the
heating strategies.

Ultrasonic lesions formed in vitro are structures tleftect high-frequency
sound waves. They are formed immediately and can thms the progress of tissue
damage simultaneously and with a clearly-defined edge aobsied22]. Diagnostic
ultrasound, used in conjunction with HIFU, can show tbkime of damaged tissue
from HIFU as a highly echogenic region. Damaged tissaes@urce of scatter because

the lesion becomes acoustically different from its@undings. By altering focal depth
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within tissue it has been shown that the lesion iséal largely in front of the focal
plane [22]. When using HIFU a spectrum of echo changas edrom no changes, to
what is called hyperechogenicity, most probably caused bgceitular water content
[21]. The increased water content enables micro-camitatiring HIFU, thus changing
the echo pattern without altering the size, locatmnguality of necrosis. The final
lesion volume depends on the energy and thus a fasahlées formed primarily in front
of the focal plane due to the nonlinear distortionhef sound waves towards the higher
frequencies [21]. The duration of HIFU treatment is depetndaly on the volume of
the HIFU lesion. A treatment time of 4 hours hasdgdla 40ml prostate necrosis [21].
A more versatile application of HIFU uses a phasedyaofatransducers.  This
arrangement offers added capabilities such as high-speéweiescanning, aberration

correction, and relative motion compensation [23].

2.2.2 LASER

2.2.2.1 Theory

The optical properties of tissue are a function of elength. Thermal
denaturation is a rate process where injury and inflamnmatf tissue occurs after a
temperature increase of 10°C [4]. Further temperatureasesecause coagulation
necrosis [4]. Optical scattering caused by coagulaggnires real-time monitoring to
compensate for the variability caused by charring and dtesue optical property
changes. The induced plasma breakdown of biological imlateay occur with the

application of picosecond length pulses. This technique gan produce acoustic
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events if the pulsewidth is synchronized to a chromaphtinermal diffusion time [4].

Temperatures greater than 100°C, initiates boiling and izgtion of tissue begins
generating steam and a dramatic increase in volume egpdgd$i Further increases in
temperature vaporize water content and result in carbomiz Laser-induced heating
may change macromolecule membranes, viscosity, and tsteal and thermal

properties [4]. Short pulse irradiation can result imapid temperature rise and
mechanical damage that may alter membrane functiondigtsically and biologically

[4]. The photophysical effects of laser use may leacthanges in physical and
chemical properties of molecules, blood flow and permewholi injured cells. The

laser greatly increases the spatial control of thentxof tissue injury due to the
concentration of light, a small focal volume oftie may be selected [4].

Skin is the initial boundary against electromagnetdiateon. How light is
redistributed throughout tissue during laser irradiatisndependent on its optical
properties [26]. Only 4-8 % of the laser light is dirgcdflected from the surface. The
remaining reflectance is due to light being reemittesnfrwithin the tissue [27, 28].
Light reflected from the skin includes a regular portioflected at the angle of
incidence and a diffuse portion. Light entering theusis then either absorbed or
scattered. The light may also be transmitted outheftissue depending upon the
optical density [29]. Most radiation in the UV does pasts through the skin because
of interaction with biomolecules and cutaneous blood elespt]. The laser’s
scattering coefficient decreases with increasing waggte implying that longer

wavelengths penetrate deeper into tissue.
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Photon energies less than the strengths of moletwlads allow heating by
absorption. Photon energy absorbed in the NIR regibect the vibrational and
rotational bands in molecule, and therefore acts tortéze the absorbed energy. The
energy in this spectrum is less than four electron-valsy higher energy would result
in an electronic transition causing some of the alesbdmergy to be reradiated [4]. For
example, at a wavelength of 800 nm there would be an emecggase of 1.55eV
(2.48e-19 J).

Light must scatter multiple times before it can bestered isotropic, thus it is
not appropriate to employ a general model to cover thitiossc The distribution of
light can be modeled as steady state if the duratidheopulse is long enough and can
be considered to have constant optical propertiegifidsue is homogeneous and does
not bleach or char. The anisotropy of the skin alltigist to be scattered within the
tissue with some directional dependence, i.e., eittrevardly or backwardly scattered.
Anisotropy increases with wavelength indicating thahtligcattering increases in the
forward direction [26]. Scattered light through tissu@etels upon internal tissue
reflecting and absorbing. Light reflected from the swfatthe tissue should include
direct surface reflectance and the back scattered[8@ht

The radiative transport theorem requires analysissefie optical properties to
measure the scattering of light in random media. Tésscliheory called the “Equation
of Transfer,” is equivalent to Boltzmann’'s kinetic thgoof gases [29] [31].
lllumination power, focal diameter and irradiation ¢ymbased on mathematical and

empirical data, have several general operational paeasneThe optical properties of
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the tissue are determined first, then the light distiam in the tissue is resolved. This
is done by carefully setting the boundary conditions auwdttering functions
characteristic of those tissues.

For highly scattering media the diffusion approximaiidA) of the radiative
transfer equation (RTE) may be used to adequately desalialistribution in tissue.
Light is strongly forward scattering near the epidermequiring several scattering
events to be considered uniform. Beyond this distaama,oximately one millimeter, it
is considered isotropic [29]. To illustrate, a thin, 2 ntissue was irradiated in vitro.
The back surface showed an area four times larger teimc¢ident beam spot size
while the backscattered area on the front surface hadeantwice that of the incident
beam [30].

Analysis of the reflected signal from the skin caregnformation about tissue,
and blood concentration, even about drug content [4]. skireis normally rough and
acts to diffuse incident radiation. The epidermis amsta melaninless epidermal layer
composed of keratinocytes that produce a fibrous protegtivéein that loses its
nucleus, becomes flattened as it is dehydrated and is ¢pustheard the surface to
become a densely-packed layer of keratin and lipidasaBcells called melanocytes,
also in the epidermis, contain a protein that absweidible and ultraviolet light that
protects the skin against damage by producing melanin [4, 1djos#é the spectrum,
melanin is the most important chromophore, absorbingdegsrd longer wavelengths.
Without melanin only a small percentage of the 320 nm light reach the blood

vessels in the dermis [4]. Blood absorbs strongly enltlue and green and thus light
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affected by blood remitted has these colors removed fhenspectrum. Sunburn or
predisposition to certain skin cancers is inverselytedldo melanin content in the skin
and tanning increases the production of melanin [4]. The désraisnixture of fibers,
collagen, reticulum, and elastin, which gives the skimgh tensile strength while still
allowing pliability. Collagen is a long molecule woveno fibrils which is made in
cells called fibroblasts. Fibroblasts are responsibtepfroducing the proteins and
viscous materials of the dermis. The depth of light ratien in connective tissue is
largely due to the scattering by collagen fibers [4].

Thermal destruction of tissue by lasers occurs by heastiepoand depends on
tissue absorption and on the thermal tissue propera¢sisiially vary with temperature
and water content [29]. Only the absorbed light can tisatie radiatively. For a
nonscattering medium the heat deposition is given by ©)(= w 1(z), where I(z) is
modeled from Beer’s Law [29]. The absorption coefficiemy be replaced by the
attenuation coefficient because any decrease in awail@ghit is due to scattering as
well as absorption. The primary absorbing materialstissue are melanin and
hemoglobin [29, 30].

A laser’s insults on tissue are highly selective -st@ining thermal effects to
targets smaller than organelles [4]. Laser photomeelics used for diagnosis and
surgery employing nonionizing electromagnetic radiation.his includes the use of
pulsed radiation to confine the heating effects on Seéedarget biomolecules and
chromophores [4]. NIR light is less absorbed by thdexpaal melanin and is thus able

to penetrate deeper into the dermis than visible ligiis allows laser irradiation in the
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NIR to improve the quality of thermal therapy [11]. TAhenius relationship damage
integral was used to quantify the tissue damage of hukiant® near-infrared and
visible laser irradiation [11].

This implies that a 940 nm light is more effective thashorter 580 nm light for
the treatment of tissue with large-sized blood vessats moderately to heavily
pigmented skin. The contrary was true for optimétaty when treating small-sized
blood vessels. It has been also shown that tisswel ldontent affects the threshold
dosage for tissue damage even more than blood vesseleliame

A pulsed application results in higher peak temperatur¢hefskin tissue
compared to a continuous wave profile [11]. Common wagéhsrfor the treatment of
cutaneous skin tissue are between 585 and 595 nm using pulsedsdse | Some
patients require multiple treatments and even others doespbond because of either
limited light penetration depth due to large diameter bloossels or due to high
melanin concentration in skin that competes with subsexwfargeted blood vessels in

the absorption of laser light [11].

2.2.2.2 Application

NIR Laser

The choice of irradiation wavelength can change tipghdef penetration of the
light [4]. Near-infrared (NIR) wavelengths penetrate deamt® skin and blood than
visible wavelengths because of reduced absorption [11]. , Tigwoved therapies

using near-infrared wavelengths may help those applicatemsiring deeper tissue
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penetration since the blood absorption coefficients @ir-imdrared wavelengths are
lower than those of visible wavelengths [11].

Longer laser pulse durations, actually composed of a dfaimcro pulses, are
used for treating the large-sized blood vessels becausenttieh the thermal relaxation
time of the blood vessels more effectively [11]. Aadoas the interval between the
pulses is less than the thermal relaxation time efilbod vessel the light profile will
still approximate a long single pulse. This allows thathe be confined to the blood
vessel diameter [11].

Near-infrared (NIR) lasers also have safety challengégen in the invisible
part of the EM spectrum application to corneal, lenticulatinal can result in lesion
injuries. These measurements results follow heasfiea and rate process equations
[33].

Lasers offer unique properties for medical applicationtaed thermal effects
on tissue heating can be consistent across differesues [4]. Laser ablation for
clinical use includes applications for dermatology, d&nti neurosurgery, and urology
[32]. Laser thermal therapy is a minimally-invasive tegbaithat directly induces a
thermal lesion. Laser-tissue ablation techniques haveument parameters of
wavelength, pulse duration, and exposure time, and are infldehg the optical,
thermal, mechanical, and chemical properties of thepleatissue [32]. The spectral
coherence of the laser beam allows focusing on tHerasf its optical wavelength.
This would allow a tunable dye laser, say, to matchwvaselength to the absorption

bands of a chromophore [4]. Microsurgery can be perfdromeliving cells making it
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possible to alter metabolism by thermally affecting oedlas, macromolecules in
submicron cell areas [4]. The power spectrum of a leaerspan the UV to the NIR
and provide a spatially-localized heating capability not iptessvith conventional light

sources [4].

UV Laser

The ultraviolet (UV) part of the electromagnetic gpa@m is broken up into
bandwidths, similar to NIR. Vacuum UV is the spectrunmfrb00-200 nm, UV-C 200
to 280 nm, UV-B 280-315 nm, and UV-A 315-400 nm. At these higherg&ser
tissues are affected by indiscriminate ionization causing ianized molecule to
become more susceptible to having its bonding energiggdltdn the UV spectrum
molecules in tissue become more absorbing [4]. They carsustain uv
photochemical events and thus a cell's DNA can beedlte Cell regulation and
replication can also be affected by UV thru alteraiom RNA, protein, and cell
membrane structure. Sunburn is a UV-induced erythema atypieal inflaming
response as the skins attempts to remove injurious photetormed within the tissue
[4].

Within the UV and visible range, the longer wavelengtbatter less and
penetrate deeper into tissue [4]. UV excimer lasersdediver photochemical and
thermal reactions in the 193 - 351 nm region [4]. Most iwo vultraviolet
photochemistry is harmful [4]. Photon energy in thgawiolet (200-400 nm) and

visible (400-700 nm) wavelengths is sufficient to cause r@pict excitation of specific
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chromophore molecules in cells [4]. Wavelengths oatsitlthis bandwidth may be
less effective in altering biological reactions becaafdewer photon energies. Light in
the IR and UHF microwave range excites specific vibral or rotational modes of a
molecule. It does not have the energy, or frequeicyhf , strong enough to cause
electronic transition.

DNA may also be damaged leading to abnormal differemmiadf skin cells.
Erythema is not the only indicator of phototoxicityad#ation in the 250-290 nm range
portion of erythema depends on the exposure time andeisntist erythemogenic
waveband. Erythemal efficacy decreases by a factd@@d for wavelengths from 290

to 320 nm [4].

Interaction M echanisms

Photochemical interaction entails light affectimggtie structure thus creating a
chemical effect, e.g., photosynthesis. Photodynahneiapy (PDT) is a photochemical
interaction with relatively long exposure times and fsawer densities 1[W/cfh It is
implemented using special dyes injected into the blocaistrend accumulated in the
tumor to induce photosensitizing effects. For examplagmatoporphyrin derivative
(HpD) becomes toxic when radiated. HpD clears thettheahart of the body after 48-
72 hours. In the tumor region where the vasculature is bhig blood flow low, it
remains at high lethal concentrations for up to 10 ddmggially, tumor cells have as
much HpD as the rest of the body. However, becaweseuthor cells have much less

clearance, they have a longer storage affinity for Hgiter a few days HpD in the
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tumor is about 30 times that of any residue left in theatthe body. Laser treatment
usually occurs a few days after initial dye injectiofhe aggregated HpD in the tumor
becomes cytotoxic when light activated [9].

The governing parameter to measure hyperthermic activityussally
temperature. Thermal interactions occur as bulk abearpn molecular vibrational-
rotation and nonradiative decay. First, a photon extitesnolecule to a higher energy
state. Its kinetic energy is shared inelastically vatijacent molecules and results in a
temperature rise. When temperatures reach approximn@@éy the tissue becomes
necrotic and darker than the surrounding tissue [9]. Staimitg, hematoxlyin and
eosin can be used to visually show the effects otigissbagulation when heat is
applied. As the temperature approachs 100°C, vaporizatiansbiegding to higher
pressures due to water confinement within the tissues. fHeusecond phase the
therapeutic laser processe causes water in the tissuaptwize [29]. Eventually
thermo mechanical effects occur which ablate the tibguermal decomposition [9].
Third, after a period of time carbonization begins. Tibgue begins to darken on its
own, without the aid of staining and this condition sbdobé avoided because the
darkening simply obscures the visibility. Finally, tissuglting occurs at near 300°C.

NIR energy is principally absorbed by water and proteinthedissue heating is
due to absorption caused by water, protein, pigments armmomalecules. This
process is strongly dependent on the incoming radiatewvelength [32]. A peak at
3um is due to the symmetric and antisymmetric vibrational madevater molecules

[9]. Water absorbs light by resonance of symmetric asyinmetric stretching modes
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of the molecular bonds has strong absorption peaks @®® to 6.1um [32]. The
peptide bonds of protein spread across the infrared spectiiien IR [32], while both
water and protein have a common absorption peak at 610 tablsubr a laser-based
ablation process [32].

Because ablation is initiated by the absorption of lasergy, the fluence of a
laser beam represents the energy distribution asnetidm of depth. Fluence is
determined by the surface radiant exposure and the absormiefficient (i),
assuming non-scattering medium [32]. The higher the ptigsorcoefficient, the more
absorbed laser energy is concentrated at the surfabe tdrget [32]. From Beer’s law

the fluence is an exponentially decaying function of tiskeph [32].
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Figure2.1. Water absorption profile, http://www.Isbu.ac.uk/watdwat.html

Heat generation is determined by the laser parametadiance, exposure time
and tissue absorption coefficient (a function of wength), Figure 2.1. Heat transport
is a property of the tissue’s heat capacity and heatumivity, with loss of heat mainly
through conduction and convection process [9].

Laser-induced interstitial thermometry (LITT) is a mially-invasive surgery,
e.g., irradiation treatment of malignant tumors. Timsthod uses volume or surface
scattering probes inserted into the tumor. The turaceshighly vascularized and this
treatment also coagulates the blood vessels. The uspidation of LITT is in the

NIR where the light penetrates deepest [9].
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Organic polymers are primarily covalently bonded. Twdeawes bound by a
common electron will either transit to a higher egestpte or dissociate themselves
when encountered by a photon with enough energy, say ib\¥heThe principle of
photoablation employs photon energies which promote ngpulksxcited states of
molecules thus causing mechanical action by fragmentatitmout necrosis, i.e.,
ablation for use in corneal surgery for correction nigppor astigmatism [9].
Photoablation, or ablative photodecomposition, uses inigimsity laser irradiation to
make precision cuts while minimizing damage to the surrogrtisaue.

UV laser ablation of tissue occurring at 193 and 248 nm prodhates ablation
than at the longer wavelengths of the visual or NIRweler, blood absorption at 193
nm hinders treatment [4]. Cytotoxicity of UV radiation ascomplished by DNA
absorption in the 240-320 nm wavelength range which causegenidalteration of
cells through photochemical reactions with chromophofepossible side effect of UV
alteration of DNA is an increased possibility of passimgerroneous information to
induce cancer by initiating an uncontrolled proliferatadreells. Excimer lasers were
found to be less mutagenic than the UV light from meréamps [9].

Plasma-induced ablation occurs after too much power geseaatéonized
plasma causing an optical breakdown. Power densiti¢6'bfwi/cny] for solids and
fluids or 1G* [W/cn¥] for air, in time durations of 100fs to 500ps, results inearmly-
defined cut free of mechanical or thermal damage [9]snRdainduced ablation differs
from photodisruption in that the electric field strengttteeds the dielectric or optical

breakdown, depending on the frequency, Figure 2.2.
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Photodisruption is a possible side effect of the aldapkocess where tissue
fragmentation occurs due to mechanical effects. This tgeénis used for lens
fragmentation and lithotripsy applications [9]. Othecandary effects include plasma
formation and shock wave generation. In soft tissue, ithplies mechanical side
effect, of cavitation and jet formation. Cavitatiorcors when the focal point resides

within the tissue rather than on the surface and too ranefgy is applied.
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Figure 2.2. Power densities versus exposure time for various tigseiactions

Mathematical modeling tools used to predict the extergkof injury use the
heat conduction equation and rate process damage integtese models predict
damage due to multiple absorbing layers, reflection, blpedusion, and steam

formation [33]. The tissue absorption coefficientanbined with the incoming beam
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profile and power data to determine the amount of availebé¥gy deposition. This
information is used to determine a source term fohta transfer equation along with
other thermal parameters to output is the temperattirally, this information is input,
along with the rate coefficients, to results in a dgenmodel, based on the work of
Henrigues et.al. [34]. This model is used to determine amplecrosis of the skin
using rate coefficients, and predicts the damage atsedcwvith surgery done by laser
irradiation in the visible spectrum. Little data on bgéal effects of thermal surgery
using lasers exists for work done in the near-infrareceleagths [33].

Photothermal and photomechanical are the two maiga@aés of laser ablation
and are categorized by pulse duration [32]. Absorption of lagde by a photothermal
event transforms the optical energy into heat, anddescribed above results in
vaporization, carbonization and eventually melting [32he thermal diffusion time is
the time required for the initial laser energy to mbegond the target tissue resulting
in thermal damage to the surrounding healthy tissuereTiseninimal diffusion of heat
when laser pulses are short because the thermasidiffatime is much longer than the
pulse duration. The thermal energy resides locally ent#rget tissue without any
significant effects of heat diffusion [32]. In this wapllateral damage can be reduced
by optimizing wavelength and pulse duration [32]. The enebgprded by the target
tissue to accumulate in the focal volume determined byldaker spot size and its
effective penetration depth, diameter, and length [32].

The pulse width of the laser inside the affected rege@sults in a rise of

temperature proportional to the absorption coefficient.[3P¢mperatures greater than
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the boiling point of water are required to induce vapozatr ablation [32]. Tissue
carbonization occurs when extra energy is absorbedubedhe laser pulse duration is
greater than the thermal diffusion time [32].

Photomechanical exchange is the result of sub-ngcowl laser pulses where
the target tissue experiences a mechanical shock [32].o0@tuss when the laser pulse
time is shorter than the acoustic diffusion time.e Beoustic diffusion time is the time
required for the mechanical stress travel from thgetatissue [32]. Mechanical stresses
caused by thermoelastic expansion, shock waves and cavitalliatrigger tissue
ablation.

Lasers with pulse durations in the nanosecond range irapial breakdown
by thermal avalanche ionization generating electrorthetskin surface [32]. These
electrons readily absorb incoming photons. Which irsgedheir energy and causes
more collisions generating even more electrons [32ie ffect generates plasmas with
temperatures and pressures as high as ten thousand KetVionenGiga Pascal,
respectively [32]. In turn, the heated material generateasechanical shock that

initiates tissue ablation by photodistruption [32].

2.2.3 Microwave Ablation

2.2.3.1 Theory

Microwaves are electromagnetic radiation, with wewgths from 1mm — 1m,
which can stimulate dipole oscillation generating hmBatielectric hysteresis [35]. An

electric dipole may be viewed simply as two charges, laguaagnitude and opposite
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in polarity, separated by some distance. A neutral gitawed in an electric field
induces a dipole moment. An example of this is watechvhas a permanent dipole
moment because it is a polar molecule. Electronegatim some molecular
combinations allows an unbalanced sharing of bonding ele;taom in the case of
water, two of the negative p-orbitals of its oxygen aeauoh have a positively charged
hydrogen atom covalently bonded to it giving the moleculenaitsiral polarity. The
repulsive nature of the two hydrogen nuclei cause thend axes to widened to 104.5°.

When water, or any polar molecule, is placed in actedefield there is an
induced torque on the already present permanent dipole mevha&ht causes the polar
molecule to reorient itself to the field. A phase delggice exist during heating which
is caused by electron cloud mobility [36]. The lag betwten electric field and
polarization of the material is affected by frequencyg aglative permittivity [36]. If
the driving frequency oscillates too rapidly the dipold Vai¢y behind the field leading
to energy loss through heating.

Thus, any substance with an electromotive force impdesacross it will
generate a current which in turn causes some amountabiehergy to be dissipated.
Additionally an AC potential dissipates energy vialetitric hysteresis. The dielectric
constant of a material is a complex argument whasesteonsider the total current as
the vector sum of charge and loss currents [36]. TlaGwe permittivity of a substance
is a function of wavelength and is used as a measutewf easily a material is
polarized [36]. The decrease in hydrogen bond strength wibpdrature lowers the

dielectric permittivity allowing the water molecule ¢scillate at higher frequencies.
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Because the dipole can switch faster there is a reduictidrag and dielectric losses.
This allows energy to penetrate further into the sulggtaand, as a consequence, heat
more uniformly because the radiation is not totally aokst by the first layer of water
[36].

Microwaves are a nonionizing radiation source becausee tfs insufficient
energy to directly change a substance chemicallyowdy¥er, exposure from high
intensity microwaves can still cause burns as atre$dielectric heating. For example,
exposing the eye to microwaves can produce cataracts thprogtin denaturation

because the lens and cornea contain no blood vesselsy@away the heat.

2.2.3.2 Application

Microwave ablation (MWA) is a thermal therapy thimiduces the water
molecule to rotate causing thermal coagulation of Hrget tissue. The alternating
polarity of the electric field causes the water moles to be realigned which results in
frictional heating with the surrounding molecules andaaases in the kinetic energy of
the atom/molecule and excess heat [27, 37]. Organ tiasedsssy dielectrics meaning
they can absorb large amounts of energy [35].

The current causes resistance heating which destroysffdeted tissue while
minimizing damage to the adjacent normal tissue. Tlemees cause secondary
heating due to the electrical resistance within the ti$jueA dipole antenna requires
some means to focus or restrict energy to a specifia by using different antenna

geometries [6].
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Microwave thermal therapy incorporates a tiny dipaleeana inserted into the
tissue. Electromagnetic waves in the 0.3-2.5 GHz rangeaenglectric currents with
power settings of up to 60W [6, 38]. MWA antennas are cdricegliectrode needle
assemblies approximately 25cm in length [6]. The inside aesdh monopolar 18-
gauge [1.024 mm] needle thin enough to pass through 14-gauge [1.628yheteds
sheath. Microwaves are emitted from the distal segjmmiethe inner monopolar probe.
An array of these antennas increases thermal condwianling destruction of tumors
up to 3 cm in diameter [6].

The various antenna configurations for microwave applinatitave a dramatic
effect on the shape of the electromagnetic field power deposition throughout the
affected tissue [38]. The lower the frequency, the dedpeidesion, which reduces
extraneous heating of equipment [38]. However the rdattproperties of tissues in
the microwave frequency range change as they are heatedl§6Hdestroy an entire
tumor several antennas are usually required. This candoenglished with either of
two strategies [6]. One would be to use the coherentenatf electromagnetic energy
to generate interference patterns to match the stfgihe tumor. The other is to drive
the signal randomly, producing incoherent interference npatte This can be
accomplished by the use of a number of antennas indepentiztieate a geometric
power configuration that conforms to the tissue volume [Bjermal conduction is the
mode of heat transfer outside the volume affected &elbctromagnetic field [6]. The
induced heating minimizes the need for a surgical proceduralbging the amount of

tissue affected [39, 40].
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Salt operates as a eutectic by suppressing the dielecmg&tant. This is
accomplished by decreasing the water structure, thus layvesiatic dielectric
permittivity [36]. Without salt, water alone becomes a@neo absorber of microwave
energy. With the increase in temperature, the phasdelageases allowing the ions to
react faster at lower frequencies and so produce fraitioenting [36].

MWA, like radiofrequency ablation (RFA), applies heat rggeinterstitially
using dielectric hysteresis [35]. Both techniques reqheeplacement of an electrode
into the target tissue which requires some type of guidantesmall laparoscopic
incision is made and this antenna is place in the tisgdgh visualization by US or CT
scan, places a thin antenna in the tumor. Microwaves fhe antenna propagate and
impart energy that causes water molecules within thituo spin producing heat from
friction. Unlike RFA there is no current flow with M and thus no need for
grounding pads or retractable pads. However, similar t8, RfPWA produces a
hyperechoic region around the needle which results inbéatea tissue region that

tends to be more elliptical, a prolate spheroid.

MWA has the advantage of heating a larger volumessfig and at a rate that is
faster than RFA. There is no need for an electricalduction path and property
changes of the affected tissues are less criticdlWéA than with RFA [35]. The
application of RFA induces a rapid rise in the impedancehwsiifles the progress of
current into the tumor thereby decreasing the efficieatythe application [35].
However with MWA no conduction path is required. Thusderatures as high as

150°C have been measured using MWA [35]. MWA may be opesatadtaneously
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employing multiple antennas which can operate without muntetference [35]. With
RFA, the use of multiple electrodes requires a switchiggrshm to enable only one
electrode to run at a time. The superposition of ENtidSigrom MWA increases the
potential for transcutaneous ablation from selectiveimgahus avoidance of target
areas is possible [35]. The skin surface can experexgmssive heating because of the
large electrical impedance difference between the tiasdeair [6]. MWA does not
require grounding pads thus superficial skin burns are noggoirhappen. MWA
unlike RFA is not contact dependent [38].

Lazebnik et al. investigated study the ultra-wide band miavewdielectric
properties of normal, malignant, and benign breasiés$41]. An open-ended coaxial
probe was used to measure microwaves from one halfdoty gigahertz each tissue
sample. A one-pole Cole-Cole model was used to anaéiheeomplex permittivity
data set, Figure 2.3. Dielectric property shifts with teapee allowed the

temperatures local maxima at constant frequency to belatdd [36].
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Figure 2.3. The Cole-Cole plot shows the variation of tempeeatvith wavelength

The dielectric property contrast within the microwawamnge between breast
malignant and normal adipose-dominated tissues was @s & 10:1 [41]. The
contrast in the microwave-frequency dielectric propsertf breast tissue was no more
than about 10% [41]. Breast cancer detection uses nariFignienergy in the
microwave frequency range because this range allobalaance between penetration
depth and spatial resolution, image detection and focudihgs, it was established that
dielectric properties using microwave radiation of ndrrinanign and malignant human
breast tissues is from 0.5 to 20 GHz [41], and that takedric properties of normal
tissue span a wider range and are determined primarilyipgssdtissue [41].

Simon et al. used three microwave generators connectad aintenna using
coaxial cable to produce up to 60 W of power at a frequency of H5 [MR2]. The

antennas were then arranged in a three-probe triargprifiguration and spaced at 1.5,
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2.0, and 2.5 cm using 13-gauge, 15-cm long wire with a 3.6 cm agtiveAll MWA
were performed under US guidance with tumor logistientified with CT or MRI.
The microwave generators were run simultaneouslynohsgnize the ablation with 45
W of power for 10 min and the ablated coagulation wasmestd based on the
appearance of the transient hyperechoic zone. For REAhyperechoic echo was

found to be roughly 8 mm of the ablation margin.

2.2.4 Radiofrequency Ablation

2.2.4.1 Theory

Radiofrequency Ablation (RFA) energy is delivered through4a2l gauge
electrode extended in a radial arched fashion to incrigassfective area. The RF
energy vibrates the atoms within the cell with a varyir@)8vIHz signal and generates
cellular heating via ion agitation which is proportiot@akurrent density. Tissues close
in proximity to the active electrode receive the mosrgy and this characteristic limits
any necrosis to tissue, 2-5 cm in diameter, in the idiae vicinity of the electrode

[43]. The heat treatment inherent to RFA slows blegtherefore reduces blood loss.

2.2.4.2 Application

RFA is an effective minimally invasive treatment oiior growth and has been
FDA approved since 1997 for patients with tumors not suitabtecdbnventional
surgery. RFA is used to treat tumor growth in the libeajn, musculoskeletal system,

thyroid and parathyroid glands, pancreas, kidney, lung, kaedst [43]. RFA is a

40



percutaneous technique for the treatment of tumors witheutremoval, and therefore

it is less invasive and less expensive [43]. It is a naidiog in situ technique used
with minimal sedation which reduces pain and sorenesghi® patient. An RFA
procedure may last up to 30 minutes depending on tissue chatadeand
temperature requirements [44Yarious imaging techniques can all be used for probe
guidance and treatment monitoring. These include computedgtaphy, magnetic
resonance imaging, positron emission tomography, andauinds

RFA is performed using either a monopolar or bipolar teglei Either
approach utilizes current passing from the noninsulatedftifhe electrode through
tissue to generate ion agitation, which in turn, genetaas by means of friction [43].
The monopolar technique is a more common tumor ablafmlication using a large
grounding pad as a dispersive electrode. The bipolar techngpsea smaller passive
electrode placed within five centimeters of the sourcetrelde as a means to complete
an electrical circuit [43].

Conventional RFA produces a maximum limited lesion diameof
approximately 1.6 cm [45]. Goldberg et al. used a convealtimonopolar set-up to
test both ex vivo an in vivo effects on liver and mustdsue. Lesion diameters
correlated with the exposed electrode tip length. Aunwformity of electrode surface
temperatures was found, as was temperature variatiorg aloee electrode. The
temperature variation increased with tip temperature dectrede tip length, the
highest being near the electrode endpoints. For tempesaless than 50°C a strong

correlation of coagulation was observed between diameith the local mean
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temperature. Electrode surface temperature increased co#lgulation necrosis
diameter at 80°C, and tissue charring and cavitation isedeaircuit impedance
(limiting current flow) which resulted in inconsistent ritssuor temperatures higher
than 110°C [45]. Generally the relationship of coagulatieimeter to electrode
surface temperature was similar to ex vivo experimerftbe length of coagulation
necrosis achieved in vivo was comparable to that obsexxedvo, but with in vivo
tests the diameter was considerably smaller than ex M5-47]. The minimum
temperature was 8.5°C higher along with a correspondingegreariation in electrode
temperature for in vivo ablation [46, 47]. It is thoughtttparfusion-mediated tissue
cooling via blood flow is largely responsible for decreagedvo necrosis [46, 47] and
these results imply that a larger volume of tissueases per treatment can be obtained
by increasing electrode tip length [46, 47].

The volume of coagulation necrosis by RFA can be aswéd by several
techniques. The physical design of the probe may beedlees a multiprobe, hooked,
bipolar array or intercooled assembly [43]. Saline camjeeted intraparenchymally
prior to and during RF application [43]. RF current carpbgrammed to maximize
the energy deposition which reduces the side effectsssdie boiling, charring, or
cavitation [43].

Improvements in the technique have included the use ofray af electrodes,
each with 3-cm tip exposure, to increase the effectimmeter of coagulation necrosis
[46, 47]. Increasing the volume of coagulation necrésim that of a single probe

affords a measure of flexibility in probe configuratiordaspacing to match a given
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tumor geometry. One constraint of this method is tiatprobe spacing needs to be no
more that 1.5 cm apart [46, 47]. A hooked needle has bedrut it was only able to
deliver a maximum output of 50W for an initial treatmeoe to boiling and charring
[48]. This system is more reactive to blood flow and ke than a cooled-tip system.
Another multiprobe array uses an array of stiff wirethe shape of an umbrella
branching from a single cannula [48, 49]. This arrangement albées to produce a
spherical region of coagulation necrosis 3.5 cm in dian{d9]. Bipolar arrays utilize
a second ground electrode within 4 cm of the active elgetroThis configuration
causes heat to be generated both at the active elecird the grounding probe and
results in a coagulation region larger than with azeational monopolar device [49].
Saline solution injection is another technique used befaceduring RFA to
increase the volume of coagulation necrosis. Safhjextion increases conductivity
while decreasing electrode temperature and increases i désmeter to as much as
5.5 cm [50]. Saline administered prior to RFA has resuited larger volume of
coagulation necrosis in both ex vivo and in vivo expenitsie According to Scudamore
et al., one possible explanation is that the effecturface area of the electrode is
augmented by the tissues’ increased local osmotic pressitliissue cooling and
decreased tissue impedance increases the toleraneetssie to sustained high power
settings. This allows the heated saline to diffuse heaiughout the tissue more
uniformly [51]. However, the resulting coagulation msis when using saline
injection becomes more irregular in shape with anabeolume of tissue harder to

predict [50].
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Another innovation that has resulted in greater enedgposition and
coagulation necrosis is the use of internally cooled 18 gauge electrodes which have
been designed to increase output and prevent tissue biaifhg A cooled-tip needle
clearly affects a much larger lesion than an expandabéslle because of increased
power delivery capacity up to 200 W [53]. Cooled-tip lesionsewarger than those
induced with the expandable needle. However, the expandaeldle lesions were
much more reproducible in vitro. The cooled-tip needle etustais constructed of three
active electrodes 0.5 cm apart. This arrangement produtcedeauniform oval shape
than a 3-cm umbrella probe mentioned above, and wagsioobe more stable [53].

Clustered electrodes have also been investigated towtether a densely-
packed arrangement of electrodes would act as a singke dédectrode [54]. Three 2-
cm, internally cooled probes, spaced 0.5-1.0 cm apart, prodatest results than
electrodes spaced 1.5-2.5 cm apart [54]. The former could pradiidecm spherical
focus of coagulation whereas the latter could only ereataller more irregular zones
of coagulation [54]. Thus electrodes placed less than lmant generate spherical
regions of coagulation necrosis that would otherwisguire similar electrodes
assemblies spaced 1.5-2.0 cm apart [54].

Applying a RFA duty cycle of pulsed RF energy enables rheet dissipation
to prevent charring and cavitation [55]. RFA has beeniegp@x vivo to liver tissue
using internally-cooled probes using peak currents as higioeamps. One duty cycle
was 15 seconds full power then 15 with current lowerechéohalf amp for 15 seconds,

cycled over a period of 15 minutes. This generated a cdmgulaiameter
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approximately 3.8 cm when a 4-cm probe was used [55]. Whemparethto a
continuous energy input, without increases in impedana®,carrent applied to the
same probe arrangement, the average coagulation drama$e3.3 cm. Pulsed RF
energy generates a more rapid increase and higher loN&saé temperature than can
be achieved using a single treatment session [55].

In summary, successful tumor ablation using RFA as anmliy-invasive
thermal energy source is achieved when the tumor iplebely destroyed in one
session a surgical margin of up to one extra cm [53Jne@dly, tumors less than 2 cm
can be treated with one RFA application. Those turBds 3 cm in diameter require
six overlapping ablations and those greater than 3 cniameder require at least 12
overlapping ablations [56].

A certain amount of ability is required to accuratelsicgl the electrodes, thus
some variability in the success of the technique can béodalacement errors [53]. As
a consequence, optimizing the affected volume of tissuleetdestroyed in a single
treatment is important, because it determines thetimgguhaximal applied volume,
number of applications, and probability of complete turreatment. Blood flow
within the blood vessel removes enough heat to allowissad to be preserved [51].

The effects of heat sink are more evident when thergéor power is lowered [53].

2.3 Quantum Dots

QDs are direct band gap semiconductor nanoparticlesswihg fluorescent properties

and unique optical properties. Their fluorescence emissaonbe tuned by adjusting
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the QD diameter. The quantum confinement effect deseaisk increased diameter.
A core/shell configuration overcomes this limitatiord axtends the emission into the
near infrared (NIR), without changing the size of QB&-59].

Given similar material and assembly, larger QDs Wlilloresce at longer
wavelengths. The photoluminescence from a CdSe QD eaturied to cover the
visible spectrum (465 nm — 640 nm) from green (517 nm/2.4 eV) to dee(/¥ 30
nm/1.7 eV) simply by colloidally adjusting the QD diameftem 2 to 20 nm [60, 61].
This fluorescence dependence on band gap energy may beeddjyssimply varying
the diameter and shell thickness. Thus, quantum confimeeféects determine an
emission signature which may be ‘tuned’ by simply varyihg size of the QD
assembly. This makes QDs applicable for medical agicawhere cell or tissue
visualization can reveal important transport beha\s@i. [

The emission of a QD assembly is determined by bagsragnt and charge
carrier spatial distribution at the core/shell irhed. The spatial charge distribution
determines the magnitude of the surrounding electron-holdo@b attraction of the
electron hole pair [63]. For a Type | QD configuratiorthbelectron and hole are
confined to the core structure. A Type Il QD has eittie@rge carrier confined to the
core, the other in a shell whose valence band eneifgwes than the core carrier. This
physical separation results in light emission with reduenergy resulting in a longer
emitted wavelength, i.e., a Stokes shift.

Semiconductors are typically made from compounds contpieiements in

groups Il and 1V, Il and V, or IV and VI. QDs can be grousing colloidal chemistry,
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epitaxy, or lithography [64]. Colloidal chemistry typigallmanipulates elements
composed in the Il and VI periodic column, i.e., CdS, €d&ithography is a pattern
masking process and epitaxy involves growing QD substratddnlike bulk
semiconducting materials, QDs are relatively easy te.tu@olloidal QDs are afflicted
with bleaching and blinking and therefore do not provide enoudtereace for
guantum information purposes [64]. Epitaxial QDs are assenwt&in a crystalline
matrix having a larger band gap which can operate for extendedip®f time [64].
Epitaxial QDs can be grown using molecular beam epitaxyetal organic chemical
vapor deposition [64]. A gelatin may be introduced to sloes ¢hemical reaction
providing regulation of growth rate and provide a biocompatddating forin-vivo
applications [62].

Persistent luminescence QDs are a relatively newpaatiole application [65].
These QDs are activated before administration t@é#tent. The only instrumentation
IS a passive, noninvasive device necessary to measure iggoanof the nanoparticle
after it is in the body. Other noninvasive means availamasure the nanoparticle
after it has been dispersed to the target locatidre miajor advantage of these systems
is to avoid the need for an excitation source. As sulte no signal diluting

autofluorescence is present.

2.3.1 Tumor Transport of Quantum Dots
Diffusion is the main driving mechanism for small molesuin normal tissue

while convection is responsible for transport of largeacraomolecules. The heart
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generates a hydrostatic pressure responsible for pushing freatethe capillaries into
tissues. The interstitial fluid that surrounds cellatams nutrients made available by
blood vessels and waste products to be removed by either blodgmph flow.
However, the tumor has no active lymphatic vessatsire [66]. In this environment
the movement of macromolecules is driven by inteastdnd microvascular pressures
alone [67].

Deep within the tumors’ interior the interstitial fuihas a high, uniform
pressure with a steep gradient near its surface. Aesswtr larger molecules have
difficulty being transported because they rely on cotwacwhich only occurs near the
tumor surface [66, 68]. Smaller molecules are more tefedg transported across
tumors and more readily cleared to the bloodstream [27,@8herally, in solid tumors
the increased interstitial fluid pressure reduces bloodplgupesulting in a

corresponding decrease in the delivery of any cancer deugp

2.3.2 Near Infrared QD Imaging

Blood hemoglobin and water have low absorption ratethé NIR. Though
most visible light is absorbed by hemoglobin, water, aoid, lithese same tissues are
relatively transparent to radiation in the NIR range (700~86¢ and can travel
through tissue a few centimeters, further than that aetliby visible light [69, 70]. A
critical indicator of tissue function is hemoglobinncentration and oxygen saturation.

Near infrared spectroscopy (NIRS) can measure theseiwenty [71].
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NIR is able to penetrate further into tissue than Visght because scattering
events are generally more forward biased and occur rhareabsorption events [72].
Thus, fluorochromes designed to emit in the NIR allowugspenetration of a few
centimeters. Similar imaging techniques in the visiblectspen would be limited to
penetration depths of only a few millimeters.

Biomedical imaging has been feasible in the NIR becanseased detector
sensitivity and use of monochomatic illumination ensblee use of higher power
densities [117]. Fluorophores in the visual and NIR cannb@®duced into tissue
simultaneously thus allowing both signals to be measuredpemdently. Also,
restricting two or more signals to the NIR regiormal measurement of deoxygenated
and oxygenated hemoglobin, and total hemoglobin concemtsatialeep tissues [70].

Tissue scatters light through membrane interfacescealls, collagen and
extracellular matrix [72]. Tissues also have significautofluorescence in the visible
spectrum and maximum transparency in the NIR because lilaage doesn’t have
chromophores that absorb in this bandwidth [69, 73].

Some molecules become fluorescent when excited byifisp@avelength
radiation, usually in the UV/VIS part of the spectrumNIR fluorescence imaging
reduces tissue autofluorescence. Consequently thers isdelsground signal, or noise,
associated with the use of NIR because the surroundid@nsenot participating in the
illumination. NIR QDs are superior in brightness grmbtostability over fluorophores
for diagnostic imaging [74]. A working example foretluse of a VIS/NIR camera

system is from used in veterinary surgery [75].
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2.4 Tissue Phantom

Tissue phantoms replicate the optical properties dbdgical tissue. They are
useful for calibrating, validating accuracy and repeatglir newly developed optical
imaging and spectroscopy experiments. The important ngagarameters are the
absorption and scattering characteristics of the reptasve specimen. Tissue
phantoms can be used to replicate optical propertiessfeirequiring scatterings,
and absorptiony,, coefficients at specific wavelengths and to coverdembpandwidth.
This also includes biocompatibity to accept hemoglobiriame, or fluorophores and
to measure transient behavior [76]. Tissue phantomdsareised for quality control to
calculate dosage delivery for diagnostic and therapyicapions, for x-ray focal spot
size determination, and to detect contrast limits foasbnic and MRI applications.

The basic criterion of any tissue phantom is to madteh light influencing
characteristics of the replicated media. The oppicaperties of gelatin phantoms are
close to human tissue optical properties [70]. Dependinthe® media thickness, some
parameters are more important than others. Forrégdes less than 1 mm the
absorption,u,, and scattering coefficientgs, and anisotropy factor, g, should all be
matched to the original tissue [76]. Intermediate thedsnscattering lengths can be
well-approximated using the reduced scattering coefficiégt(1-g)us, and bulk tissue
transmission requires the use of an effective att@muabefficient, per=(3 pa p's)

[76]. For measuring tissue transmission, matchig i8 adequate, but tissue
spectroscopy requires bothand 4 to be properly defined as they are considered to be

wavelength dependent [76]
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Tissue phantoms designed to mimic human tissue fgndsics can be adapted
to distinguish between newborn, child and adult, and saofty ar bone tissue. Hybrid
phantoms for multimodal application include biochemiadéctrical, magnetic and
thermal properties [76].

Water and hydrogel materials like gelatin or agar provideomdical medium
which can accept organic molecules for laboratory worH. [7&elatin is made by
denaturing the molecular structures of collagen throughotyals [77]. Collagen gives
structure to connective tissue because the protein oeritalical regions that trap water
molecules [78]. There are three main structures inliagem [77]. The primary
structure consists of amino acids in peptide chains [77]. SHw®ndary structure
describes the function of the alpha helix and beta sHeatsed from the primary
structures. The tertiary structure refers to the orderfripe amino acids at a distance,
the folding and other noncovalent interactions of hydnoged disulfide bonding and
other ionic exchanges [77].

Denaturation of a hydrogel material destroys the ordesfrthe hydrogen bonds
making random length chains of smaller molecular resifitiels Above 40°C these
smaller molecules are in a random coiled state [77]reversible transition in this
structure takes place when the temperature drops below 3@7C This transition can
be detected optically and with large temperature gradigmspartial denaturation
process results in the formation of a malleable gel [77]

A collagen gel has a high content of glycine, prolind aydroxyproline amino

acids derived by controlled hydrolysis [78]. Gelatin tisphantoms consist of solids
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dissolved in boiling distilled water, scattering andaasbsg agents and possibly cross
linking agents to keep the gelatin from melting at highewperatures [70, 79-81].

Agar is a polysaccharide made of agarose and agaropectinNafive agarose
is hydrophobic and thus requires a detergent to causdydirmgen bond with a water
molecule [77]. Agarose chains are in a randomly coilate sabove 60°C [77]. As the
temperature is decreased, intramolecular hydrogen bondingesathe molecular
agarose chain to become more rigid [77]. Finally gelatibagar occurs at 40°C and
intermolecular activity takes place in microcrystalijunctions with further decrease in
temperature [77].

Unlike gelatin, agar can be used over a wide range of tampes without
melting or having its optical properties altered. Gengmatl agar mixture is dissolved
in distilled water, heated to 60°C and formed at 40°C [79Qgar alone has low
absorption and turbidity but can oxidize when heated causingncrease in the
absorption coefficient [79].

Common scattering agent are Intralipid (an emulsiosayf bean oil and egg
phospholipids), other lipid-based emulsions, titaniunalominum oxide powders, and
polymer microspheres [79, 80]. The scattering coefficieftdssue phantoms using
larger polystyrene microspheres is determined by use ef tttal attenuation
coefficients and calculated by Mie Theory [81]. The ltateenuation coefficient, the
scattering coefficient of a pure scattering samgleéhen obtained from the unscattered
transmittance via the Beer—Lambert law [81]. The tlnnest used scattering agents are

lipid and polymer micropatrticles, and white metal oxide [7Bipid microparticles are
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similar to the bilipid membrane. Polymer microspheras lba manufactured with a
high degree of control [76]. White metal oxide is composkttanium dioxide or
aluminum oxide powders and can also be produced with a highede§control [76].
Recently, gold nanoparticles have been used because xhiyt @ large scattering
cross section and are considered biocompatible [76].

Absorbers used in tissue phantoms can also vary dependiagpdication [76].
For biological use, tests performed with hemoglobin aglts commonly use dyes or
inks as more stable absorbers [76, 79, 80].

Synthetic phantoms are made of materials like polyespexy, polyurethane
resin and RTV silicone. These are more permanertirdd®s and better suited for
equipment calibration [76]. Polystyrene microspheres @sed as tissue phantom
material with fractal size distribution enabling reprodtuctof the phase function,
absorption and scattering coefficients for a speciiwelength [82]. Polyvinyl alcohol
(PVA) is an optically-clear, viscoelastic non-Newtoniand [83]. Scattering can be
simulated with the addition of titanium dioxide or p&ilrene microspheres, and
absorption varied with the use of water-soluble dye lof88]. Borax is added to PVA
solutions to cause cross-linking to occur [83].

A HIFU tissue phantom material made of polyacrylamideagel bovine serum
albumin has been developed to closely match the acoat$énuation, velocity and
tissue material properties [84]. It was initially form@&do a uniform optically
transparent medium which turned opaque whenever heatetgeregures greater than

70°C [84]. This material provided a quantitative tool for tleelopment of HIFU
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systems and to test the validity of software simoitet During HIFU treatment, a
steady temperature increase within the target zone aobserved resulting in a
maximum mean temperature of 75°C. A site intensity of 1680m&/was chosen
based on previous canine studies [21]. Higher site power indigsece cavitation

which caused uncontrollable tissue destruction and wasr\adecavities.
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CHAPTER 3

QUANTUM DOT MEDIATED THERMOMETRY

3.1 Introduction

Advances in cancer diagnostic technology are shiftiegsurgical management
of cancer treatment towards more minimally invasigehhiques as the detectable
tumor size becomes smaller. Thermal therapy i€lantque where localized heating is
used to destroy the tumor while minimizing the damage tocedjaissue. Accurate
intraoperative monitoring of the thermal lesion isicai to this technique. Current
intraoperative monitoring capabilities are significanthgpaired by limited accuracy
and difficulty of intervention. An intraoperative aging modality to provide accurate
temporal and spatial information in real-time would dyeaicrease surgical efficacy.

Recent developments in nanotechnology show great poimisnon-invasive
tumor imaging using nanometer size particles, QDs. QBbehas strong fluorescence
emission characteristics within a very narrow spectmafie [61]. Recent studies have
shown near infrared (NIR) emission spectra QDs as ssftddn vivo imaging probes
for cancer detection and imaging [37, 69]. Recent studiésatedthat the fluorescence
emission intensity of QDs varies considerably with terapure [85-87].

In this chapter, a QD-mediated thermometry is developet itz hardware,

software, and feasibility as an optics platform araracterized and demonstrated. The
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developed system is designed to monitor the thermal ésatfrtissue non-invasively
by measuring the fluorescence intensity of fluorescenenad i.e. QDs, accumulated
in the tumor prior to surgery. If such a therapy camdb@pted in clinical medicine, it
will significantly improve the efficacy of minimallynvasive surgery by providing
accurate information of thermal lesion and minimizing ueseary healthy tissue

damage.

3.2 Background: Fluorescence of Quantum Dots

The QD is a nanoparticle made of synthetic semiconducaterial 1 to 100 nm
in diameter. Typically made of direct band gap mater@@s fluoresce with a narrow
bandwidth, have greater quantum yield, and a higher photdintepthreshold than
organic fluorophores. This fluorescence can be red shiftesinyyly increasing the
QDs’ diameter. However, this approach can only be oébgal within a narrow
bandwidth because the band gap energy diminishes witbased diameter. This
limitation is overcome with the introduction of theretshell QD. This QD assembly
has the same dimensions as a conventional QD but isecb® fluoresce beyond the
red spectrum and even into the NIR where it has apjolic&r tissue imaging [57-59].
This characteristic is accomplished by passivating thetadrygth a shell material
having wider band gap energy which increases the quantum yié¢ed @fssembly by
decreasing its lattice vibrations.

An electron may absorb a photon causing it to trafieitn valence to

conduction band leaving a positively charged hole. Togétlegrform an electron-hole
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pair, the exciton. Within a bulk semiconductor, the cotidaocand valence band
energy levels are continuous allowing electrons to movall directions [61]. QDs
however, have a large transition dipole moment whempared to similar bulk
semiconductor material and thus fully localize the excit

Oscillator strength is a dimensionless quantity usedximess the energy of
transition from one quantum state to another [61]. ribéad optical transitions shift
toward the shorter wavelengths as the diameter oQthas decreased thus increasing
the energy of the confined state [61]. This leads tcemental density of states like
those present in atoms. Optical transitions occuwvdxah these discrete states in the
nanometer range [88]. Alterations in the physical confgat cause a large change in
the density of states because of the surface to whato of the QD. At these length
scales, the diameter of the QD is smaller thandindBroglie wavelength of thermal
electron transition}. = h/p, where h is the Plank constant and p, partidenemtum.
Thus, the inter-band transition energy approachesftiae bulk material when the QD
diameter increases towar@élg62]. The band gap energy can be influenced at these
length scales because their physical diameter is tesexciton Bohr radius (EBR).
EBR restricts of the size of the exciton through quantemfinement which greatly
increases the probability that the crystal will fluoeeschen it absorbs a photon with
enough energy. When the semiconductor length scale apeods EBR quantum
confinement rules are enforced and the electronic behawomiss discrete [61]. A

QD has a geometric constriction confining the excitoallithree dimensions [61].
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Quantum confinement energy increases exciton generasriting in narrow
bandwidth fluorescence. Thus, absorption and emissiortrapeccur in a narrow
energy range whose quantum confinement is best describedl@la function [61].
Because the characteristic length of a QD is less i@ EBR, the emission spectra are
more intense [61] [85]. QDs exhibit this by fluorescing wéthnarrow symmetric
emission and a relatively long lifetime. Also, &eliconventional fluorophores, QDs
have an exceptionally wide excitation profile allowiiog a much higher probability of
absorbing excitation energy.

Quantum yield (QY) is a statistical measure of the ayermumber of photons
needed to cause one to be reemitted. The chemistie @D core can affect the QY.
QDs with free electrons and material defects in #tck will reduce the QY through
nonradiative transitions. These nonradiative eveant the bandgap (e.g., phonon
activity) decrease the electromagnetic output of the. QDElectrons within
semiconductors cannot transit by thermal energy aloneuseche energy band gap is
too large. To control these electrical properties, intisrare inserted to decrease the
interband gap distance, reducing the transition energy.

The defining feature of the QD is the energy (band) ggmaraéing the
conduction and the valence energy level bands. Forkasbaticonductor material the
band gap is a fixed parameter of the material. The Q& QD may be increased by
incorporating a semiconducting coating having larger band eyegrgy [89]. For
instance, CdS may be applied to a CdSe kernel to generate/shell structure. This

enhances photoluminescence because the higher band gaplnmatdre shell forces
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the exciton to remain in the CdSe core [37]. A shelhwily several molecular layers
can reduce nonradiative transitions; and thus minimizeace irregularities increasing
the likelihood that an electron will relax to the etate band. The shell can also be
modified to incorporate a biological surface layer. Tdlisws binding of specific
molecules, ligands, or peptides, giving the QD a chenflealbility which would

increase solubility into nearly any solvent.

3.3 Materials and Methods

3.3.1 Quantum Dots

The QD evaluated in the present study was a Type |l CdSe{Zore/shell)
structure with a peak emission wavelength at620 nm (Evident Technologies, Troy,
NY). These QDs were embedded in68 thick polymer with a standard concentration
of 0.5% by unit weight of QDs (15.2 nM of core QDs). TWamnple arrived as a
composite assembly, sandwiched between two microscages,shaving a 15 mm

diameter viewing area.

3.3.2 Thermal Imaging System

A thermal imaging system was developed within our groughtoacterize the
temperature-dependent fluorescent intensity of QDs [96Ur€i3.1. The fluorescence
intensity of the commercial QD slide was imaged atoves temperatures during heat
cycling, between & and 70C, to quantify the fluorescence emission intensityngea

as a function of temperature. The QD slide temperatuas controlled by a
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thermoelectric cooler (TEC) (Melcor, Trenton, NJ ®P5517-00L, Marlow, Dallas,
TX). The TEC was sandwiched between an aluminum pladea copper heat sink with
dielectric paste (Arctic Silver, Visalia, CA) placed both sides of the TEC to assist
heat transfer, Figure 3.2. Heat generated by the TEGemasved through the copper
heat sink by circulating cold Nvapor venting to atmosphere or through a recirculation
bath (FP50-MC. Julabo, Vista, CA) using propylene glyaslthe working fluid.
Communication between the temperature controller ancceewas through a T-type
thermocouple (Omega, USA). Power to the TEC was obedr by a temperature

controller (MTTC-1410, Melcor, Trenton, NJ).

Frame
> Grabber
CCD
Camera
lllumination
Lamp
Red
Filter
Blue
A Filter Computer

Petri
dish

Figure 3.1. Block diagram for the thermometry system used for orgagthe
intensity response of a sample
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Figure 3.2. Heat transfer assembly including TEC for heat trarfsden or to the
sample through the thermal reservoir an(_j copper manifeld tasremove heat from the
experiment

At a given set point temperature the sample dwelatfdeast five minutes before
subsequent imaging. Prior to imaging, the QD slide was ilatad for two minutes
with a 150W quartz halogen lamp excitation light source kvhidelivered
approximately 40,000 foot candles of cold illumination (MI-16ther-Lite). A blue
additive filter, 500 nm short-pass excitation filter (C47-288Jmund Optics,
Barrington, NJ) was used with the light source to bldek longer wavelengths. The
fluorescence emission of the QD slides was recorded avi@CD camera (KP-F2A,
Hitachi) equipped with 600 nm long-pass filter (Hoya R-600, EdnDptics), to cut
off the shorter wavelengths, Figure 3.3. In effect, tpical arrangement segregates
the emission light whose wavelengths are longer tharexcitation light and shorter
than the camera filter-set. At each set point &naure, three to six images were taken,
as well as an autofluoresced image. The recorded imagesstaged on a PC (Dell)
with a Windows XP operating system (Microsoft, 2002) throaghame grabber card

(PCI-1410, National Instrument, Austin, TX) for furtheradysis [100]. Acquisition
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software (NI-IMAQ, LabVIEW) capable of sampling 30 franpes second was used to

acquire data. The program code is shown in Figures A.2-A.4

.llllll‘ﬁﬂIlllllIllIIIIIIIIIIIIIIIIIIIIIIII
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Figure 3.3. Spectral sensitivity of halogen excitation sourceD&Dd filter sets

3.3.3 Intensity Quantification
Fluorescent measurements were performed without roomiiihtion to reduce

noise. The acquired images were processed using imagespirag programs (ImageJ,

NIH and MATLAB, MathWorks) to quantify the fluorescenceeinsity, Figure A.5.
The acquiring software was manually adjusted to captiee aximum range of

intensity from the QD area. The height of the cameas recorded to determine the
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pixel density for later data reduction, Figure A.1. Thensity of each image was area-
averaged to get a representative value of the intemsit/to smooth out the noise. The
intensities of three images are averaged again to datetire value of intensity for a
given temperature. The final intensity values, I(Tgrevnormalized at a reference
intensity, I(Tef) of 40°C, the approximate human physiological temperature. The
intensity temperature relationship was scaled by linetrpolation (4). The data
reduction scheme to scale the output voltage is sho\{s) ifor an intensity of an 8-bit

resolution camera.

a+bT,)—a
T

4)

(WRV - BRV)Cintensity , BRY

output valage=
P g 25k

(5)

3.4 Results and Discussion

The thermometry system was designed to provid@eesture control for both
cryosurgical and hyperthermic environments. Th&€Tdevice was employed because
it provides a robust and highly responsive tempeeatcontrol mechanism for the
sample size currently measured. The heat transfeacity provided by the circulating
system was initially designed to follow the setpqpdemperature used to drive the TEC.

However is was found to be fully capable of remgvineat for all work done between
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20 and 70°C when it was set to dwell at 20°C throughoukperenent. The circulator
needed only the pump to be operating, e.g. the heat egehpartion of the circulator
was not running. This was because of the low thermal magke sample, the
relatively large reservoir capacity, and runtime ofekperiment.

Imaging was adequately provided for by a NIR camera systermmhwdauld
output a frame rate capable of capturing images indivigwallcontinuously at frame
rates that would capture the overall intensity variatioth temperature for our work.
The post-processing was aided by a dedicated frame-grabbedt thmt seamlessly
interfaced with the data acquisition software.

Temperature control of the TEC was performed manu#tipough the
temperature controller. The minimal amount of masstimen these experiments
allowed the PID setup to be run with Pl control only. e Tdirculator was also run
manually. Future programming can readily be automated byndrivie temperature
controller and circulator through RS-232 connectors asailan both machines.

The data acquisition software program was developed usehaising the
LabVIEW programming language. The front end image ofdbrgrol panel is shown
in Figure A.5. This image acquisition program enabled thetasadjust light and dark
threshold voltages using an 8-bit bandwidth. The singkge mode allowed the user
to set the frequency and number of images to be takenRNG file. Multiple frame
sequences were saved as an AVI file with the framee aatl total run time set by the
user. LabVIEW was chosen because this programming appusasharchitecture that

allows multiple queues. For our purposes this enabled tatope control and image
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acquisition commands to be handled concurrently. Alswtions made available from
third-party hardware vendors allow LabVIEW to be easiborporated into an existing
file.

Image files were post-processed with ImageJ (NIH) an®/LE&W routines. An
ImageJ macro was programmed to query different sectioas ahage and buffer the
data until the total the number of images were procesBee .buffer was then manually
copied onto a spreadsheet program for further analysebVIEW data reduction
programs were used to process intensity variation \eithperature over a period of
time from AVI files. The operating panels are showrFigure A.6 and Figure A.7.
The program in Figure A.6 interrogates a line of pixels sehendpoints are chosen by
the operator. Figure A.7 shows the operating panel pfogram to measure the
variation in intensity over time of an area whosmehsions and location are again
selected by the operator.

Changes in the QD fluorescence emission intensitp@sented in Figure 3.4.
At 5°C, the lowest temperature imaged in this study, the QBsshown to have
strongest fluorescence emission, i.e. highest quantuld. yids the temperature is
increased the emission intensity decreases, 41% 1§y. 7This implies the plausiblity
of detecting in vivo thermal features non-invasively usiigsQ This method can be
optimized by fine-tuning the peak emission to the NIR regi8@)-900 nm, where

absorption and scattering by biological tissues are amami [91].
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Figure 3.4. lllustration of the variation of QD fluorescenceensity with temperature
for the reference film from Evident Technolgy
The intensity, normalized at 20, is plotted versus temperature and linearly
curve-fitted in Figure 3.5. Hysteresis of fluorescentenisity during heat cycling of a
fluorescent material is known, but no noticeable hgstsrof these QD's fluorescence
emission was observed throughout the present charati@nif92]. Further research is

warranted to confirm this.
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Figure 3.5. Linear interpolation of the intensity temperaturevewluring heating and
cooling

3.5 Summary

The fluorescence emission intensity of the CdSe/Zo&/shell QDs was
measured using a thermal imaging system developed in-hodmeeniission intensity
was linearly correlated to temperature between 5 af@.70hese results imply great
potential for a non-invasive imaging modality for both hypemtfic and cryogenic
minimally invasive thermal surgery. This method can alsoektended outside the
medical imaging field, to measure temperature featureswide variety of scientific
and engineering applications given the proper applicatipodoction of QD.
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CHAPTER 4

QUANTUM DOT EMBEDDED NANOPARTICLES

4.1 Introduction

The use of minimally invasive surgical techniques fordimggical management
of tumors is increasing because of improved diagnostidsese surgical procedures
include thermal therapy where localized heating is engaloto destroy cancerous
tissue. Yet, lack of real-time temperature informatanthe target tissue volume
significantly hampers the efficacy of thermal theespi Increased diagnostic
capabilities now allow tumors to be detected at stagesenthe tumors are small at the
time of therapy. Accurate intra-operative monitoringtleé thermal lesion in these
cases is critical because there is a greater surdagelume ratio, and thus, there is a
greater proportion of healthy tissue at risk of cellat damage. Also, minimizing
damage to adjacent tissue is imperative when major blesseis, nerve bundles, or
surrounding organs may be susceptible to thermal damage.

Recently the feasibility of QD used as a temperatuaestiucer has been
demonstrated [90]. Even given that the optical propexie®Ds are superior to
organic fluorophores, there are still limitations in thapplication to deep tissue
imaging. Deep tissue imaging using QDs for volumetric teatpes measurement

requires a significant improvement in their quantum vyieldbé effective. The present
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study addresses this challenge by reporting on the develb@amercharacterization of
nano-composite particles that exhibit temperature depeniii@rescence. These
particles are called quantum dot-embedded, nano-compositelgza(QDeNP). Our
goal was to determine the functionality of these padidh deep tissue temperature
monitoring.

The QD is a semiconductor material with high quantunidyibigh photo-
bleaching threshold, and narrow bandwidth fluorescence. fllivisescence can be red
shifted by simply increasing the QDs’ diameter. Howgetleis approach can only be
exploited within a narrow bandwidth because the band gam\emminishes with
increased diameter. This limitation is overcome i introduction of the core/shell
QD. The core/shell assembly allows fluorescenceheyhe visual spectrum into the
near infrared (NIR) which is more advantageous foruéissnaging [57-59]. QDs
tailored for in vivo imaging fluoresce in the near infda(dlIR) where the absorption of
biological tissues is the least [91, 93, 94]. Feasibibtyin vivo imaging and cancer
detection using NIR QDs has been successfully shownQbs with core/shell
structures containing a biocompatible polymer coating [37, 69, 8§pregated QDs
were fluoresced in the NIR to non-invasively show trealmn and scale of the target
tissue.

A major limitation associated with QDs is that, hesmof their size only a small
fraction of excitation light interacts with the ctgs Thus, a large molar concentration
of QDs is required to cause enough fluorescence to be imely measured. Also,

the practical limit of penetration depth employing QDoflescence is approximately
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one centimeter [74]. The quantum yield of core/shellsQmill require further
development to operate as a fluorescent marker in thénsrapy for it to be effective
beyond this one centimeter limit.

The present chapter will describe the temperature-deperftlerrescence
characterization of a QDeNP. These particles wereldped to extend the parameters
of commercial QDs to enable deeper tissue imaging.lauration was undertaken
with Dr. Choong-Un Kim’'s group in the Department of M&k Science and
Engineering at UT-Arlington to address this need. A cusiesembly was designed to
address the fluorescent intensity limitation of curseavailable QDs by synthesizing a
nanocomposite particle with diffusively aggregated QDs elohde in it, as shown in
Figure 4.1.

If successful, this design will overcome the peneatnatimit of current QD-
based imaging technologies, result in higher quantum y@bgel in vivo fluorescence
lifetime, and possibly do so with lower molar concattms. Also, typical core/shell
QDs have a red-shift in wavelength and lose photolumamescas their size increases.
The proposed QDeNPs particles are innovatively designhexve¢ocome this barrier.
Thus, a proposed nanocomposite particle, QDeNP, was dedeldgeh employed a
novel manufacturing technique by aggregating QDs through aodledtiprecipitation
process to increase fluorescence [96]. These nanocompeditdes were designed to
have stronger emission in the NIR where biologicalis have the lowest absorbance

[91].
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Quantum Dots

Host Matrix (CdS, (CdTe, 1~30nm)

10~100nm)

Figure4.1. Schematic of QD-embedded nanoparticles

4.2 Materials and Methods

4.2.1 Fluorescence Characterization of Quantum Dot Embdeddroparticles

The fluorescence of QDeNP was visualized using a fluenesc microscope
(BX51, Olympus) with a TexasRed filter cube (emission el@vgth = 645 £ 75 nm),
and imaged with a high resolution/sensitivity CCD cam®&B70, Olympus). The
temperature-dependent fluorescent intensity was chamereby a thermal imaging

system developed within our group, Figure 4.2.
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Figure4.2. Schematic of the thermal imaging system

Temperature control of either sample, QD (CdSe/Zmn%&)@eNP, was provided
by a single stage thermoelectric cooler (TEC) and testypes controller (SP5517-00L
and SE5010 respectively, Marlow Ind.). The TEC was sarhaicbetween an
aluminum plate and copper plenum with a dielectric péstetic Silver, Visalia, CA)
used to increase heat transfer between surfacesrcélator bath (FP50-MC, Julabo)
with propylene glycol as the working fluid through the capplenum was used to
provide heat removal. The thermal imaging system wamligitset to 20°C and
allowed to run for at least 30 minutes prior to imagingthiee-minute dwell at each

set-point temperature allowed the sample to acclinoatfee new temperature.
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The sample baseline evaluation was of a Type Il Cdfse/ZD structure,
embedded in a 6@m thick clear polymer with a peak emission 200 nm (Evident
Technologies, Troy, NY). The composite was laminated microslide with a 15 mm
diameter viewing area. The QDeNP sample was suspendadsolivent of either
alcohol or water. It was evaporated onto a pre-cleaniedoscope slide. Care was
taken to ensure the slurry was evenly deposited and opagunstatp@ background.
Fluorescent measurements were performed without roommirbtion to reduce
background noise.

The QDeNPs were fluoresced for two minutes with a 15@uaftz halogen
lamp which delivered approximately 40,000 foot candles of chichihation (MI-150,
Fiber-Lite) via a 500 nm short-pass excitation filter (C47-288mund Optics,
Barrington, NJ). The sample was imaged with a neaaredl (NIR) 1/3” CCD (KP-
F2A, Hitachi) equipped with a longpass filter with a ctitwavelength of 583 nm
(Hoya R-600, Edmund Optics). The fluorescence intensigitbér sample was imaged
at 10°C intervals from 20° to 70°C. The acquisitionwafe was run on a PC (Dell)
with a Windows XP operating system (Microsoft, 2002). AbYIEW software
program (NI-IMAQ) capable of sampling 30 frames per secoad used to acquire
data for image analysis. The software was manuajlystetl to capture the maximum
range of intensity from the QD area.

At each set-point temperature three images were capasreither PNG or AVI
files using a frame grabber image acquisition board (PCI-1Mafional Instrument,

Austin, TX). The acquired images were processed using Hm&agessing programs
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(ImageJd, NIH and MATLAB, MathWorks) to quantify the fléscence intensity where
each image was interrogated with six 20x20 pixel windows, FBgdi@ & 4.4. Each
image was area-averaged to better represent the mesnofahtensity. The intensities
of the three averaged images were averaged again tandetethe final value of

intensity for a given temperature.

Figure4.3. lllustration of a query area from ImageJ (NIH)

74



macro "Windowquery [115]" {

/[ BTPL @ UTA by Willard Hanson

/I This macro will lay down numLoops of areas

/[ Each area will be query_width by query_height in dinemsi
/I numTemps images will be made for each execution

var query_width = 20;

var query_height = 20;

var numTemps = 6;

var numLoops = 6;

totalArea = 0;

for (var j=0; j<numTemps; j++) {
var xloc = 280;

var yloc = 100;
var yinc = 50;
open();

for (var i=0; iknumLoops; i++) {
makeRectangle(xloc, yloc, query_width, query Higig
run("Measure");
yloc = yloc + yinc; }
close();

Figure4.4. Query area macro from ImageJ (NIH)

4.2.2 Synthesis of Quantum Dot Embedded Nano Particles

Our experiments measuring the fluorescent behavior difefCdS QD was
facilitated by the QDeNPs development within the CollefeEngineering at The
University of Texas at Arlington. These nanoparticlesarxsynthesized by a controlled
precipitation diffusion process developed by Dr. Choongkim at the Department of
Material Science and Engineering [96]. For the presgstem, a CdS-rich alloy
containing 16 mol% CdTe was prepared. The chosen amourdTef Was within the

maximum solid solubility limit in CdS, and thus formed @mplete solid solution
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within the CdS. This proposed QDeNP will overcome thatditions of commercial

QDs by incorporating a larger absorption area. Disk-shapdTe QDs, diameter
approximately 6 nm, with a density of about 105 @B7 gave an appreciably higher
QD density than that currently achievable with core/s@élls. Scanning electron

microscopy indicated the average NPs diameter to bedpmatzly 100 nm.

4.3 Results and Discussion

Currently, deep tissue imaging requires either abundancemimercial QDs
applied locally to cause measurable illumination aboeebtitkground noise. Because
of this limitation in the current state of the art, astigation of a stronger fluorescent
probes was sought. A nanocomposite particle, QDeNRlexsloped for this purpose
using a novel manufacturing technique where numerous QDsaggregated through
a controlled precipitation process increasing its lokceréscence [96]. Theoretically,
the QDeNPs were designed to have considerably stronggsiemin the NIR (650-900
nm) where biological tissues have the lowest absorb@ige Initial results showed a
linear response similar to commercially available QBsnanocomposite particle was
developed using a novel manufacturing technique which caused @ Dgfusively
aggregate through a controlled precipitation process [96]. e Tlbhorescence
characteristics of a QDeNP with temperature are showrdrigure 4.6. Typical
core/shell QDs incur decreased photoluminescence as di@neter is increased
because the bandgap energy threshold is lowered dugvéo ¢pantum confinement.

The QDeNPs however, did not lose photoluminescence abgregated through their
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diffusion process and were seen to visibly fluorescgurei 4.5. Additionally, the
fluorescence intensity of the QDeNPs was shown toedse linearly with temperature
similar to CdSe/zZnS core/shell QDs. The change in dsmence intensity was

measurable within the physiologic temperature range neléwaghermal therapy.

4.4 Summary
A new type of nanocomposite particle, QDeNP, was devedloped
characterized as a thermometry system. The develpaditles have a temperature
dependent fluorescence, but its dependency is not currenyr@ng as commercial
core-shell QDs, 3% versus 41%, over 50°C. Further refinenshiould be performed
to increase the temperature sensitivity. These wautude increased QD density
within the particle, the use of different QD and matmaterials, and increased

production to yield a higher concentration QDeNP solution.
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Figure4.5. The fluorescence characteristics of QD-embedded MPshawn as a
fluorescence micrograph (scale bar w50
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CHAPTER 5

QUANTUM DOT WITH GOLD NANOSHELL MEDIATED THERAPY

5.1 Introduction

Advances in medical diagnostics are enabling tumorbetaletected in their
development where employing nonintrusive surgical techniquretsifnor management
is warranted. The limitations of open surgery to tteators at these dimensions have
led to the growth of alternative therapies. Thernm@rapy is one technique where
thermal energy is applied to the malignant tissue stralg it in situ by exposing the
tissue to temperatures great enough to desiccate or atbepause necrosis. The
inability to provide reliable intraoperative monitoringtbe thermal lesion has always
been the major impediment of any thermal application.

Current thermal monitoring methods include contact sense. thermocouples,
resistance temperature devices, thermistors or fibéc pptbes. These point sensors
are established applications but are only capable of providiogmation at a fixed
location. Volumetric temperature sensors like diagiooultrasound, computational
tomography, or magnetic resonance imaging require sotedi@algorithms for image
reconstruction making them ineffective for monitorihg tdevelopment of the thermal
lesion during therapy. Thus, a thermometry systematald intraoperatively monitor

the thermal lesion would support current thermal theeap facilitate new innovation.
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The gold nanoshell (GNS) is an example of nanoscalentdogy to allow thermal
therapy to treat malignant tissue on the micromedaleq97-99]. Still, the limiting step
in thermal therapy is some means to provide dependablemetric temperature
information intraoperatively.

The feasibility of clinical application of QD-medéa intraoperative
thermometry system is tested here. In this experitienspatiotemporal temperature
variation during gold nanoshell mediated heating willesémated by measuring the
fluorescent intensity of QDs. GNS are nanoparticléb & dielectric core of silicone
and a gold shell. QNS can be used with low power heafipdjcations, say a laser,
when the applied frequency causes plasmon resonance [1i@i$]engbles the GNSs to
transfer heat to the target tissue. Cell death aetlidy the indirect heating of GNS
using NIR laser as has been demonstrated previously [97, O} to heating, QDs
were added to a petri dish containing human prostateecametls (PC-3) cultured to
confluence. QDs in the culture medium fluoresce propmatido fluid temperature.
Measuring local and temporal change of QD intensity pvidlvide temperature change
information during the GNS-mediated heating. After tkpeeiments, the viability of

the PC-3 was assessed to confirm the thermal injury.

5.2 Materials and Methods

35mm Petri dishes populated with human prostate camdisr (€C-3) were
incubated in 5% fetal bovine serum (FBS) supplemented gnmetha (Gibco) at 37°C

and 5% CO2 and maintained using standard growth protocol to cocdlud he control
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cells were removed from the incubator and exposed boegtnair for 5 minutes without
GNS.

750 uL GNS, 3x1bgold nanoshells/mL, and constructed of 110 + 11 nm silica
core with 10 nm gold shell, (Auroshell™ microparticles, dbspectra Biosciences, Inc.,
Houston, TX) were used to transfer coherent NIR eneogyhe solution. 20puL
CdSe/ZnS, 2uM, and constructed of 2.8 £ 2 nm CdSe core \8ith 0.3 nm ZnS shell
(Qtracker® 655 non-targeted quantum dots, Invitrogen, Carlsba)l,wéfe used to
measure temperature [102]. These two constituents weredmvith 1230uL full
growth media (Gibco) with 5% FBS supplements, vortexembain temperature, and
replaced the fluid maintaining the PC-3 cells.

The PC-3 laidened Petri dishes were then irradiatéldl aviGaAlAs, NIR (805
nm x 25 nm) laser with a power output of 0.5-15 W + 10% (DiorAedpver, MA) in
the pulsed/interval mode with one second intervals and @@$6cycle, i.e., 0.9 second
pulse and 0.1 second interval, Figure A.8. The laser pdeesity was set to 0.88
W/mn? using a power meter (Ophir, Logan, UT) and manually focusedart
approximate 1.6mm diameter spot size to reproduce théisreguearlier work [103]
[104].

During irradiation the Petri dishes were illuminateithwa 150 W quartz
halogen lamp with 40,000 foot candles of cold illumination-{0, Fiber-Lite) using a
500 nm short-pass excitation filter (C47-288, Edmund Opticsjriggon, NJ). A NIR
CCD camera (KP-F2A, Hitachi) equipped with a 600 nm long-pkss (Hoya R-600,

Edmund Optics) was used for imaging, Figure 5.1 and Figure Adglitionally, a hot
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mirror (Tiffen, Hauppauge, NY) was placed outside the eomis§iter to remove the
longer wavelengths. This extra filter was used to provideldng from long
wavelength noise interference by forced imaging only @ \tisual spectrum, Figure
5.2. Images were captured as an AVI file at 30 fps usingraefrgrabber (PCI-1410,
National Instruments) for further analysis [90]. Tlegusition software was run on a
PC (Dell) with a Windows XP operating system (Micros@002). A LabVIEW
software program (NI-IMAQ) capable of sampling 30 frames gecond was used to
acquire data. The software was manually adjusted tureathe maximum range of

intensity from the QD area.

NIR Laser
(A =820 nm) Frame
Grabber
Focusing
Lens
lllumination
Lamp
CCD v
Camera
Excitation Em|_55|on
. Filter
Filter Computer
QD emission P
(A =655 nm)
PC-3 Cells on Petri Dish
containing QDs and GNs

Figure5.1. Schematic of experimental setup for QD-mediated thkemmaging during
GNS-mediated thermal therapy
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After the experiment, the dishes were washed with B&Splaced at 37°C and

5% CQ environment until the cell viability assay was to be penéd. Because only

viable cells can take up the fluorescent green dye thieot@md experimental groups

were prepared with 2ml PBS and 1pL Calcein-AM fluorescestedn. The new
solution was vortexed, and pipetted onto the Petri djsheubated for 15 minutes and

imaged under bright field and FITC with a phase-cattfluorescence microscope
(Nikon, Melville, NY).
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0.5 . | '\CCD spectral response
Excitation ;'
filter  : ~
0.1 . Y Hot mirror N
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Wavelength, A, nm

Figure5.2. Spectral sensitivity response for fluorescence intagi
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5.3 Results and Discussion

Figure 5.3 shows the radial progression of temperaturgehaihin the media,
noted by the fluorescence intensity change. Frameshaws the QD fluorescence
intensity of the media prior to NIR laser irradiatio In frame two, the dark region in
the center at the focus shows evidence of NIR raxhdieing transferred from the laser
to the QNS which in turn transfers its energy throughrtfedia by conduction. This
media also contains QDs which absorb the energy anc¢@assaquence fluoresce with
less intensity, as shown. The third frame show flecis of the heated focus region
undergoing a dramatic change in fluid density because oftreeadfer to the fluid.
Initially a large amount of fluid in the focal regias being heated but will remain
motionless because its inertia will have to be ov@eeo The density change eventually
causes the more buoyant media rise thus inducing toraidlalntotion. The ring is a
consequence of the initial perturbation of a large amotinéat at the focus causing the
fluid to travel outward. Thus the ring is simply a lamy@ount of the initial heated
mass, including the QDs, of media now on the outsideeotoroid. It shows up darker
because of the viewing angle, which we see a secti@sahe outside circumference of
the expanding toriod. The last frame shows the mediagbeeated further and
spreading through the same toriodal bulk motion. Buw,nbecause of shearing

between the heated media into the as yet still fihigke is mixing occurring.
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Figure5.3. A sequence of QD fluorescence images during GNS-medfztetal
therapy. QD fluorescence at the spot where lasefoeased decreases, and the dark
spot grows in radial direction with time. This sequeotenages show the intensity of
the heating spot significantly decreases (image 2),lasddgion of decreased intensity

grows in the radial direction with time (images 3 & Bjpm [104]
Figure 5.4 shows the spatiotemporal temperature change tengenterline.
The progression of temperature profiles over time shbedocus spot initially rising
rapidly and reaching a maximum temperature well aheadefniedia further out,
radially. These temperature profiles also show a sesaperature gradient considered

to be within the focal diameter of the laser beamendsally the laser beam has a

Gaussian profile which resembles the temperature psiftevn. The heat transfer in
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the radial direction is shown to grow more gradually au@e as might be expected
because the volume being affected is growing nonlinearlgusecof the radial nature
of problem.

Figure 5.5 shows micrographs of PC-3 cells after the @Gid8iated thermal
treatment. The darkfield micrograph on the left shttvescells still morphologically
intact after treatment. The fluorescence micrographhenright show the surviving
Calcien-AM stained cells. The demarcation of the tadslazone is well defined and
estimated to be 65842 um (n = 9). This was approximately one third of tkerl@pot
size (1.6 mm). This difference in thermal dose with eased radial distance is
consistent with the general effects of a Gaussiaer lasofile where the treatment

efficacy also decreases radially, as illustrated entémperature profiles in Figure 5.4.
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Figure5.4. Spatiotemporal temperature during GNS-mediated heatimgpdmature
distributions measured with QD-mediated thermal imagystesn during GNS-
mediated thermal therapy. These profiles indicaetdmperature rapidly reaches the
maximum at the center of the irradiation zone. fEmeperature was evaluated with

15x15 interrogation windows
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Darkfield

Figure5.5. Darkfield and fluorescent micrographs of PC-3 cells &#d6-mediated
heating. Darkfield micrograph shows cells still attattethe Petri dish. The
fluorescence micrograph shows viable Calcien-AM stainégl @®und a destruction
zone of 653 £ 422m (n=9) in diameter. The demarcation line of the atatone is

well defined

Tumors applicable for thermal therapy are typicall® ¢m in diameter with a
surgical margin of at least 5 mm. Thus, the spat&dlution of a thermometry system
should be capable of a few millimeters. QDs show goeanise as an imaging probe
for biological applications because of their strongranaremission, wide absorption
spectrum and long fluorescence lifetime. These reshtiss ghat QDs will offer the
temporal response and spatial resolution to adequatelyanoimé thermal lesion in an
intraoperative thermometry system. Fluorescence @misaeasurements provide a

rapid assessment of the temperature change of a hedteaevin-vitro.
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CHAPTER 6

TISSUE LIGHT INTERACTION

6.1 Introduction

As cancer diagnostics advance the tumor is ofteectiEd early enough to be
destroyedin situ by localized heating. This heating can be performed usngral
means including laser, radio frequency, microwave or sdirad. In spite of these
many advancements in thermal therapy a major obstatlestill remains is the need for
reliable intraoperative monitoring of the thermaldesi Current monitoring techniques
cannot provide reliable real-time information of the enthermal lesion because of
limited accuracy or accessibility.

The current technology for thermal lesion monitoringlude point temperature
sensors, i.e, thermocouples, RTDs, thermistors of bpécs. A few imaging methods
are currently used to monitor the thermal lesion, beir theasurands are not thermal
guantities nor temperatures. These include ultrasound, t¢ernzmad and electrical
impedance tomographies and magnetic resonance. Thesaaffinvasive volumetric
measurements but have limited accuracy to monitor therlasion, require
sophisticated algorithms for post image reconstruction andfer generally not
conducive for application in the surgical arena.

To tackle this problem, an intraoperative thermometryhoe is proposed
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which implements the natural behavior of the QD torfhisoence with intensity a strong
function of temperature [90]. This process of QD-medidkeorescence thermometry
(QDFT) images the QDs through the target tissue wheréuiorescence intensity is
converted into temperature to assess the extent aktwsstruction. The efficacy of
QDFT has been demonstrated by monitoring the spatiotenteonperature of cellular
destructionin vitro using gold nanoshell-mediated heating [104]. However, in vivo
application of this technigue requires quantitative undedgtgnof the interaction
between QD fluorescence and tissue.

In this chapter, it is hypothesized that the temperatuperdkency of QD
fluorescence is measurable through tissue. This hypotivesidested by experiment
using tissue phantoms and by theoretical analysis coimgdessue-light interaction.
The results from this chapter will lay the groundwork fine application and

development of the QDFT to in vivo and ultimately ial settings.

6.2 Materials and Methods

6.2.1 Experimental Setup

An experiment implementing QDH vitro using a tissue phantom is shown in
Figure 6.1. The details of the QDFT equipment and expatahsetup, Figure 6.2,
have been described previously in the chapter on QDMT [B0jhis study CdTe/ZnS
(core/shell) wavelength, 614 = 10 nm, 50% quantum vyield (S- NB3@PEvident
Technologies, Troy NY) QD film was used. The QD fivas sandwiched between two

microscope slides with a 15 mm diameter viewing areae QD film was placed on a
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heating manifold with a tissue phantom placed directlyamadf the QD film. The

temperature was controlled manually with a single sthagertoelectric cooler and each
set-point dwelt for five minutes for heat soaking befaraging. After heat soaking the
area was illuminated with a 150W halogen lamp equipped w4ioa pass filter, 500

nm cut-off wavelength, to cause the QDs to fluorescélagk and white CCD camera
with a long pass filter, 600 nm cut off wavelength, waduseimage the attenuated
fluorescence signal through the tissue sample. For satpoint temperature six
images were taken at 4D intervals from 28C to 70C and stored on a PC for later

analysis.

Attenuated
emission to CCD
Excitation
light
QD Disk
/
T Tissue
1, 2, 4mm phantom

Temperature controlled base

Figure6.1. Tissue phantom experimental setup experimental and catignatl
geometry of QDFT
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Figure6.2. Tissue phantom experimental setup schematic

A tissue phantom was used to mimick the light scatjeoif human skin tissue.
A gelatin based recipe was prepared by mixing gelatin powaanéS Gelatin Type A,
St. Louis, MO) with boiling water. The scattering aigeas over the counter 1% milk
added to the solution when it had cooled t6G0Formaldehyde was used to cause the
gelatin to remain intact at higher temperatures by isangahe cross-linking within the
gelatin. The mixture was poured into a mold and refrigerat 4C for approximately
10 minutes. The detailed recipe of tissue phantom is peskentTable B.1. The

optical properties of this particular tissue phantonpeewere analyzed by Dr. Jae Kim
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at the University of California at Irvine. The resuf absorption and scattering

coefficients were 0.4 and 0.004mmespectively [121] [122], shown in Figure 6.3.
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Figure 6.3. Optical properties of the gelatin-based tissue pimanto

6.2.2 Computational Setup

Based on the optical properties of the gelatin tishaaom, Figure 6.3, it was
assumed the media could be properly modeled as a honougetnanslucent gray field.
This meant, as a first order approximation, the absworpii,, and scatteringys,
coefficients could be considered independent of wavelength [Z8knowledging the
scattering dominant field and that it decreased monotoyieath wavelength, it was

also assumed the light interactions to be elastitthe phase function to be isotropic,
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e.g., independent of direction. Thus it was proposeabfwoximate the RTE with a
DA.

The RTE describes the interaction of light transpgadugh turbid media which
incurs scattering and absorption. As a first order appraton, the attenuated
fluorescence intensity by tissue phantom during QDFRJuri 6.1, can be modeled as a
steady state tissue light interaction with constatical properties. The RTE can be
written as (6), wheré is directional spectral intensity, andps are the absorption and
scattering coefficients respectively and p is thetegag phase function [105]. Skin
tissue is considered turbid media thus is scattering domin&hus the RTE can be

reduced from six degrees of freedom to four in (7) by rengothe dependence on the

direction vector, S [106]. The resulting DA is the modified Helmholtz equatio

Appendix C1. Where,® is photon density (W/mfjy D is the diffusivity,

D= ]/{,Ua "'(1‘ 9)/15 , andg is the anisotropy parameter. Thus, the QD intensity a

the modeled thermal lesion may be determined by solvingvifi)the measured QD

fluorescence intensity as a boundary condition.

_ _ (:ua +lus) s &)y & !
SOl =~ (g, + )l +4—ﬂj.p(s,s)l(r,s,t)d§2 6)

~00pO0®) +u,® =0 (7)
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This DA is applied to a computational geometry shownigurie 6.4, which is
simulating the tissue phantom experiments. Figure 6.4vsltbe side view of the
computational domain with boundary conditions. At tllegqx = +/- L), prescribed
boundary conditions of zero intensity are imposed. Ation, f(x), is imposed as a
step function along the base centerline to repreker®D as the source of fluorescence
intensity. The mixed boundary condition at the surfamasiders the diffusivity of the
turbid media and mixed indices of refraction includihg tonsequences of reflectivity

between the two media [107].

d¢ _¢(xH)
-DZ yx,H)=
0z #xH) 2A

: (LH)
d-L2)=0 -DO%®+ 4P =0 dL,2)=0
(-L0) ﬁ o)

20) gfxo)=1(9=27<2 @)

Figure6.4. 2-D boundary value problem of tissue phantom fluoresceeesity
attenuation with QD source imposed as a step boundadjticon

The solution to this problem was obtained implementing enical methods,

Appendix C2. Critical to this approach was the transfoomadf the second order

operator,j 0%, in the DA in Equation 2 from a strong to a weak formppéndix C3.
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A commercial finite element analysis package (COMS@ultiphysics 3.5,
Burlington, MA) was used to generate a numerical solutibhe 3-D isometric finite

element model (FEM) domain is shown in Figure 6.5.

-0.02
Figure6.5. Tissue phantom model domain

Constructing a FEM model with Comsol the problem canmuosleled with
either with set of pre-defined governing equations used fost rapplicable physics
applications or the user can write their own set ofhenattical rules. For this model
the modified Helmholtz problem was used as the governing iequaiThe working
domain was drawn using CAD software available with the Fakkage. For our work
2-D and 3-D geometries were modeled using triangular meshing@mdized by the
software for the particular domain. The work was pentd on a PC with the meshing

density high enough for the program to take approximately 20ngs to complete.
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Once the meshing was finished a particular solver woukehty@oyed depending on the
problem statement. COMSOL has several solvers sfatadifferent applications. Our
models were steady-state boundary value problems and sebred with the linear
system solver, UMFPACK. Once the solution convergedt-paxessing of the
fluorescence intensity due to the QD source was modeleskdipning the volume to
show a contour or by inputting coordinates to output a line pRast-processing to
other modeling programs such as Matlab (MathWorks), Mictdsedel or TECPLOT
(Bellevue, WA) was also possible.

For the 3-D model a Matlab program was used to fit an @pipte order
polynomial curve to the radial intensity profile obtdnfrom experiment, Figure 6.6.

The source profile, i.e., f(x), was imposed as a bouncangition in Figure 6.4.

98



Normalized Intensity

| o Experimental source
0.9 - — 7th order polyfit, Matlab
0.8 -
0.7 -
0.6 -
0.5 ! ‘ ‘ ‘ ! ‘

0 1 2 3 4 5 6
Radial distance, mm, millimeters

Figure 6.6. Polynomial fit of QD source profile in the radial eition
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6.3 Results and Discussion

6.3.1 Experimental Results

Tissue phantoms were constructed of different thickndeseseveral rounds of
experiments. The images were analyzed to quantifytteeuated fluorescent intensity
as a function of temperature and tissue thickness usiHgliNageJ. Each image was
interrogated in six 10x10 pixel windows. Fluorescence phopbgraf the sample with
varying tissue phantom thickness and temperature are aledtm Figure 6.7. In any
column, the increased temperature clearly shows aakerie fluorescence intensity as
reported in [90]. In any row, the presence or increaskighriess of a tissue phantom

attenuates and diffuses the fluorescence intensity.

QD onl 1 mm 4 mm
h un.
o n..
o ..

Figure 6.7. Photographs attenuated fluorescence with temperatdrésaue phantom
thicknesses of QD only group as a baseline, 1 and 4mm tegebefl14]
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The variation in spatial fluorescence intensity dusttions at 20C with tissue
phantom thickness is shown in Figure 6.8. The fluorescémensity is shown to
decrease with the increase in tissue phantom thickiesssits centerline. From Figure
6.3 this attenuation can be safely assumed to be causedtbsring within the tissue
phantom. In the radial direction the intensity ig@wented directly with the increase in
tissue phantom thickness. This is attributed to seattdluorescence from the

surroundings as noted by the phase function evaluated ey tdrm,

[(ﬂa"'ﬂs)/"r”]Ln p(§,§')|(T,§',t)dQ', in equation (1). These results are

consistent with all tissue thickness variations analldemperatures studied.
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Tissue-light interaction effects on QD intensitythwseveral tissue thicknesses
are correlated against temperature in Figure 6.9. The itytemas quantified by
averaging a 1910 pixel interrogated area near the center of the QDdhoent image.
Across the narrow bandwidth of hyperthermia surgical iegpbn the intensity-
temperature relationship is nearly linear. Although the & change of intensity
decreases inversely with tissue phantom thickness tharaplication that QDFT is
feasible, even with scattering and absorption, if tibsue thickness is known. It is
typical to usually know the approximate depth of tumor frdiagnostic imaging.
Additionally, within the time frame between diagnosisl ahermal surgery there should
be a relatively minimal change in tumor growth. This, application of QDF in vivo
may provide spatiotemporal feedback of the extent of thHedwatruction during

treatment.
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6.3.2 Computational Results

The theoretical characterization on the effectdisgue light interaction using
QD thermometry was also studied. Tissue thicknesstefieere examined using the
DA to describe the phenomenon within a scattering domindatirgéssue phantom.

Contour plots showing the fluorescence intensity at 4tmickness and with
prescribed zero fluorescence and constant fluoresdenoelary conditions on the base
are shown in Figures 6.10 and 6.11, respectively. These cemsfoaw the fluorescence
intensity under steady-state conditions and with tiieience of surface reflectivity
caused by mixed indices of refraction. The contour ploh witzero temperature
imposed, Figure 6.10, illustrates the surface intensity Iprefhen none of the QD
fluorescence back scattered onto the base is alloovédaither interact with the tissue
phantom. Figure 6.11 shows how a constant fluorescemwedbry condition on the
base causes all of light interacting with it to ledlected back into the tissue where it
can further interact with the media. In either céigét reaching the side walls was lost

to the prescribed zero fluorescence boundary conditionsetpthere.
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Figure6.10. Simulated tissue-light interaction from QD fluoresoe intensity through
a 4mm-thick gelatin tissue phantom. A zero intendity, O, was imposed on the base
outside of the circular source
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Figure6.11. Simulated tissue-light interaction from QD fluoresoe intensity through
a 4mm-thick, gelatin tissue phantom. An imposed conéitantescence condition,
dd/dz = 0, was imposed on the base outside of the cirsalace
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Line plots comparing the experimental and numerical @socence intensity
attenuation at 2.5mm and 4mm thicknesses, respectivelghawn in Figures 6.12 and
6.13. In either plot the experimental result is sh@sra solid line, the dashed line is
the zero fluorescence and the dotted line is the corftanéscence condition. These
plots show the fluorescence intensity under steadg-statditions and similar domain
constraints as the previous contour plots. Althoughxpereament has been normalized
to the maximum value along the centerline, its shaperfettows the profile exhibited
by the prescribed zero intensity boundary condition.

There are several possibilities for these differencébke first may be in the
inaccuracy of optical property measurements and the iariaf optical properties with
temperature. The total mean free path characterizemgphics for the computational
tissue model was 2.5mm. This is at or near the limiapgdlication for these tissue
phantom experiments. Also, near the source the DAgnié erroneous results [123]
[108]. A possible cause for this may be that the terooaating for the divergence

from source in the RTE is not present in the DA [109].
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QD illumination profile through Gelatin at2.5mm
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Figure6.12. Comparison of experimental and numerical tissue-liglractions on
QD fluorescence intensity attenuation with tissue fgrarthickness at 2.5 mm
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QD illumination profile through Gelatin at4mm
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Figure 6.13. Comparison of experimental and numerical tissue-liglractions on
QD fluorescence intensity attenuation with tissue fgrarthickness at 4.0 mm
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6.4 Conclusion and Future Work

The effects of tissue-light interaction on QDFT w&echaracterized both
experimentally and theoretically by testing a hypathethat the temperature
dependency of QD fluorescence was still measurable thrdigghe. The results
confirmed the hypothesis and suggested that the DA of $seetilight interaction
describe the interaction reasonably well. Furtheneafient of the model and accurate
tissue optical properties needs to be performed for mgseoved predictions.

Future studies to move this work forward will seek develafiroéan algorithm
to inversely solve to this DA problem. This inverse diffussialgorithm will be
integrated into the imaging system for real-time tempeeamonitoring. This work
will set forth, characterizing the intensity profilessaming an isotropically scattering
medium. The conjugate gradient method is one of several stamdgodthms that uses
a regularization method to minimize the objective fiorc[110]. The basic premise of
this procedure is to measure the general direction oedeby measuring the negative
directional gradient at successive iterations. Thitgutare would solve the DA, i.e.
the approximation of the RTE in this case, as a di@evard problem for intensity
[temperature]. Next, the inverse problem would be soheedhfthe same general
problem with the unknowns being the source and intensiljpes from actual
measurements to be the known independent variables. diffeeence between the
measured intensity and that estimated from the soletidhe forward problem is then

minimized iteratively by differentiating the objectiventttion, (8), with an appropriate
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stopping criterion. WhereZ(u) is the measured intensity andr,,/;P) is the

estimated intensity value.

J, [0, 1. P) = 2 {4a)) o ®
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CHAPTER 7

CONCLUSION

Minimally invasive thermal therapy destroys malignant dtenin situ by
creating a localized thermal lesion. Its overallicatfy is compromised by the
possibility of incomplete tumor destruction near thedumeriphery, which could pose
a risk for the disease to reoccur. To address this ist@®@perative monitoring of the
tissue lesion is essential to ensure complete tumsirwigion. Since the thermal
destruction of tissue is affected by local tissue temperadind heating duration, the
temperature distribution around the targeted tumor shoulddv&pd in real-time.

Several techniques are currently being used to monitorisgetisemperature
during thermal surgery. Point measurements use invasiveedesich as fiber optic
probes or thermocouples. Dagnostic ultrasound, compuderizenography, or
magnetic resonance thermography are noninvasive methods wigebkure tissue
temperature secondarily. Noninvasive methods require ingensiage processing,
employ high doses of radiation, or magnetization, mehaoor image quality and are
thus are not conducive for real-time application for swrge

In this context, temperature-dependent QD semiconductapaaticles enable
a new imaging modality for monitoring tissue temperaturenduthermal therapy. A

QD thermometry system is envisioned, whose emissiovelagth is optimized to
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fluoresce in the red to NIR spectrum, where the scatfday the surrounding tissue is a
minimum. This would allow tissue temperature to be spatiporally visualized. The
primary objective of this study was to develop a new tbenetry system using QDs as
temperature probes and to demonstrate its feasibilityhiintraoperative monitoring
of the thermal lesion.

A prototype thermal imaging system was developed to resdadhuorescence
characteristics of two types of CdSe/ZnS core/shels @2hin the temperature range
relevant to hyperthermic therapy (5 to 70°C). It was dotlnat there was a nearly linear
relationship of fluorescence intensity with temperatureThe changes in QD
fluorescence emission were quantified by measuring thagedluorescence intensity
with an 8-bit commercial NIR imaging system. The QD=avfound to fluoresce the
strongest, i.e., have greatest quantum yield, at thestoexgperimental temperature.
The fluorescence intensity decreased linearly with ineckaemperature in the
hyperthermic temperature regime. These results imfy the thermal features of
specific tissue could be detected non-invasively using Qidisnally tuned to the NIR
regime.

Within the hyperthermic temperature regime, normalized fDrescence
intensity was plotted versus temperature and linearlyecfitted showing no noticeable
hysteresis. These results imply the potential asraim@sive imaging technique for
minimally invasive surgeries including both hyperthermic arnydgenic temperatures.

It is hypothesized that this thermometry system could bés used to measure nano-
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scale temperature features in a wide variety of otléensfic and engineering
applications.

The commercial core/shell type QDs studied were capabléluminating
through a few millimeters when used as fluorescent prabésrbid media such as
tissue. A stronger fluorescence probe would enable déspae imaging, improving
the efficacy of the proposed thermometry system. thie context, a new nano-
composite material was developed in collaboration with Kim in the Materials
Science Department at UT-Arlington. This new nano-cottgasaterial is a quantum
dot embedded nanoparticle assembly (QDeNP) where CdTealsrystre diffusively
aggregated to an average 6 nm in diameter in a host Cd& @@@rnm in diameter.
This process yielded QD density approximately gérticlespm?, which is significantly
higher than any currently available conventional QDscdntrast to conventional QD
assemblies QDeNPs did not incur a wavelength shift witheased diameter. The
QDeNPs fluorescence intensity also decreased lineatly temperature relevant to
thermal therapy similar to the commercial QDs stddie The magnitude and
temperature sensitivity of the QDeNPs was less thatotfithe core/shell QDs studied.

As part of this dissertation research the feasibdityQD-mediate thermometry
was demonstrated to quantify in vitro cellular destructiom measuring QD
fluorescence spatiotemporally during heating. In collaberatesearch with Dr.
Cadeddu in the Department of Urology at UT Southwestéedical Center, human
prostate cancer cells (PC-3) were heated using gold ndn(GNS) mediated laser

therapy. The cellular destruction was estimated bysm@zy the fluorescence of pre-
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administrated CdSe/ZnS core/shell QDs in the growthianedluorescence imaging
revealed two distinct heating regions. The firstoaghnear the laser focus, showed the
intensity to decrease rapidly reaching a minimum wihter@mained relatively constant
throughout the remainder of the experiment. This implieectl GNS-mediated heating
by the laser with a maximum local temperature with epstemperature gradient at the
laser focus. The secondary region was annular rediah grew in size while its
intensity slowly decreased. This implied that heatdier induced by the GNS was
being transported in the radial direction. Fluoreserictographs of human prostate
cancer cells (PC-3) cells after the GNS-mediated thktmeatment show a sharp
delineation of cell viability at 658 42 um diameter (n = 9) in the treatment group when
a Calcien-AM staining was performed. This was approximatedythird the laser spot
width of 1.6 mm. This result was thought to be causeddjotls thermal dose near the
periphery of the treatment zone where the local teatpee profile was Gaussian,
similar to the laser intensity profile. Heat trangpewas predominantly in the radial
direction, but the cellular injury associated with tergergy transport was found to be
negligible, i.e., no cell death was observed outsidaefaser focused spot.

In last part of this work, tissue-light interaction fD thermometry was studied
experimentally and theoretically. For the experimigodat, QD fluorescence through a
gelatin tissue phantom was measured by varying both temper@atd tissue phantom
thickness. The spatial QD fluorescence intensityridigion at room temperature
showed the intensity distribution with thickness causeddajtering and confirmed by

a theoretical model of tissue-light interaction. Thmedel employed the diffusion
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approximation of the radiative transfer equation. Tifiects of tissue-light interaction
with intensity-temperature correlation show a linedensity-temperature relationship
with the slope inversely proportional to tissue phantorcktigss. This would imply
that an in vivo QD-mediated thermometry may be feaséilen in turbid media. Thus,
if tumor depth and geometry are known beforehand, thgosgaporal change of QD
fluorescnece will provide spatiotemporal information dme textent of thermal
destruction during the treatment. Tumors typically apple&n thermal therapy are 1-
2 cm in diameter, with a surgical margin of 5 mm aniaimum. Thus, a reliable
thermometry should be capable of a spatial resolutianfew millimeters, minimally.
These findings show a QD thermometry scheme with aadpasolution capable of
monitoring the thermal lesion intraoperatively.

In summary, this dissertation work researched the uUs&®QDs as new
temperature transducer to monitor tissue temperature duraigndh therapy. The
expected significance of this work is that, by integratingrmal engineering with
imaging, real-time volumetric temperature informatioil provide a more robust tool
for use in thermal surgery, thus contributing to the fieldthermal engineering.
Knowledge gained by this line of research will address onthe@fmost significant
challenges in thermal therapy. This thermometryfqim will have offer the capacity
for three dimensional monitoring of the thermal surgipabcedure when used in
conjunction with other volumetric imaging systems.

Before this application can be of practical use, otlasitlerations need to be

addressed. A major concern is that QDs currently withugh quantum yield to be
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practical are heavy metals and by nature toxic to biolbdisaue. Other issues
concerning the use of QDs as temperature transducers irffedaveness of delivery,
limited penetration depth, and the eventual clearance ftben body. Further
investigation is required to address QD attenuation causéiddoye scattering, ice-ball
formation during cryosurgery, and the uniformity of tram$ from/to the treatment
lesion. Future work should include integration of a numaémolution to the inverse
boundary problem and its integration into an imaging syste provide a more robust

real-time fluorescence monitoring modality.
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Figure A.1. Interpolation figure for lens height with pixel count
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Figure A.2. LabVIEW data acquisition program showing the dwell fucti
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Figure A.3. LabVIEW data acquisition program showing the PNG imagetuca
routine
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Figure A.4. LabVIEW data acquisition program showing the AVI imagguence
capture routine
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Diomed25 technical specifications

Laser type
Wavelength
Power output
Treatment modes
Pulse duration

Repeat mode
0.1 — 1.0 second interval

Countdown
Calibration
Power meter

Aiming beam

Cooling

Power supply
Dimensions (HXWxD)
Weight

Fibers

Fiber connector

Safety standards

GaAlAs laser diode
805 nm (+/- 25 nm)
0.5 — 25W (+/-10%)
Continuous, pulsed and repeat pulse
0.1 -9.9 seconds

0.1 — 1.0 second pulse duration

10 — 3200 seconds
Automatic fiber calibration
Thermopile or power measurement

Visible laser diode 650 nm, nominally 5mW at
port continuous or intermittent

Forced air
100 — 140VAC 220VA
6"x15"x15”
241b
600 and 1000 um contact fibers
Standard SMA 905
IEC 601-1, IEC 601-2-22, IEC 825

21 CFR 1040.10, 21 CFR 1040.11
ETL listed (tested to UL 544 standard)

Figure A.8. Diomend 25 laser technical specifications
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Table B.1. Required volumetric quantity of three constituents tenfappropriate

Tissue phantom(ml)
1

2

10
15
30
45
50

100

amount of tissue phantom

Gelatin (g)
0.109
0.219
0.329
0.439
0.549
1.099
1.649
3.298
4.947
5.497

10.994

130

Water (ml)

0.565977

1.131953

1.69793

2.263907

2.829884

5.659767

8.489651

16.9793

25.46895

28.29884

56.59767

Milk(ml)

0.323415

0.646831

0.970246

1.293661

1.617076

3.234153

4.851229

9.702458

14.55369

16.17076

32.34153
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C.1 Diffusion Approximation Calculation
Derivation of the diffusion approximation (DA) from thadiative transfer equation

(RTE) [105].

S =y, 0050+ Lo ) [ peaniete) g, +Qlrs

Where:

« 1(r(t),51), the intensity as a function of locatiorft), direction,s, and timet
* p,andp.are the absorbance and scattering coefficients regplgct

* ¢, the speed of light in the medium

*  p@9), the scattering phase function

* Q', the measure of solid angle, in steradians

Let the radiance be measured with respect to the suirmuneedia. The variation of

intensity along a path in this frame of referencegf,: % + ¢S
Now, for steady state conditions and without sositbe RTE yields,

S01(.8)= e, 6+ L) | ey (8o
T 4n
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Recognizing spontaneous emission, isotropic scatteringa@atlan from [111],

di . . + . Ny s
d_‘I= = —(u, +p )i+, + (“a4n“5)j4n|(r,m )do (C.1.1)

-~

Let S be a distance element. The change in ragiaibag this element becomes,

di _ di dx

g9 =1,2,3
dS” dx ds

For 6, andg,the polar and azimuthal angles respectively, thectdonal cosines are,

dY_3dX-_.A 2 r . 2. . n _3
— =) —-=icod + jcoy + kcod =isinfcosp + jsinBsing + kcod = ZIi
ds FdS i
(C.1.2)
Using optical coordinates,
di, = (u,+p.)dx (C.1.3)
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Substituting (C.1.2) and (C.1.3) into (C.1.1)

di &, di o (e
— =3 —(u. +pu)=—(u. +p )i +p.i, +2s2 (0 )de'
S ;.dKi (4 +1) = =g +ufi+dy + 2 = (o)
(C.1.4)
The albedo(, is a measure of reflectivity,
o=—"ts o 1-Q=—Hta (C.1.5)
Ha THg Ha T U
Now substituting (C.1.5) into (C.1.4),
5.di . . Q
—+i=(1-Q)i, +—| ilr,d)da A
2l g =l [Lit) (C.15)

In spherical harmonics the directional cosines .@}.are represented by [106],

31 = 2w, el v2vees) c19

Where,Y," =, /gsine e, Y :1/430033, Y! = —wfsisinee""’
7T TC 7T
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The RTE may be approximated as a set of differengiahgons using spherical

harmonics as a change of basis. Thus, farapproximation,

1 |
(59=1(508)=3 TASY(0.)= ANYC + ALY + AN + A

1=0 m=-1

1 3 . . 3 3 . ,
1(S,6,0)= A° +At | —singe? + A’ | — cosf- A, |—sinfe'?
(S0.9)=K Ao R4 o~ AL [

For the zeroth moment, | = 0, m = 0, representsigbopic component and when

divided by, determines the radiative energy density [106],

1°(8)=[" 1S a)dew= j;’; [ 1(s.6.4)sinaiag

_ 1 oo, 21T _ 3 T . 2r
1°(S)= Agﬁjg:gm 6d6’j¢:0d¢ + Al\/;j€:05|n2 HdHL:Oe ?dg

o 3 T . 2 Al 3 T .2 2 i
+A /ZTL:(O:OSQSInangzod¢ A&‘\,S_]TJ‘HZ()SIn Hdngoe d¢

|O(S):mmog+gl\/g%m+pf\/%mnm—&\/gﬂzm
= A

The fluence rate or photon density is [11@[F,t) = 47A°Y°(S)

®(F,t) =4 °(S)y2(S) = vaml °(S)



The first moment, | = 1, m = -I, 0, 1, represents tiésaropic component and

determines the radiative energy flux [106],

|i(s):j 11(S,0)do = j [ 11(s0.¢)sinododg  (i=1,2,3)

-\/2—7[[ ALY+ A + ALY )dQ
Al‘ljzojezo(e‘”’ + e“”)sine'e e’ dodg ]
= = +x/§Afj;:0Ln:0(e”'¢ +&)sin?0 co® dodgp \/2737‘1(A‘l Al

- A}j:;]::o (7 +e7)sin®0e? dodg

Where the following identities have been implemdnte

Y l,—m (é) = (_ 1)m Y DI,m (é) and .[411 Y I,m (é)Y DI’,m’ (é)dQ = 8II’,mm’

1
1m2(8)= 3 |, lnezY 1@
m=-1
Thus the energy flux yields [112],
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=(= 2nf, _ Ia-
3(F,t)= ,/?{All -at —jfar+Al] v2a?
The total spectral radiance for adpproximation is now,

1(504)=4-1°(8)+ =30 17(6)

s 4

1 0 3 -1 1 H -1 1 0
- L [ arn ilareal Vo)
1 3
—4—n¢(S,t)+4—nJ(S,t)[§

I(F,é):%T¢(r,t)+%TJ(r,t)E§

Inserting | (7, 8) into the steady state RTE, without sources ategmating over the

entire solid angle yields,

S8 =~ +i )+ W) [ peyir g)a
b 4

~ N ' A ' a+ s ~ Ar ~ ]
[ 8mI(r,8)dQ = ~(u, +1,)], OI(r,8)de> +(“4—n“)j4n pE3)I(r8)de ]dQ

For the left hand side term we employ the identity,
smi(r,8) =0 (8I(r,3))- 1(r, )08, and recognize thatJ[§=0 because the scaling

factor for a constant radius is zero.
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Now,
[ 3mi(r,8)de’ =, 0dei(r,8)Jde’

=00 8(,8)de’

4

=0 0(r)

The first term on the right is by definition the fluenate,

(o + 1), O1(8)d" = (1, +1,)o(F)

The second term on the right is an integral compadéwo terms

( I h p@E3)I(r.3) dQ]dQ LK[LKD(“SS) (r)+3Jr) dQ]dQ
—j [[ P 3)a(F) dQ]dQ

3(“6‘4—5 [[p(é,%)J EédQ]dQ

The first integral is composed of the fluence taten, ®(F), which is not a function of

spherical angle, and the probability density fune{iPDF).

The integral of the PDF is onﬁ, p(s,8)dQ’ =1 this leaves,

(a +p.)o(F) 40 =, +p,)o(r)

47
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The second integral is zero, due{r) being aligned with the z axis.

Collecting terms,

S 8) =, +u (19 + Yo B [ pran(r e
4n an

00(F)=~(u, +p o) +po(r)
=—1,0(7)

Finally the diffusion equation may be approximated by assgrthat the change in
current flux over a distance traveled during the “transpean free time” is minimal

[106]. This allows us to approximate, the current flukiak’s law,

J(r)=-D0Oo(r)

1 1
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This final equation is a function of four terms when inglgdtime, and six
terms when including the spherical angkeande.

Also note,u.and g are not independent, but show up as the “similaidyion”
ug valid for the diffusion approximation equation [106].

Two approximations were made when deriving the diffusippr@imation
equation. The first was expansion of radiance, Rifited to the first-order spherical
harmonics, P The second was assuming the fractional change inntuteasity along

the “transport mean free path” would be much less tren Both assumptions there

being multiple scattering events [106]
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C.2 Strong to Weak Function Calculation
This section shows the transformation of a second amdetrator,jDZ, from a strong

to weak form for use in a numerical formulation. Bgucing the order of the operator
the resulting term requires only a single derivativeaftinear interpolation method, i.e.,
Galerkin’s method, [113]. The following equation is a 2-Bsg form representation

of our governing equation.

22 ox2 62 62
Ll le \V(D(ax(g + 62(5] _Ha(P]dXdZ: 0 (CZl)

To illustrate the reduction of order we manipulate thst fierm of (C.2.1) through

integration by parts,

j * a(pdxdz j \|/ dz-|" sza"’aq’dxdz (C.2.2)

x1 X 0X

From Green'’s theorem over a surface, S, and aroundralbaoy, C,

j(a'\' oM ]dA §Mdx+Ndz, Let,M =0andN = yoe (C.2.3)
\0X 0z 0 X

Substitute and evaluate the LHS of (C.2.3),
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x2

dz

xl

j(gsjdA [ ( j jf;fgl( ]dxdz [ w
(C.2.4)

Now, along the boundary,

N
ol

d
co¥=—=2>=n-dz=ndl 2.
di n (C.2.5)

Substituting (C.2.5) into the RHS of (C.2.3),
§Ndz § w—(pdz § ‘1’ n Al (C.2.6)
Equating (C.2.4) and (C.2.6),

o2l

0
dz=§ y——ndr
ol z §r“’axnx (C.2.7)

Substituting the RHS of (C.2.7) into the first term ba RHS of (C.2.2)

j “ dxdz §\y—nd jjfgi’gidxdz
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Solving for both x and z in (C.2.1),

DK§ \y—n dr I lezgi'gidxdzj (iﬁ I lezngf gidxdzﬂ

B IZZlZIXXlZHaW(PdXdZ =0

Finally, we arrive at the weak form representatio(2.1)

oy oo a\y(?(p] ( J0) 00 ]
D —/———+—— |+ dQ-D —ndl'+¢ y—-n,dr |=0
i[ (ax ox o0zoaz) "0 §r"’ax g §r"’az ’

(C.2.8)
Further reduction leads to the weak form to be used dmesfunction for further

modification for numerical work

9
[(Doyme+ uaw(p)dQ:D§rwa—2dF (C.2.9)

Q

do _0¢0X a(paz 6_(pﬁ+6(pﬁ

h —
werean oxan azan ox * 9z °
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C.3 Diffuson Approximation Numerical Calculation

The radiative transfer equation (RTE) may be approxdcdty the diffusion
approximation (DA) in highly scattering medig, >>p,. This is accomplished by
expanding the radiance and source terms in sphericabhasnand truncating to the
first approximationAppendix C.1.

We generate a numerical approximation to the DA soldtipforcing values at

specific locations. For instance, a 1-D expressioyn neeexpanded as,

f(x)=a, +ax+a,x®+ax®+...+ax" (C.3.1)

A 2-D expansion of a simple triangular element is coseagriof end points only.
We truncate to a linear system and adopt a set of eqsafioneach node of the

element. Thus,

f,l 1 Xy za,
f.(xz)=(a, +ax +a,z,) - [f,|=1 x, z,|a (C.3.2)
fal 1 X3 2z,

Generally,f (x,z) will not solve the GE exactly, e.g., the solutiorliivolve a

non zero residual, R, with some errer,

R((p,x,z):f(x,z)—s (C.3.3)
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Shape functions®(x,z), are imposed as a multiplier to force solutions (paz)

at specific locations. Thus, as a linear approximation,
f(x,2)=> "9 (x.2)¥ (x.2) (C.3.4)

where, f(x,z) is the analytical solution ang,(x,z) is the approximation. ¢, (x,z)
solves forf(x,z) at the endpoints when a linear shape functionsisd. For a three
node interpolation we would employ a quadratic shamction.

The Galerkin method of weighted residuals willused in this calculation to
implement a finite element model for a 2-D steatiyes DA. This method utilizes a
two point shape function as the weighting functiohhe Galerkin method is simple,
applicable for any geometry and guaranteed to stieegoverning equation (GE)
through integration. For our problem, the inneoduct is now composed of the

residual, R(p,x,z), and the weighting functiohy. The residual is orthogonal to each

of the weighting functions,

JL.Wi Rlp.x.2)dx=0 - [ ¥{D0?-p } 9da=0
Q

0

2 2
=[] ZW(D(G—@ +a—(PJ—ua(dexdz=0 (C.3.5)

z1 Jx1 6X2 622
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There must be as many weighting functions as therm@ependent parameters.
They also must be independent of one another, meaningrteeproduct between any

two weight functions must be orthogonal.

(W, W, ) = [ W, (x) W, (z)dy =0 (C.3.6)

Our GE, the DA, includes second order termsgin In this form a linear solution

cannot implement simple shape functions. Thusmaaipulate the integrand to obtain

a weak solutionAppendix C.2.

I(DD\V Mo + ua\y(p)dQ = Difr\yg—gdl“ (C.2.9)
Q
oy 0p Oy O(pj o
=||D| ———+——— |+ dQ=D¢ y—dI' C.3.7
ﬂ (ax ax ozaz) "ev? §r"’an (€3.7)

The stiffness matrix is comprised of diffusion aizsorption terms.

The diffusion term, K,

3 0. 0. e ON°® e ON°®
K:DZJ. a\VI (pl+a\|ll (pl dQ—> Kﬁ:DJ. aNI J +aN| J (deQ
Lj=lo aX aX aZ aZ o aX aX aZ az
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|

aNl_ _aNl_
oxX | 0z |
_pJ| N, [[ON; 0N, aN3}r ON, [ON, ON, 0N,
oX | Ox oOx  0OX 0z |0z 0z 0z
ON, ON,
| OX | | 0z
D kx,ll kx,lZ kx,lS 211 KRz1o Kos|(]| @1 D
:m Kot Kezo Ko |t Kior Kioo Koos|i] @2 :ﬂ
kx,31 kx,32 kx,33 231 Kz32 Koz ||| P3

Kis | @2
Kys || @,
k33 03

(C.3.8)

Where, from [113], the shape functions for simplengiaglar elements are,

1
ﬁ[(xzy3 - X3y2) + (yz - y3)x + (X3 - Xz)y]

NE(x,y)= A

o 1
N®(x,y)= W[(ngl —X.Y3)*+ (Vs =y )+ (x, —x5)y]

oA [(X1y2 - X2y1) + (y1 Y )X + (Xz - Xl)y]

N®(x,y)=

and where,ZA(e) = (lez - X2y1) + (X3y1 - X1y3) + (X2y3 - X3y2)

The absorption term is,

N,

(C.3.9)

0,

3 3
C:“aZIWi(pde:“aZINiNj(pde:“aI N, [Nl N, N3] ¢, |dQ

i,j=1o i,j=l0 Q

N
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The numerical integration can be simplified when usmangular elements by using

area coordinates,

N, =L, :ifori =1,2,3
A

alb!c!

N,NN, = [LatsLeda = 22C
'Yk { 1=2=3 (2+a+b+C)|

1110!
uuo L, _A

i (2+1+1+0)! 12

NN, = LIl LS dA =
A

2 1 1jo¢
_ A l
===_11 2 1|0,
1 1 2|¢,

Now the overall stiffness matrix is,

5 Ky, ki, Ky 2 11
K¥C= ke ke ki B 21
Ky Ky Kgg 11 2
(2 -1 0 2 1 1
_D HaA :
K+C=—|-1 1 O0|+=2-|1 2 1| LHT, lower half triangle
4A 12
0 0 1 11 2
1 -1 0 2 11
_D HaA ,
K+C—ﬂ -1 2 -1 +E 1 2 1| UHT, upper half triangle (C.3.11)
0 -1 1 11 2
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The load vector in this case is the convective boundarglition,
B=D§ v2dr = Djxwa—q’dx (C.3.12)
r"on X 0z

Transforming into natural coordinates

99 _ o(x,H)
I C.3.13
0z 2A ( )
B_iszw¢(X,H)dX=-lq ! , whereg(x, H) is a constant
2N P aA |1
Finally, in matrix form,
oy 0¢ Oy 0o ¢ [= =](p _
D= 53, 5, )T dQ=D¢ y—dI' = |K+Clp=
i{ (GX 0X 0z 0z Ha¥® §r\|l an p
-8 1
_ Al
=772 -1 0 > 1 ] WHT
Dl 1 of+¥A1 »
A 3
0O 0 1 1 1 2
—1e 1
A |l
Y 2 -1 0 2 1 1] YHT (C.3.14)

Dl_1 1 ol+*A|1 2 1

0013112
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