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A B STR A C T  

Photothermal Therapies Using 

Near Infrared Absorbing Nanoparticles

By

Andr6 Mathura Gobin

This thesis describes the development of near infrared (NIR) absorbing 

nanoparticles for use in biomedical therapeutic applications. Gold nanoshells with a 

dielectric core o f silica developed at Rice University have shown tunable optical 

properties, these and nanoshells with a gold sulfide core are exploited in this thesis to 

develop several therapeutic applications.

These applications include bonding o f tissues, integrated imaging and therapy for 

cancer applications and targeted destruction o f cancer tumor cells to improve on the 

efficacy of photothermal therapy using nanoshells. In addition, the development of 

nanoshells with a gold sulfide core and a gold shell are utilized for therapeutic application 

similarly to gold-silica nanoshells. These gold-gold sulfide nanoshells are attractive for 

use as a therapeutic agent because their size makes them more efficient at absorbing light 

energy and converting it to heat, allowing them to achieve higher temperatures faster than 

gold-silica nanoshells. In addition, the smaller size allows them to circulate longer in 

vivo and could allow them to be delivered more efficiently into tumors. The use of 

nanoshells to replace indocyanine green (ICG), an FDA approved exogenous 

chromophore, in tissue welding application shows great promise in vivo. Nanoshells
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were successfully targeted against prostate cancer cells by using antibodies against 

surface marker Prostate Specific Membrane Antigen (PSMA) anchored to the cell surface 

which are over-expressed in the more aggressive prostate malignancies. Additionally, 

nanoshells were targeted against the less aggressive prostate tumor line using EphrinAl, 

a ligand which binds to the Eph A2 receptor over-expressed on prostate tumor cells.

Both of these approaches show excellent binding and destruction o f cells in vitro. A 

single nanoshell was developed which have both scattering and absorbing properties and 

was shown to be effective at allowing imaging of tumors and subsequent destruction. 

These nanoshells provided a 56% improvement in imaging contrast and 82% survival in 

vivo. Finally, gold-gold sulfide nanoshells are developed and it is shown that they can 

achieve higher temperatures faster than gold-silica nanoshells at the same optical 

densities and laser energies. Tumor bearing treated with these nanoshells show complete 

tumor regression in vivo.
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Chapter 1 : Introduction

1.1 Introduction

Nanoshells are a relatively new class of nanoparticles consisting of an ultrathin 

metal shell surrounding a dielectric core (Averitt et al. 1999). Gold coated nanoshells 

have properties making them ideal for biological applications, including good 

biocompatibility (Connor et al. 2005), and tunable optical properties (Oldenburg et al. 

1998). This allows nanoshells to be designed to either absorb strongly or scatter light in 

the NIR based on the dimensions of the core and shell, permitting applications for heating 

or optical contrast as discussed in detail below. Due to their unique properties and 

biocompatibility, gold nanoshells have been investigated for a variety of biomedical 

applications. These include being used as a mechanism to provide heating for photo- 

thermally modulated drug delivery systems (Sershen et al. 2000), fast antigen detection 

systems with whole blood (Hirsch et al. 2003), and for use in imaging applications (Loo 

et al. 2004). Nanoshells have also been investigated for use as an NIR absorber for 

cancer therapy by non-specific accumulation in tumors (Hirsch et al. 2003; O'Neal et al. 

2004) and for targeted cell ablation (Lowery et al. 2006).

This thesis is divided into four research areas. The first details the development 

of gold coated silica nanoshells for use as an exogenous absorber to enable laser tissue 

welding. This technique provides an alternative to suturing for wound closures in 

situations where speed and watertight seals are necessary such as trauma and for vessel 

anastomoses. Secondly, the tunability of nanoshells is explored by the development of
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nanoshells that allow simultaneous imaging contrast enhancements and therapeutic 

properties. This allows the development o f therapeutics which can simultaneously allow 

detection of tumors and subsequently allow quick treatment. The third section deals with 

the targeted destruction o f prostate tumor cells using nanoshells via two different 

targeting mechanisms to improve upon the non-targeted approaches for cancer therapy, 

essential to allow destruction of malignant cells over normal cells, and to reduce the 

number o f particles used in the therapy. Finally, the development work to allow use of 

smaller gold-gold sulfide nanoshells for cancer therapeutics is discussed. All of these 

developments are possible because of the optical properties of metal nanoshells.

1.2 Optical Properties of Nanoshells

Nanoshells are a unique class of nanoparticles that have a dielectric core 

surrounded by a thin metal shell. True engineered nanoshells in this class originated in 

the Halas lab at Rice University in 1998 where they were designed and built through a 

multi-step process allowing precise control of the production of the particles to have very 

thin metal shell on a silica core; thus allowing properties that could be tuned in a 

predictable manner as modeled by classical Mie scattering theory (Oldenburg et al. 1998). 

The work on engineered nanoshells first began with the analysis o f self-assembled 

nanoparticles which fit the Mie scattering model. Mie scattering theory is based on the 

interactions of light of wavelengths on a scale longer than the actual particle’s size 

(Averitt et al. 1997; Averitt et al. 1999). A plasmon resonance in the conduction band 

electrons is established by the interaction o f light within the particle’s metal shell; the 

plasmon resonance is wavelength dependent and can be shown to be tunable depending 

on the thickness of the metal shell relative to the core diameter. The details o f this
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behavior were described by Averitt et al. where they showed that the plasmon resonance 

of the electrons in the metal shell occurs at the point o f maximum polarizability, which 

occurs when the denominator of Equation 1.1 approaches zero (Averitt et al. 1997).

a  = 4 7ie0r2 S 2 £ a  g 3 S b 

£ 2£ a +  2 .£ 3£ b

P = 1 -
\ ru

ea = el (3 -  2 P) + 2 e2P

£b = s1P + £ 2{3 -P )

Equation 1.1

Equation 1.2

Equation 1.3

Equation 1.4

Figure 1.1 shows the geometry used for the Mie scattering theory for a particle of 

known dielectric properties, s i ,  covered with a metal shell of a different dielectric 

constant, s2, and in an embedding medium of some other dielectric constant, s3. The 

wavelength of light in the visible region of the spectrum is actually longer than the 

diameter o f these particles, thus when light is incident on the nanoshell the electrons in 

the metal shell resonates due to interaction o f the electric component of the electro

magnetic (EM) wave.
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Figure 1.1: Nanoshell geometry used in Mie scattering simulations. The core radius is given by rj, 
and the total radius by r2 which includes the shell thickness. Ei, e2, e3 represents the dielectric 
constants for the core, shell and dispersion medium respectively.

The resonance can be described by the polarization (a) o f the electrons in the 

shell with Equation 1.1 Maximum polarizability occurs when the denominator of 

Equation 1.1 approaches 0 at which point the conduction band electrons in the shell can 

be separated the furthest from their normal unexcited positions. Equation 1.2, Equation 

1.3 and Equation 1.4 shows the relationships which can be defined by the geometry 

chosen and the permittivity of free space, eo; sa, and £t>. This allows one to solve for the 

polarizability in Equation 1.1.

It can be shown that the resonance point of maximum polarizability occurs at a 

particular wavelength and that these effects are dependent on the ratio o f the radii of the 

core and whole particle. In Equation 1.2 through Equation 1.4 a ratio of volumes o f the 

shell, (P), is used to solve Equation 1.1 showing the dependence of the ratio of the radii 

(volumes) to the polarizability. By rearranging the equations and using wavelength (A.) as 

a variable Averitt showed that the relationship of the radii of the core and shell shows 

dependence on the wavelength, Equation 1.5.
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1 + 3 s 2(a )(s 1 + 2s 3)
Equation 1.1

This is one of the most important results o f these calculations, showing that the 

wavelength for plasmon resonance is dependant on the geometry of the particle thus 

giving the parameters necessary to design particles with specific plasmon resonance 

profiles at desired wavelengths. From this, Oldenburg et al. showed that a new class of 

composite nanoparticles could be created with tunable optical resonances (Oldenburg et 

al. 1998). These new nanoshells were built through a multi-step process. Detailed 

methods on gold-silica nanoshell formation are given in Chapter 2. Briefly, solid silica 

nanoparticles were grown using the Stober process (Stober et al. 1968) then aminated via 

reaction with amino-propyl-triethoxysilane (APTES) to provide a positive surface charge 

on the silica surface. Then, smaller gold nanoparticles grown through a modification of 

the Duff Process (Duff et al. 1993), could be deposited on functionalized silica 

nanoparticles and finally additional gold is reduced on the surface of these particles 

resulting in a contiguous shell over the non-metallic core (Oldenburg et al. 1998).
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Figure 1.2: Nanoshell Tunability - Nanoshells grown on cores of fixed diameter of 120 nm with shell 
thicknesses ranging from 20 ,10 ,7  & 5 nm show a shift in peak absorbance shift of over 400 nm 
demonstrating the tunable optical properties predicted by Mie theory for multilayer metal shell on 
dielectric cores configuration (Oldenburg etaL 1998).

1.2.1 Tunability of Nanoshells in the Near Infrared (NIR) window

Nanoshells are particularly attractive for use in cancer therapy and biomedical 

applications because o f the ease with which they can be tuned to absorb light throughout 

the visible and through the infrared region then converting that energy to heat. In 

particular, the region between 650 -  900 nm is of interest for biomedical applications. 

This is because this region of the spectrum is characterized by having low absorption and 

high transmissivity for native chromophores in tissue (Weissleder 2001). This window is 

often called the water window or the NIR window. Figure 1.3 shows the absorption 

coefficient of native absorbers (hemoglobin and water) in tissue showing minimum 

absorption in the region between 650 -  900 nm thus allowing light at these wavelengths
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to pass through tissue more easily. Light in this wavelength region has been used to 

image whole human breast tissue with and without tumors showing not only imaging 

ability but the ability to detect the quantity o f contrast agent within the tumors 

(Ntziachristos et al. 2000).

N IR w in d o w

0.1 =

Ht>

700 900 1000400 500 600 800

W a v e le n g th  (nm )

Figure 1.3: Absorption coefficient of major chromophores in tissue. NIR light is best suited for 
biological applications due to the minimal interactions with native components in the region between 
650 -  900 nm, often called the NIR window. Taken from Weissleder 2001.

The tunability of nanoshells allows placement o f their peak in the NIR and thus 

precise delivery of heat can be accomplished with NIR lasers in biological systems for 

applications including bonding of tissue and for photothermal ablation of tumors, both of 

which will be discussed in this thesis. It is important to emphasize that it has been 

demonstrated that neither the delivery of laser energy in the NIR region nor the 

nanoshells alone cause damage to tissue (Hirsch et a l 2003), but rather it is the 

combination o f both that is necessary to provide localized heating. For the studies 

discussed in this thesis nanoshells were designed with an absorption maximum of 800 nm 

to match a laser with energy output at 800 nm provide an ideal energy source and 

exogenous chromophore pair for working within tissue.
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The extinction o f light energy through a suspension of nanoshells is due to a 

combination o f scattering and absorbing events and is dependent on the geometry of the 

particle (Oldenburg et al. 1998; Averitt et al. 1999). The amount o f energy that is 

absorbed or scattered by the nanoshell changes depending on the overall size o f the 

particle, for smaller particles more energy is absorbed and for larger particles more is 

scattered. This phenomenon is explored in Chapter 3 where particles are designed to 

have strong absorption and scattering and thus used to provide imaging contrast and 

therapeutic benefit in a single particle. Smaller nanoshells are employed in Chapter 5 to 

take advantage of increased absorption as a means of enhancing therapeutic efficacy.

1.3 Light and Tissue Interaction

Light extinction in tissue occurs through scattering or reflectance and absorption 

and is wavelength dependent (Welch 1984). There are several models for evaluating 

heating of tissue by light energy, each should relate the properties o f the tissue such as 

scattering coefficient o f tissue components (S), absorption coefficient of tissue 

components (A), total reflectance (R) and transmission (T) of a tissue sample to the 

thickness (z) (Welch 1984).

(1+ R 2- T 2)
a = ----------------

2 R

b = J { a 2- \ )

A = S ( a - 1)

s = i _ln(lz tf(a + *))
zb T

Equation 2 - Relation of Scattering and Absorption to Reflectance, Transmission and tissue thickness. 
These relation ships are used to evaluate the light intensity on the surface.
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With the above relationships the distribution for an incident beam on tissue can be 

modeled depending on the type of distribution one assumes for the incident light. Tissue 

damage prediction models have been based on the Arrhenius equation (typically used in 

calculating energy o f chemical reactions) and take the form of:

Q (r,z) = A ^ Jfexp{-E  / RT}dt 

Where:

A = pre-exponential factor (s'1)

E =activation energy for the reaction (cal/M)

R = 2.0 universal gas constant (cal/M*K)

T = Temperature in K

Q(r,z) = damage integral

t, = time laser is turned on

tf = time at final recovery of temperature

Equation 3 - The damage prediction integral model for tissue exposed to laser energy.

Using this form o f the equation and performing empirical measurements using pig skin 

samples, the coefficients could be calculated (Welch 1984). This model was developed 

on pig skin and for complete necrosis o f the basal epidermis layer a value o f Q  = 1 was 

selected (Welch 1984). At a value o f Q = 1, for uniform protein material, 63% of the 

molecules are denatured (Welch 1984). A value of Q. = 0.53 was selected as the criteria 

for “irreversible threshold injury” .

One can see from the Arrhenius model, the time to cause damage is linearly 

proportional to exposure time and exponentially proportional to temperature: recall 

temperature achieved depends on the absorption coefficients o f the components o f the
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tissue as shown in Equation 2. For lasers matched to chromophores in tissue which have 

high absorption to the laser’s wavelength, low laser energy dosages will result in high 

temperatures. Thus for hemoglobin which has high absorption between 517-590 nm, 

using an argon laser with output near those wavelengths results in quick heating and 

thermal damage to the tissue. By choosing a laser in the NIR as discussed in Section 

1.1.2, the absorption coefficients of the native components of tissue do not dominate, and 

thus an exogenous chromophore matched to an NIR laser wavelength could achieve 

heating very quickly compared to the tissue environment. It is this basis that is exploited 

in the development of NIR absorbing nanoparticles for use in therapeutics as described in 

this thesis. In this chapter Section 1.5 discusses the use of lasers for tissue bonding while 

Section 1.6 discusses the application of NIR absorbing nanoparticles for use as a cancer 

therapeutic agent.

1.4 Biomedical Applications of Metal Nanoshells

Since the development of gold nanoshells in 1997 by the Halas group numerous 

potential applications have been explored. O f particular interest to this discussion is their 

application to biomedicine due to the inert and biocompatible nature o f the gold coating 

(Vetter et al. 1954; Hagman 1979; Goodman et al. 2004; Connor et al. 2005), the 

flexibility of the chemistry that can be performed on gold surfaces and the ease with 

which the optical properties of metal nanoshells can be manipulated.

1.4.1.1 Optomechanical Polymers for Drug Delivery and Micro-fluidic Applications

One of the earliest biomedical applications o f nanoshells was the development of 

a thermally collapsible drug delivery system which used NIR absorbing nanoshells to
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induce the collapse (Sershen et al. 2000). This was a composite material consisting of a 

thermally responsive co-polymer, poly-N-isopropylacrylamide (NIPAAm)-co- 

acrylamide (AAm) and NIR absorbing nanoshells made with a gold sulfide core and a 

thin gold shell (Sershen et al. 2000). It was shown that the nanoshells provided enough 

heating via laser exposure to cause collapse of the hydrogel as the lower critical solution 

temperature was surpassed, driving the release o f proteins loaded within the hydrogel. 

The collapse of the hydrogel is a reversible phase change. Sershen et al. demonstrated 

that the system worked through skin and could provide multiple burst release o f trapped 

proteins corresponding to periods of transdermal NIR irradiation (Sershen et al. 2000). 

The fact that NIR light can easily penetrate tissue allowing the collapse of the gel and 

release o f drugs means that an implantable device could be fashioned from these 

materials making it an excellent drug carrier for treating diseases that require pulsatile 

drug delivery such as diabetes.

In addition to being capable o f releasing drugs, the design of responsive polymer- 

nanoshell composites that can be activated at different wavelengths allows one to 

develop valves and actuators for micro-fluidic systems. Micro-fluidic systems are 

small-scale flow systems which can be designed to allow flow, mixing and reactions of 

multiple components. These devices can allow the reduction of size of devices for 

analyte detection, screening of compounds in gene chips and, importantly, allows 

smaller volumes of samples to be consumed (Beebe et al. 2002). By incorporating NIR 

absorbing nanoshells at 832 nm and gold colloidal particles absorbing at 532 nm, 

Sershen et al. showed that independent valve actuators could be created within a micro- 

fluidic device allowing for control of flow from different directions simply by switching

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

the laser wavelength used to illuminate the device (Sershen et al. 2005). The collapse of 

the valve upon exposure to the light allows flow to begin, then after the light is turned 

off the valves return to their original size stopping the flow shown in Figure 1.4. The 

ability of these valves to return to its original state makes them well suited for a variety 

of situations in micro-fluidic devices requiring precise control and repeated action.

a)

Figure 1.4: Micro-fluidic valves - The valve on the left included colloidal gold particles which absorbs 
energy at 532 nm and the one on the right contains nanoshells which absorb N1R energy at 832 nm. 
In (A) the system is illuminated with a green laser at 532 allowing collapse of the valve and allows 
flow from the right channel. (B) Shows the collapse of the NIR activated valve on the right allowing 
flow from the left channel. Note that only one of the valves open when illuminated. Taken from 
(Sershen et al. 2005).

1.4.2 Nanoshells for Diagnostics

Assays such as enzyme linked immunosorbent assays (ELISAs) for the detection 

of analytes in whole blood generally take a long time to perform as it requires many 

steps for separation of the serum sample from blood cells and subsequent incubation, 

washing and development steps. Nanoshells were used as the detection system to 

provide rapid and sensitive detection of analytes in whole blood (Hirsch et al. 2003). 

This system worked by surface coating nanoshells with antibodies to the analyte of
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interest; then, upon exposure to the analyte in whole blood, multiple nanoshells would 

aggregate due to binding to the analyte. The aggregation of multiple nanoshells leads to 

spectral red-shifting of the peak o f the nanoshells, and as the peak resonance is in the 

NIR where blood components are highly transparent, these changes can be monitored 

very sensitively without the need for separation o f the nanoshells (Hirsch et al. 2003). 

Hirsch was able to detect the presence of the antigen in samples containing up to 20% 

whole blood with at levels of less than 1 ng/ml within 30 minutes (Hirsch et al. 2003). 

This application is one of the earliest to show detection of antigens in high blood content 

sample in less than 30 minutes (Hirsch et al. 2003). This is significant in many ways, 

not only in the speed of detection but in the ability to provide accurate equipment for 

point-of-care diagnostics in developing countries.

1.4.3 Cancer Therapeutics and Imaging with Nanoshells

Cancer therapy via nanoshells begins by allowing preferential accumulation of 

nanoshells into the tumors due to the leaky vasculature that is characteristic of fast 

growing tumors (Carmeliet et al. 2000; Hashizume et al. 2000; McDonald et al. 2002). 

Tumor vasculature have pore sizes that are hundreds o f nanometers in diameter compared 

to normal vessels which have pore sizes on the order of tens o f nanometers; this allows 

easy extravasation o f nanoparticles into tumors (McDonald et al. 2002). Permeability of 

particles up to 400 nm has been shown in human colon carcinoma suggesting pore sizes 

up to 600 nm (Yuan et al. 1995). Thus, tumors become laden with nanoshells while other 

healthy tissues with normal tight endothelial junctions in the vasculature have minimal 

accumulation o f nanoparticles. The application of NIR light causes heating only in the
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nanoshell laden tumor leaving the healthy tissue unaffected (Hirsch et al. 2003; O'Neal et 

al. 2004).

NIR light energy is absorbed by the nanoshell creating heat. Data shows that the 

heating of nanoshells upon exposure to NIR light disrupts the integrity of the cell 

membrane, causing death o f the cells (Hirsch 2004). Heating of the tumor cells by this 

mechanism causes irreversible thermal damage thus allowing the tumor to be destroyed.

It has been shown that irreversible thermal damage occurs and is evident at temperatures 

between 55-59 °C (Thomsen 1991) manifesting as edema, whitening and eventually 

tissue necrosis in the region. Since the NIR light is minimally absorbed by normal tissue 

components there is minimal temperature increase in the absence of nanoshells and no 

detectable damage in surrounding tissue. The delivery of PEGylated nanoshells to 

tumors followed by therapeutic administration o f NIR light showed up to 100% 

regression o f tumors in a mouse model (O'Neal et al. 2004).

To allow delivery and prevent premature removal of nanoshells from circulation, 

PEG-SH, molecular weight 5000 DA, is generally added the nanoshell surface. It has 

been previously demonstrated that PEG increases the stabilization of 2.8 nm diameter 

gold colloid, monolayer protected gold clusters (MPC) (Wuelfing et al. 1998) and has 

thus been used to increase circulation of gold particles in vivo. Further, the conjugation 

of PEG to drugs (Molineux 2003) and drug loaded-liposomes (Delgado et al. 1992; Wu 

et al. 1993; Maruyama 2002), has been shown to increase the circulation times in the 

body. This occurs because the conjugated drug/particle is not as easily recognized and 

taken up by macrophages of the reticuloentothelial system once PEGylated Antibodies 

can be conjugated to thiol containing PEG molecules allowing assembly onto nanoshell
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surfaces with good retention of antibody activity (Hirsch et al. 2003) allowing subsequent 

targeting of the nanoshells for specific tumor line ablation over non-tumor cells (Lowery 

et al. 2006).

Extinction o f light on a nanoshell is due to scattering and absorbing events. The 

scattering property of a nanoshell can be exploited for imaging applications just as the 

absorbing property can be exploited for therapeutic benefit. This was demonstrated by 

Loo et al. in vitro using antibody targeted nanoshells to specifically bind to HER2 over

expressing tumors (Loo et al. 2005). In this study imaging was performed using 

darkfield microscopy; this allows imaging by illuminating the sample with light at an 

angle and collecting light scattered from the objects to create an image. This has led to 

the investigation discussed in Chapter 3 for combined imaging and therapy in vivo where 

optical coherence tomography, a 3-D analog to darkfield, is used to allow deep imaging 

of tissue.

These developments heralded the application of NIR absorbing nanoshells for 

cancer therapy which is now in pre-clinical trial stages. The beauty o f this approach to 

therapy is that neither the nanoshells nor the NIR light is toxic to the body and the 

particles can be delivered to the tumor due to the leaky nature of the blood vessels in fast- 

growing tumors.

1.5 Phototherm al Therapeutics I -  Laser Tissue W elding

There are many modes o f tissue bonding to promote healing after an injury or 

surgical procedure. Suturing is the most common method and there is evidence of wound 

closures as far back as 5000 BC (Leaper 2001). This technique closes wounds by sewing 

the two surfaces together with a “needle and thread” approach. In this aspect the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

technique is the same across the board, the types and shapes or curvatures of the needle 

may vary depending on application as will the suture material or “thread” (Leaper 2001). 

Suturing remains the main mode of wound closure due to its long track record and 

reliability (Al-Abdullah et al. 2007). For certain types o f procedures, particularly 

anastomoses of vessels or nerve repairs, suturing can be a slow process requiring delicate 

and fine knots closely placed together to prevent leaks when flow is resumed. The ability 

to glue or otherwise make such repairs would greatly reduce time for the surgical 

procedure and eliminate this job from the surgeon allowing for better use o f surgical 

skills. In addition to suturing, other wound closure methods include stapling with metal 

bands, fibrin glue (Nissen et al. 1993) and more recently wound closures using the energy 

of lasers to heat tissue.

Speed, ease of use, strength and leak-free bonding of tissue are the primary 

immediate concerns for tissue bonding. One must be able to provide a seal that will stop 

bleeding, prevent infection and consistently hold whether on the operating table or the 

battlefield. The ability of the bonded tissue to heal and regenerate quickly is the next 

concern in bonding of tissues. Methods o f bonding tissue using the light energy of lasers 

have been in development for several decades (Schober et al. 1986). These techniques 

allow the high intensity light energy of lasers to cause coagulation o f proteins leading to 

bonding of cut tissue. Laser Tissue Welding (LTW) and Laser Tissue Soldering (LTS) 

are techniques which promise to allow fast, easy repairs that are watertight and have the 

potential to promote wound healing if the correct materials are used. LTW uses energy to 

bond tissue by heating the native components in the tissue such as water or hemoglobin. 

LTS uses exogenous materials to promote bonding of the tissue by heating of these
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materials. In a further development, current technology for LTS uses indocyanine green 

(ICG) as an exogenous absorbing material in addition to exogenous proteins for bonding 

in solder formulations. This allows NIR lasers to be used to minimize heating o f native 

tissue components and thus potentially reduce heat damage to unintended areas during 

laser exposure. Both of these techniques are discussed in greater detail in Chapter 2. In 

this thesis the work to replace the ICG with nanoshell discussed.

1.6 Phototherm al Therapeutics II -  Cancer Therapy

Many current therapies for the treatment of cancer involves surgery, drugs or 

radiation all of which are invasive by nature or have many side-effects which add to the 

discomfort of treatment and the length o f time for recovery. There are newer techniques 

being developed based on nanotechnology as well as tailored drugs which target very 

specific tumors, the goal being to localize treatment at the site needed thus minimizing 

side effects. The ideal therapeutic would be one that was: harmless to the body’s system, 

can target the tumor and any of its metastases, release a drug only at the needed site or be 

externally activated to allow tumor destruction and then harmlessly pass through the 

body’s natural waste removal system.

Treatment o f tumors can be accomplished using NIR absorbing nanoshells and 

can accomplish most of these goals. Thus far nanoshells have been shown to be quite 

effective as a non-targeted, externally activated therapeutic agent. This was 

accomplished by allowing the tumors biology to allow then to take up the nanoshells 

followed by NIR laser treatment at the site providing complete tumor regression after 

heating (Hirsch et al. 2003; O'Neal et al. 2004). It has been further shown that nanoshells 

can be targeted to tumor cells, this should allow for further enhancements through
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specificity (Loo et al. 2005; Lowery et al. 2006). This approach allows the use of 

minimally invasive systems such as NIR lasers and gold particles which have been shown 

to be inert and innocuous to the body. Wherever possible it is best to provide therapies 

that are minimally invasive or have minimal side effects. Thus the therapeutic approach 

of using nanoshells as discussed in this thesis has the possibility o f improving on many 

existing therapeutics by reducing discomfort and promoting faster healing.

1.6.1 Prevalence of Cancer

Cancer is the second leading cause o f death in the United States (Jemal et al.

2004; ACS 2006). There were almost 600,000 deaths in the United States as a result of 

cancer in 2005 (ACS 2006). There were nearly 1.4 million new cases of cancer reported 

in 2005 (ACS 2006). Cancer represents a significant health problem incurring 

tremendous cost in treatment, diagnosis and loss to the economy (Schuette et al. 1995).

In 1997, the average direct cost to a corporation for treatment of a single employee o f any 

type o f cancer was approximately $83,000; for prostate cancer it was approximately 

$50,000 (Barnett et al. 2000). The overall costs may be much higher when taking into 

account absenteeism, disability and other associated healthcare costs (Bamett et al. 2000). 

National Institute of Health (NIH) estimated direct medical costs for treatment o f cancer 

to be almost $69.4 billion in 2004; the overall costs, taking into account absenteeism, lost 

productivity and other indirect costs was estimated at $189.8 billion (ACS 2006). Given 

this tremendous human and economic costs it becomes imperative to develop treatments 

which promote quality o f life and tumor free survival.
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1.6.2 Hallmarks of cancer

Cancer is the uncontrolled proliferation of cells in a part o f the body forming a 

tumor or mass o f tissue (ACS 2005). Most cancers develop because o f alterations in the 

DNA in two types of normal genes. The first, which controls cell proliferation and 

differentiation, can have mutations thus allowing uncontrolled proliferation or incorrect 

differentiation thus becoming oncogenic. The second is due to disruption of genes which 

normally inhibit cell proliferation, thus disruption of these tumor suppressor genes can 

lead to aberrant cell proliferation rates leading to cancer (Allison et al. 1997). Though 

these genes may be necessary during growth and development, their unregulated or 

unbalanced activation leads to tumor growth. Some o f the oncogenes which allow the 

cell to have a growth advantage are a result of over-production o f growth factors (Allison 

et al. 1997) leading to recruitment o f endothelial cells through paracrine signaling to 

create vasculature to feed the fast growing tumors. The balance of pro-angiogenic and 

anti-angiogenic factors can be swayed in tumor cells leading to increased angiogenesis 

(Folkman et al. 1992; Carmeliet et al. 2000; Bergers et al. 2003).

The onset o f cancer is a result of multiple genetic alterations that transforms 

normal cells to malignant tissues (Allison et al. 1997; Hanahan et al. 2000). There are 

six main genetic alterations o f normal cells which are acquired to lead to most if not all 

types of malignancies (Hanahan et al. 2000). These six acquired alterations, often termed 

the hallmarks of cancer, are shown schematically in Figure 1.5. These characteristics are 

acquired over time and as shown, can be attributed to up-regulation or down regulation of 

oncogenes or tumor suppressor genes. These changes may progress at different rates
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depending on the tissue involved but each in its own way contributes to defining the 

malignancy (Hanahan et al. 2000).

Oncogenes

Tumor 
.Suppressor 
V Genes J

Limitless
Replicative
Potential

Figure 1.5: Hallmarks of Cancer - adapted from (Hanahan et al 2000). Many changes combine to 
give cancer cells characteristics of malignant tissue. The ability to evade apoptosis, over-proliferate 
and be insensitive to inhibition signals is due to down-regulation of certain “tumor suppressor genes” 
genes. In contrast, the ability to replicate almost limitlessly, recruit blood vessels to fuel growth and 
invade and metastasize is due to turning on of certain “oncogenes”.

The major cause of mortality from cancer is due to metastasis from the primary 

tumor site to a secondary location or multiple secondary locations (Allison et al. 1997).

If a malignant tumor were isolated and stationary it would ultimately be detected as it 

grew and could be removed surgically or treated in isolation. The problem leading to 

high mortality is that cancers are not often detected until after a metastatic event and it 

has been shown that metastasis leading to secondary tumor in vital organs inevitably 

accelerates death (Allison et al. 1997). In order for metastasis to occur there are several 

barriers that must be overcome. For example, detachment of cells occurs through
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disruption of the basement membrane and stromal matrix and cell-cell contacts (Allison 

et al. 1997). The route to becoming a secondary tumor involves yet other obstacles 

including embolization, circulation, extravasation and growth at a distant site (Allison et 

al. 1997). This process is depicted in Figure 1.6.

(A) (B)

(C) (D)

Figure 1.6: Cancer metastasis is a multi-step event. (A) Shows early localized tumor growth (yellow) 
near a blood vessel (B) cells disrupt the basement membrane of the blood vessel until some tumor 
cells escapes (C) cells intravasate and flow through bloodstream (D) cells may stop due to flow 
conditions in different regions (E) cells extravasate through vessel at a distant location (F) a new 
tumor at a distant site is established. Adapted from (Hunter 2003).

1.6.3 Vascular Leakiness in Tumors

Early studies o f castings of blood vessels obtained from Lewis lung carcinoma 

tumors grown in mice showed fenestrations in the endothelial lining making the vessels 

“leaky” (Grunt et al. 1986). Grunt suggested that the leaky endothelium was in part 

responsible for tumors ability to spread through the circulation system allowing
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metastasis to distant sites. The leakiness of blood vessels in tumors have been confirmed 

by others (Stewart et a l  1987; Hashizume et a l  2000) and has implications for delivery 

o f therapeutics (Dvorak et a l  1991). In addition to the leakiness, the growth o f blood 

vessels to supply the tumor is often erratic which may be a consequence o f recruitment of 

endothelial cells to form capillaries by the high signaling associated with tumors 

(Folkman et a l 1992; Denekamp 1993). The leakiness of tumor blood vessels are an 

order o f magnitude greater than normal blood vessels with pore sizes of hundreds of 

nanometers compared to tens of nanometers for normal blood vessels (McDonald et a l 

2002; Jain et a l 2006). In addition to abnormal blood vessel structures, the rapid growth 

of tumors often does not allow lymphatic drainage to be well developed, this combination 

of leaky blood vessels and poor drainage has lead to what is called the Enhanced 

Permeability and Retention effect or EPR effect (Matsumura et al. 1986) and has been 

shown to be effective in accumulation of particles for therapy (Konno et a l  1986; 

Matsumura et a l  1987).

Though drugs and particles can be delivered by the EPR effect, one strategy for 

treatments is normalization of blood vessel structure, this has been suggested as one 

means of curbing tumor growth by increasing the efficacy of chemotherapeutics which 

often do not work well in the hypoxic conditions or tumors (Jain 2005). Additional 

strategies include vascular targeting through the VEGF receptor (Vaisman et a l  1990; 

Brekken et a l 2001; Ferrara 2004). This approach seeks to reduce angiogenesis at the 

tumor site by blocking the receptor which is responsible for downstream signaling which 

mediates angiogenesis and for tumor growth and metastasis (Ferrara 2004). This may not 

be a simple task as the signaling may switch to a different pathway if  only the VEGF
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receptor is blocked (Carmeliet et al. 2000). A theme in vascular targeting is to destroy 

the blood supply to allow destruction o f the tumor by cutting off supply o f nutrients; this 

can be done by targeting the receptors or other membrane markers o f tumor vasculature. 

For example, one could target specific vascular changes more prevalent in tumor cells 

over normal cells. Thorpe et al. are using antibodies against phosphatidylserine which is 

an inner membrane molecule that flips in certain tumor cells due to hypoxic conditions 

(Ran et al. 2002; Huang et al. 2004; Thorpe 2004). These antibodies can be conjugated 

with chemotherapeutics to target the vasculature of tumors killing off the supply for the 

tumors.

1.6.4 Surface Markers & Targeted Therapeutics

Up-regulation of certain oncogenes often leads to the over expression o f specific 

markers in the neoplasia at elevated levels compared to the normal tissue (Allison et al. 

1997). For example the over-expression HER2, a member of the human epidermal 

growth factor receptor (HER) family, has been found in as many as 20-30% of human 

breast cancer cases (Hung et al. 1999; Kurebayashi 2001; Park et al. 2001). Since this 

receptor is a member of the epidermal growth factor family, its over-expression in breast 

and ovarian cancer has been implicated in higher DNA synthesis rates and faster growth 

rates (Wang et al. 2001). One strategy for treatment of tumors with high expression of 

this receptor is to try and down-regulate expression of the HER2/«ew gene by directly 

binding to the receptor with monoclonal antibodies; this has led to the development of 

Herceptin (Genentech, San Francisco, CA) which marked the entry of molecularly 

targeted therapeutics (Wang et al. 2001). Targeting this surface marker has become a 

valuable means o f allowing binding of other drugs (Oldham et al. 2000; Guillemard et al.
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2005) and nanoparticles (Kirpotin et al. 1997; Park et al. 1997; Shukla et al. 2006) to 

these malignant cell types over others allowing for therapy in ways besides affecting 

down-regulation of gene products. This approach is important because the mechanisms 

for tumor growth and survival are complex and down-regulating one component may not 

be enough to cause tumor regression (Wang et al. 2001; Fujimoto-Ouchi et al. 2007).

In a similar manner, prostate specific membrane antigen (PSMA) has been 

identified (Israeli et al. 1994; Silver et al. 1997) and has subsequently been used as a 

target in the development of therapies for prostate cancers (Bander et al. 2003; Milowsky 

et al. 2004). This is a membrane bound protein that is found to be in high expression in 

certain types o f aggressive prostate malignancies, similar to HER2 in breast cancer.

There has been rapid development o f antibodies as a means of targeting prostate cancer 

through this membrane bound protein (Chang et al. 1999). Development in targeting 

both the intracellular region and extracellular regions (Liu et al. 1997; Smith-Jones et al. 

2003) of this protein has been ongoing for treatment of prostate cancer and metastases 

(Gong et al. 1999; Chang et al. 2002). Targeting the extracellular portion of the PSMA is 

more effective in attacking the tumor, whereas the intracellular targets may be better 

suited for in vitro diagnostics. PSMA represents an ideal target for prostate cancer 

because even though this surface protein is expressed in other tissue including small 

intestines and renal tubules, the expression level has been quantified and found to be 100 

to 1000 fold greater in the prostate (Sokoloff et al. 2000; Bander et al. 2003). PSMA has 

recently been found to have high expression in vasculature and proves to be a good 

marker for metastatic events, allowing imaging of prostate and other types o f metastases 

(Milowsky et al. 2007).
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In addition to antibody targeting, there are other artificial recognition moieties 

developed from DNA and RNA building blocks against the PSMA target (Lupoid et a l 

2002). Called aptamers, these short chains o f nucleotides can be made into large 

“libraries” of pieces of random sequences and of varying lengths; these can then be sorted 

through a repetitive screening process to find targets against certain domains (Brody et al.

2000). These aptamers can also be made to be resistant to degradation (Lupoid et al.

2002) thus allowing longer circulation and more effective targeting. This type of 

approach is valuable since the identity of the binding agent can be more easily quantified 

and mass produced through well controlled manufacturing processes allowing more 

consistent product for therapeutic uses. In addition the problems o f humanizing 

antibodies as well as the potential for recognition and removal from the circulation, 

makes aptamers a potentially more attractive long term targeting mechanism.

Aptamers against the PSMA have proven effective in binding prostate tumor cell 

lines in many in vitro tests (Lupoid et al. 2002; Farokhzad et al. 2004) and shows uptake 

into cells due to the binding in in vivo tests (Farokhzad et al. 2006).

1.6.5 Nanoparticles in Cancer Therapy

As discussed, the EPR effect allows drugs and particles to be delivered 

preferentially to tumor sites providing higher concentrations of therapeutics at the tumor 

site compared to the rest of the body. It has been shown that the EPR effect can be 

further amplified by allowing controlled hyperthermia in the region o f the tumor. For 

example, Kong and colleagues showed that the there could be as much as a 10 fold 

increase in particles extravasating into the tumor interstitial spaces by heating the tumors 

up to 42° C (Kong et al. 2001). This is a temperature range that would not cause
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permanent tissue damage, but by allowing higher quantities of nanoparticles to be 

delivered to the tumor site, the therapeutic loaded into these nanoparticles could be more 

effective.

Nanoparticles can provide the answer for several key elements to enhance cancer 

therapy. Particles could be loaded with a chemo-therapeutic agent; they can also be 

targeted to the specific tumor by incorporating antibody or other targeting ligands and 

can be made to be release drugs or activated by external stimulation. Some o f the key 

classes of nanoparticles used in cancer therapy include: polymeric nanoparticles, 

dendrimers, solid particles including metallic based particles like iron-oxide and gold and 

fluid filled liposomes.

Polymeric based nanoparticles such PLA-PEG copolymer as used by Langer’s 

group was loaded with doectaxel and includes an aptamer targeting mechanism against 

PSMA (Farokhzad et al. 2004). This targeting mechanism against PSMA allowed the 

particles to be taken up more effectively into the cells and showed good efficacy in vivo 

(Farokhzad et al. 2006). Weissleder’s group uses a PLGA polymeric nanoparticle loaded 

with a photo-sensitizing agent to allow increased efficacy of photo-dynamic therapy 

(PDT) showing complete regression o f tumors in mouse models (McCarthy et al. 2005). 

This agent shows good delivery in vivo and is non-toxic until activated; additionally the 

photo-sensitizing agent is activated at 620 nm, just inside the NIR window.

Dendrimers are a particularly interesting class o f nanoparticles which can easily 

be made multifunctional by incorporating different chemical elements into successive 

branches as higher generations numbers are created. A comprehensive review of 

dendrimers is given by Boas & Heegaard (Boas et al. 2004). In addition to being able to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



27

have drug or targeting moieties conjugated to the dendrimer, there are “storage” spaces 

formed as the 3-D structure o f the dendrimer is created allowing the inclusion of bulky 

molecules but without covalent attachment (Boas et a l  2004). With these properties, 

targeting and delivery of drugs are being investigated for cancer therapy, for example 

Patri et al. is developing a G5 (5-generation dendrimer) targeted with anti-PSMA and has 

shown good uptake in in vitro studies (Patri et a l 2004). Shukla is similarly studying a 

dendrimer targeted with anti-HER2 MAb and shown increased binding in vivo to tumors 

over-expressing HER2 (Shukla et al. 2006).

Solid nanoparticles such as gold nanorods (Huang et al. 2006; Agarwal et a l 

2007), gold nanoshells (Hirsch et a l  2003; Loo et a l  2005; Hirsch et a l 2006) and iron 

oxide (Ito et al. 2005; Jain et al. 2005; Liu et a l 2005) are also being used for therapeutic 

purposes and have the additional benefit of being intrinsically detectable, offering 

simultaneous imaging and therapeutic properties without the need for additional contrast 

agents. Further, these particles can be made to target certain cells by conjugation of 

antibodies or other targeting moieties to the surface. The use o f alternating magnetic 

fields in conjunction with magnetite particles provides an interesting approach to cancer 

therapy with solid magnetic nanoparticles (Liu et a l  2005). As with nanoshells, it is 

expected that these particles can cause localized heating allowing destruction o f the 

tumor after external stimulation. Currently however, these particles have to be injected 

directly into the tumors and the mice are then exposed to the alternating magnetic 

influence 3 times at 30 minutes each time (Kawai et a l  2006). This length o f time is 

necessary to allow the particles to heat the tumor to the required temperatures for 

irreversible damage by the external magnetic field. Although complete regression was
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achieved this technique requires specialized magnetic coils, longer time under alternating 

magnetic fields and requires multiple treatment steps, all o f which can contribute to the 

cost and ease of treatment to patients.

Although many types of nanoparticles are being investigated for cancer therapy 

and diagnostics, the whole therapeutic procedure must be kept put in perspective with the 

goal of minimizing side effects and patient discomfort during treatment while being able 

to provide maximum benefit for destruction o f the tumor and metastases.

1.6.6 Photo Dynamic Therapy - PDT

PDT is combination therapy like nanoshell therapy but uses a light sensitizing 

chemical which will act as the therapeutic. As with nanoshells, neither the light nor the 

therapeutic agent is cytotoxic, however, upon exposure to the light source, the agent is 

activated and can kill cells, generally by the creation o f a highly oxidative species (Chen 

et al. 2005) rather than by thermal means. Generally the photo-sensitizer agent used has 

been Photofrin® (Dougherty et al. 1998) or indocyanine green (ICG) (Kita et al. 1987; 

Baumler et al. 1999). ICG does have some advantages in that it absorbs energy at around 

800 nm depending on concentration and chemical state, allowing it to be used with 

deeper penetrating NIR lasers. However, ICG is a small dye molecule which binds to 

plasma proteins and is quickly removed from circulation though the kidneys and liver 

(Chen et al. 1995; Abels 2004) offering only a very short window for treatment for 

systemically delivered ICG. ICG can be encapsulated in a nanoparticle (Gomes et al. 

2006) and still provide effective PDT, its is expected that the circulation time will also be 

increased and accumulation at tumor sites could be enhanced but these particles have yet 

to be studied in vivo. ICG is and FDA approved agent for a variety of applications

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

including vascular imaging (Yannuzzi et al. 1994; Iijima et al. 1997) and so has been 

attractive for the development as a therapeutic agent for PDT. However its many 

shortcomings, including shift in absorption profile due to concentration and thermal 

degradation (Holzer et al. 1998) and low absorption cross section area (Hirsch et al.

2003) makes it far less effective when compared to NIR absorbing nanoshells.

1.6.7 Other NIR Plasmonic Nanoparticles

Other nanoparticles that are being designed for use in biomedical applications due 

to their strong NIR plasmon resonances include gold nanorods (Niidome et al. 2006; 

Payne et al. 2006) and gold nanocages (Chen et al. 2007) and nanorice (Wang et al.

2006). Nanorods are solid cylindrical particles o f gold which demonstrate strong 

plasmon resonance that are predictable depending on geometry (Brioude et al. 2005), 

these particles have a length to diameter (L/D) ratios of 2-10 (Chen et al. 2005). It has 

been found that at L/D of approximately 4, there is a strong NIR resonance at 800 nm 

(Huang et al. 2006) making these suitable for work in biological systems as with gold 

nanoshells. Nanorods have a strong resonance at longer wavelengths due to longitudinal 

excitation and a smaller peak due to transverse resonance (Brioude et al. 2005).

Nanorods are being investigated for use in imaging through scattering and photothermal 

therapeutic applications (Huang et al. 2006). It has been demonstrated that nanorods can 

be surface coated with PEG, allowing stealth characteristics and longer circulation times 

in vivo as the case with PEGylated nanoshells (Niidome et al. 2006). These particles 

have excellent potential for therapeutic uses but routes to larger scale production is more 

difficult than gold nanoshells as it currently involves seed mediated growth (Jana et al. 

2001) with a surfactant that is toxic to cells (Mirska et al. 2005).
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Nanocages are an even newer class of nanoparticles that are cubic and made 

through a silver precipitation process with sodium sulfide (Siekkinen et al. 2006). These 

particles exhibit strong NIR resonances with side walls around 45nm in length and can 

synthesized to have a gold-silver alloy (Chen et al. 2006) with up to 25% silver, allowing 

the particles to have some o f the surface characteristics o f gold nanoshells and nanorods. 

It has been demonstrated that these gold-silver nanocages can be conjugated with 

antibodies and in vitro these can photo-thermally ablate cells upon exposure to NIR laser 

(Chen et al. 2007), similar to some antibody targeted nanoshells (Loo et al. 2005). These 

nanocages exhibit large absorbing cross-sectional areas similar to that of nanoshells and 

may prove useful in therapeutic application.

A third class of NIR plasmonic nanoparticles are the new nanorice out of the 

Halas lab. These have a core shell structure, however, they have a more elliptical shape 

rather than spherical (Wang et al. 2006). This elongated geometry imparts higher 

intensity local fields in the particle as a result o f the plasmon resonance o f the electron in 

the shells. These are a hybrid o f nanorods -  in terms of their plasmon intensities and 

aspect ratio, and of nanoshells -  in terms o f their basic structure and ease of tunability; 

they have peak resonances that can be shifted to different wavelengths by adjusting shell 

thicknesses (Wang et al. 2006). The spectral profiles o f these particles display the 

dominant resonance at longer wavelength due to the longitudinal resonance within the 

particle and a smaller peak due to transverse resonance -  similar to nanorods. Nanorice 

are made with a core o f hematite -  iron oxide, Fe203, which are functionalized with 

APTES, covered with small gold colloid and then plated with a gold shell similar to the 

formation of gold-silica nanoshells. The tunability o f these particles and higher intensity
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fields could be useful in enhancing spectroscopic techniques for characterization of large 

molecules such as DNA and proteins (Wang et al. 2006).

1.7 Conclusions

Near infrared (NIR) absorbing nanoparticles have utility in many aspects of 

biomedical therapies; this is due to their ability to absorb energy at wavelengths where 

tissue interaction is a minimal. With the use of NIR lasers and tuning of the 

nanoparticles to absorb or scatter the NIR energy effectively one can develop therapies 

based on strongly absorbing particles such as for tissue welding or for photothermal 

cancer therapy both of which are explored in this thesis. The gold nanoshells developed 

for use here can replace existing exogenous chromophores as they offer greater versatility, 

stability and absorbing efficiency. The targeted gold nanoshells with silica cores can be 

used to improve the current cancer therapeutics and with the particles optimized for 

imaging and therapy can allow the development of see and treat therapeutics. Finally the 

development o f smaller more highly absorbing gold-gold sulfide nanoshells can further 

enhance nanoshells assisted cancer therapy by providing particles with the same surface 

chemistry but which are smaller and should thus allow more effective delivery into 

tumors while at the same time these particles and can achieve higher temperatures faster 

than gold-silica nanoshells.
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Chapter 2 : Laser Tissue Welding Using Nanoshells

2.1 Introduction

Laser tissue welding (LTW) is a method o f wound closure that uses the coherent 

light energy o f lasers to bond tissues via heating. The bond is formed by denaturation of 

collagen fibrils and subsequent intertwining and re-combination of adjacent chains to 

close the wound (Schober et al. 1986). Collagen molecules from a triple helix structure 

as the collagen are folded during formation; the effects of packing o f the collagen triple 

helix structure are seen in the larger fibrils and fibers found in tissue and showing 

characteristic banding effect (Hulmes 2002; Bozec et al. 2007). Schoeber showed 

through TEM images, that the inter-digitations of collagen after heating were the most 

likely mechanism o f tissue bonding.

(A) (B)

Figure 2.1: Schematic of the effect of laser irradiation on collagen. (A) shows longitudinal diagram of 
native collagen showing the characteristic banding pattern and the triple helix of the collagen 
molecules. (B) shows the interdigitation of collagen molecules after heating is not as ordered as seen 
in native collagen. Adapted from (Schober et a l 1986) based on TEM images.
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Figure 2.1 shows a schematic o f the re-structuring of collagen that is suggested to occur 

based on TEM images of longitudinal sections of collagen fibrils; in Figure 2.1(A) the 

collagen was not subjected to laser heating, in Figure 2.1(B) the sample was laser 

irradiated.

Laser tissue welding provides several advantages over traditional methods like 

suturing and newer methods like glues and staples in that it is fast and watertight -  

producing leak-free seals instantly, minimizing infection and minimizing scarring (Bass 

et al. 1995). The speed o f wound closure by this method makes it applicable to 

procedures in trauma situations where it may be essential to stop blood loss quickly. The 

ease of application and development of leak tight seals makes the technique useful in 

anastomoses of blood vessels and for urinary tract repairs (Wolf-de Jonge et al. 2004). 

Laser tissue welding has gone through many refinements since its early introduction; 

initial work focused on heating native molecules in tissue to bond while current 

technology uses exogenous chromophores with matched wavelength to minimize 

collateral damage and enhance bonding (Wolf-de Jonge et al. 2004).

This chapter details the work done to explore the use o f nanoshells as an 

exogenous chromophore using a protein based solder, opening up the possibility of 

replacing the current dyes being used for laser tissue welding. This chapter is based 

largely on the published work: Andre M. Gobin, D. Patrick O’Neal, Daniel M. Watkins, 

Naomi J. Halas, Rebekah A. Drezek, Jennifer L. West; Near Infrared Laser Tissue 

Welding Using Nanoshells as an Exogenous Absorber. Lasers in Surgery & Medicine; 

2005, Aug;37(2): 123-9.
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2.1.1 Laser Tissue Welding (LTW)

According to Schoeber et al., laser tissue welding was investigated as early as 

1966 by Yahr & Strully by the welding of small blood vessels (Schober et al. 1986). For 

the early developments in LTW, neodymium-doped yttrium-aluminum-gamet (Nd:

YAG) lasers with a wavelength output of 1319 nm was chosen since water absorbs 

energy strongly in this region of the spectrum and could provide the mechanism for 

heating the tissue to allow bonding. An ND:YAG laser was used by Schoeber et al. and 

allowed joining of rat carotid arteries at a power of 12 W for 0.1 second via heating of the 

native water in the tissue (Schober et al. 1986). This study of rat carotid artery and 

peripheral nerve welding by laser energy provided some elucidation o f the mechanism of 

bonding by laser welding. As discussed above, it was found that the collagen structure 

was interrupted after welding but that there were still recognizable fibrils interdigitated 

with each other suggesting a reason why the tissue was held together after welding 

(Schober et al. 1986). Nd:YAG laser has also been used in combination with an 

externally applied human serum albumin “glue” to effect bonding o f tissue (Massicotte et 

al. 1998).

Since that time there have been many advances in the use o f lasers for tissue 

welding. Primarily, CO2 lasers at a wavelength of 10,600 nm, and Nd:YAG lasers with 

wavelength of 1,064 nm have been used (Menovsky et al. 1997; He et al. 1999;

Hasegawa et al. 2001; Menovsky et al. 2003) to repair many types o f tissues. These 

lasers have wavelengths in the single to tens of microns where the absorption coefficient 

of water is very high, and thus heat up water very quickly resulting in low tissue 

penetration depths; as such they are better suited for repair of very thin tissues <20 pm
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(McNally et al. 1999). However, argon lasers with wavelengths near 500 (488/514) nm 

have also been employed in laser tissue welding and have penetration depths between 

300 pm to 700 pm (Chuck et al. 1989; Murray et al. 1989; Wider et al. 1991; Hasegawa 

et al. 2001). The energy from argon lasers is absorbed primarily by red components such 

as the hemoglobin in blood; though effective, the laser energy must be focused precisely 

to minimize collateral damage in other areas.

LTW has been used to repair a variety o f tissue types including skin (Fried et al. 

2000; Capon et al. 2001; Simhon et al. 2001), articular cartilage (Zuger et al. 2001), 

liver (Wadia et al. 2000), urinary tract (Kirsch et al. 1995; Trickett et al. 1998), and nerve 

(Maragh et al. 1988; Menovsky et al. 1995; Lauto et al. 1997; Menovsky et al. 2001), as 

well as being used for vessel anastomoses (Lauto et al. 2001). These methods both 

utilized endogenous chromophores to allow bonding o f tissue, and have been largely 

successful. Although these techniques provide several potential advantages over 

traditional suturing including speed, reduced tissue trauma, immediate watertight 

anastomoses, and faster healing they are plagued with low bond strength and excessive 

collateral damage (McNally et al. 1999).

With all the potential advantages o f LTW, the main disadvantages are low 

strength, due at least in part to low light penetration depths, and thermal damage to 

surrounding tissue (McNally et al. 1999). The penetration depth o f the laser causes welds 

to be shallow, reducing mechanical strength. Helium-Neon (He-Ne) lasers with a 

wavelength of 633 nm have been studied with human skin samples and show depth of 

penetration o f only a few hundred microns depending on the tissue type (Kolarova et al. 

1999). Due to the low penetration depths, when higher laser outputs are used to improve

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

welding, there is usually significant thermal damage to the tissue near the surface 

(McNally et al. 1999). In some instances cryogenic spray cooling has been incorporated 

into tissue welding systems to allow bursts o f cooling after exposure o f the tissue to the 

laser; though this has reduced the time to complete the welding o f a 2 cm long incision by 

accelerating cooling during welding, initial tests shows that strength was not improved 

and there was still lateral damage o f up to 430 pm (Fried et al. 2000). In an update to the 

previous study by the same group, optimized cooling techniques showed greater weld 

strengths and slightly reduced thermal damage ~ 220 pm within the skin showing 

potential for improving LTW by cryo-cooling (Fried et al. 2000). Despite the current 

disadvantages, the versatility, speed and potential for future applications lead to optimism 

and continued research in LTW.

2.1.2 Laser Tissue Soldering (LTS)

Analogous to soldering of metals wherein a bonding agent is applied to the weld 

site, laser tissue soldering (LTS) is a newer technology for bonding tissues with lasers 

using protein based materials sometimes mixed with exogenous chromophores depending 

on the wavelength of laser being used. To combat the problems of widespread thermal 

damage and low penetration depths in tissue welding, lasers at wavelengths within the 

near infrared, NIR window, can be employed to work in concert with exogenous 

chromophores like indocyanine green ICG (Wider et al. 1991; DeCoste et al. 1992; 

McNally et al. 1999). This wavelength region, between 650 -  900 nm, is o f particular 

interest as it allows greater depth penetration of energy through tissue and minimal 

absorption by native tissue components (Weissleder 2001). The use of NIR lasers have 

been widespread (Lauto et al. 1997; McNally et al. 1999; Wadia et al. 2000; Capon et al.
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2001) in the development o f this technology. The combination o f NIR lasers and 

exogenous chromophores allows lasers to be used which do not have high impact on the 

native components o f tissue such as water or blood and thus localizes heating to the area 

of the exogenous absorber. Figure 2.2 show the primary difference between LTW and 

LTS.

(A) Laser Tissue Welding
Laser

m

(B) Laser Tissue Soldering

Tissue

Exogenous Material

Figure 2.2: (A) depicts LTW where the energy of the laser causes heating and bonding of the tissue. 
(B) depicts LTS where the laser heats the exogenous material, typically a protein, based on its 
absorption characteristic, often a dye material will be used in concert with the protein based solder to 
allow heating of the protein to bond with the native tissue.
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The exogenous materials used in solder formulations have largely been cheaper, 

abundant blood proteins such as bovine serum albumin (BSA) (Lauto 1998; McNally et 

al. 2000), human serum albumin (HSA) (Massicotte et al. 1998; Wadia et al. 2000) 

although other materials such as hydroxy-propy-lmethylcellulose (HPMC) (Bleustein et 

al. 2000), poly( L-lactic-co-glycolic-acid) PLGA by McNally & Hodges (McNally et al. 

2000; Hodges et al. 2001) have been used. In some cases incorporation of a cross-linking 

agent in with protein formulations (Lauto et al. 2004) have been included in solder 

formulations to enhance bonding. In general it has been found that the semi-solid and 

solid serum based material, using concentrations o f BSA up to 60 wt% , performs better 

than liquid products (Bleustein et al. 2000; McNally et al. 2000). There have been few 

applications o f these techniques in human medical applications due in part to concerns 

about possible thromboses in arterial repairs (Wolf-de Jonge et al. 2004). However, 

clinical applications being pursued include using semi-solid solders based on HSA and 

ICG for liver welding applications as part of transplantation or repair procedures (Wadia

2006).

2.1.3 Nanoshells for Laser Tissue Soldering

Nanoshells, discussed in Chapter 1, have tunable optical resonances that can be 

placed in the NIR. Thus nanoshells are currently being used for a variety o f imaging and 

therapeutic applications using NIR light. Nanoshells have been shown to be non-toxic 

and highly biocompatible (Sershen et al. 2000; Hirsch et al. 2003; Hirsch et al. 2003; Loo 

et al. 2004; O'Neal et al. 2004). For example, in a cancer therapy application, nanoshells 

have been injected systemically, accumulated within tumors due to vascular permeability, 

and then used for photo thermal ablation due to their ability to rapidly heat upon exposure
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to near infrared light (Hirsch et al. 2003; O'Neal et al. 2004). Nanoshells would provide 

an excellent alternative for use as an exogenous chromophore to enhanced laser tissue 

welding/soldering where ICG is currently being used.

The use o f nanoshells has several advantages over ICG. For example, the 

nanoshell diameter is -120-140 nm thus reducing diffusion from the site of treatment and 

concentrating heating at the interface to be welded. This localization should minimize 

damage to surrounding tissue. One can calculate the diffusion coefficients by 

approximating molecules or particles as a sphere using Equation 2.1 where R is the 

Universal gas constant, T is the absolute temperature, N is the number o f molecules or 

particles, r) is the viscosity of the solvent and r is the radius of the particle/molecule. As 

shown, the diffusion coefficient is inversely proportional to radius. Estimating the 

diameter of ICG to be approximately 15 C-C bonds length, its effective diameter is on the 

order o f 2.3 nm, comparing to nanoshells with a diameter o f 140 nm and all else being 

constant, the diffusion coefficient for nanoshells would be -60  times lower.

R * T5> = -------- — ---------
6* 7t* N *rj*  r

Equation 2.1 -  The Diffusion coefficients can be estimated by assuming a spherical shape and using 
the radius of the particles / molecules of interest.

ICG is known to be hydrolytically sensitive and susceptible to photo-bleaching in 

the presence of light (Gathje et al. 1970; Zhou et al. 1994; Malicka et al. 2003). Hence 

another advantage of nanoshells is that they are photo-stable since their absorption 

properties are determined by their physical structure that is not changed upon exposure to 

light. Additionally, nanoshells are more strongly absorbing than ICG on a per particle or
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20molecule basis. Indocyanine green has an absorption cross-section on the order o f -10 ' 

m2 while nanoshells have absorption cross-section on the order o f -1 0 '14 m2, making 

nanoshells approximately a million-fold more effective absorbers (Hirsch et al. 2003). In 

this chapter we discuss the use o f nanoshells as a replacement for ICG in solder 

formulations in ex vivo muscle and in vivo rat dermal wound healing studies.

2.2 Hypothesis & Specific Aims

The hypothesis o f this portion of the research is that the NIR absorbing power o f the 

nanoshells can be harnessed to effect laser tissue welding, providing an alternative to the 

exogenous chromophore indocyanine green (ICG) being evaluated for clinical 

applications and for use in tissue welding. The specific aims are:

1. to evaluate the conditions necessary to cause tissue bonding using solder 

formulations o f nanoshells and BSA in ex vivo testing

2. to evaluate the effectiveness of nanoshell-solder formulations and welding 

conditions in vivo with respect to strength and wound healing.

2.3 M ethods & M aterials

All chemicals were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise 

noted.

2.3.1 Nanoshell Synthesis and Characterization

Gold nanoshell synthesis has been previously described by others (Oldenburg et 

al. 1998). For use in this study and in subsequent studies in this thesis, silica-gold 

nanoshells were synthesized as follows.
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First, silica cores were grown using the Stober process, the basic reduction of 

tetraethyl orthosilicate (TEOS). 45 ml o f 200-proof ethanol was used with 3.0 -  4.0 ml 

of 14.8 N NH4OH to make six batches at different ammonia volumes. 1.5 ml TEOS was 

added to each batch and allowed to react a minimum of 8 hr. Silica precipitates were 

centrifuged and washed with 200-proof ethanol twice to remove any remaining NH4OH. 

The resultant silica nanoparticles were sized using scanning electron microscopy (SEM; 

Philips FEIXL30). Average diameters of different batches ranged between 98 -  112 nm. 

Only batches with a polydispersity o f less than 10% were used in subsequent steps. 

Reaction of the silica core nanoparticles with 200 pi of (3-aminopropyl) triethoxysilane 

(APTES) per batch provided amine groups on the surface of the cores to allow for 

adsorption of gold colloid in the subsequent step. Aminated silica cores were boiled for 2 

hr with addition of 200° ethanol to maintain volume, then cooled and washed twice by 

centrifugation. The silica core suspensions were measured to determine the weight 

percent of solids and adjusted to 4 wt% for storage by addition of ethanol.

Next, gold colloid was prepared to a size o f 2-4 nm as by the method o f Duff et al. 

and aged 2-3 weeks at 4°C (Duff et al. 1993). The colloid was then concentrated ~20X 

through rotary evaporation and mixed with the aminated silica particles at a volume of 10 

ml concentrated colloid:300 pi stored silica core suspension; thus allowing small gold 

colloid to attach to the larger silica nanoparticle surface to act as nucleation sites in the 

subsequent reduction step. This resulted in the seed particles form which nanoshells are 

grown. Seed particle suspensions were adjusted to have an absorbance at 530 nm = 0.1.

Finally, the gold shell was then grown by reduction of gold using 0.4 mM HAuCU 

solution (plating solution) in the presence o f formaldehyde. To produce particles with
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varying shell thicknesses we varied the concentration of seed particles while using the 

same amount of plating solution. The spectra of each set o f samples were examined for 

optimal conditions to produce desired NIR absorbing nanoshells. NIR absorption 

characteristics of the nanoshells were determined using a UV-Vis spectrophotometer 

(Carey 5000 Varian, Walnut Creek, CA). Samples with the appropriate NIR peak 

resonance (~ 800 nm) were scaled up linearly to provide nanoshells for the experiment.

A summary of the 4 steps o f the production process for gold-silica nanoshells is shown in 

Figure 2.3.

1. Mono-disperse Si02 nano-particles are 1. * *

grown using Stober method *

-  TEOS -  tetraethyl orthosilicate
-  NH4OH -  basic reduction

2. Surface amination provides positive 2.
charges on the surface

-  APTES: Amino-propyl-triethoxy-silane

3. Adsorb negatively charged gold 3.
colloid on surface

-  Leaves 2-4 nm diameter nucleation sites

Figure 2.3: The 4 steps of gold-silica nanoshell formation.

2.3.2 Preparation of BSA Solder with Nanoshells

Solder was made using concentrated nanoshell suspensions with varying 

concentrations o f bovine serum albumin (BSA). The nanoshell suspension was sterilized

4. Reduce additional gold 
-  HAuC14 & formaldehyde

4
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via filtration (0.2 pm) and concentrated by centrifugation prior to adding to the sterile 

BSA. The final concentration o f the nanoshells was determined to be lxlO 10 particles/ml 

by the time it was added to the BSA. Solder was produced by dissolving 25 - 40 wt% 

BSA in the nanoshell suspension thus providing solder of varying viscosities. Mixing of 

the nanoshells into the solution after settling was accomplished with the use o f a probe 

ultrasound generator (Fisher Sonic Dismembrator; Fisher, Pittsburgh, PA). The solder 

was stored at 2-4°C and used within 1 month of preparation; solder was brought to room 

temperature prior to using for tissue bonding. Additionally, solder was prepared at 35 

wt% BSA but without nanoshells as a control.

2.3.3 Ex Vivo Welding of Muscle

Solder was made as described in 2.3.2. The nanoshells in this study were tuned to 

have a peak absorbance of 820 nm to match the diode laser being used. Tissue samples 

were prepared by sectioning 1-3 mm thick, 2 x 1 cm chicken breast specimens. The 

samples were placed on a glass slide and cut across the width to give a uniform area for 

welding and subsequent tensile testing. A schematic o f the welding apparatus is shown 

in Figure 2.4.
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(C)

Figure 2.4: Schematic of laser welding setup for chicken muscle using Nanoshell/BSA solder and NIR 
laser. (A) Shows the laser at a 90° angle from the tissue and results in superficial surface welds as the 
solder heats up, denatures and attenuates the laser reducing energy deeper into the wound. (B) 
shows the laser at a 45° angle allowing the light to penetrate the tissue and heat up the nanoshells 
deeply within the cut area as shown in (C) thus allowing for deeper stronger welds. (D) Shows a 
picture of the actual laser fiber tip and a specimen ready for welding.

Cross-sectional area o f the specimen was calculated from the width and thickness 

measurements using a digital caliper (Mitutoyo; Aurora, IL). Samples were kept 

humidified at 37° prior to welding. 5-10 pi of solder was applied to the cut edges, and 

the edges were brought into contact with one another. Sites were then welded with a near 

infrared diode laser (820 nm, Coherent, Santa Clara, CA). Light was applied at an angle 

of 45° or 60° from horizontal at 20 W/cm2. Exposure time of the tissue to the laser was 

controlled by moving the sample stage at 3 mm/min. For a sample 1 cm wide this 

translated to an exposure time of 3.3 minutes or 200 seconds across the entire width of
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the sample. However, exposure o f any one spot o f the sample to the laser was limited to 

-72 seconds due to the laser spot size of 2.5 mm.

2.3.4 Tensile Strength Measurements

Tensile strength was measured using a Vitrodyne V-1000 (Chatillon, Greensboro, 

NC) with a 1.5 N load cell (Transducer Technologies, Temecula, CA). Welded samples 

were held with a spring-loaded clamp with a silicone coating to prevent slipping during 

testing as shown in Figure 2.5. Testing was done in ramp mode at a rate o f 500 pm/s 

until failure. Ultimate tensile strength, (UTS), the maximum force achieved before a 

sample breaks, was recorded in kPa. To determine the UTS o f uncut tissue, intact muscle 

samples or skin samples were subjected to mechanical testing. Samples were maintained 

at 37°C prior to testing and kept moist during testing. A sample size o f 10-12 was used 

in determining ultimate tensile strength of the welded samples. Samples that experienced 

slippage were excluded from analysis.

Figure 2.5: Tensile Strength Testing Apparatus. The sample was attached to non-slip clamps as 
shown on a 150 gram load cell. The sample was pulled in the direction of the arrow until failure. 
Ultimate Tensile Strength was recorded at the breaking point.
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2.3.5 In Vivo Welding of Skin

2.3.5.1 Animal Model

20 male Sprague-Dawley rats were used in the study, (14-15 weeks old, 375-400 g; CD 

IGS, Charles River Laboratories, Wilmington, MA; n=4 for each time point). The 

animals were anesthetized with isoflourane and their backs shaved. The shaved area was 

swabbed with chlorhexadine gluconate solution and draped. Two full thickness incisions 

4-5 cm long were made on the backs of each animal. Animals were sutured and welded 

as described below and allowed to regain consciousness before being returned to their 

cages. Animals were not restrained in any way after surgery. The incision on the 

animal’s left was closed with interrupted polypropylene 5-0 sutures (PROLENE, Ethicon, 

Piscataway, NJ) at a spacing of approximately 3 mm. Approximately 10-15 pi o f solder 

was applied with a spatula to both sides of the wound coating the full depth o f the 

incision. The skin was brought into contact with tweezers and then welding was 

accomplished using the 808 nm laser (FAP I System with an 800 pm diameter fiber, 

Coherent, Santa Clara, CA) at an output of 14 W/cm2 and a 5 mm spot size at an angle 

from the skin between 45-60°. The laser was scanned across the incision site at a rate of 

1 mm/sec.

2.3.5.2 Mechanical Testing and Histologic Evaluation of In Vivo Samples

Four animals were euthanized at each time point (0, 5, 10, 21 and 32 days), and 

rectangular strips of skin were excised for mechanical testing. Samples were 

approximately 2 cm long and between 0.5 -  0.75 cm wide. Skin thickness was measured 

using calipers after removal of underlying fascia and recorded as between 2.2 - 2.4 mm.
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Intact sutures on the wound were cut and removed to allow measurement of the 

mechanical strength of just the healed tissue. A small portion o f each sample was 

retained and placed in 10% formalin for histological evaluation. Samples were 

dehydrated, embedded in paraffin, sectioned and stained with hematoxylin and eosin 

(H&E) as well as with Masson’s Trichrome. Tensile strength was measured as described 

in Section 2.3.4.

2.3.6 Statistical Analysis

The ex vivo study comparison of the UTS o f native and welded tissue as well as 

the in vivo study comparison o f sutured and welded tissue strengths were done using a 

unpaired student t-test assuming equal variance with a confidence interval o f 95%, 

a<0.05.

2.4 Results and Discussion

For tissue welding applications, the use o f lasers with wavelengths in the NIR has 

distinct advantages. Hemoglobin, melanin, and water have low absorption coefficients in 

the region between 650-900 nm (Weissleder 2001), allowing higher laser powers and 

deeper penetration to be achieved. Penetration depths of several centimeters have been 

demonstrated through soft tissues such as breast and brain (Ntziachristos et al. 2000; 

Weissleder 2001). The use o f NIR lasers allows deeper penetration of the light into the 

tissue and thus should allow for deeper and stronger welds if bonding can occur deeply 

within the tissue. Although NIR lasers have been used extensively in tissue welding 

experiments (Fried et al. 2000; McNally et al. 2000; Lauto et al. 2001; Soller et al. 2003) 

low weld strengths are still a major issue, this is likely due to the attenuation o f the light
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immediately upon coagulation of the surface o f the proteins used to achieve bonding. It 

has been demonstrated in a model of native and coagulated porcine liver that optical 

depth penetration decreased by a factor o f 2 for coagulated tissue, although the absorption 

coefficient (pa) decreased slightly, there was a fivefold increase in the scattering 

coefficient (ps) in the NIR range which is the likely reason for the decrease in light 

penetration (Ritz et al. 2001). Thus if  proteins used in solders coagulate quickly upon 

exposure to the laser, the light is then blocked by those coagulated proteins preventing 

the formation o f bonds deeper within the tissue to be welded.

To use NIR lasers where absorption by tissue components is minimal requires the 

use of exogenous absorbers to induce welding. Although ICG has been approved for 

photodynamic therapy (Baumler et al. 1999; Abels 2004) and is being used in laser tissue 

welding (McNally et al. 1999; Hoffman et al. 2003; Wadia 2006) it does have its own 

shortcomings including photo-bleaching and ability to leach into surrounding tissues. In 

this chapter we explore the use of nanoshells as an exogenous near infrared absorber for 

laser tissue welding. The nanoshells used in these experiments had a diameter of ~110 

nm and a shell thickness of ~10 nm. Nanoshell optical properties are easily tuned as 

described in Chapter 1 by adjusting shell thickness to diameter ratios; this provides an 

excellent material for use as an exogenous absorber for this type o f application.

Nanoshells were easily suspended into BSA solder formulations (35 and 40 wt% 

BSA) making solder preparation easy. Solder homogeneity was an issue for the low BSA 

(25 wt%) concentration. To re-suspend this solder an ultrasound probe was used for up 

to 30 seconds. This not only re-suspended the nanoshells but is known to break up any 

aggregation of the nanoshells which may have occurred. We have seen only a small red-
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shift in the nanoshell spectra of 10-20 nm when blending such high concentrations of 

proteins with the nanoshell suspensions indicating low particle agglomeration. The 

higher concentration BSA solder formulations, 35 and 40 wt%, remained very uniform 

and stirring or ultrasonic agitation appeared sufficient to assure homogeneity.

2.4.1 Ex Vivo Welding of Muscle

In the ex vivo tests, nanoshells were tuned to have a maximal extinction at 820 nm 

as shown in Figure 2.6. This wavelength was chosen to match the diode laser output of 

820 nm available for the ex vivo study.

1.00

Laser 
Output 
(821 nm)

0.75

0.50
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1000 1100700

Wavelength, nm
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Figure 2.6: Measured Extinction spectra of nanoshells tuned to have peak absorption of 820 nm to 
match the output of the diode laser used in this study. This suspension was concentrated 80X to 
produce the solder used in the ex vivo study.

We tested combinations of laser power density o f 20 and 56 W/cm2, BSA 

concentrations of 35 and 40 wt% and angle of incidence of 45° and 60°. Figure 2.7(A) 

shows the data for all conditions. At a power density of 20 W/cm2 and an angle of
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incidence o f 60° we saw weld strengths of soldered tissue equal to that o f native tissue 

based on statistical testing (p= 0.693 for native VS 20 wt% and p=0.413 for native VS 40 

wt%). Native tissue strength was 40.0 kPa ±12.4 kPa (n=20); bonding with the 35 wt% 

BSA solder showed tissue strength of 34.0 kPa ±10.7 kPa (n=10, p = 0.21) and the 40 

wt % BSA solder yielded tissue strength of 36.1 kPa ±13.5 kPa (n=10, p = 0.35). Based 

on the tensile strength data shown in Figure 2.7(B), a solder with 40 wt% BSA chosen for 

the in vivo welding study as it proved to be easier to apply to the wound.
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Figure 2.7: Ultimate tensile strength (UTS) of soldered and intact muscle samples. In (A) conditions 
for welding including solder formulation in terms of BSA concentration, laser power density and the 
angle of incidence are shown; blue bars indicate welding at 45° and yellow bars at 60° angle of 
incidence. (B) Shows the optimum conditions for welding of ex vivo samples (yellow bars) and 
welding attempted with solder containing no nanoshells, native tissue strength is shown in the red 
bar. In these cases welding was performed with a laser at 60° angle from the horizontal and at power 
density of 20 W/cm2. There was no statistical difference in the mechanical strength of uncut tissue 
compared to welded tissue (p> 0.05) in (B).
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2.4.2 In Vivo Welding of Skin

Nanoshells were tuned to have a maximal extinction at approximately 800 to 

match the output o f the 808 nm laser used in the rat studies. These nanoshells were -132 

nm in diameter, a SEM picture is shown in the inset o f Figure 2.8 which shows the 

spectral profile of the nanoshells used in the in vivo study.

Laser 
Output 
(808 nm)

0.25 -I------------------------1------------------------1------------------------ 1-------------------------  1
400 500 600 700 800 900

Wavelength, nm

Figure 2.8: Spectra of nanoshells made for the in vivo study. Nanoshells were made to have peak 
resonance at 808 nm to match the FAP laser used for the in vivo study, a different laser was used as a 
larger spot size and thus more power was needed. Inset shows an SEM of a typical nanoshell made 
for these studies, scale bar is 100 nm.

Mechanical testing and histological analysis was performed at days 0, 5, 10, 21 

and 32 to evaluate mechanical strength and wound healing response of the wound site 

over time. Thickness of excised skin were measured prior to mechanical testing and 

ranged from 2.2 mm up to 2.5 mm after removal of fascia to minimize interference with 

the test. The mechanical strength of the welded wounds was sufficient to keep the 

wounds closed initially and throughout the study period, allowing the animals freedom of 

movement during recovery.
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Figure 2.9: Ultimate tensile strength of welded (green bars) and sutured (blue bars) skin samples, 
intact tissue is shown for comparison (pale yellow bar). (A) Shows tensile strength during the early 
part of the study, by Day 10 the sutured tissue exhibits higher tensile strength than the soldered 
tissue. (B): Tensile strength of both sutured and soldered tissue continues to increase during the 
study period. Sutured samples showed greater strength at times shown (* p<0.05) compared to 
welded skin. Finally, note that the strength of the sutured tissue had regained approximately 50% of 
intact tissue strength and welded skin samples continued to increase in strength throughout the study 
indicating ongoing wound healing.

Figure 2.9 (A) show the ultimate tensile strength during the early wound healing phase. 

After 5 days there was no difference in the strength of the wounds for sutured or welded,
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by day 10 the sutured samples showed higher tensile strength than the welded sample and 

the welded sample began to show an increase in strength compared to day 5. Importantly, 

the welded samples continue to show increasing strength as the tissue heals over time, 

Figure 2.9 (B). The sutured and welded samples continue to show an increase in strength 

toward the end o f the study period but have not regained strength equal to that o f intact 

tissue although sutured tissue exhibits higher mechanical strength at later times than 

soldered tissue, Figure 2.9 (B).

Day 0 Day 1 Day 7

Day 11 Day 28 Day 32

Figure 2.10: Photographs of an individual animal following surgery, Day 0, up to Day 32. After 10- 
14 days the scab on the soldered incisions fell off leaving a fine scar where the animal is healing. The 
soldered side leaves a more defined scar compared to the sutured side but diminishes over time.

Photographs were taken daily in the first week then every week up to harvest. 

Figure 2.10 shows photographs taken o f an individual up through 32 days. The 

photographs show that at day 0 the wound is fully closed and remains closed throughout 

the healing process; by day 7 the sutures have degraded and there is evidence o f thermal 

damage around the welded wound showing room for improvement in future studies. At
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the time o f harvest (day 32) the rat’s wounds were fully healed and showed minimal 

scarring, marks were made on the rats’ skin to identify the location o f the wound on the 

day 32 photograph.

Histological sections showing Masson’s trichrome stain for samples at low and 

high magnification at Day 0 are shown in Figure 2.11(A) & (B); Day 21 sections are seen 

in Figure 2.11 (C) & (D). Histological sections were photographed and analyzed for 

evidence of thermal damage and wound healing; a zone of thermal damage can be seen 

on either side o f the weld in Figure 2.11(A) that was not evident on surface visual 

inspection of the animal at day 0 (Figure 2.10).

200 (im 100 Jim

Figure 2.11: Masson’s trichrome stain at Day 0 and Day 21. A: Day 0 at 5X magnification showing 
bridging of the wound with the albumin solder. B: Day 0 at 20X magnification showing some 
evidence of thermal damage. C: Day 21 at 5X magnification showing the albumin replaced by matrix 
and cells. D: Day 21 at 20X magnification showing evidence of ceUs in the wound and surrounding 
matrix.
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In this series of histological images one can observe the albumin bridging the 

wound on the day of welding. There is also evidence of thermal damage around the 

welded area that extends about 200-400 (am on either side of the weld. At day 21 one can 

see many cells in the region once occupied by the albumin as evidenced by the dark 

nuclei, there also appears to be more collagen being deposited from the bottom up as the 

gap is being closed. The zone of damaged collagen is not as apparent at this time. Figure 

2.12 shows a histological section at day 32 at low and high magnification with Masson’s

Trichrome and H&E stain.

Figure 2.12: Histology for soldered tissue sample at Day 32, the yellow rectangle shows the area 
enlarged in the 40X photo. (A): Masson’s trichrome at 5X magnification showing infiltration of the 
wound by cells and collagen deposition in place of the albumin solder (B): H&E at 5X magnification.
(C): Masson’s Trichrome at 40X magnification showing the albumin replaced by collagen and cells.
(D): H&E at 40X magnification.
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These micrographs show that at day 32 the epithelium is nicely reformed and the 

remaining albumin appears to have been replaced by collagen as wound healing 

progresses. The morphology of the collagen does not appear to be the same as the native 

collagen regions on either side o f the wound, indicating that remodeling is not complete. 

In addition there does not appear to be any evidence o f inflammatory response at day 32.

2.4.3 Discussion

In the in vivo testing we observed that the initial weld strength o f 30 ±13 kPA 

(n=13 samples) was sufficient to hold the wound intact during healing. No dressing was 

applied to the wound after surgery and the animals were not immobilized in any way. No 

external evidence of infection was observed during healing. We observed that the 

strength of sutured wounds were approximately equal to that of the soldered wounds by 

day 5. Statistical testing showed no difference between sutured and soldered samples by 

this time point which could indicate that while the solder was initially being replaced the 

sutured wounds had a chance to heal to achieve an equal level o f strength by day 5.

In this study the wound regained only approximately 50% of its original strength 

in contrast to other studies; this may be due to the age of the animals (14-16 weeks) in 

our study. For example, a study by Wider et al. showed that at 28 days after incision, 

wounds closed by sutures were superior to welded samples at 6.88 MPa, which is closer 

to intact skin strength that we measured (Wider et al. 1991). Cooper et al. showed 

wound strength of animals welded with ICG based solder animals at different conditions 

to be between 160 - 245 kPa at day 10 (Cooper et al. 2001) which is within the range of 

the values measured in our study at day 10.
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The increase strength in sutured wounds over soldered wounds at day 10 and 

beyond may be likely due to some thermal damage resulting from the soldering process 

allowing the sutured sides to heal more rapidly in contrast to the soldered wounds. This 

leads us to believe that additional optimization with this system can be achieved allowing 

further improvement o f this solder formulation and laser output.

These studies showed that we were able to achieve relatively strong welds at a 

power density o f 20 W/cm2 at 35 and 40 wt% BSA formulations. The angles of 45° and 

60° were chosen to allow deeper penetration o f the light through the tissue to allow for 

deeper bonding within the wound. At 90° or perpendicular incidence, the laser becomes 

attenuated upon solder coagulation and reduces available energy to heat deep within the 

tissue leading to overheating at the surface with minimal depth penetration.

It was apparent from the histology at Day 0 that the power density could still be 

lowered or the concentration of nanoshells simultaneously lowered without 

compromising the ability of the protein solder to coagulate and cause binding o f the 

tissue. This would reduce some of the thermal damage seen and may increase the rate of 

wound healing in the soldered tissue leading to strengths closer to that o f the sutured 

wounds. These preliminary results demonstrated that there could be sufficient acute 

binding of tissue to allow wound closure and allowed us to transition into an in vivo 

model.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

2.5 Conclusions

These studies have demonstrated generation of welds with acute strengths 

sufficient for wound closure with solder formulations using BSA and nanoshells instead 

of ICG as the exogenous chromophore. In vivo testing using solder formulations with 

nanoshells showed that wound integrity was maintained during the animal’s recovery and 

wound strength increased over the study period. Furthermore, these welds were 

generated under light conditions that were incapable of forming any welding union of 

tissue with BSA solders that did not contain nanoshells demonstrating the nanoshells 

ability to use the NIR laser light effectively to accomplish heating and subsequent 

binding of tissue.
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Chapter 3 : In vivo Imaging and Therapy

3.1 Introduction

Much of the promise for nanotechnology in medicine has focused on the 

development of multifunctional agents for integrated diagnosis and therapy (Sullivan et 

al. 2004; Ferrari 2005). In the arena of cancer therapy via nanoparticles there have been 

many successes in separate areas, such as targeting nanoparticles to tumor specific 

addresses in vitro (Kirpotin et al. 1997; Park et al. 2001; Farokhzad et al. 2004) and 

externally triggered tumor destruction in vivo by passive (non-targeted) accumulation of 

nanoparticles followed by external activation; using light (Hirsch et al. 2003; McCarthy 

et al. 2005) or alternating magnetic fields (Johannsen et al. 2005). However, 

combinations of targeting, imaging and therapeutics in single particles have had few 

developmental successes beyond in vitro testing (Loo et al. 2005; Huang et al. 2006).

In the area of targeting, in vivo successes are limited; prostate tumor targeted 

nanoparticles via aptamers worked well in vitro (Farokhzad et al. 2004) showing that the 

targeting mechanism can be used to enhance cellular uptake (Farokhzad et al. 2004). 

However, in vivo the particles were delivered intratumorally rather than systemically 

though still providing some benefits o f targeting as the increase in uptake improved the 

efficacy compared to non-targeted nanoparticles (Farokhzad et al. 2006). In some cases 

it has been found that the targeting of particles do not necessarily increase the quantity 

taken up by the tumors but does increase internalization and thus efficacy (Kirpotin et al.
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2006) raising questions as to the ability to successfully increase localization due to direct 

targeting of tumor cells.

In the arena o f imaging contrast improvements, there has been ongoing research 

in the use of nanorods as a combination contrast agent and therapeutic (Huang et al.

2006) and as a targeted contrast agent for cellular specificity (Agarwal et al. 2007; Durr 

et al. 2007) though these have yet been limited to in vitro studies. In addition, magnetic 

nanoparticles promises to allow MRI contrast increase and simultaneous ability to allow 

hyperthermia based therapy by alternating magnetic fields (Ito et al. 2005). Although 

separately these show promise in vivo for imaging (Bomati-Miguel et al. 2005) or therapy 

(Johannsen et al. 2005) they have not yet shown in vivo efficacy in an application for 

simultaneous imaging and therapy. A nanoshell with a triple layer design including an 

inner core of iron oxide, silica shell and final gold shell may be promising as an MRI 

contrast agent and NIR therapeutic but as yet shows poor NIR absorbing properties (Ji et 

al. 2007).

Gold-silica nanoshells have already proven very effective for photothermal cancer 

therapy in vivo (Hirsch et al. 2003; O'Neal et al. 2004) by taking advantage o f its ability 

to absorb NIR energy and create heat. In work by Hirsch and O’Neal the nanoshells used 

were primarily absorbing, at about 85% absorbing efficiency and provided up to 100% 

regression of tumors in mice after treatment; however the scattering properties of the 

nanoshell has also been exploited for in vitro imaging (Loo et al. 2005) as well as for 

combined imaging and photothermal ablation in vitro (Loo et al. 2005). In these studies 

it was demonstrated that the nanoshell could be used to provide adequate scattering for
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imaging contrast and retain NIR absorbing properties sufficient to allow photothermal 

ablation in vitro (Loo et al. 2005).

This chapter details the successful in vivo demonstration of the use o f near 

infrared resonant gold nanoshells, to first increase optical contrast in tumors for optical 

coherence tomography (OCT) imaging for diagnostics and secondly, to subsequently 

treat the tumors by absorption of near infrared (NIR) light for photothermal ablation. The 

approach discussed in this chapter uses a single nanoparticle formulation that has been 

designed to have both absorption and scattering in the NIR to accomplish diagnostic 

imaging and therapeutic benefits simultaneously. Nano-therapeutics like these can allow 

the development of “see and treat” applications which is expected to reduce patient care 

costs and allow wider delivery o f treatments. This chapter is based largely on the 

published work: Andre M. Gobin, Min Ho Lee, Naomi J. Halas, William D James, 

Rebekah A. Drezek, Jennifer L. West; Near Infrared Resonant Nanoshells for Combined 

Optical Imaging and Photothermal Cancer Therapy. N a n o le tte rs ; 2007; 7(7); 1929-1934.

3.1.1 Multifunctional Nanoparticles for Cancer Therapy

There are many versions of multi-functional nanoparticles for cancer therapy 

which may have some specific characteristics including the ability to:

1. deliver a drug to a site to increase local concentrations by EPR

2. target a specific cell type based on expression o f cell-specific surface 

markers

3. release drug based on permeability created by specific enzymatic activity

4. promote contrast in a tumor region by carrying a contrast agent

5. allow particles to be taken at specific sites by increasing permeability
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6. evade the RES system to increase circulation and thus tumor uptake

7. activate by external sources including light, magnetic fields or ultrasound 

The ideal multifunctional nanoparticle may look something as like the depiction in Figure

3.1 incorporating some o f the features listed above.

Therapeutic or Imaging Agents 
Permeation Enhancer

Biological Surface Modifier

« .  >  ' Antibody Targeting
1 1  Drugs w

fc. Contrast Enhancer Aptamer / Peptide Targeting

  Proteolytically Degradable Polymer Stealth Molecule (PEG)

Figure 3.1: Example of a multifunctional nanoparticle which may be loaded with drugs and contrast 
agents, permeation enhancers for efficient delivery, proteolytically degradable sequences for specific 
release, targeting moieties for binding to certain cell types and a mechanism to shield the particle 
form the body’s immune system (often PEG is used). Adapted from Ferrari, 2005, Nature Reviews.

There are many types o f nanoparticles being developed which can be tailored to 

contain many of these features. In particular, liposomes (Wu et al. 1993; Sugano et al. 

2000; Park et al. 2001) and dendrimers (Boas et al. 2004; Patri et al. 2004; Thomas et al. 

2004) are well suited for these types o f applications. In these cases drugs can be loaded 

inside the liposome or tethered to the shorter chains o f the dendrimer while the targeting 

moiety can be conjugated to the surface o f liposomes or longer chains o f the dendrimer.
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The versatility of liposomes and dendrimers mean that a wide variety o f moieties can be 

within or outside the overall structure to accomplish several tasks at once to make the 

ideal nano-cancer-therapeutic.

The successes o f these idealized nano-cancer-therapeutics could be further 

enhanced by the use o f a contrast agent to improve existing imaging and diagnostic 

technologies. For MRI imaging for example, PEG coated nanoparticles with gadolinium 

(Oyewumi et al. 2004) have been used while for OCT gold nanospheres (Lee et a l  2003) 

or nanorods (Oldenburg et al. 2006) have been used to enhance optical contrast. The 

challenge still remains to incorporate many o f these elements into a multifunctional 

particle for diagnostic and therapeutic applications.

3.1.2 Optical Imaging Techniques for Diagnostics

Optical imaging techniques present unique challenges for developing 

nanoparticles to increase contrast. The first challenge with optical imaging is to obtain 

good depth of penetration of light into tissue and subsequently have light returned to 

allow imaging o f the subsurface. To overcome this, wavelengths o f light in the near 

infrared (NIR) are better suited as these wavelengths penetrate deeply through tissue.

This in itself means that less o f the light would be returned for detection. Thus objects 

which can scatter light in the NIR would be ideally suited as contrast agents for optical 

imaging applications. It is a recurring theme in optical detection methods to use a 

strongly backscattering material like gold to provide the contrast for the different types o f 

optical methods being developed.
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3.1.2.1 Reflectance Confocal Microscopy

Reflectance confocal microscopy is being developed as a diagnostic tool by 

incorporating confocal microscopy into an endoscopic device so that it can be used in 

vivo to provide real time imaging and diagnosis o f pre-malignancies (Sokolov et al. 2002; 

Sung et al. 2003; Carlson et al. 2005). Although histological analysis through sectioning 

and staining of tissue provides the gold standard for pathological examination and 

determination o f diseased states, RCM has the potential to offer the same type of 

information in a much faster and efficient way.

Microscopy techniques which can provide sub-cellular details such as confocal 

microscopy generally require larger equipment or can only be used on exposed surfaces 

like skin or mouth. The development of confocal systems which use light reflected from 

within the tissue to image has allowed the development of high resolution reflectance 

confocal microscopy (RCM) imaging systems which do not require biopsies (Sokolov et 

al. 2002). RCM is limited by penetration depth of 200-500 pm, though it provides very 

high resolution in the lateral directions of 1-6 pm (Sokolov et al. 2002). This high 

resolution has allowed further development o f the fiber optic confocal reflectance 

microscope (FCRM) (Sung et al. 2003). This device has shown that an endoscopic-based 

confocal system can provide the level of detail necessary to resolve changes in nuclear 

morphology, an important criteria to the development of accurate in vivo diagnostic 

optical imaging method for pre-cancers (Sung et al. 2003). These systems have been 

shown to accurately match with standard histological examination and provide 

differentiating capability to distinguish between normal and abnormal cervical tissue with 

high sensitivity and specificity (Carlson et al. 2005). The development o f these devices
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promises to reduce costs and availability of pre-cancerous detection to developing nations 

(Carlson et al. 2005). To improve RCM contrast ex vivo, gold particles targeted with 

antibodies have been applied topically and have shown to improve imaging o f the entire 

epithelium at depths o f up to 400 pm (Sokolov et al. 2003).

3.1.2.2 Optical Coherence Tomography

Optical Coherence Tomography (OCT) is an imaging modality that provides 

cross-sectional subsurface imaging o f biological tissue with micrometer-scale 

resolution. The principles o f OCT have been described previously (Huang et al. 1991; 

Fujimoto et al. 1995). OCT uses a low coherence light source in a Michelson 

interferometer to enable high resolution optical sectioning in tissue. In the system used in 

this study, low coherence light emitted from the source is directed onto a beamsplitter. 

One beam is sent toward a reference mirror of known pathlength distance while the other 

is directed toward the sample. The reflected waves from both the reference mirror and 

sample are recombined at the beamsplitter and directed to a detector where interference 

patterns are monitored as the reference mirror is moved. By monitoring these patterns 

while scanning the reference mirror, it is possible to map depth resolved reflectivity of 

the tissue. A schematic of the principles of OCT is shown in Figure 3.2. The diagnostic 

potential of OCT was demonstrated by Matheny et a/.(Matheny et al. 2004) and has been 

used for imaging cancers o f the gastrointestinal system, (Izatt et al. 1996; Teamey et al. 

1997; Kobayashi et al. 1998; Li et al. 2000) prostate, (D' Amico et al. 2000) and oral 

mucosal (Sergeev et al. 1997) among others.
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Figure 3.2: Schematic representation of OCT, light is split and scanned in Z as well as X or Y to 
obtain a scan of the depth of the tissue. Analogous to ultrasound but using low coherence light, OCT 
provides good 2-D imaging into the sample of interest. The light is split, a beam is sent to the sample 
to be imaged while another is used as a reference to calculate the distance returning or reflected light 
beam, thus providing distance and imaging information. This method can produce images with sub
micron resolution.

The use of contrast agents in OCT offers the promise of enhanced diagnostic 

power, similar to results with contrast agents in computed tomography (CT) (Torchilin 

2002; Ng et al. 2007; Rutten et al. 2007) and magnetic resonance imaging (MRI) 

(Weinmann et al. 2003; Preda et al. 2006; Lin et al. 2007). To increase contrast in OCT, 

imaging agents including microbubbles (Barton et al. 2002) and microspheres with gold 

nanoparticles have been employed (Lee et al. 2003; Oldenburg et al. 2006). Optimal 

contrast agents for OCT would both further enhance contrast in vivo over the -5%  

improvement obtained with microbubbles and offer a smaller alternative to engineered
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microspheres (-2-15 pm) to improve distribution into the microcirculation. Because of 

their biocompatibility, tunable optical properties and small scale size, nanoshells are well 

suited to OCT, providing easily detected backscattering of NIR light. Furthermore, 

nanoshells have been shown to accumulate in tumors due to the leakiness of tumor 

vasculature, allowing efficient delivery o f quantities suitable for both imaging and 

therapy. For this reason, the current work combines the use of OCT imaging with NIR 

treatment using an NIR absorbing and scattering nanoshell in a murine in vivo model.

3.1.3 Designing Nanoshells for Therapeutic and Diagnostic Applications

As discussed in Chapter 1, nanoshells consist of a dielectric core nanoparticle 

surrounded by an ultrathin metal shell, with tunable plasmon resonances. Nanoshells 

offer the ability to manipulate both the resonant wavelength and the relative scattering 

and absorption efficiencies through the size and composition o f each layer o f the 

nanoshell structure (Oldenburg et al. 1998; Averitt et al. 1999; Oldenburg et al. 1999). 

Given these advantages, nanoshells can be used as contrast agents for enhanced OCT 

imaging (Loo et al. 2004; Loo et al. 2005), based on their backscattering properties, as 

well as cancer therapeutics (Hirsch et al. 2003; O'Neal et al. 2004), due to their absorbing 

properties.

The development of gold nanoshells suitable for therapy and imaging o f cancer 

cells in in vitro studies was previously reported (Loo et al. 2005; Loo et al. 2005). This 

early work imaged human breast cancer cells that had been treated with antibody- 

conjugated gold nanoshells under darkfield microscopy, followed by NIR laser, inducing 

cell ablation only within the laser spot. In this chapter the use of non-targeted nanoshells
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as contrast agents to enhance OCT imaging o f tumors grown in vivo followed by 

therapeutic application of NIR light is discussed.

Extinction o f light is due to a combination o f absorption and scattering and this 

ratio can be tuned by changing the total size of the particle while keeping the ratio of 

shell thickness to core diameter constant. This allows us to design nanoshells with the 

same peak resonances but with differing ratio of scattering properties relative to 

absorbing properties. This effect is demonstrated in Figure 3.3, for nanoparticles 

designed to have NIR peak resonances. Using a modeling program provided by the lab 

of Dr. Halas which allows one to manipulate the relative sizes of core and shell and 

overall diameter, Figure 3.3 shows the dependence of absorption and scattering to size of 

the nanoparticles. For this figure, particles were simulated with a dielectric core of silica 

(dielectric constant, s = 2.4), details o f the calculations used in the simulation are the 

same as used by Averitt in discussion of the model (Averitt et al. 1999) and as discussed 

in Chapter 1. The simulation was run between 400 nm to 1100 nm and peak extinction 

was extracted at 800 nm for Figure 3.3. The relative amounts o f absorbing and 

scattering changes with the size of the particles until there is a balance, then as particles 

get larger, more of the energy is scattered relative to absorbed. Thus one can design 

particles that are better suited for therapeutic applications or for diagnostic applications 

by choosing sizes on extremes o f the curve shown in Figure 3.3 and as demonstrated in 

Figure 3.4 (A) and (B).
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Figure 3.3: Dependence of scattering and absorbing properties on size of particles. Smaller particles 
show higher absorption of energy (green line), while larger particles are more effective at scattering 
incident light energy (red line). This simulation was performed for nanoshells with silica cores and a 
shell thickness to core diameter ratio to provide NIR peak resonances between 700-900 nm, dielectric 
values for silica was used for the core and gold for the shell, extinction data was extracted at 800 nm 
for these particles as detailed in the text.
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(A) THERAPEUTIC NANOSHELL 

100 nm core/10 nm shell

(B) IMAGING NANOSHELL 
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Figure 3.4: Therapeutic or diagnostic nanoshells can be made by changing the size of the core and 
keeping the ratio of shell thickness to core diameter constant, we can design a nanoshell to be more 
suitable for therapeutic applications or imaging applications. In these studies the nanoshells had a 
core intermediate to these sizes providing a good balance of Absorption + Scattering to allow for 
therapeutic and diagnostic properties.

For this study, however, nanoparticles were chosen to have a core diameter o f ~120 nm 

with a shell thickness of ~ 12 nm, which resulted in a nanoshell with an absorbing 

efficiency o f ~67% and a scattering efficiency o f ~ 33%. These parameters are similar to 

those used by Loo et al. in the in vitro targeting and ablation study where nanoshells were 

targeted to SKBR3 cell line which over-expresses the HER2 receptor as discussed in 

Chapter 1. In that study, anti-HER2 coated nanoshells were bound to SKBR3 cells and 

imaged using darkfield microscopy (Loo et al. 2005). After confirmation o f binding with 

immunotargeted nanoshells via imaging, cells were exposed to NIR laser energy for 

ablation. It was demonstrated that no binding was observed when nanoshells were 

covered with PEG only or with the non-specific antibody and subsequently, only cells 

coated with anti-HER2 nanoshells could be imaged by darkfield and then killed upon 

exposure to NIR laser energy (Loo et al. 2005). This represents an important finding 

showing that the nanoshells scattering can indeed provide enough contrast for an imaging
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technique that utilizes scattered light and still provide enough absorbing power to allow 

photothermal therapy. In the work discussed in this chapter we explore this idea in vivo 

to demonstrate contrast increase with nanoshells followed by survival after therapeutic 

administration o f NIR laser energy.

3.2 Hypothesis & Specific Aims

The hypothesis of this portion o f the research is that a single nanoshell can be 

used to provide increased optical contrast in OCT while maintaining enough absorbing 

efficiency to allow effective photothermal ablation of tumors. The specific aims are:

1. to produce nanoshells with a balanced ratio o f absorbing and scattering efficiency

2. to evaluate and quantify in vivo imaging contrast increase in tumors and normal 

tissue of animals treated with nanoshells

3. to perform photothermal ablation o f tumors in vivo with same nanoshells and 

evaluate survival

4. to verify the presence of gold in the tumors showing contrast increase was due to 

nanoshell accumulation.

3.3 Methods & Materials

All chemical were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise noted.

3.3.1 Nanoshell Synthesis and Characterization

Silica-gold nanoshells were synthesized and characterized as described in Chapter 2.
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3.3.2 In vivo model

BALBc mice inoculated with 150,000 murine colon carcinoma cells (CT-26; 

ATCC) in 25 j_il of PBS. Tumors were allowed to grow to a cross-sectional area of 20-25 

mm2 and no more that 4-5 mm in any one dimension before treatment. 150 pi of 

PEGylated nanoshells at a concentration of 1.5 x 10u nanoshells/ml were injected into 

the tail vein of the animals 20 hr prior to imaging and laser irradiation. A total of 36 

animals were inoculated with the cancer cells. Animals were randomly divided into three 

groups; Group 1: Nanoshell + Laser, Group 2: PBS + Laser and Group 3: Untreated 

Control.

3.3.3 OCT Imaging

This study used a commercially available OCT imaging system, Niris Imaging 

System, (Imalux; 1300 nm, Cleveland, OH). The axial and transverse resolutions were 

approximately 10 pm and 15 pm, respectively. OCT images were collected for 

nanoshell-injected and control mice 20 hr following injection (to allow time for passive 

accumulation of nanoshells) and analyzed to assess the increase in contrast provided by 

the nanoshells in tumor tissue compared to normal tissue. OCT images of the tumor and 

normal tissue were taken after 20 hr of circulation. The animals were not anesthetized 

during the injection or circulation period, only during imaging and treatment by the NIR 

laser. The tumors were imaged using the Niris OCT imaging device by applying glycerol 

on the shaved tumor site for index matching and placing the probe in contact with the 

skin directly above the tumor. Images were captured at several locations on each tumor 

through the integrated computer and image analysis system. Normal tissue images were 

taken at a location at least 2 cm distant to the tumor on the same animal. For statistical
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analysis, images were analyzed to first quantify the contrast levels using standard 

thresholding for image analysis then intensity data were analyzed using an unpaired 

student t-test assuming equal variance with a confidence interval o f 95%, p<0.05 of the 

two populations of images from PBS-treated and nanoshell-treated mice.

3.3.4 Therapeutic Laser Irradiation

After imaging, the tumors were irradiated with a NIR laser. In vivo irradiation 

was accomplished using an Integrated Fiber Array Packet, FAP-I System, with a 

wavelength of 808 nm (Coherent, Santa Clara, CA) at a power density o f 4 W/cm2, 5 mm 

diameter spot for 3 minutes. Animal survival was monitored for 7 wk after imaging and 

treatment. Following treatment, survival data analysis was performed using the standard 

Kaplan-Meier analysis using MedCalc software to determine statistical significance after 

therapy. Analysis of the tumor regression was performed using the average measurements 

of the tumor size of the surviving populations at the times shown and compared using an 

unpaired student t-test assuming equal variance with a confidence interval of 95%, 

p<0.05.

3.3.5 Nanoshell accumulation in Tissue

Three animals from each group were sacrificed following treatment to examine 

the tumors for the presence of nanoshells using silver enhancement staining. One half of 

the frozen tumors were sectioned to 8 pm, and silver staining was performed using the 

Sigma Silver Enhancement solutions (Sigma, Milwaukee, WI). Images o f each section 

were taken at 64X magnification to look for the presence of nanoshells; silver staining 

allows the nanoshells to act as nucleation sites for deposition o f silver to grow large
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enough to allow for visualization under light microscopy. The second half of the tumor 

was sent to Texas A&M University for nuclear activation analysis (NAA) (James W. D. 

et al. 2006). Tissue samples for NAA were lyophilized and weighed; blanks and the 

dried tumor sample were irradiated along with precise calibration standards at the Texas 

A&M University’s Nuclear Science Center 1 MW TRIGA research reactor for 14 hr.

The irradiation position used in this study has an average neutron flux o f approximately 1 

x 1013 sec'1cm'2. High purity germanium detectors with nominal resolutions (FWHM) of 

1.74 keV or better and efficiencies of 25-47 % by industry standard relative measurement 

were used to quantify the 412 keV gamma line from 198Au. The Canberra Industries 

Open VMS alpha processor-based Genie-ESP software was used for acquisition and 

computation of gold concentrations.

3.4 Results and Discussion

Nanoshells were fabricated with cores o f 119 ± 11 nm diameter. The shell 

thickness was calculated to be 12 nm, giving a nanoshell with a final dimension o f 143 

nm. The measured extinction spectra o f the nanoshells used in this study is shown in 

Figure 3.5. Mie theory scattering simulations show that these particles have 

approximately 67% of the extinction due to absorbance and 33% due to scattering at the 

peak extinction.
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Figure 3.5: Extinction spectra of nanoshells used in this study. Nanoshells are 143 nm in diameter 
with a core of ~119 nm and a shell thickness of ~12 nm.

3.4.1 Nanoshell Fabrication

Images were obtained by OCT and analyzed to asses the increase in contrast 

provided by the nanoshells in tumor tissue compared to normal tissue. Figure 3.6 shows 

OCT imaging results obtained after PBS and injection nanoshells (NS) into the tail vein 

mice. The strata of the skin and underlying muscle can be seen in the OCT image of the 

normal tissue (A) and (B). There is no enhancement in layers o f normal tissue in the 

mouse treated with nanoshells compared with the PBS injected mouse.

3.4.2 OCT Image Analysis

In Figure 3.6 (C) and (D) representative OCT images of tumors o f mice prior to 

irradiation with the 808nm laser are shown. The enhanced contrast in the image (D) 

indicates that the gold nanoshells can be visualized with OCT system. Figure 3.7 shows 

the quantification of the image intensity of normal tissue (n=3) and tumor tissue (n=6)
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with PBS injection and nanoshell injections. OCT images were analyzed to quantitate the 

contrast and analyzed using a student’s t-test o f the two populations of images from PBS 

treated and nanoshell (NS) treated mice. The data shows a significant increase in the 

contrast of tumor compared to normal tissue when nanoshells are used. No statistical 

difference is observed in the contrast o f images o f normal tissue whether nanoshells are 

used or saline.

(A) Normal Tissue + PBS (B) Normal Tissue + Nanoshells
^p<jlass

* Skin

► Muscle

(C) Tumor Tissue + PBS (D) Tumor Tissue + Nanoshells
^-■Glass

* Skin

2 0 0  p m

► Muscle

Min Max

Figure 3.6: Representative OCT images from normal skin and muscle tissue areas of mice 
systemically injected with nanoshells (A) or with PBS (B). Representative OCT images from tumors 
of mice systemically injected with nanoshells (C) or with PBS (D). Analysis of all images shows a 
significant increase in contrast intensity after nanoshell injection in the tumors of mice treated with 
nanoshells while no increase in intensity is observed in the normal tissue. The glass of the probe is 
200 pm thick and shows as a dark non-scattering layer.
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Figure 3.7: Quantification of OCT images shows a significant increase in intensity of images of 
tumors from mice with systemic nanoshell injection. For PBS only injection there is a 16%increase 
in normal tissue compared to tumor tissue scattered intensity while for nanoshell injected mice the 
difference in normal compared to tumor tissue was an increase of 56% (*p<0.00002).

3.4.3 Histological Analysis

Histological examination of tumors using silver staining confirmed that OCT 

signals were the result of scattering from nanoshells within the tumor. Figure 3.8 shows 

the silver staining of representative areas of tumors from mice treated with nanoshells (A) 

or with PBS (B) showing a marked increase in darkening of the tissue in (A) indicating 

the presence o f nanoshells within the tumor. Additionally, neutron activation analysis 

(NAA) verified nanoshells present in the tumor shown in Figure 3.8 (A) at 12.5 ppm 

compared to 0 ppm for tumors of mice injected with just PBS Figure 3.8 (B).
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Figure 3.8: Silver enhancement staining of tissue shows heterogeneous staining of the tumor tissue 
from mice injected with nanoshells (A) indicating the presence of nanoshells. In contrast, there is 
little silver enhancement of sections taken from mice with PBS injection (B).

3.4.4 Survival Following Imaging and Therapy

Tumor regression and survival of the mice were followed for 7 weeks after 

treatment. Figure 3.9 (A) shows the tumor sizes on the day of treatment and 12 days after 

treatment; tumors on nanoshell treated mice were completely regressed except for one 

mouse. Figure 3.9 (B) shows the survival of the mice during the study period. Kaplan- 

Meier statistical analysis shows a median survival of 14 days for the PBS + Laser group 

and 10 days for the Untreated Control group. By day 21 the survival of the Nanoshell + 

Laser group was significantly greater than either control groups, pO.OOl.
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Figure 3.9: (A) Tumor size before irradiation and 12 days post irradiation of mice treated with 
Nanoshell + NIR laser irradiation (green bar); PBS Sham + NIR laser treatment (blue bar) or 
untreated control (red bar); Values are Average ±SEM. (B) Kaplan-Meier survival data for the 
treatment groups post irradiation; Nanoshell + NIR laser irradiation (solid green line); PBS Sham + 
NIR laser treatment (dashed blue line) or untreated control (red line); survival was followed for 7 
weeks post treatment After 21 days, the nanoshell therapy group survival rate was significantly 
higher than either control group, p<0.001.
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3.4.5 Discussion

OCT images from normal tissue were taken in the hind flank in approximately the 

same area used to grow tumors. Figure 3.6 shows OCT image from the tumors of mice 

injected with PBS -  Figure 3.6 (A) and nanoshells (NS) -  Figure 3.6 (B). Both NS and 

PBS injected normal mouse tissue show marked differences in tissue layers, which 

reflects the different amounts of scattering in the layers. However, no significant contrast 

differences can be observed in (A) compared to (B) indicating that backscattering signals 

originated most likely from tissue layers not from nanoshells. This further indicates that 

there is no significant infiltration o f nanoshells in the normal tissue regions o f these mice.

In Figure 3.6 (C) & (D), the layered architecture seen in normal tissue is not 

observed in tumor images. This may be due to disruption of the normal architecture due 

to the presence of the tumor. However, a significant change in scattering was obtained 

after nanoshell injection. Figure 3.6 (D) also shows that the borders o f tumors of 

nanoshell treated mice were much more easily discerned in the OCT images compared to 

mice which had only PBS injection. The ability to discern the border o f the tumor can 

make locating and treating the tumor much more efficient.

The difference in intensity was quantified by calculating the values over the area 

covered by the OCT scan for all images obtained before therapeutic laser irradiation. 

Comparison o f tumors of mice receiving nanoshell injections and saline injections show a 

statistically significant increase in the intensity o f the tumor region as shown in Figure 4.

Verification o f the presence of nanoshells was confirmed with silver stain 

enhancement of histological section o f tumors and further verified through NAA. There 

was greater than 80% survival o f the nanoshell therapy mice after 8 weeks, compared to
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14% for the Saline + laser group and zero for the control group; another indication o f the 

accumulation of nanoshells in the tumors leading to successful treatment. Kaplan-Meier 

statistical analysis on the survival data showed median survival o f 14 days for the PBS + 

laser treatment group and 10 days for the untreated control group. After 21 days the 

nanoshell therapy group survival was significantly higher than either control group, 

pcO.OOl.

3.5 Conclusions

We have been able to demonstrate the use o f a single nanoparticle platform for 

combining imaging and therapy. Using NIR scattering and absorbing nanoshells we were 

able to increase the contrast of tumors as imaged through the use of commercially 

available OCT equipment. Following imaging using OCT we were able to successfully 

treat tumors using a therapeutic laser with complete regression in 83% (9/11) of the mice 

in the treatment group. Our findings suggest that engineered nanoparticles such as 

nanoshells with tunable optical properties can play a vital role in a number o f emerging in 

vivo molecular imaging modalities and subsequently facilitate cancer therapy when 

clinically indicated.
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Chapter 4 : Prostate Targeting with Nanoshells

4.1 Introduction

The prostate is a small organ o f the male reproductive system that is found on the 

urethra below the bladder and above the rectum. Its function is to produce seminal fluid 

for delivery and nourishment of sperm (Rogers et al. 2002). Although there are a variety 

of cancerous tumors that afflict the prostate, adenocarcinoma accounts for the majority of 

prostatic cancer (Weidner 2002). The number o f deaths in 2004 due to prostate cancer 

was 29,900 or 10% of all cancer related deaths in men (ACS 2006). With the 

introduction o f prostate specific antigen (PSA) screening in the mid 1980’s, the detection 

rate of prostate cancer when still confined to the prostate is approximately 75% with the 

improved screening method in contrast to 25% prior; this method allows more accurate 

and earlier detection thus allowing earlier treatment before the cancer metastasizes and 

saving lives (Grossfeld et al. 2001; Chetner 2003). There are several modes o f treatments 

which parallel other cancer treatments including surgery, chemical (chemotherapy, 

including development of drugs targeted specifically to the tumor cells o f the prostate and 

it vasculature), radiation therapy, hormone therapy and gene therapy.

This chapter examines targeting the more aggressive forms of prostatic 

adenocarcinoma using antibodies against cell surface markers and smaller ligands 

conjugated to nanoshells which target surface receptors on prostate tumor cells. Stealth 

nanoshells were shown in Chapter 3 to effect photothermal destruction o f tumors in vivo 

due to passive accumulation in addition to being able to provide imaging information.
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In this chapter, prostate tumor cells are targeted and destroyed by two different 

mechanisms; one is using an antibody to a membrane bound surface protein, the other is 

using a ligand which binds to membrane bound receptors that is known to be over

expressed in prostate cancers. It is shown that when conjugated to nanoshells the anti

body or ligand allows nanoshells to specifically bind and allow photothermal destruction 

of tumor cells while not binding or damaging cell lines which do not express the targets.

4.1.1 Prostate Cancer and Therapeutic Options

4.1.1.1 Prevalence o f Prostate Cancer

The incident rate o f prostate cancer in men was 33% of all cancers in 2004 and is 

similar to that of breast cancer occurrences in women of 31% (Jemal et al. 2004) and the 

rates stay relatively unchanged through 2006 (ACS 2006). The number o f deaths in 2006 

due to prostate cancer was 26,214, or 9% of all cancer related deaths in men (ACS 2006), 

in contrast breast cancer accounts for 15% of all cancer related deaths in women.

Prostate cancer easily metastasizes, increasing the chance of death if  not caught early. In 

the current stage of detection through prostate specific antigen (PSA) at least 25% of men 

tested present with metastases to the bone. These men have a 90% risk of death within 

five years (Clarke et al. 2003).

4.1.1.2 Current Treatment Options

Prostate tumors are graded according to histological morphology o f the tissue.

The most common scale used is the Gleason scale which is based on morphology and 

distribution of cells in hematoxylin and eosin-stained (H&E) sections (Humphrey 2003). 

Figure 4.1 shows the Gleason grade system o f scoring prostatic carcinoma, it is based
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solely on the arrangement of cells in hematoxylin and eosin (H&E) stained prostatic 

tissue sections and provides a continuum of scoring based on cellular morphological 

changes.

Grade Description

1 R esem bles normal tissue, sim ple round 
g lands, uniform and  closely packed, well 

defined edges .

2 Larger spacing  betw een glands, still round 
though less  defined.

3 Larger and hete ro g en eo u s glands, 
irregular sp a ces , so m e infiltration of cells 

from nearby tis su e s  a t m argins, no 
necrosis.

4 Many irregular cells, extensive infiltration 
into surrounding tissu es

5 Lack of glands, sh e e ts  or n e s ts  of 
undifferentiated cancer cells, g lands no 

longer d iscernab le

Figure 4.1: The Gleason Grading Scale, developed by Dr Donald F. Gleason, a pathologist, is the 
most commonly used system for scoring prostate cancer based on morphological changes in the cells 
of the prostate. It is scored on histological sections stained with H&E, Image: (Humphrey 2003).

The score ranges from one to five and generally relates with the progression o f the 

disease. Sections receiving the lower scores generally mean a better option for the 

patient with wider opportunities for treatment. The fifteen year survival rates for persons 

not undergoing therapy with grade one tumors is 60%, with grade two and three being 

30% and 15% respectively (Carroll et al. 2002). Thus, aggressive therapy is often 

required at the first detection o f prostate cancer to improve survival rates. The most 

aggressive form o f treatment is radical prostatectomy which involve removal o f the 

prostate and associated glands with the hope o f completely removing the underlying 

cancer (Carroll et al. 2002). Cancer survival rates after this radical procedure at five and
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ten years are 99% and 93% respectively (Porter et al. 2003). Though effective, this 

procedure has numerous drawbacks. The major complications with this procedure are 

incontinence and impotency. Damage of the urethra during surgery can lead to 

incontinence. Continence can be restored with 90% success in most cases (Porter et al.

2003). Loss o f potency depends on the age o f the individual undergoing the procedure 

with impotency rates as high at 75% for men over 70 years and as low as 25% for men 

under 50 years (Porter et al. 2003). This form of therapy is ideal for men who fall in a 

certain risk range including overall health, grade of tumor and PSA levels (Porter et al.

2003). This mode of therapy has made treating men with prostate confined cancer fairly 

reliable. However, as previously mentioned, prostate cancer easily metastasizes and thus 

more involved types of therapy are necessary at that stage.

4.1.1.3 Targeting Moieties for Prostate Cancer -  Prostate Specific Membrane Antigen

Elucidating the specificity o f cancer cell markers has been successful in providing 

additional avenues for therapy for many types o f cancer. Since the first development of 

antibodies to PSMA by Israeli et al. PSMA has been shown to be highly prostate specific 

(Israeli et al. 1994; Silver et al. 1997; Kato et al. 2003). This has led to rapid 

development of strategies using antibodies to target this membrane protein as a means of 

attacking the prostate tumor cells (Liu et al. 1997; Chang et al. 1999; Gong et al. 1999; 

Kato et al. 2003). PSMA is a transmembrane glycoprotein expressed on prostate 

epithelial cells (Murphy et al. 1998). PSMA has been identified in local prostate cells as 

well as in lymph node and bone metastasis (Silver et al. 1997) increasing its desirability 

as a good target for prostate cancer treatment (Murphy et al. 1998). High levels of 

PSMA expression is usually associated with higher tumor grades or advanced stages
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(Pemer et al. 2007) and is found to a large extent in metastatic incidents o f prostate 

tumors (Silver et al. 1997). Metastasis occurs in later stages of tumor progression with 

many genetic changes accumulated over time as discussed in Chapter 1, thus the 

metastatic event is what makes treatment o f cancer more difficult. High PSMA 

expression has a high correlation to poor prognosis for these reasons, similar to HER2 

expression in breast cancer (Wright et al. 1989). As with prostate cancer, the expression 

level o f HER2 is also linked with the metastatic phenotype of the malignancy (Hung et 

al. 1999), again indicating later stage genetic mutations and possibly the reason for poor 

prognosis.

4.1.1.4 Targeting Moieties for Prostate Cancer -  EphA2 Receptor

A class of receptors and ligands o f the receptor tyrosine kinase family (RTK) 

family called ephrins and Eph receptors have been implicated in many types o f cancers 

(Surawska et al. 2004). Eph/ephrin signaling is important in many cell activities 

including angiogenesis, cell-cell interaction in neuronal cells and cell migration 

(Surawska et al. 2004). These signaling activities may be an important reason why 

tumors with high levels of expression of Eph receptor may be more apt to metastasize 

and thus have poor prognosis (Fang et al. 2005). In particular, a subclass of Eph 

receptors, A class, has been shown to be involved in many types of cancer including 

breast, melanoma, colon, and lung (Fang et al. 2005) as well as prostate (Walker-Daniels 

et al. 1999). Targeting these EphA2 receptors should lead to inhibition o f several aspects 

of tumor progression (Ireton et al. 2005) as well as provide a target for simultaneous drug 

delivery.
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4.1.2 Targeted Approaches via anti-PSMA

With the development of numerous antibodies against PSMA, attention has turned 

to conjugation o f antibodies to drugs for the treatment of prostate cancer. To develop 

therapeutics for use in humans, the antibodies must be de-immunized or humanized to 

reduce detection and removal in the body by the host defense mechanisms (Goldsby et al.

2003). The use of the de-immunized murine anti-human PSMA antibody J591 has shown 

to be useful in several therapeutic developments including conjugation to anti-cancer 

drugs (Henry et al. 2004; Huang et al. 2004), or radiolabels for metastatic prostate 

detection through imaging systems (Bander et al. 2003; Smith-Jones et al. 2003). 

Immunotoxins are a general term for antibodies linked to toxins with the purpose of 

providing a therapeutic property. Many immunotoxins are being investigated for use as 

a targeted therapeutic for prostate cancer (Fracasso et al. 2002; Huang et al. 2004; Patri et 

al. 2004). In one set of studies, linking o f a monoclonal antibody, raised in rat against 

human and mouse PSMA (E6), to a toxin dgA, forming the targeted immunotoxin E6- 

dgA showed good toxicity to PSMA expressing cells in vitro and in vivo (Huang et al.

2004). Tumors raised in mice showed dramatic reduction in the growth rate o f tumors, 

after administration o f E6-dgA. Additionally, it was noted that there were no toxicity in 

the kidney and brain despite some basal expression of PSMA in these cells (Huang et al.

2004), presumably due to the intact vasculature in these healthy organs.

Radiolabeling of antibodies to intracellular (7E11) and extracellular (J591) 

domains of PSMA have shown preferential accumulation in human prostate tumors 

grown in nude mice (Smith-Jones et al. 2003). It was demonstrated that the antibody 

recognizing intracellular PSMA was localized in areas of necrosis while antibodies to
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extracellular PSMA was localized in areas o f viable tumor (Smith-Jones et al. 2003). 

There are several clinical trials using humanized antibody J591 (HuJ591) conjugated with 

radioactive sources for treatment o f metastatic prostate tumors (Nanus et al. 2003; 

Milowsky et al. 2004). Phase I trials have shown good targeting of the antibodies to the 

cancer metastatic sites and minimal reaction to the therapeutic (Nanus et al. 2003; 

Milowsky et al. 2004; Morris et al. 2005). In additional phase I clinical trials using J591, 

metastatic events were able to be accurately identified, with good targeting and some 

reduction of PSA markers in approximately a third of the patients (Bander et al. 2003; 

Bander et al. 2005).

4.1.3 Targeting Prostate Tumors with Peptides

Antibodies represent a class o f specific large proteins designed by the body’s 

immune system to bind particular targets. In contrast to these large proteins, short peptide 

sequences can be found that will allow binding to specific cell markers including 

membrane bound receptors. This represents another mechanism for targeting malignant 

cells that have characteristics that differentiate them from normal tissue. Peptides are 

short amino acid sequences and can be made through synthetic peptide chemistry using 

the primary 20 amino acids as well as incorporating other artificial amino acids. This 

method of targeting is a very minimalist approach in that only specific amino acids are 

used in some combination that can bind to target proteins. To test large combinations of 

peptides, phage display libraries can be employed to look for specific binding to an 

antigen of interest (Scott et al. 1990). Many have employed this method to seek many 

biological and chemical targets including methods for finding targets to the vascular 

system (Arap et al. 2002; Zurita et al. 2003).
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Peptide sequences on phage have been conjugated to doxorubicin and found to 

increase survival rate o f mice with xenografts of human breast carcinoma (Arap et al. 

1998). It was also found that targeted doxorubicin was less toxic than the free 

doxorubicin (Arap et al. 1998). Using the method of phage display, peptides against the 

vasculature of prostate tumors has been discovered (Arap et al. 2002). These peptides 

home to the prostate at a rate o f 10-15 times more than other tissues including brain, 

salivary gland, kidney and testes (Arap et al. 2002). This demonstration o f peptide 

targeted to vasculature and tumors are important in furthering the design o f therapy for 

prostate cancer.

4.1.4 Targeting Prostate Tumors with Aptamers

A newer form of targeting has been developed with RNA or DNA oligonucleotide 

fragments (Brody et al. 2000). Called aptamers, these oligonucleotide sequences can be 

built to have functionality for recognition of a multitude of structures including proteins 

and receptors, possess enzymatic activity, or be designed to be resistive to nuclease 

degradation (Blank et al. 2005). Aptamers can be designed to target membrane markers 

including one of the epidermal growth factor (EGF) receptors (HER-2) found in several 

cancers (Pestourie et al. 2005). Aptamers binding specifically to several biologically 

important targets have been developed, including to bFGF and VEGF(Brody et al. 2000) 

reducing their circulation and leading the way for therapeutics to arresting the growth of 

neovasculature in tumors.

Aptamers against PSMA have been developed with high affinity to the target 

(Lupoid et al. 2002). The aptamer x-PSM-AlO developed by Lupoid et al. has been 

conjugated to a drug encapsulated nanoparticle model system and have been shown to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

have binding and uptake to cells over expressing the PSMA antigen (Farokhzad et al.

2004). For targeting antibody to be effective for use in humans it must be altered or 

humanized to prevent the body’s system from recognizing it as foreign and removing it; 

there is no need to alter aptamers in this way as they are not seen as foreign (Farokhzad et 

al. 2004). In vivo testing o f aptamers via intra-tumoral injection shows internalization of 

the targeted drug and reduction o f tumors to complete regression (Farokhzad et al. 2006). 

However, systemic administration o f the nanoparticles targeted with the aptamers has yet 

to be explored. In the study by Farokhzad et al. the drug loaded nanoparticles targeted 

with the x-PSM-AlO aptamer was theorized to have better uptake and thus retention in 

the tumor based on previous in vitro studies (Farokhzad et al. 2004). However, these 

nanoparticles were not injected systemically and allowed to accumulate through the EPR 

effect at the tumor site. The authors conclude that further studies in vivo including a 

PSMA negative tumor line as well as a scrambled aptamer sequence non-specific to 

PSMA is necessary to test uptake and treatment efficacy in vivo.

4.2 Hypothesis & Specific Aims

The hypothesis of this portion of the research is that nanoshells targeted to 

specific moieties expressed preferentially on prostatic carcinoma will increase the 

effectiveness of nanoshell assisted photothermal tumor ablation therapy for treatment of 

prostate cancer by allowing higher accumulation to the target site.

The specific aims of this portion o f the research are as follows:

1. to conjugate antibodies against PSMA to nanoshells through a bi- 

fimctional molecular linker and verify binding to target cell type in vitro
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2. to conjugate ephrins to nanoshells using above mechanism and determine 

efficacy of photothermal ablation in vitro

3. to evaluate efficacy o f uptake of targeted nanoshells to prostate tumors 

over-expressing targeted markers compared against lower expression 

tumor in vivo

4. to evaluate survival in a mouse model using human prostate xenografts 

which over-express the PSMA marker.

4.3 M ethods & M aterials

All chemicals were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise 

noted.

4.3.1 Nanoshell Production

Nanoshells were produced as described in Chapter 2 to have a core o f 118 nm and 

a shell of 12 nm allowing maximal extinction near 800 nm.

4.3.2 Anti-PSMA Conjugation to PEG

A bi-functional PEG molecule, Orthopyridyl-disulfide-poly(ethylene glycol)-N- 

hydroxysuccinimide ester (OPSS-PEG-NHS, 2000MW) was obtained from Nektar 

(Birmingham, AL). A monoclonal anti-PSMA in the form of mouse-antiHuPSMA, clone 

Y/PSMA1 (M20454M) was obtained from Biodesign International (Meridian Life 

Sciences, Saco, ME). The polymer was reacted at a mole ratio of 2:1 with anti-PSMA for 

four hours at 4 °C. Reactants were dissolved in 100 mM sodium bicarbonate at pH 8.5. 

The OPSS-PEG-NHS molecule binds when the NHS group cleaves in aqueous 

environment leaving an activated carboxylic terminus which can bind to a free primary
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amine group on the antibody or other protein forming a peptide bond and covalently 

linking the PEG to the antibody to form OPSS-PEG-Antibody. This is depicted 

schematically in Figure 4.2. The disulfide is then able to dock on the gold surface o f the 

nanoshell forming a strong interaction to hold the targeting molecule on the surface.

NHS Cleaves in water

Step 1 R—N €H 2CH2—(CH2CH20 ) i1-NH-CH2CH2C-S-S-

OPSS-PEG-N-hvdroxvsuccinimideAntibody (Rl 
with available
primary amine

R—n h "  'o- :-C H 2C H —(CH2CH20 )n-NH-CH2CH2C-S-S-Step 2

Peptide bond forms at activated carboxvlic terminus

R— N— C -C H 2C H — (CH2CH20 )n-NH-CH2CH2C-S-S-Step 3 ■PEG-SS

Antibody (R) has PEG with a disulfide covalently attached

Figure 4.2: Representation of antibody binding to bi-functional PEG for subsequent conjugation to 
nanoshells. At the end of the reaction the PEG is covalently attached to the antibody and the 
disulfide is free to bind to the gold surface of the nanoshell after the protecting group leaves.

4.3.3 EphrinAl Conjugation to PEG

Recombinant fusion proteins o f mouse ephrin-Al/Fc chimera (R & D Systems, 

Minneapolis, MN) were obtained. As described above, bi-functional PEG was reacted at 

a mole ratio o f 20:1 with EphrinAl. Reactants were dissolved in 100 mM sodium 

bicarbonate at pH 8.5.
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4.3.4 Conjugation of PEGylated Ligands to Nanoshells

Anti-PSMA-PEG-OPSS or EphrinAl-PEG-OPSS was incubated at a ratio of 

1500 molecules/nanoshell for 4 hr to allow self assembly of the disulfide end of the 

structure to the gold surface. Nanoshells were then further coated with poly(ethylene 

glycol), PEG, to block any remaining uncovered gold surfaces to improve stability and 

evasion of the RES. This was accomplished by adding 20 pi o f 5 pM of PEG-SH 

(Nektar, Huntsville, AL) to 1.5 x 1010 nanoshells/ml (from the previous reaction) in DI 

water. For controls, PEG-SH only, was added to nanoshells as above. Conjugated 

nanoshells were sterilized by filtration using 0.22 pm filter and subsequently 

concentrated by centrifugation and re-diluted with sterile PBS for intravenous injection.

4.3.5 Measurement of anti-PSMA on Nanoshells

Suspensions of conjugated nanoshells were centrifuged at 1000 g to separate 

unbound antibodies from the particles. Nanoshells were blocked in a 3% bovine serum 

albumin (BSA) for 1 hr. Suspensions were then incubated with an anti-mouse IgG 

antibody conjugated to horseradish peroxidase (HRP), A-4416. 450 pi o f nanoshell 

suspension were added to 50 pi of A-4416 diluted to 100 pg/ml and incubated for 1 hr. 

Suspensions were washed by centrifugation and re-suspension twice to remove unbound 

secondary antibody, on a third centrifugation supernatant and nanoshells were retained 

for HRP quantification. HRP standards were made up at concentrations ranging from 2 

ng/ml to 100 ng/ml and nanoshells as well as supernatant were assayed for HRP using 

3,3’,5,5’-tetramethylbenzidine (TMB) and read using a plate reader at 450 nm (model 

ELx800; BioTek Instruments, Winooski, VT).
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4.3.6 Cell Culture

PC-3 cells have been used in prostate cancer studies extensively and were 

obtained originally from a bone metastasis o f prostatic adenocarcinoma (Kaighn et al. 

1979). These cells have been shown to express low levels of PSMA and are used as a 

negative control (Chang et al. 1999; Smith-Jones et al. 2003) in prostate cancer 

investigations where PSMA is the primary target. LNCaP cells were originally from an 

aspirate o f cells from a patient with confirmed metastatic prostate carcinoma (Israeli et al. 

1994). These cells have been shown to express high levels of PSMA and are widely used 

for targeting experiments (Chang et al. 1999; Chang et al. 2002; Smith-Jones et al. 2003; 

Farokhzad et al. 2004).

4.3.6.1 PC3 Cells

Human prostate cancer cells, PC-3, obtained from ATCC, were grown in ATCC 

Ham’s F12K media supplemented with 4mM 1-glutamine, 1% penicillin, 1% 

streptomycin and 10% fetal bovine serum (FBS). Cells were detached from culture with 

trypsin (0.05%) and EDTA (0.02%) and re-suspended in media for passaging or in sterile 

PBS for inoculations.

4.3.6.2 LNCaP Cells

Human prostate cancer cells, LNCaP, obtained from ATCC, were grown in 

ATCC RPMI media supplemented with 4mM 1-glutamine, 1% penicillin, 1% 

streptomycin and 10% FBS. Cells were detached from culture with trypsin (0.05%) and 

EDTA (0.02%) and re-suspended in media for passaging or in sterile PBS for 

inoculations.
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4.3.6.3 Human Dermal Fibroblast Cells (HDF)

HDFs were grown in DMEM supplemented with 4mM 1-glutamine, 1% penicillin, 

1% streptomycin and 10% FBS. Cells were detached from culture with trypsin (0.05%) 

and EDTA (0.02%) and re-suspended in media for passaging.

4.3.7 Measurement of Cellular Residue of PSMA on Cell Culture Surfaces

PC-3 and LNCaP cells were removed from culture by trypsinization, resuspended 

in appropriate media and plated into 24-well plates at approximately 50 % confluence. 

After 48 hr cells were removed by forcibly rinsing with DI water. Wells were blocked 

with a 3% bovine serum albumin (BSA) solution for 1 hr. Wells were incubated with 

HRP-anti-mouse (A-4416) for 1 hr. Wells were rinsed with PBS three times. HRP 

standards were prepared at concentrations ranging from 2 ng/ml to 100 ng/ml and added 

to empty wells on the same plate. Samples were quantified using 3, 3’, 5, 5 ’-  

tetramethylbenzidine (TMB) assay. 1 TMB tablet was dissolved per 10 ml 0.05 M 

phosphate-citrate buffer, 2 pi H2O2 was added before reacting samples. 800 pi of 

substrate was added to each well, after 5-10 minutes development, the reaction was 

stopped with 200 pi H2SO4 producing a yellow color, the plate was then read using a 

plate reader at 450 nm; model ELx800 (BioTek Instruments, Winooski, VT).

4.3.8 In vitro Assays

4.3.8.1 Verification of Expression of Targets

For PSMA expression LNCaP and PC-3 cells were seeded in wells and allowed to 

approach a confluent layer. Cells were blocked with a 3% BSA solution for 2 hr. Anti- 

PSMA (M20454M discussed in section 4.3.2) was used to probe the cells for 1 hr at a
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concentration of 10 pg/ml. Goat-anti-mouse IgG HRP conjugate was used as the 

secondary antibody, A-4416, and was used at a dilution of 10 ng/ml and incubated with 

cells for 45 min. HRP was developed with AEC (K3469; Dako, Carpinteria, CA) 

substrate development kit which develops a red color in the presence o f HRP 

(peroxidase). Controls without primary and without secondary antibodies were also 

evaluated. Cells were imaged on an Axiovert 135 phase contrast microscope (Carl Zeiss, 

Thomwood, NJ) with Nikon D80 Digital SLR.

For EphA2 expression LNCaP, PC-3 and HDF cells were seeded on cover-slips 

and allowed to approach a confluent layer. Cells were blocked with a 3% BSA solution 

for 2 hours. Cells were fixed with 4% paraformaldehyde for 15 min and then 

permeabilized with 0.5% triton X-100 for 5 min. The samples were block with a 3%

BSA solution for 2 hr. Anti-EphA2 mouse antibody from Upstate (Lake Placid, NY) was 

obtained and incubated for 2 hr at a concentration o f 10 pg/ml in 1% BSA solution. 

Secondary antibody, anti-mouse IgG conjugated with Alexa fluor 488 (Invitrogen, 

Carlsbad, CA), was incubated with cells for 2 hr at concentration o f 10 pg/ml in 1% BSA 

solution. Controls without primary and without secondary antibodies were used. Cell 

nuclei were stained with DAPI at 300 nM (Invitrogen, Carlsbad, CA) and were imaged 

with a confocal microscope (Zeiss LSM 510 Meta).

4.3.8.2 Binding and Ablation of anti-PSMA Nanoshells to LNCaP and PC-3

PC-3 and LNCaP cells were grown in wells and incubated with nanoshells that 

were bare, PEGylated only or conjugated with anti-PSMA as described above.

Nanoshells were suspended in media appropriate for the cell line at a concentration o f 3 x 

109 nanoshell/ml. Cells were incubated with nanoshell suspensions for 2 hr and rinsed
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twice with PBS. Nanoshells bound to cells were stained with silver enhancement stain as 

described below for 10 min and then imaged. This procedure was repeated but media 

was added to wells prior to irradiation. For laser ablation, wells were exposed to laser 

energy using an Integrated Fiber Array Packet, FAP-I System, with a wavelength o f 808 

nm (Coherent, Santa Clara, CA) at a power density o f 80 W/cm2 and a spot size of ~2 

mm diameter for 7 min. Cells were incubated 4-6 hours and viability staining was 

performed as described below.

4.3.8.3 Binding and Ablation of EphrinAl Nanoshells to HDF and PC-3

PC-3 and HDF cells were grown in wells or cover slips and incubated with 

nanoshells that were bare, PEGylated only or conjugated with EphrinAl. Nanoshells 

were suspended in media appropriate for the cell line to a concentration of 3 x 109 

nanoshell/ml. Cells were incubated with suspensions for 2 hr and rinsed twice with PBS. 

Cover slips were mounted for darkfield imaging which was performed on an Axiovert 

135 phase contrast microscope (Carl Zeiss, Thomwood, NJ) with Nikon D80 Digital SLR 

and a darkfield attachment (CytoViva, Auburn, AL) as described below.

Cells exposed to nanoshells were laser treated to evaluate photothermal ablation. 

In vitro irradiation was accomplished as described above. After irradiation, cells were 

rinsed gently and PBS was replaced with media. Cells were incubated 4-6 hr following 

irradiation before performing a viability stain as described below.

4.3.8.4 Evaluation of Photothermal Ablation via Live/Dead Stain

Viability was assessed using a Live/Dead Kit from Molecular Probes (Invitrogen, 

Eugene, OR). Dilutions recommended by the manufacturer were followed for the
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staining procedure using PBS. 2.5 pi of calcein AM and 8 pi o f ethidium homodimer-1 

were used per 10 ml of PBS. Cells were incubated for 45 min prior to imaging. In this 

stain, the calcein AM enters the cells and is cleaved by esterases in live cells to yield 

cytoplasmic green fluorescence. Dead cells, having compromised nuclear membranes, 

allow the ethidium homodimer-1 to enter and bind nucleic acids generating a red 

fluorescence at the nuclei.

4.3.8.5 Enhancement of Bound Nanoshells with Silver Stain

Cells were fixed with 2.5% glutaraldehyde for 10 min then rinsed 3 times with DI 

water. A two part system silver staining kit was used in equal volumes (IntenSE™ Silver 

Enhancer Kit, RPN492; Amersham Biosciences, Piscataway, NJ). This allowed growth 

of silver around nanoshells to enable phase contrast imaging.

4.3.8.6 Darkfield Imaging o f Bound Nanoshells

A special attachment was added to the Zeiss Axiovert 135 to allow darkfield 

imaging. This attachment directs light through an annulus to allow side illumination of 

the objects on the slide sample area.
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L igh t S o u rce

Dark Field Patch Stop —
Coupled to glass slide via fiber optic and 
with optical imaging oil.

Condenser Lens

Glass Slide with Sample

Objective Lens

—  Some Light Scattered by Sample

O n ly  S c a t te re d  lig h t tra n sm itte d

Figure 4.3: Principle of darkfield illumination. The object to be viewed is illuminated from the side 
by blocking light directly in the path of the object. In the case of the CytoViva attachment the light is 
coupled to the glass slide by a drop of oil, allowing the higher degree of illumination needed for good 
darkfield imaging.

The indirect illumination means that any background appears dark while strongly 

scattering objects appear brighter due to the side illumination. Figure 4.3 shows the 

principle by which darkfield imaging works. Note that the light does not go straight 

through the object being viewed, but direct light is blocked and re-directed to illuminate 

the object from the side. This type of imaging allows internal components of a cell to be 

imaged based on differences in scattering and is particularly useful in imaging solid 

objects like metal coated nanoshells which have high scattering relative to the 

components within a cell.

One artifact of darkfield imaging is that smaller objects appear larger than they 

really are since the light is collected after it scatters off the object. Thus even though the
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nanoshells were measured by electron microscopy to be on the order o f 140 nm, they 

appear to be 700+nm in darkfield, so even though we are confident that the images 

appear to be individual nanoshells due to the shape, distribution and behavior o f binding 

we cannot make accurate size measurements o f particles with this technique.

4.3.9 Ex vivo Analysis of Targeted Nanoshell Using Tissue Sections

9 pm sections of tissue were stained via immuno-histochemistry (IHC) to evaluate 

the presence of PSMA in the LNCaP in vivo tumor model. Samples were rinsed with 

PBS and fixed with cold acetone then treated with H2O2 to neutralize endogenous 

peroxidase activity. Sections were blocked with 3% BSA for 2 hours and incubated with 

anti-PSMA at a concentration of 10 pg/ml 1 hr. Samples were rinsed 3X with PBS and 

incubated with secondary antibody at 10 pg/ml for 45 min, rinsed with PBS and 

developed with 300 pi AEC substrate development for 10 min. Sections were 

counterstained with hematoxylin (Dako, Carpinteria, CA) for 30 seconds and rinsed with 

37 mM NH 4 OH to develop blue stained nuclei. Slides were mounted with GVA 

mounting solution (Invitrogen, Carlsbad, CA) and imaged on an Axiovert 135 phase 

contrast microscope (Carl Zeiss, Thomwood, NJ) with Nikon D80 Digital SLR.

To evaluate anti-PSMA conjugated nanoshell binding to ex vivo samples, some 

slides were rinsed with PBS, fixed with cold acetone, rinsed with PBS and incubated with 

anti-PSMA nanoshells, PEGylated only nanoshells or received no treatment. Tissue 

sections were imaged with an Axiovert 135 phase contrast microscope (Carl Zeiss, 

Thomwood, NJ) with Nikon D80 Digital SLR and a darkfield attachment (CytoViva, 

Auburn, AL) as described above.
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4.3.10 Animal Model: Tumor Inoculation, Nanoshells Injection & Therapy

500,000 LNCaP cells in a volume of 40 pi (6 x 106 cells/ml) were subcutaneously 

injected on the right flank o f the BALBc nude mice. When LNCaP tumors were 2-3 mm 

in diameter, 150,000 PC3 cells in a volume of 25 pi (6 x 106 cells/ml) were injected on 

the left flanks of the mice. Due to their fast growing nature, PC-3 cells were injected 

later so as to have similar size tumors at time of nanoshell administration. Both were 

allowed to grow to -5 .0  mm diameter before performing injections or therapy. Anti- 

PSMA nanoshells were administered to animals through tail vein injections. For this 

preliminary study, 75 pi of a nanoshell suspension was used with 9.9 x 109 nanoshells per 

injection. After 24 hr, animals were euthanized and tumors excised and part frozen for 

histological examination. The other part o f the tumors was utilized for gold 

concentration measurement using NAA analysis as discussed in Chapter 2.

4.4 Results and Discussion

In this section we show preferential binding and photo-thermal cell death using 

nanoshells targeted against PSMA using the mouse-anti-human-PSMA antibody to the 

LNCaP cell line which over expresses the PSMA protein. We also show preferential 

binding and cell death using the ligand Ephrin A l against the prostate cell line which 

expresses lower amounts of PSMA but is known to have the Eph A2 receptor in higher 

quantities than most normal tissues.

4.4.1 Expression of PSMA and EphA2 on Prostate Cell Lines

Immuno-staining verified the higher presence of PSMA on LNCaP cell lines 

compared to PC-3. Shown in Figure 4.4, cells which appear red were positive for PSMA,
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the top row shows where the antibody against PSMA (1°) was used in conjunction with 

the secondary antibody (2°) and shows much higher expression o f PSMA for the LNCaP 

line. Note the minimal color change both cell lines when no primary antibody is used 

(bottom row), indicating the antibodies were correctly identifying a marker found in 

higher concentration in the LNCaP line.

LNCaP +l°+2° PC-3 +l°+2°

LNCaP No 1

Figure 4.4: Expression of PSMA on human prostate cancer lines. Staining shows high expression of 
PSMA compared to PC-3 (top row). The bottom row shows staining without the use of antibody 
against PSMA as a control. Black bars denote a scale length of SO pm.

Similarly, PC-3 cells were compared against LNCaP and HDF cells to look at 

EphA2 expression to validate the target so we may use EphrinAl-conjugated nanoshells. 

Figure 4.5 shows expression staining for EphA2 receptor using fluorescent stains and 

imaged under confocal microscopy.
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LNCaP PC-3 HDF

FITC

Figure 4.5: Expression staining of EphA2 receptor on human prostate cancer lines. The top row 
shows staining for the EphA2 receptor and shows its presence in both LNCaP and PC-3 lines while 
there is no visible expression in the HDF. The bottom row shows that use of a non-specific antibody 
as control shows minimal background fluorescence. Note both malignant prostate cell types express 
the EphA2 receptor. White scale bars represent 50 pm.

In Figure 4.5 the antibodies used were conjugated with fluorescein isothiocyanate 

(FITC), which appears green. 4',6-diamidino-2-phenylindole (DAPI), which binds 

strongly to DNA, was used to stain the nuclei, and appears blue. The top row shows cells 

incubated with the antibody against the EphA2 receptor and the second row shows use of 

a non-specific anti-IgG conjugate.

Two very different targeting mechanisms are being investigated for therapy. With 

the PSMA targeting, we used an antibody against a cell surface marker which is over

expressed in more aggressive metastatic malignancy. With the EphA2 receptor targeting 

via EphrinAl, we used a ligand which would bind to a receptor on the surface o f the cell. 

One complication is that the nanoshells with the EphrinAl ligand could become
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internalized thus rendering the therapeutic less effective. It was previously shown that 

nanoshells destroy cells at least in part by permeabilizing the membrane through 

generation of heat (Hirsch et al. 2003). If  the nanoshells do become internalized we may 

have to modify the amount of time for incubation to allow destruction of the cell 

membrane by laser light application while the nanoshells are still bound. For in vivo use, 

the accumulation time may have to be modified to allow cell destruction by the 

mechanism discussed by Hirsch et al. (Hirsch et a l 2003). Targeting multiple surface 

markers may offer more benefits to a wider range o f patients with prostate cancer by 

allowing targeting o f both types o f malignancies in case o f heterogeneity in the cell 

population.

4.4.1.1 Nanoshell Spectra Peak Resonance Following Conjugation

There was minimal spectral shift of only ~ 5 nm of the peak after conjugation of 

anti-PSMA, EphrinAl or PEG to nanoshells as seen in Figure 4.6. This demonstrates 

negligible effect o f the nanoshell optical properties after conjugation with biological 

molecules.
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Figure 4.6: Spectra of nanosheUs after conjugation of PEG, anti-PSMA or EphrinAl to its surface. 
There is minimal shift in the peak after conjugation, indicating that the nanoshells will be effective at 
absorbing the NIR light from the laser with minimal reduction in efficiency.

4.4.2 Anti-PSMA Coverage on Nanoshells

Anti-PSMA concentration on nanoshells were measured on several different days 

and on several different batches and consistently shows an average surface concentration 

of 130-180 antibodies per nanoshell, or 0.3 ± 0.02 pmol/cm2. This measurement is 

consistent with values for other antibodies previously measured in our lab including the 

concentration of anti-HER2 on nanoshells for breast cancer targeting (Lowery et a l

2006).

4.4.3 Residual PSMA Coverage on Cell Culture Surfaces

Binding studies with anti-PSMA nanoshells on LNCaP cells in culture shows 

unusual binding in areas where there were no cells. This phenomenon was observed 

repeatedly and not seen in control cell lines or with PEGylated nanoshells. Thus we
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measured the concentration o f PSMA on the cell culture surface after removal o f cells 

and found a high concentration o f PSMA, likely due to residue left from cellular debris as 

cells migrated or detached. Using the method described in section 4.3.7 we found the 

measured concentration of PSMA on the surface to be 2.84 ± 2.0 pg/cm2 for LNCaP 

while only 1.0 ± 1.6 pg/cm2 for PC-3 cells (this is roughly on the order of 2 fmoles/cm2). 

This could explain some o f the apparently non-specific binding o f targeted nanoshells 

seen in the next section.

4.4.4 Binding and Ablation Using anti-PSMA Nanoshells on LNCaP

Nanoshells with anti-PSMA were incubated with cells as described, rinsed and 

imaged. Silver staining enhanced nanoshells thus allowing visualization. Figure 4.7 

shows good binding of anti-PSMA nanoshells on LNCaP cells with minimal binding on 

PC-3 cells. PEGylated nanoshells show no binding to either cell type as expected and 

bare nanoshells show binding everywhere for both cell types.
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LNCaP +  antiPSMA-NS PC-3 +  antiPSMA-NS

PC-3 +  PEG-NS 
W ;

LNCaP +  PEG-NS

Figure 4.7: Binding of nanoshelis targeted to PSMA on human prostate cancer cells. Nanoshells 
conjugated with anti-PSMA (top row) show good binding to LNCaP cells (left column) which over
express the surface protein but minimal binding to PC-3 which shows minimal PSMA expression. 
Black bars denote a scale length of 50 pm.

Irradiation of LNCaP cells bound with anti-PSMA-nanoshells resulted in death 

while the PEGylated nanoshells did not bind to the LNCaP or the PC-3 cells and no death 

was observed. Figure 4.8 shows the live/dead stain following laser exposure of LNCaP 

cells incubated with anti-PSMA nanoshells and PEGylated only nanoshells, the area
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shown was exposed to the laser for 7 min, and the red fluorescence indicates the cells are 

dead in this region.

L N C aP +  anti-PSM A  Nanoshells: Phase C o n tra st LN C aP +  anti-PSM A  Nanoshells: Live/Dead

L N C aP +  PEG ylated Nanoshells: Phase C on tra st LN C aP +  PEG ylated  Nanoshells: Live/Dead

Figure 4.8: Ablation of LNCaP bound with anti-PSMA nanoshells. Nanoshells conjugated with anti- 
PSMA bound to LNCaP in high concentrations as shown in (A) and allowed ablation of cells after 
irradiation with laser as shown in (B). Nanoshells with PEG only (B) showed no binding and no 
subsequent ablation upon exposure to laser (D). All images were acquired in the center of the well 
where the laser was exposed. Scale bar represents 200 pm.

There are a few live cells still observable in some areas o f laser exposure, 

perhaps due to inadequate binding of nanoshells to a few cells in this region. There was 

no binding of PEGylated nanoshells observed on this cell line and no subsequent death 

after exposure to laser. For controls, PC-3 cells were incubated with anti-PSMA 

nanoshells in the same manner as the LNCaP and also exposed to laser irradiation for 7 

min. Figure 4.9 shows phase contrast and live/dead images following irradiation; even 

though there is some small amount o f anti-PSMA nanoshells bound to the cells there is
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no evidence o f cell ablation. No binding o f PEGylated only nanoshells was observed on 

this cell line as with the LNCaP, verifying that the antibody is leading to high quantities 

of nanoshell binding in the LNCaP cell type which has high expression o f PSMA.

PC-3 + anti-PSM A Nanoshells: Phase C ontrast PC-3 + anti-PSM A  Nanoshells: Live/Dead

PC-3 +  PEG ylated Nanoshells: Live/DeadPC-3 + PEG ylated Nanoshells: Phase C ontrast

Figure 4.9: PC-3 cells after treatment with anti-PSMA nanoshells and laser irradiation. (A) & (B) 
shows phase contrast and live/dead images after incubation with anti-PSMA nanoshells laser 
exposure. (C) & (D) shows PC-3 cells after incubation with PEGylated only nanoshells and exposure 
to laser. All images were acquired in the center of the well where the laser was exposed. Scale bar 
represents 200 pm.
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4.4.6 Binding of EphrinAl Nanoshells to HDF and PC-3

Binding o f targeted nanoshells can be observed in Figure 4.10 as bright spots 

against the darker cell background when imaged with darkfield microscopy due to their 

intense scattering.

PC-3 +  E p h rin A l NanosheUs

PC-3 +  P E G ylated  O nly NanosheUs

PC-3 +  B a re  NanosheUs

Figure 4.10: Darkfield images of nanoshells targeted to EphA2 receptor. Shown are binding on PC-3 
and HDF cells (control). PC-3 cells have high expression of EphA2 receptor allowing nanoshells 
conjugated with EphrinAl to bind to the cells (top left). There is minimal binding on the HDF cell 
line (top right). PEGylated nanoshells show no binding to either cell type (middle row). Bare 
nanoshells bind indiscriminately to both cell types (bottom row). White bars denote a scale length of 
SO pm.
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The top panel of Figure 4.10 shows the binding of EphrinAl nanoshells to PC-3; 

note there is good coverage of nanoshells over the surface of the PC-3 cells. The middle 

panel shows that PEGylated nanoshells do not bind to the PC-3, similarly as seen in the 

previous study with LNCaP. The bottom row shows that bare nanoshells are bound 

everywhere on the cells including in areas where there were no cells.

PC-3 + EphrinAl Nanoshells (2)PC-3 + EphrinAl Nanoshells (1

PC-3 + Bare Nano shells (2PC-3 + Bare Nanoshells (1)

Figure 4.11: Darkfield images of bound nanoshells to PC-3 cells at 100X magnification. Top row 
shows nanoshells conjugated with EphrinAl bind to the cells with minimal binding to non-cell 
surfaces. However, bare nanoshells bind indiscriminately the cell and the surface to which the cells 
are attached. White bars denote a scale length of 10 pm.

Higher magnification provides better details o f bound nanoshells on PC-3 Cells 

for nanoshells targeted with EphrinAl or bare; this can be seen in Figure 4.11. Some 

structures o f the cells which scatter light allow identification o f the cell in the images; in
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addition there is some residual fluorescence as these cells were stained with a calcein AM 

and ethidium homodimer stain prior to darkfield imaging.

4.4.5 Laser Ablation of PC3 with EphrinAl Nanoshells

Since the EphrinAl conjugated nanoshells showed good binding to prostate 

cancer cells, laser energy at 808 nm was applied as described to demonstrate targeted 

destruction. Figure 4.12 shows cells stained with calcein AM and ethidium homodimer 

stain after treatment with the laser. One can clearly see a zone of dead cells, which 

corresponds to the circular pattern o f the laser spot, for PC-3 cells which were targeted 

with EphrinAl Figure 4.12(A) compared to control HDF cells, Figure 4.12(D). Minimal 

binding was observed in darkfield images o f PEGylated nanoshells Figure 4.10 and 

matches well with Figure 4.12(B) & (E) showing viable cells after exposure to PEGylated 

nanoshells and laser. Bare nanoshells bound to both cell types resulting in death after 

laser exposure, Figure 4.12 (C) and (F). However, excessive binding of bare nanoshells 

results in higher heating and thus many of the HDF cells exposed to nanoshells and laser 

were no longer able to remain attached after treatment Figure 4 .12(F).
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Figure 4.12: Live/Dead stain of cells incubated with targeted and control nanoshells and exposed to 
laser. In these images the laser was exposed in the center for all wells. In (A) and (D) cells were 
incubated with EphrinAl nanoshells, (B) and (E) with PEGylated nanoshells and (C) and (F) with 
bare nanoshells. Note that the bare nanoshells allow ablation of both cell types indiscriminately, 
while EphrinAl nanoshells allow ablation of only the PC-3 cell line (A). These photos were taken at 
low magnification (5X) to allow visualization of the entire zone affected by the laser (200 pm).
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These experiments show good binding of targeted nanoshell to prostate cancer 

cells lines which over express specific targets for both types o f prostate carcinomas. In 

addition, we see cell death after application o f the laser to cells with nanoshells bound via 

the chosen targeting mechanisms while PEG coated nanoshells do not bind to cells and 

do not result in cell death.

4.4.6 Targeted Nanoshells in Tumors of Mice

For xenograft in vivo studies, nude mice were used. These have been shown to be 

a good model for LNCaP and PC3 xenograft studies and has been validated by others 

(Bander et al. 2003; Smith-Jones et al. 2003; Farokhzad et al. 2006). In the first targeted 

in vivo study, nanoshells targeted with anti-PSMA or PEGylated only were administered 

as described above. Gold measurement data by NAA shows approximately the same 

amount of nanoshells delivered to either tumor for both anti-PSMA and PEGylated 

nanoshells. The delivery of nanoshells to these tumors is a positive sign that the 

nanoparticles can extravasate in both tumor models, however, the lack o f preferential 

accumulation o f targeted nanoshell to the LNCaP tumor represents a shortfall in the 

targeted approach and raises additional questions. It has been shown previously that 

targeting does not necessarily increase concentration in tumors (Kirpotin et al. 2006) but 

it does increase efficacy due to increased uptake o f the nanoparticles that have been 

targeted (Farokhzad et al. 2006). It is possible that longer accumulation times may be 

necessary to increase nanoshell concentrations in the targeted tumor.
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4.4.6.1 Ex vivo Binding of anti-PSMA Nanoshells

After tumor tissue was harvested, frozen sections was obtained at 9 (am and 

stained to verify the expression of PSMA in the in vivo model of LNCaP tumors. Figure 

4.13 shows staining o f tissue sections to show the expression o f PSMA. Note the strong 

red staining in the LNCaP samples in Figure 4.13(A) showing the presence of PSMA 

around the periphery of cells as well as pockets of PSMA likely shed from the cells. The 

PC-3 tumors Figure 4.13(B) shows no red staining indicating lack of PSMA in this tumor, 

thus validating the model for in vivo targeting work.

Figure 4.13: Staining of tissue sections to verify PSMA expression using IHC and hematoxylin. (A) 
Shows LNCaP tissue (B) shows PC-3 tissue both grown in nude BALBc mice. Scale bar = 50 pm.

Samples o f tissue sections incubated with and without targeted nanoshells were 

imaged via darkfield at high magnification (100X) and are shown in Figure 4.14 and 

shows binding of anti-PSMA nanoshells to LNCaP tissue in greater quantities than on 

PC-3 tissue. PEGylated nanoshells had minimal binding on either cell type as expected.
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LNCaP PC-3

Anti-PSMA-NS

Figure 4.14: Darkfield images of prostate tissue incubated with nanoshells. (A), (B) & (C) are LNCaP 
tumors while (D), (E) & (F) are PC-3 tumors. (A) & (D) were treated with anti-PSMA nanoshells,
(B) & (E) were treated with PEGylated only nanoshells and (C) & (F) were not incubated with 
nanoshells. Scale bar = 10 pm.

In these images nanoshells appear as bright spherical spots against the darker 

tissue sections, the tissue allows some scattering o f the light to allow visualization under 

darkfield. These images show that the anti-PSMA nanoshells have bound to the LNCaP 

tumor sections in high quantities compared to the PC-3 tumor section (A) compared to 

(B). There are few PEGylated nanoshells bound to the tissue, likely stuck to surface 

features remaining after processing the tissue samples; images (C) and (D) show the 

scattering o f the endogenous components of the tissue
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4.4.62 In vivo Distribution o f Targeted Nanoshells in Tumors

In the first experiment looking at accumulation differences o f targeted and non

targeted nanoshells only 3 animals were used per treatment group. Figure 4.15 shows the 

data from NAA measurements of gold accumulation in the tumors of the animals. There 

is not a preferential accumulation of anti-PSMA nanoshells in the LNCaP tumors after 24 

hr compared to PC-3.

O
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anti-PSMA Nanoshells PEGylated Nanoshells

Figure 4.15: Analysis of tumors in nude mice for anti-PSMA and PEGylated nanoshells using NAA. 
Blue bars represent PPM gold in LNCaP tumor tissue and burgundy bars represent PPM gold in 
PC-3 tumors. There does not appear to be preferential accumulation of targeted VS PEGylated 
nanoshells in the LNCaP tumors. The apparent higher accumulation in PC-3 tumor by anti-PSMA 
nanoshells is due to the large error caused by a single sample and is not statistically significant.

The lack of preferential accumulation may be due to the size of vascular 

fenestrations in the slower growing tumors o f the LNCaP model when using 

nanoparticles at these sizes (~145 nm); however, both anti-PSMA+PEG and PEG only 

nanoshells show the same amount of accumulation in either tumor. It has been shown 

that radio-labeled anti-PSMA can be delivered to LNCaP tumors via systemic injection
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(Smith-Jones et al. 2003) though in that particular study the PC-3 control was not used as 

a comparison. Furthermore, simultaneously growth o f both tumor types in the same 

animal to look at the in vivo ratio of delivery o f nanoshells to LNCaP compared to PC-3 

tumors is being explored here for the first time and may require additional work. Further 

work is needed to evaluate the in vivo systemic delivery of targeted gold-silica 

nanoshells. Perhaps including the smaller gold-gold sulfide nanoshells discussed in the 

next chapter.

4.5 Conclusions

This work demonstrates that we can achieve good conjugation o f a variety 

of target molecules specific for prostate cancer targeting to nanoshells and that the 

spectral profile of the nanoshells does not change when molecules are conjugated to them. 

This work shows good targeting of prostate cancer cells through targeting of different 

membrane bound proteins. In the case of prostate specific membrane antigen (PSMA), 

we see widespread binding to the LNCaP cell line which preferentially over-expresses 

this marker when compared to the PC-3 cell line. In the case o f the receptor protein, 

EphA2, found on prostate cells, this work demonstrates targeted binding by using the 

complimentary ligand that is appropriate to the receptor, EphrinAl. Nanoshells targeted 

with these molecules show very good binding to the PC-3 cell line and destruction of 

cells when laser energy is applied following incubation with targeted nanoshells. It is 

expected that these mechanisms should enhance the uptake of nanoshells to tumors 

displaying these markers and thus increase the efficacy o f the nanoshell therapy in vivo.
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Chapter 5 : Gold -  Gold sulfide Nanoshells

5.1 Introduction

As discussed in Chapters 3 and 4 the use of silica-gold nanoshells have proven 

quite effective for in vivo photothermal ablation of tumors. O’Neal et al. demonstrated 

100% survival of animals using this mode o f therapy (O'Neal et al. 2004). As also 

discussed above, Mie scattering theory predicts that smaller nanoshells will have higher 

absorption and less scattering. To this end, the use of gold-coated nanoparticles with a 

gold - gold sulfide core will be used to improve near infrared (NIR) photothermal tumor 

ablation therapy. These particles have already been described (Zhou et al. 1994; Averitt 

et al. 1997) and have been used in another application as a mechanism to activate photo- 

thermally modulated drug delivery systems (Sershen et al. 2000).

Using nanoparticles that are much smaller than the typical 1 2 0 - 160 nm diameter 

size, silica-gold nanoshells could increase the effectiveness of the photothermal therapy 

since the smaller particles are more highly absorbing. Another benefit of the smaller 

nanoparticles should be the ability to accumulate in greater quantities in the tumor 

interstitial spaces than their larger counterparts. Although it has been shown that blood 

vessel openings of up to 600 nm exists in tumors allowing extravasation of nanoparticles 

of up to 400 nm (Yuan et al. 1995; Jain 2001) studies have shown the extravasation of 

smaller nanoparticles are more efficient (Kong et al. 2000). Thus it is likely that under 

normal conditions smaller nanoparticles may prove more accessible to more areas of 

tumors, other types of tumors, or in tumors that are just developing. Finally, the use of
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nanoparticles that can convert incident light more efficiently to heat could allow the 

reduction o f dosage delivered o f the particles, therapeutic light or both.

This chapter describes the development of methods to make use o f smaller, highly 

NIR absorbing nanoparticles for photothermal cancer therapy. It details the production 

and purification process, in vitro testing, preparation to allow for in vivo testing and 

finally the application in vivo. It is worthy to note that though these particles have been 

identified since 1994, this work represents the first time gold-gold sulfide nanoshells 

have been evaluated as a therapeutic agent similar to that o f gold-silica nanoshells which 

have proven extremely effective as a cancer therapeutic.

5.1.1 Nanoparticles with Increased Absorbing Efficiencies

Predictive modeling using Mie scattering theory (which uses classical 

electromagnetic theory) has shown that the total size of a nanoparticle changes the 

absorption versus scattering ratio drastically. As discussed in Chapter 3 by manipulating 

the total size of gold-silica nanoshells while maintaining the peak resonance, we were 

able to produce nanoshells which had enough scattering power to allow imaging and still 

maintain enough absorbing power to provide therapeutic benefits. In this chapter it is 

shown that smaller nanoparticles like the gold-gold sulfide nanoparticles discussed 

below will absorb energy even more efficiently thus allowing us to improve the 

therapeutic approach of NIR absorbing nanoparticle assisted photothermal tumor ablation.

Using a windows-based program, g-shell, provided by the lab o f Dr. Halas allows 

us to simulate a wide range of nanoshell geometries. With it we are able to specify the 

core radius and shell + core radius as well as the dielectric constants o f the core, shell and 

medium as discussed in Chapter 1. Using these parameters for cores o f silica, gold
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sulfide, and shells o f gold with particles embedded in water, we performed simulations 

on varying sizes o f cores and different core:shell ratios. Figure 5.1 shows the dependence 

of absorption and scattering to overall size o f the nanoparticles. For these simulations, 

particles with diameters less 75 nm were simulated using gold sulfide as the dielectric 

core (dielectric constant, e = 5.4), for larger particles, silica (dielectric constant, e = 2.4) 

was used as the core material, details of the calculations used in the simulation are the 

same as used by Averitt in discussion of the model (Averitt et al. 1999). This size range 

for the different nanoshells with gold sulfide core and silica cores most closely mimics 

the size ranges o f both types o f particles that have been made in the laboratory.
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Figure 5.1: Dependence of scattering and absorbing properties on size of particles. Smaller particles 
show higher absorption of energy while larger particles are more effective at scattering incident light 
energy. This simulation is for particles having the same core diameter / shell thickness ratio and 
extinction data was obtained at the peak resonance of these particles. Core material affects these 
properties of the particles but not as significantly as the total size; dielectric values for gold sulfide 
cores were used in simulating smaller particles (like those discussed in this chapter) and the dielectric 
of silica was used for the core mate rial of the larger particle.
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The nanoparticles described in this chapter are all between 30-50 nm in diameter 

with a core of gold sulfide and modeling shows that absorption accounts for 

approximately 99% of the total extinction for these particles at the peak resonance.

Shown in Figure 5.2 is the total extinction per particle at varying wavelength for 

various diameter gold-gold sulfide nanoshells. This property is independent of the ratio 

of absorption to scatter and is consistent with the particle’s dimension. To provide an 

effective comparison between types of particles, one must look at the optical density 

(OD) of the suspensions not just the number of particles. The optical density or total 

extinction takes into account both scattering and absorbing properties o f particles to 

account for the extinction o f light. Thus, for smaller gold-gold sulfide nanoshells, the 

number of particles will be greater at the same OD compared to silica-gold nanoshells 

because the cross section available for interaction o f light is much smaller for the gold- 

gold sulfide nanoshell. This makes it more meaningful to “normalize” concentrations 

based on total extinction of the sample when comparing against different sized particles. 

This becomes important when considering the effectiveness of one particular type of 

particle compared to another to create heat in response to laser energy.
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Figure 5.2: Total extinction of particles as a function of size. Larger particles have a larger cross 
sectional area, thus will have a higher extinction value per particle. These values were obtained for 
Mie simulation using particles with a gold sulfide core.

Still, particle properties such as plasmon resonance are not only dependent on the 

particle’s size but also on geometry, in particular aspect ratio. It has been shown that 

elliptical solid gold particles or nanorods, show tunable optical properties due to their 

plasmon resonance as do nanoshells (Brioude et al. 2005). Similarly, the plasmon 

resonance of nanorods has been modeled by using elliptical elements in the Mie theory 

simulations, thus it has been shown that particles o f varying aspect ratios can exhibit 

properties of varying scattering or absorbing ratios (Jain et al. 2006) making them tunable 

for imaging or therapy. In addition it was shown recently that an elliptical version o f the 

nanoshell with a dielectric core/metal shell configuration also displays enhanced optical 

properties due to plasmon resonance (Wang et al. 2006).
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5.1.1.1 Gold Nanorods

Nanorods are elliptical gold structures that display strong plasmon resonance as 

do dielectric core/metal shell nanoshells. First described in 1997 (Yu et al. 1997), these 

particles were shown to have strong NIR optical extinction making them useful for 

biomedical applications. These particles are currently being employed in a variety of 

areas of biological interest, including in vitro imaging (Agarwal et al. 2007; Durr et al.

2007), in vivo imaging (Wang et al. 2005) and for cancer therapy applications (Huang et 

al. 2006; Niidome et al. 2006). These particles potentially have many characteristics 

similar to gold nanoshells, but their aspect ratio may make them more difficult to work 

with in in vivo conditions for delivery through the EPR. The difficulty for transport may 

occur due to their length to diameter (L/D) ratios. It is likely that the elliptical particles 

could get lodged in the smallest capillaries in circulation and not transit through the 

openings o f the leaky blood vessels, at least not as effectively as compared to spherical 

particles. Nanorods have been PEG coated to enhance in vivo circulation (Niidome et al. 

2006) and have been used for imaging in normal vasculature regions o f the mouse ear 

(Zharov et al. 2006) but to date there are no discussion in the literature o f accumulation 

and distribution o f nanorods in tumors in an in vivo model.

In addition, the preparation of nanorods for biomedical application is complicated 

since the use of a surfactant, hexadecyltri-methylammonium-bromide (CTAB) is required 

for their growth and aspect ratio maintenance (Jana et al. 2001; Gulati et al. 2006; 

Takahashi et al. 2006). This surfactant is toxic to cells (Mirska et al. 2005; Takahashi et 

al. 2006) but not the gold (Connor et al. 2005). In addition this surface coat, though it 

can be replaced and made less cytotoxic by PEG (Niidome et al. 2006) this step
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represents another barrier to being able to easily conjugate the gold nanorods with other 

molecules such as targeting through antibodies or aptamers.

5.1.1.2 Gold-gold Sulfide Nanoparticles

Gold-gold sulfide nanoparticles were first described by Zhou et al. in 1994 as 

gold coated nanoparticles with a non-metallic core formed by reduction of gold salt with 

sodium sulfide to form gold-gold sulfide during synthesis (Zhou et al. 1994). This paper 

demonstrated that as these particles grow, through self assembly, two peaks are produced 

in the spectra. One peak is attributable to the resonance of pure gold colloid at 530 nm 

and another which red-shifts initially then blue shifts as the gold-coated nanoparticle is 

formed and is fully developed with the reduction o f additional gold. Zhou described the 

behavior of the gold coated particles as being due to quantum confinement in the initial 

formation process and in the latter part of formation as due to electromagnetic theory. 

Later, Averitt et al. described the initial peak shift phenomenon as due only to the 

thickness o f the gold coat relative to the dielectric core as the particle grows, and thus not 

attributable to quantum confinement (Averitt et al. 1997). This insight, described by Mie 

scattering theory for multilayered metal shell with dielectric core material, matches the 

experimental data very well and led to the development of other types o f nanoparticles 

with a core/shell configuration, now generally classified as metal nanoshells (Oldenburg 

et al. 1999; Wang et al. 2005; Hirsch et al. 2006).

Recently, there has been much controversy over the description of these gold 

sulfide particles as nanoshells (Raschke et al. 2004; Raschke et al. 2005; Zhang et al. 

2005; Schwartzberg et al. 2007). However, in both early papers by Zhou and Averitt the 

particles are described as having a dielectric core with a metal shell and the supporting
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data continues to suggest that the particles have a gold coating. In addition, the gold 

coating provides the biocompatibility and conjugation surface necessary to use these 

particles for therapeutic applications. The ability to synthesize these materials in aqueous 

medium without surfactants makes them even more valuable for development as a 

therapeutic agent. Thus these nanoparticles with a gold sulfide core will be referred to as 

gold-gold sulfide nanoshells in the rest o f this thesis.

5.1.2 Gold-Gold sulfide Nanoshells for Therapy

The gold-gold sulfide nanoshell surface is comprised o f metallic gold, which has 

long been shown to be biocompatible due to its inertness and low toxicity. There have 

been early studies o f gold in circulation the body, for example, 25 nm radio-labeled 

colloidal gold clearance was studied in the circulatory system (Vetter et al. 1954). This 

study was performed as a way to determine blood flow characteristics in liver for normal 

and cirrhotic patients (Vetter et al. 1954) no adverse reactions were reported by the group. 

However, it was speculated even in this early study that particles could overload the 

phagocytes of the liver; thus the maximum dosage o f gold depends on the number of 

particles delivered (Vetter et al. 1954). This is o f concern since one side product of the 

reaction to form gold - gold sulfide nanoshells is a large amount of solid gold colloidal 

particles, necessitating thorough removal to minimize the impact gold particles in the 

body which do not contribute to the therapy.

An additional benefit to using a gold nanoshell for therapy applications is the ease 

with which one can conjugate molecules onto the surface. A sulfur-gold bond is similar 

in strength to a single covalent bond with a bond energy o f 31 kcal/mol (Bilic et al. 2005). 

In current studies the surface of the gold-gold sulfide nanoshell is hidden from the
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reticuloentothelial system (RES) and protected from agglomeration by coverage with 

poly(ethylene glycol)-thiol (PEG-SH) on the surface. A summary o f the properties which 

make these particles unique and applicable for therapeutic usage is shown in Table 5.1.

Nanoparticle Gold-gold sulfide 

Nanoshells

Silica-gold Nanoshells

Diameter 35 -  50 nm 120 -  160 nm

Shell Thickness 3 - 6  nm 7 - 2 0  nm

Predicted Property >  98 % Absorbing efficiency <  85 % Absorbing efficiency

Table 5.1: Comparison of gold - gold sulfide nanoshells and silica-gold nanoshells. Gold - gold sulfide 
nanoshells are smaller and have a higher absorbing efficiency than silica-gold nanoshells and should 
thus provide more effective therapy.

The difference in absorbing and scattering properties can be visualized if  samples 

are normalized to the same OD and exposed to a laser beam. In Figure 5.3 the sample of 

silica-gold nanoshells on the right clearly shows greater light scattering than the gold - 

gold sulfide nanoshells on the left shows.
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Figure 5.3: Observation of scattering in samples of gold - gold sulfide nanoshells and silica-gold 
nanoshells. These samples were normalized to have the same total extinction value or optical density 
(OD). Here one can clearly see the laser light is scatted more in the sample on the right, the silica- 
gold nanoshell sample, compared to the gold-gold sulfide nanoshell sample on the left.

The demonstrated ability of gold-silica nanoshells to provide efficient in vivo 

heating for therapeutic application lead us to believe that the application o f these gold- 

gold sulfide nanoshells should prove more effective given they have similar surface 

characteristics and higher absorbing efficiency.

5.2 Hypothesis & Specific Aims

Smaller nanoshells with higher absorbing efficiencies should increase the 

effectiveness of nanoshell assisted photothermal tumor ablation therapy and provide an 

alternate agent for NIR photothermal therapy.
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The specific aims of this portion o f the research are as follows:

1. to produce and purify gold-gold sulfide nanoshells

2. to measure gold-gold sulfide nanoshells heating profiles

3. to evaluate the efficacy of gold-gold sulfide nanoshells as a photothermal 

ablation agent

4. to evaluate gold-gold sulfide nanoshells’ distribution and circulation in

vivo

5. to evaluate efficacy of therapy through survival studies in a mouse model

5.3 Methods & Materials

All chemicals were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise 

noted.

5.3.1 Gold-Gold sulfide Nanoshell Production

Gold in the form o f hydrogen tetrachloroaurate (III) trihydrate (chloroauric acid) 

99.99% purity was purchased from Alfa Aesar (Ward Hill, MA). Chloroauric acid was 

diluted to concentration of 2 mM and 3 mM sodium sulfide was prepared. These 

reagents were aged in darkness 40-48 hours prior to use. The ratio of chloroauric acid to 

sodium sulfide was varied from 1.70:1 up to 2.10:1 by volume. Chloroauric acid was 

first added to cuvettes ranging from 1700 pi through 2100 pi in increments of 50 pi. 500 

pi of sodium sulfide was added next to each cuvette followed by vigorous vortexing and 

the reaction monitored for 2 hours. Spectra were obtained every 15 min with a UV-Vis 

spectrophotometer (Carey 50 Varian, Walnut Creek, CA). Conditions that gold-gold 

sulfide nanoshells with an extinction peak near 800 nm were scaled up 200X in beakers.
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5.3.2 Gold-Gold sulfide Nanoshell Purification

20 ml of gold-gold sulfide nanoshells were centrifuged at 1100 g for 20 min. The 

pellet was saved and the supernatant was re-spun at the preceding conditions. The pellet 

from this second spin was combined with the first. The pellet was then diluted to 20 ml 

with DI (18Mf2-cm resistivity) water. The centrifugation and collection procedure was 

repeated two more times so that at the end the gold-gold sulfide nanoshells experienced a 

total of three separation cycles as depicted in Figure 5.4. Three steps were necessary to 

reduce the colloid peak to a minimum, more centrifugation cycles often resulted in 

aggregation o f the nanoshells. It is important to note that higher forces during 

centrifugation results in a solid pellet o f the nanoparticles which can no longer be re

suspended by ultrasound probing and that the final recovery is much lower for a batch of 

gold-gold sulfide nanoshells than for gold-silica nanoshells.
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Figure 5.4: Scheme for purification of gold - gold sulfide nanoshells through centrifugation process. 
Each step of the process consists of 2 centrifugation steps. The second spin of the supernatant allows 
for maximum recovery of gold - gold sulfide nanoshells still in the starting material.
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5.3.3 Temperature Measurements

Temperature measurements were obtained from suspensions o f gold - gold sulfide 

nanoshells and gold-silica nanoshells. This was accomplished by using samples of gold- 

gold sulfide nanoshells with minimal gold colloidal contamination and gold-silica 

nanoshells with similar maximum peak resonances. Samples were diluted to have a total 

extinction of either 1.0 or 2.0 at 800 nm. 1 ml samples were placed in cuvettes in the 

path o f the laser as depicted in Figure 5.5. Data was for logged for ~ 10 seconds 

collected prior to the laser being turned on and for ~10 seconds after. The maximum 

temperature was recorded at each condition for each sample and the heating rate during 

the first 60 seconds of laser heating was calculated and tabulated. Laser output was 

varied between 1 & 10 W. The laser was turned on for 3 min and data for the sample and 

room temperature was recorded every second using an Omegaette HH500 data recorder 

system (Omega Instruments, Stamford, CT). Data was downloaded to PC and analyzed 

with Microsoft Excel. Statistical significance was assessed by using a student’s t-test.
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Figure 5.5: Setup for temperature measurements of nanoshell suspensions. J-type thermocouple was 
coupled to a data recording device for analysis. Cuvettes were placed in the path of the laser at the 
midpoint of the cuvette and the thermocouple was placed just out of the path of the laser beam.

5.3.4 Preparation of Gold-Gold sulfide Nanoshells for Injection

Gold-gold sulfide nanoshells were surface-coated with poly(ethylene glycol) PEG 

to enhance circulation times and reduce immune response in vivo. PEGylation was 

accomplished by adding 100 pi of 5 pM PEG-SH, molecular weight 5 kDa (Nektar, 

Huntsville, AL) to 20 ml of a nanoshell suspension with an optical density (OD) o f 2.0 (~ 

4.3 x 1011 particles/ml) in DI water for a minimum of 8 hr at 4 °C. PEG-modified 

nanoshells were sterilized by filtration using a 0.22 pm filter and subsequently 

lyophilized. To facilitate injection in vivo, gold-gold sulfide nanoshells were re

suspended in sterile phosphate-buffered saline (PBS), pH = 7.4 at physiological salt 

concentration, to an OD =50 (1.3xl013 particles/ml).
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5.3.5 Cell Culture

5.3.5.1 PC-3 Cells For In Vitro Studies

Human prostate carcinoma cells (PC3, ATCC; Manassas, VA) were grown at 

37°C in a 5% CO2 environment in F12K media supplemented with 4 mM 1-glutamine,

1% penicillin, 1% streptomycin and 10% fetal bovine serum (FBS). Cells were detached 

from culture with trypsin (0.05%) and EDTA (0.02%) for seeding on well plates for an in 

vitro cell ablation assay. Cells were seeded and grown to a confluent monolayer before 

proceeding with the ablation experiment.

5.3.5.2 CT-26 Cells For In Vivo Studies

Murine colon carcinoma cells (CT-26, ATCC; Manassas, VA) were grown at 

37°C in a 5% CO2 environment in RPMI media supplemented with 4 mM 1-glutamine,

1% penicillin, 1% streptomycin and 10% fetal bovine serum (FBS). Cells were detached 

from culture with trypsin (0.05%) and EDTA (0.02%). Cells were re-suspended in sterile 

PBS for inoculation into BALBc mice (Charles River, Willington, MA) as described 

below.

5.3.6 In vitro Laser Ablation of Cell Cultures

Bare nanoshells were used in these experiments to allow binding to the cell 

surface by non-specific protein absorption to the gold surface. Gold-gold sulfide 

nanoshells in suspension were added to cells in 24-well plates to have a total extinction at 

peak wavelength o f 1.0 AU, this was accomplished by adding 500 pi o f suspension at 

extinction of 2.0 AU to 500 pi o f media to each well. Bare gold-silica nanoshells were 

added in the same manner. Cell cultures were incubated with nanoshell suspensions for 6
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hr. Wells were rinsed twice with PBS and fresh PBS added for the laser irradiation step. 

In vitro irradiation was accomplished using an Integrated Fiber Array Packet, FAP-I 

System, with a wavelength of 808 nm (Coherent, Santa Clara, CA) at a power density of 

80 W/cm2 and a spot size o f 1.2 mm diameter for 7 min. After irradiation, cells were 

rinsed gently and PBS replaced with media. Cells were incubated for 4-6 hr following 

irradiation before evaluating viability as described below.

5.3.7 Assessment of Cell Viability

Viability was assessed using the Live/Dead Kit from Molecular Probes 

(Invitrogen, Eugene, OR). In this assay, calcein AM enters the cells and is cleaved by 

esterases in live cells to yield cytoplasmic green fluorescence. Dead cells, having 

compromised nuclear membrane allows the ethidium homodimer-1 to enter and bind 

nucleic acids rendering a red fluorescence at the nuclei. Dilutions recommended by the 

manufacturer were followed for the staining procedure using PBS. 2.5 pi of calcein AM 

and 8 pi of ethidium homodimer-1 were used per 10 ml of PBS. Cells were incubated for 

45 minutes prior to imaging.

5.3.8 Animal Model

BALBc mice were used under an approved protocol of the Institutional Animal 

Care and Use Committee at Rice University. 150,000 CT-26 cells suspended in 25 pi of 

PBS were injected subcutaneously in the right flank of mice. Tumors were allowed to 

grow to a diameter o f approximately 5 mm (-8-10 days). For bio-distribution studies, 3 

tumor bearing mice were injected intravenously with approximately l.OxlO10 PEGylated 

silica-gold nanoshells or 7.7xlOn PEGylated gold - gold sulfide nanoshells. Mice were
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euthanized via CO2 asphyxiation 24 hr after nanoshell injection. Tissue and blood were 

removed, processed and sent to Texas A&M for NAA analysis as described in Chapter 3.

5.3.9 Evaluation of Gold - gold sulfide Nanoshells in Circulation by DLS

The presence of gold - gold sulfide nanoshells was measured in samples o f blood 

drawn from animals and by using measurements via dynamic light scattering (DLS).

This method has previously allowed measurement o f bio-distribution o f silica-gold 

nanoshells (Xie et al. 2007). Prior to measuring gold - gold sulfide nanoshells in blood 

directly from animals, blood was taken and mixed with gold - gold sulfide nanoshells at 

varying concentrations. For each sample, 15 pi of blood was mixed with 600 pi 5% 

Triton X (VWR, Westchester PA); samples were sonicated to ensure rupture of blood 

cells. DLS was performed with the Zetasizer Nano-ZS (Malvern Instruments Limited, 

Worcestershire, UK). To evaluate in vivo circulation, 5 mice were injected intravenously 

with 75 pi of gold-gold sulfide nanoshells at an OD ~50. A 15 pi sample o f blood was 

drawn from three animals per time point and rotated as not to be a burden on all of the 

animals. 15 pi o f blood was drawn every 24 hr over a period o f 5 days. The result of 

lysing the blood with Triton X shows a characteristic peak at a size o f -1 0  nm with DLS. 

The nanoparticles appear at a size peak ranging from 30-120 nm (the average is about 

two times the size as measured by TEM). The ratio of these 2 peaks can provide relative 

concentration of gold - gold sulfide nanoshells in suspension.

5.3.10 In Vivo Photothermal Therapy

The tumor site was shaved and swabbed with glycerol for index matching to aid 

the laser application. Transdermal irradiation was accomplished using an Integrated Fiber
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Array Packet, FAP-I System, with a wavelength of 808 nm at a power density of 4 

W/cm2 and a spot size of 5 mm diameter for 3 min.

Data from the circulation study as measured by DLS was used to optimize 

accumulation time for this study. The tumor model, CT26 in BALBc mice, grows very 

rapidly once it approaches a diameter of 5-7 mm. In order to avoid having the tumor size 

increase too much from the size measured on the day of injection to the day o f NIR laser 

administration it was decided to use a 48 hr accumulation time for gold-gold sulfide 

nanoshells following injection as the optimum accumulation time. To maintain a strict 

control comparison with gold-silica nanoshells, survival efficacy o f gold-gold sulfide 

nanoshell therapy was also performed after a 24 hr accumulation time.

To evaluate the efficacy o f treatment, additional animals were injected through 

the tail vein with 75 pi of PEGylated gold-gold sulfide nanoshell suspension at OD-50 

or 75 pi o f PEGylated gold-silica nanoshell suspension. Animals with tumors were 

placed in three different treatment groups: for gold-silica nanoshells treatment at 24 

hours (n=7), gold-gold sulfide nanoshells treatment at 24 hr (n=7), and for gold-gold 

sulfide nanoshells treatment at 48 hr (n=6). One group was left untreated (n=6) and the 

survival of all animals was followed over eight weeks. Following therapeutic light 

administration, tumor dimensions were measured with digital calipers (Cen-Tech, Harbor 

Freight Tools, Camarillo, CA) every 2-3 days to monitor growth and regression.

The injection volumes, number o f mice, particles, comparison o f total surface area 

of nanoshells, total volume of nanoshells (based on particles), and calculated mass of 

gold injected are shown in Table 5.2 (gold-silica nanoshells are used as the basis of 

comparison). This data shows great agreement of measured OD with surface area of
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nanoshells injected. The mass o f gold injected is clearly higher for gold-gold sulfide

nanoshells as the core is made o f gold-gold sulfide (AU2S) rather than silica.

Group Nanoshell type
# of particles 

injected
Ratio of Total 
Surface Area

Ratio of Total Cross 
Sectional Area

Ratio of Total 
Volume Ratio of Mass

Group 1: 24 hr 
accumulation

Silica-gold
nanoshells 1.09E+10 1.00 1.00 1.00 1.00

Group 2: 24 hr 
accumulation

Gold-gold sulfide 
nanoshells 8.982E+11 1.15 9.75 0.14 6.73

Group 3: 48 hr 
accumulation

Gold-gold sulfide 
nanoshells 8.982E+11 1.15 9.75 0.14 6.73

Group 4 Untreated control

Table 5.2: Comparison of treatment groups showing quantity of nanoshell injected. The particles 
used for injection was normalized based on total extinction or optical density. To make other 
comparisons, columns 4-7 show the ratio of: Total Surface Area, Total Cross Sectional Area, Total 
Volume and Mass per dose using the gold-silica nanoshells as the baseline. In spite of the differences 
shown when comparing surface area, volumes and mass, the optical densities at these doses were 
identical.

5.4 Results and Discussion

5.4.1 Gold-Gold Sulfide Nanoshell Production

Gold - gold sulfide nanoshells were produced as described above. During 

formation, the peak resonance of the particle shifts as the reaction proceeds and the shell 

is formed; the first appearance of the NIR peak may generally be greater than 900 nm and 

as more gold is reduced and the shell get thicker, the peak blue shifts to shorter 

wavelengths. Thus, to achieve a nanoshell with a peak optical resonance at the desired 

wavelength of 800 nm we had the choice to stop the reaction with a sulfur compound to 

cap the surface and prevent further growth or simply let the reaction go to completion and 

select the set of condition which produces the desired product. As it would be desirable 

to later conjugate the gold surface with stealth capability through PEG addition or 

targeting via antibody conjugation as in Chapter 4, we chose to evaluate multiple
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conditions which would produce the best NIR resonance at the final time. This recipe 

was then selected for scale up and these particles were used for subsequent experiments. 

Some of the changes observed during formation are discussed below.

5.4.1.1 Concentration Dependence

At increasing ratios of addition of gold:sulfide the reaction produces particles 

with more pronounced NIR absorption and at longer wavelengths. At higher gold 

addition, the NIR peaks may be well above 1000 nm and at lower gold concentration the 

peak, if  present, is significantly lower. These observations are in line with published data 

by Averitt (Averitt et al. 1997). Figure 5.6 shows the spectra at 120 minutes of the sweep 

of various ratios o f gold: sulfide recipes used to determine the best final recipe. To better 

show the peak shift, Figure 5.6(B) shows an expansion of the y-axis. Note that at higher 

ratios o f gold: sulfide the peak o f the final product is >900 nm and is shorter at lower 

ratios; this is likely due to the formation of a larger core particle early on in the reaction.
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Figure 5.6: Concentration dependence of the peak resonance of gold - gold sulfide nanoshells 
production. At higher gold concentrations the NIR peak appears is at longer wavelengths.

5.4.1.2 Time Dependence

Figure 5.7 shows the shift in the peak resonance as the gold - gold sulfide reaction 

proceeds. To better show the peak shift, Figure 5.7(B) shows an expansion o f the y-axis. 

For a given ratio o f gold, as the reaction proceeds the thicker layer o f gold causes a blue 

shifting of the peak resonance of the gold-gold sulfide nanoshells. These results are in 

line with published data (Averitt et al. 1997).
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From the spectras shown, one can infer that the majority of the population 

consists o f gold colloid particles giving a large resonance peak at ~ 525 nm, typical for 

solid gold particles.
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Figure 5.7: Time dependence of the peak resonance of gold-gold sulfide nanoshells production. As 
the nanoshell forms for a given ratio of reactants, the peak blue-shifts, this is consistent with the 
formation of thicker shells as the gold is used to build the shell layer over time.
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This contamination in the as made gold-gold sulfide nanoshells is the biggest 

hurdle to being able to use these particles for therapeutic applications. As can be seen in 

Figure 5.8, there are many smaller gold particles as well as the larger gold-gold sulfide 

nanoshells, in addition one can see irregular shaped particles, such as the triangular 

nanoprisms.

Nanoprisms

Gold colloid

Gold-sulfide nanoshells

Figure 5.8: TEM of gold-gold sulfide nanoshell suspension as made. There is an abundance of solid 
gold particles as seen by the smaller dark dots. In addition, triangular nanoprisms can be observed 
all of which must be removed to allow these particles to be used for therapeutic uses.

5.4.2 Gold-Gold Sulfide Nanoshell Purification

To remove the smaller gold colloid, many approaches were tried including size 

exclusion chromatography (SEC), filtration through a bed of sephadex beads, and ultra

centrifugation. SEC and filtration resulted in extremely low yields. Ultra-centrifugation
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resulted in immediate compaction o f the gold - gold sulfide nanoshells to a solid pellet at 

that could not be re-suspended. Sequential centrifugation steps at 1100 g as described in 

section 5.3.2, allowed effective removal o f gold colloid.

Figure 5.9 shows the spectra data following sequential centrifugation as outlined 

in section 5.3.2 to purify gold-gold sulfide nanoshells. The sample curves after the first 

and second steps of centrifugation shows the maximum peak at ~530 nm which is for the 

gold colloid, note, however, the enriching of the NIR fraction of the particles as 

evidenced by the increase in the absorbance vales between spin 1 and spin 2. After the 

third spin, the NIR absorbing fraction actually dominates the spectra and shows only a 

small amount gold colloid.

2.00

♦  GGS 062806 -  afte r spin 1

X GGS 062806 - after spin 31.50 -

1.00

0.50

0.00
900 1000 1100800400 500 600 700

Wavelength, nm

Figure 5.9: Purification of gold - gold sulfide nanoshells before and after centrifugation. Starting 
materials as made have strong peak resonance at 530 nm typical for solid gold particles; the NIR 
resonance seen is due to gold-gold sulfide nanoshells. Not after centrifugation steps that the 530 nm 
colloid peak is greatly reduced and the NIR peak dominates.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



145

To compare efficacy of colloid removal, two ratios are calculated; the first is the 

peak to valley ratio which shows the definition of the NIR peak, and the second is the 

ratio of the 2 peaks which tells us the relative abundance of each component o f colloid 

and NIR absorbing nanoshells. Thus a higher number for both is desired and as seen in 

Table 5.3 these ratios increase as a function o f additional centrifugation steps.

NIR Peak Ratio* Ratio of Peaks**
Sample Name Wavelength Abs P/V NIR/Coll

GGS 062806 - after spin 1 771 0.776 1.25 0.616
GGS 062806 - after spin 2 758 0.779 1.48 0.877
GGS 062806 - after spin 3 759 1.685 2.77 2.632

* Peak / Valley ratio = (NIR peak bet 600-1100 nm) / (min bet 400-600 nm)
** Ratio o f  peaks means colloid max value bet 400 - 600 nm) / NIR max value (bet 600-1100 nm)

Table 5.3: Analysis of degree of separation after centrifugation. The ratio of NIR Peak:Colloid Peak 
is a good indication of how much colloid still remains each after separation cycle.

At the end of the third centrifugation step, the impact o f the gold colloid is 

minimized substantially. TEM image analysis of samples of gold-gold sulfide nanoshells 

taken after multiple step centrifugations verify the removal of the lighter, smaller gold 

colloid with mostly spherical gold-gold sulfide nanoshells and some nanoprisms shown 

in Figure 5.10.
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20 nm
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Figure 5.10: TEM image of gold - gold sulfide nanoshells after purification. Mostly gold - gold 
sulfide nanoshells remain although there is still a small amount of solid gold colloid in the sample as 
evidence by the extinction spectra of the sample.

The measured size of gold-gold sulfide nanoshells (based on TEM) of 49.5 nm 

diameter with a gold shell thickness of 4.5 nm was used in Mie simulations to determine 

the concentration o f gold-gold sulfide nanoshells. This produced a particle with a peak 

resonance at 795-800 nm according to calculations. Gold - gold sulfide nanoshell 

suspensions produced with peaks near 800 nm were thus calculated to have 

approximately 2.0x1011 nanoshells/ml with a total extinction of 1.0.
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Figure 5.11: Comparison of silica-gold nanoshells and gold-gold sulfide nanoshells spectral profiles. 
Silica-gold nanoshells have a much broader spectral profile with full width at half maximum 
(FWHM) > 520 nm, for the gold-gold sulfide nanoshells FWHM is ~ 250 nm.

Figure 5.11 shows a comparison o f three NIR absorbing materials produced to 

have similar peak reosnances. In this comparison to silica-gold nanoshells the gold-gold 

sulfide nanoshells have a sharper profile though not as sharp as for the nanorods. This set 

of data was normalized to peak maximum in this figure to make the comparisons. The 

peak width of gold-gold sulfide nanoshells is much narrower than silica-gold nanoshells 

and as such could allow multi-functionality in a single device. For example, if  valves 

were needed to be operated independently in a micro-fluidic device, one could use gold- 

gold sulfide nanoshells tuned to different wavelengths similar to the method reported by 

Sershen using gold colloid and gold-silica nanoshells (Sershen et al. 2005).

The above data demonstrates that gold-gold sulfide nanoshells can be produced 

with a strong NIR resonance and the colloidal contamination be reduced to a point where 

the spectral profile is narrower than gold-silica nanoshell spectra. This data also show
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that there are parameters which can allow tuning of the properties to match wavelength of 

desired lasers similar to the ability to tune gold-silica nanoshells.

5.4.3 Temperature Profile of Gold-Gold Sulfide Nanoshells in Suspension

The temperature o f suspensions o f gold-gold sulfide nanoshells and gold-silica 

nanoshells were measured as described above. A typical profile o f the heating curves is 

shown in Figure 5.12. The red line indicates the segment o f the curve analyzed for slope 

to calculate heating rate for gold-silica nanoshells and the blue line for gold-gold sulfide 

nanoshells.

125

Gold-sulfide nanoshells

□ Silica nanoshells

160 180 200100 120 140

Time, Seconds

Figure 5.12: Heating profile of suspensions of nanoshells measured while under laser. When samples 
are normalized to have the same total extinction values and exposed to the NIR laser we see gold - 
gold sulfide nanoshells heat at a faster rate than the silica-gold nanoshells and also achieve a higher 
temperature at equivalent times for the same laser power used.

Figure 5.13 shows heating data for gold-gold sulfide nanoshells and gold-silica 

nanoshell suspensions at a total measured absorption (extinction) o f 1.0 at 808 nm. Figure
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5.13(A) shows maximum temperatures attained; note that at higher laser power o f 7 watts 

there is no difference in the final temperature, however, as shown in Figure 5.13(B) the 

temperature rise is faster in all cases for gold-gold sulfide nanoshells as compared to 

gold-silica nanoshells.

(A) ■  S ilica -A u @  1.0 A b s ; 

O A u - A u S @  3.0 A b s |
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L a se r  P o w er
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■  Silica- A u  @  1.0 A b s 

A u-A uS  (5), 1.0 A b s

Laser Power

Figure 5.13: Temperature Data for nanoshells suspension at Total Abs = 1.0. The gold-gold sulfide 
nanoshells achieve a higher temperature (A) at 2 and 4 watts than the silica-gold nanoshells. At a 
higher laser power of 7 watts, the maximum temperature of 100 °C (boiling temperature of water) is 
achieved by both sets of particles at three minutes. However the gold-gold sulfide nanoshells heat 
faster (B) at all laser powers than the silica-gold nanoshells. * p<0.05

Figure 5.14 shows heating data for gold-gold sulfide nanoshells and gold-silica 

nanoshells suspensions at a total measured absorption (extinction) o f 2 at 808 nm. Figure
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5.14(A) shows the maximum temperature attained for the samples at varying laser 

powers. Note that there is no statistical difference in the final temperature after three 

minutes at laser powers of 5 and 7 W. As shown in Figure 5.14(B), however, there are 

statistical differences between rate o f heating o f gold-gold sulfide nanoshells and gold- 

silica nanoshells at all laser powers.
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Figure 5.14: Temperature Data for nanoshells suspension at Total Abs = 2.0. The gold-gold sulfide 
nanoshells achieve a higher temperature (A) at 2 watts than the gold-silica nanoshells at this higher 
concentration. At a higher laser power of 5 and 7 watts, the maximum temperature of 100 °C 
(boiling temperature of water) is achieved by both sets of particles at three minutes. However the 
gold-gold sulfide nanoshells heat faster (B) at all laser powers than the silica-gold nanoshells. * 
P<0.05.
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Taken together, this data shows that the gold-gold sulfide nanoshells achieve 

higher temperature faster than gold-silica nanoshells for equivalent optical densities.

This data suggests that that length of time to laser-treat the samples could be decreased 

and still provide equivalent therapeutic benefit; or the laser power could be lowered to 

achieve the same final temperature. Alternatively one could use fewer particles, and still 

achieve therapeutic benefits, or in the case of tumors with smaller vasculature 

fenestrations or deeper situated tumors, the accumulation of fewer particles could still 

provide therapeutic benefit.

5.4.4 In Vitro Demonstration of Photothermal Therapy

We next verified the ability of the gold-gold sulfide nanoshells to allow 

photothermal ablation in vitro as previously demonstrated with gold-silica nanoshells by 

Hirsch et al. where it was shown that combination of gold-silica nanoshells and NIR 

laser light causes cellular damage resulting in death (Hirsch et al. 2003). Although these 

particles have optical properties that should allow photothermal ablation, it was necessary 

to verify that the combination o f gold-gold sulfide nanoshells and NIR laser irradiation 

would produce cellular damage.

In vitro tests were carried to determine if  gold-gold sulfide nanoshells with NIR 

laser would cause photothermal ablation of cells in culture. Figure 5.15(A) shows a 

culture of human prostate cells (PC3) that were incubated without nanoparticles and 

exposed to a NIR laser. The yellow circle shows the approximate location o f the laser 

during exposure. The fluorescent stain shows that the cells are all viable (green) after 

exposure. Figure 5.15(B) shows cells that were incubated with silica-gold nanoshells and
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exposed to laser. Note the laser spot corresponds nicely to the dead cells (red) after 

staining. Figure 5.15(C) shows cells that were incubated with gold-gold sulfide 

nanoshells and exposed to the laser.

(A)

No Nanoparticles + Laser

(B)

Silica-gold Nanoshells + Laser

(C)

Gold-sulfide nanoshells + Laser

Figure 5.15: In  vitro cellular ablation with gold-silica nanoshells and gold-gold sulfide nanoshells. 
Yellow circle indicates the laser spot; dead cells appear red while viable cells appear green. White 
bar denotes 200 pm.
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Note that the circle of death again corresponds nicely to the laser spot. Figure 

5.15(B) & (C) demonstrate that the combination of nanoshells and laser kill cells in vitro 

and the gold-gold sulfide nanoshells are as effective in in vitro tests as gold-silica 

nanoshells. For these tests it was necessary to increase the length of incubation to allow 

the smaller particles to settle and bind to cells. Whereas in previous studies using gold- 

silica nanoshells, two hour incubation was sufficient, we found it necessary to increase 

the incubation time to six hours for these studies.

5.4.5 Stability of PEGylated Gold-Gold Sulfide Nanoshells

For in vivo applications it is necessary to add PEG as a surface coat the particles 

to stabilize the suspension and to avoid the body’s immune system. The interaction of 

the gold particles with physiologic liquids will cause 1) agglomeration of the particles 

through interaction of ions with the charged gold surface, resulting in loss o f the particles 

resonance and 2) adsorption of proteins on the gold surface will allow the RES to identify 

and remove the particles from circulation. Gold-gold sulfide nanoshells and gold-silica 

nanoshells were PEGylated and assessed for stability at room temperature in a 1% NaCl 

solution to mimic physiologic ionic conditions. The reduction of the peak was monitored 

over four hours and the results shown in Figure 5.16 indicate that the gold-gold sulfide 

nanoshells are as stable at these conditions as the gold-silica nanoshells counterparts.
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Figure 5.16: Stability of gold-gold sulfide nanoshells and gold-silica nanoshells in 1% salt solution. 
The stability of the gold-gold sulfide nanoshells is equal to that of the gold-silica nanoshells after 4 
hours. Thus the nanoshells should not aggregate during circulation and provide that mechanism of 
removal.

5.4.6 Bio-Distribution of Gold - gold sulfide Nanoshells

We compared the in vivo distribution of PEGylated gold-gold sulfide nanoshells 

and PEGylated gold-silica nanoshells, injected at equal OD, in tumored mice after 24 

hour accumulation time. Figure 5.17(A) shows the accumulation of gold-gold sulfide 

nanoshells and gold-silica nanoshells in the compartments tested. Figure 5 .17(B) shows 

an expansion of the y-axis to better see the distribution in those compartments with lower 

amounts of gold.

Note that after 24 hours, there is a much more gold in the spleen and liver samples 

of mice injected with gold-silica nanoshells than gold-gold sulfide nanoshells not and 

unexpected result given the smaller size of the gold-gold sulfide nanoshells. 

Approximately the same amount of gold accumulated in the tumors of mice injected with 

either type of nanoshell. Importantly, the gold content in the blood sample indicates that
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there are far more gold - gold sulfide nanoshells circulating after 24 hr as compared to 

silica-gold nanoshells. This data indicated that further work was required to determine 

the optimum accumulation time required for the smaller nanoshells in tumors.

(A)

(B)

Figure 5.17: Bio-distribution of nanoshells in tumored mice. Samples were taken after 24 hour 
circulation time. Data shows accumulation in the tumors for both types of nanoshells and higher 
blood concentration after 24 hours for gold-gold sulfide nanoshells. (A) Shows the gold concentration 
data of all compartments. (B) Shows an expansion of the y-axis to better see the differences at the 
lower concentrations for compartments other than the spleen and liver. Note the relatively high 
concentration of gold in the blood for gold-gold sulfide injected mice after 24 hr.
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We can compare the difference of tumor uptake compared to RES removal by 

looking at the concentration in parts per million of gold in the tumor divided by the 

concentration in parts per million of gold in spleen added to parts per million gold in the 

liver. This comparison is shown in Figure 5.18.

■  Silica nanoshells

Q Gold-sulfide nanoshells

Treatment Type

Figure 5.18: Proportion of gold in tumor compared to the liver and spleen for gold - gold sulfide 
nanoshells and silica-gold nanoshells. There is a larger amount of gold in the tumor compared to 
spleen + liver for the gold-gold sulfide nanoshells showing better uptake in tumor compared to 
removal by the RES. * P<0.02

This data shows that by 24 hours, a larger proportion gold injected from the gold - 

gold sulfide nanoshells wind up in the tumor compared to accumulation in liver and 

spleen ( p<0.02) when compared against silica-gold nanoshells. In conjunction with the 

data in Figure 5.17(B) showing higher gold content in the blood, the gold - gold sulfide 

nanoshells appear to avoid the RES more effectively, while allowing a high concentration 

in the tumor for effective therapy. It is possible that some of the gold - gold sulfide 

nanoshells are being filtered by the kidney, but this has not yet been examined.
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5.4.7 Circulation of Gold-Gold sulfide Nanoshells

Bio-distribution data showed that a large proportion of gold-gold sulfide 

nanoshells remained in circulation after 24 hr and thus the accumulation time before laser 

treatment could be optimized. To evaluate the accumulation time needed for the gold- 

gold sulfide nanoshells in tumors, the circulation times o f PEGylated gold-gold sulfide 

nanoshells in the bloodstream was obtained by DLS measurements as described above.

To evaluate the ability of DLS to show differences in gold-gold sulfide at low 

concentrations, blood samples were spiked with varying amounts o f nanoshells as 

described above.

Figure 5.19 shows the concentration of nanoshells spiked in the blood plotted 

against the ratio o f peaks obtained by DLS (indicating relative amount of gold-gold 

sulfide particles relative to blood components). Here one can see that there is a very 

strong dose dependency on ratio of peak intensity for blood (r2 ~ 0.99). In contrast, the 

average ratio of peak intensities for water is very consistently near 6.8 ± 0.5. The water + 

gold-gold sulfide sample is invariant with concentration because the gold-gold sulfide 

nanoshells contain the same ratio of gold-gold sulfide particles to gold colloid particles 

regardless of concentration. Thus, when the DLS measurement shows peak intensities 

for gold-gold sulfide nanoshells compared to blood components, the ratio changes with 

concentration.
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Figure 5.19: Evaluation of measurement capability of DLS with blood samples at varying gold - gold 
sulfide nanoshell concentration. Blood samples show increasing values of the ratio of peak intensities 
as more gold-gold sulfide nanoshells are added.

This data could allow us to measure gold-gold sulfide nanoshells concentration in 

blood samples to follow circulation and clearance in the body; however these results are 

semi-quantitative and not sufficiently sensitive. With the given data we are confident that 

the ability to detect the gold-gold sulfide nanoshells in vivo can at least provide a trend of 

concentration over time. Circulation data shown in Figure 5.20 indicates the presence of 

gold-gold sulfide nanoshells in the blood through five days. This shows that the particles 

can be maintained in circulation for much longer than silica-gold nanoshells. However, 

there are no statistical differences between the data during this period. Though it is likely 

that the gold-gold sulfide nanoshells could remain in circulation longer, 5 days was 

chosen as the cutoff time for this study as the tumor would continue to grow to such a 

large size that the study would not be comparable to previous in vivo studies.

# of Gold-Gold Sulfide Nanoshells/ml
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Figure 5.20: Circulation of gold-gold sulfide nanoshells in vivo. Gold-gold sulfide nanoshells remain 
in circulation for the five day period of the study. 9xlOn nanoshells were injected per animal (blood
volume ~ 2ml). A concentration of 9x10 
the injected dose.

nanoshells/ml shown in point 1 represents about a tenth of

5.4.8 In Vivo Animal Survival

Figure 5.21 shows the survival data over 8 weeks. Survival for gold-gold sulfide 

nanoshell with 24 hr accumulation time was 71%, while for gold-silica nanoshell at 24 hr 

accumulation, survival was 86%. However for treatment using gold-gold sulfide 

nanoshell with a 48 hr accumulation period, survival was 83%. There is no statistical 

difference in this survival rate between the 2 treatment groups based on Kaplan-Meier 

analysis.
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Figure 5.21: Kaplan-Meier survival of mice following treatment with gold-silica nanoshells and gold- 
gold sulfide nanoshells with laser irradiation. There is no statistical difference between the gold-gold 
sulfide treatment at 48 hr compared to the gold-silica treatment at 24 hr.

5.5 Conclusions

Based on the data obtained thus far, it appears that gold-gold sulfide nanoshells 

could be used as a photothermal therapeutic agent for cancer therapy. In this chapter it 

was demonstrated that gold - gold sulfide nanoshells could be manufactured and purified 

to a degree to allow for both in vitro and in vivo applications. It was shown that for 

suspensions of silica-gold nanoshells and gold - gold sulfide nanoshells at the same 

optical density, the gold - gold sulfide nanoshells heated faster and to a higher final 

temperature than the silica-gold nanoshells. The implications o f this for therapy are that 

fewer particles could be used or alternatively lower laser power or time could be used 

during therapeutic laser administration. In vitro testing shows that gold - gold sulfide

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



161

nanoshells in combination with NIR laser light can cause photothermal destruction of 

tumor cells.

Gold - gold sulfide nanoshells can be stabilized in a saline environment by surface 

coating with PEG and was found to be as stable as silica-gold nanoshells. In vivo testing 

provided bio-distribution and blood circulation data which support that the gold - gold 

sulfide nanoshells can remain in circulation longer than silica-gold nanoshells. 

Accumulation in liver, spleen and tumors showed that a larger dose o f the gold - gold 

sulfide nanoshells actually accumulates in the tumors compared to the RES and as 

compared to silica-gold nanoshells. Circulation data led to an optimization o f the 

treatment parameter for accumulation times for gold-gold sulfide nanoshell therapy 

which when implemented showed equal survival as compared to animals treated with 

gold-silica nanoshells and NIR laser light.

Gold-gold sulfide nanoshells could be further refined providing an alternate 

therapeutic that could prove more effective than gold-silica nanoshells for treatment of 

certain types o f cancers.
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Chapter 6 : Conclusions and Future Directions

6.1 Introduction

Nanotechnology offers new possibilities for solutions to medical problems. The 

unique properties imparted to materials as their dimensions shrink to the nanoscale offers 

new approaches to therapeutics. In this thesis we discussed the use of a particular class 

of nanoparticles, nanoshells, for applications in tissue bonding, integrated imaging and 

cancer therapy and targeted cancer therapy. These particles are well suited for these 

applications for a variety of reasons. First, nanoshells have highly tunable optical 

properties (Oldenburg et al. 1999) which can allow placement of their peak plasmon 

resonance in the NIR wavelength region. This is significant because tissue is very 

transparent to light at these wavelengths thus allowing deep penetration and minimal 

absorption by major components such as blood and water (Weissleder 2001). Second, 

the solid composition of nanoshells means that the optical properties are not transient and 

can be maintained under strong excitation conditions which would render similarly 

absorbing dyes useless after short exposures. Third, gold, which forms the surface of 

nanoshells, has been shown to be non-toxic in the nanoscale (Connor et al. 2005) and, 

although generally inert, is easily conjugated to molecules based on simple sulfur-gold 

interaction (Brown et al. 1977; Kuhn et al. 1994; Grandbois et al. 1999; Bilic et al. 2005). 

Finally, the size o f nanoshells makes it possible to deliver them to tumors due to the 

leaky vasculature associated with most fast growing tumors. Indeed the sizes discussed
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in this thesis fall well within the size range that is known to extravasate due to the EPR 

effect (McDonald et al. 2002).

Nanoshells have already been used in a variety of applications including cancer 

therapy by passive accumulation of PEG-coated nanoshells (Hirsch et al. 2003; O'Neal et 

al. 2004), imaging application (Loo et al. 2004), immunotargeted photothermal 

destruction of tumor cells integrated with imaging (Loo et al. 2005), as a mechanism to 

provide heating for photo-thermally modulated drug delivery systems (Sershen et al. 

2000) and as fast antigen detection systems with whole blood (Hirsch et al. 2003). In this 

thesis the use o f gold-silica nanoshells has been extended to include their use as an 

exogenous NIR absorber for tissue welding in Chapter 2, for combining imaging and 

therapy in vivo in Chapter 3, for targeted destruction o f prostate cancer cells in Chapter 4 

and finally smaller gold-gold sulfide nanoshells are developed for use as a cancer 

therapeutic in Chapter 5.

6.2 Near Infrared Absorbing Particles as Therapeutics

6.2.1 Tuning Optical Properties of Nanoshells

6.2.1.1 Gold-Silica Nanoshells

The absorbing power o f the nanoshell was harnessed in Chapter 2 to replace 

indocyanine green as the absorber in a formulation of solder for laser tissue bonding. 

These studies demonstrated generation o f welds with acute strengths sufficient for wound 

closure with solder formulations using BSA and nanoshells instead of ICG as the 

exogenous chromophore. In vivo testing using solder formulations with nanoshells 

showed that wound integrity was maintained during the animal’s recovery and wound
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strength increased over the study period. Furthermore, these welds were generated under 

light conditions that were incapable of forming any welding union of tissue with BSA 

solders that did not contain nanoshells demonstrating the nanoshells ability to use the 

NIR laser light effectively to accomplish heating and subsequent binding of tissue.

In Chapter 3, gold-silica nanoshells are designed to have strong absorption and 

scattering and thus used to provide imaging contrast and therapeutic benefit in a single 

particle. Here we were able to demonstrate the use o f a single nanoshell for combined 

imaging and therapy. We were able to increase the contrast of tumors as imaged through 

the use o f commercially available OCT equipment by using a nanoshell which had 67% 

absorption and 33% scattering. Following imaging, we were able to successfully treat 

tumors using a therapeutic laser with complete regression in 83% (9/11) of the mice in 

the treatment group. We believe that the tunable optical properties o f nanoshells can play 

a vital role in a number o f emerging in vivo molecular imaging modalities and 

subsequently facilitate cancer therapy when clinically indicated.

6.2.1.2 Gold-Gold sulfide Nanoshells

The development of smaller more highly absorbing gold-gold sulfide nanoshells 

was discussed in Chapter 5. These particles are about a third of the size o f the gold-silica 

nanoshells used in previous studies and thus more absorbing. We demonstrated that these 

nanoshells can achieve higher temperatures faster than gold-silica nanoshells at 

equivalent optical densities and laser power. In vitro testing shows that gold - gold 

sulfide nanoshells in combination with NIR laser light can cause photothermal 

destruction of tumor cells. Gold-gold sulfide nanoshells can be PEGylated and have 

similar stability as PEGylated gold-silica nanoshells. In vivo testing provided bio
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distribution and blood circulation data which support that the gold-gold sulfide 

nanoshells can remain in circulation longer than gold-silica nanoshells. Accumulation in 

liver, spleen and tumors showed that a larger dose of the gold-gold sulfide nanoshells 

actually accumulates in the tumors compared to the RES and as compared to gold-silica 

nanoshells. Tumor bearing mice treated with gold-gold sulfide nanoshells and NIR laser 

showed complete tumor regression.

6.2.2 Targeting Nanoshells to Prostate Tumors

The ability to target tumors should provide specificity that will allow destruction of 

malignant tumor while minimizing damage to non-malignant cells. In Chapter 4, gold- 

silica nanoshells were targeted to prostate cells via 2 moieties which are generally over

expressed on prostate tumors. Prostate specific membrane antigen (PSMA) is over

expressed on highly aggressive prostate malignancies (such as the LNCaP cell line 

derivative). In addition, the receptor, Eph A2 is also known to be expressed in high 

amounts in other malignant prostate tumors (such as the PC-3 cell line derivative). Here 

we demonstrated the ability to conjugate targeting agents such as anti-PSMA to a bi

functional PEG molecule and use it to modify the surfaces of nanoshells providing highly 

specific targeting o f nanoshell binding to cells. We demonstrated preferential destruction 

of cells over-expressing the PSMA when exposed to anti-PSMA nanoshells and followed 

by exposure to NIR laser. We further showed that we can use receptor protein, EphA2, 

as a target. This was accomplished by conjugating EphrinAl ligand to the nanoshell as 

with the anti-PSMA. In a similar manner, we showed that nanoshells targeted with these 

molecules bind specifically to the PC-3 cell line with subsequent destruction of cells 

when laser energy is applied.
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6.3 Future Directions

Nanoshells have tremendous versatility and can be used for a variety of 

applications as demonstrated in this thesis. However, there remain many avenues still to 

be explored. In this thesis, I discussed the use of nanoshells for combined imaging and 

therapy using light scattering as the means of detection of the nanoshells. It is very 

possible that nanoshells can be developed with magnetic cores or with gadolinium doped 

polymer coatings which could allow MRI imaging capabilities. This would offer a 

dramatic development if  the particles are also targeted to tumor targets that are over

expressed compared to normal cells. Since a large part of treatment of cancer is in 

locating and treating metastases, it would be quite significant if  one could locate 

metastases based on targeted particles, then, deliver a dose of NIR laser energy to the site 

of the metastasis and ablate them without having to use additional therapeutic agents.

The use o f optical techniques offer high resolution imaging and could allow deeper 

imaging in soft tissue, however to be more comprehensive during an examination, one 

would prefer to have whole body scanning devices which could allow imaging through 

cartilage and bones as well.

As nanoshells are NIR activated and have demonstrated the ability to be 

specifically targeted to tumor cells we could potentially add MRI contrast capability and 

accomplish all three tasks at once. The ability to target distant metastases o f prostate 

cancer via the tumor’s vasculature through the use o f the J591 antibody against PSMA 

has been demonstrated clinically when conjugated to drugs (Milowsky et al. 2007), this 

concept could possibly be extended with targeted nanoparticles like nanoshells. The 

smaller size of gold-gold sulfide nanoshells may make them more suited for this type of
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application and may be more versatile to attack a larger variety o f tumor types which may 

have smaller pore sizes in the vasculature bed feeding the tumor. Further, if  one 

continues to build in functionality into nanoparticles the size gets larger, thus gold-silica 

nanoshells may come to a size determined limit for distribution into tumors, and in this 

case the gold-gold sulfide nanoshells could prove to be an excellent candidate.

In addition to using the physical properties o f the nanoshells to create heat locally 

to destroy cells for cancer therapy; nanoshells could be used as a delivery vehicle for 

releasing thermally unstable linkages bound to inactive forms of drugs, which, when 

heated, will release an active for o f the drug to an area necessary for activity. To further 

enhance this ability to localize, nanoshells with magnetic cores could be used not only for 

potential imaging, but to allow concentration at a site based on magnetic fields. This 

accumulation, followed by NIR light administration in low doses, could lead to another 

suite o f therapeutics for treatment of chronic conditions or perhaps for treatment of 

vascular diseases. This type o f application really gets at the heart o f multi-functionality, 

the idea discussed in the beginning of Chapter 3.

Other imaging modalities using nanoshells should be explored, such as computed 

(axial) tomography or CT scanning. CT imaging is a technique which uses higher doses 

of x-Rays over the course of acquiring images compared to traditional “flat” images o f a 

single plane with x-rays through the body. There are many configurations o f source and 

detectors but the principle is the same, images are constructed based on multiple scans of 

the subject at many angles, usually by rotating the source and detector around the subject 

to gain better depth imaging o f structures (Ter-Pogossian 1977). This imaging modality 

is frequently used in diagnostics and is more common in oncology with the advent of
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more contrast agents for CT based on iodinated compounds (Rutten et al. 2007). For use 

in CT, gold-gold sulfide nanoshells may prove more easily identifiable, this is because 

the x-rays will likely be stopped better by the denser gold sulfide core and coat of gold on 

the gold-gold sulfide nanoshells rather than the thin layer of gold and relatively lower 

density o f silica cores is gold-silica nanoshells. The ability to use this imaging modality 

would offer whole body scanning ability, which would once again allow the possibility of 

detection of metastases through the targeting o f gold-gold sulfide nanoshells to the tumor 

or its vasculature.

Further work on targeting with nanoshells should include the use o f aptamers as 

targeting agents. These sequences are smaller, less immunogenic and can be resistant to 

nucleases (Brody et al. 2000; Lupoid et al. 2002; Pestourie et al. 2005). In the area of 

targeting, further work needs to be done to validate in vivo targeting with emphasis of 

delivery of therapeutic agent to target site compared to non-targeted sites with all other 

conditions kept constant. The delivery o f more particles at the necessary site due to 

targeting may dramatically lower the doses of nanoshells used and improve the efficacy 

of therapy.

Nanoshell mediated photothermal cancer therapy has a very promising future but 

it is also possible that nanoshells may be incorporated into other types o f medical 

treatments. The smaller gold-gold sulfide nanoshells could also be used within other 

nanoparticles to improve multi-functionality and develop new therapeutic and imaging 

agents not yet conceived.
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