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Molecular targeting of malignant tumors is a promising field of research that 

could potentially revolutionize the diagnosis and treatment of many types of cancer 

including breast. Delivering molecular specific contrast agents to breast cancer cells 

would enhance the sensitivity and specificity of imaging methods to detect cancer foci at 

earlier stages, when complete cure is possible. Optoacoustic tomography (OAT) is a non-

invasive imaging modality that can be used to produce an image of the distribution of 

light absorbing components deep within a turbid medium such as human breast. OAT 

could potentially be used to image breast tumors based on their enhanced angiogenesis; 

however, its sensitivity and specificity would be limited due to the lack of abnormal 

angiogenesis at the early stages of tumor growth. 

Gold nanoparticles generate strong acoustic signal upon pulse laser irradiation and 

thus are detectable at low concentrations using optoacoustic technique. The goal of this 
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dissertation is to engineer functionalized gold nanoparticles and employ them as a 

contrast agent for optoacoustic detection of cancer cells. 

To achieve this goal: 1) gold nanoparticles were fabricated in different shape and 

sizes and their physicochemical properties were optimized for both tumor targeting and 

optoacoustic detection; 2) the biological properties of fabricated gold nanoparticles were 

evaluated in vitro and in vivo by determining their stability, toxicity, biodistribution, and 

molecular targeting properties; 3) the performance of gold nanoparticles to target cancer 

cells and function as a contrast agent for OAT were assessed in vitro using breast 

phantoms and then in vivo using animal models. 
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Chapter 1: Introduction 

In this chapter, different types of breast cancer will be presented and their impact 

on human will be discussed. The role of early detection in reducing the mortality of 

breast cancer is explained. After a brief description of currently available imaging 

techniques for the detection breast cancer, the limitations of each technique will be 

introduced. Finally, the role of nanotechnology as a toll to overcome current limitations 

on breast imaging will be presented.   

1.1 BREAST CANCER FACTS AND FIGURES 

The National Cancer Institute (NCI) predicted 184450 new cases and 40930 

deaths due to breast cancer in the United States during 2008 (1). Figure 1 depicts the 

mortality of breast cancer in the US in recent years grouped by races. Breast cancer is the 

most common type of cancer after skin malignancies among women in this country. 

Based on the reported rate of breast cancer in 2003–2005, 12% of girls born today will be 

diagnosed with breast cancer in their lifetime. The female to male ratio for breast cancer 

is 12:1 (2). Tremendous amounts of time and effort are dedicated to research toward 

better understanding, earlier detection, or more efficient treatment of this disease.  

Studies have shown that the evolution of breast tumor is a non-deterministic 

process that is affected by both genetic background and environment. It is believed that 

the development of a breast tumor involves the accumulation of several genetic 

alterations via a process called carcinogenesis. From a histological point of view, 

different stages of carcinogenesis can be identified by transformation of breast tissue 

from normal state toward hyperplasia, dysplasia, carcinoma in situ, and finally invasive 

carcinoma. It is difficult to precisely predict the timeline when precancerous lesions turn 

into invasive carcinoma. 
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1.2 HISTOLOGICAL TYPES OF BREAST CANCER 

The human breast is mainly composed of fatty tissue that accommodates glands 

and ducts. Glands produce milk during lactation, while ducts collect and drain milk from 

lobules to the nipple. Almost all types of cells in human breast may undergo neoplastic 

transformation to produce cancer. In other words, breast cancer does not represent a 

single type of tumor but is instead a general term that includes a variety of tumors with 

different origins and outcomes. For instance, breast tumor may originate from the fat in 

the breast (liposarcoma), from glands (adenocarcinoma), or from ducts (ex. ductal 

carcinoma). 

 

Figure 1: The mortality of breast cancer in the US by time for different races. 
(National Cancer Institute, www.cancer.gov) 
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Counting for more than 70% of breast cancers, the most common type of breast 

cancer is invasive ductal carcinoma; this particular cancer originates from breast ducts. 

Another term that is commonly used in the literature is ductal carcinoma in situ (DCIS). 

DCIS describes when the lesion is confined to the lactiferous ducts and the basement 

membrane of duct remains intact. Although DCIS per se is not lethal, early detection of 

DCIS is important because within 10 years, up to 50% of patients with DCIS will develop 

invasive ductal carcinoma. 

The second most common histological type of breast cancer is invasive lobular 

carcinoma. The term lobular carcinoma in situ (LCIS) applies to a lesion that is confined 

to the lobule where the basement membrane of the lobule is intact. Unlike ductal 

carcinomas, invasive lobular carcinomas tend to grow diffusely rather than producing a 

mass. Due to their diffuse growth pattern, lobular carcinomas are more difficult to detect. 

Invasive lobular carcinoma may even extend to the contralateral breast. Mucinous, 

tubular, medullary, papillary, and other types of breast cancer are rare. 

 

1.3 EARLY DETECTION WILL REDUCE THE MORTALITY AND MORBIDITY OF BREAST 
CANCER 

Meta-analysis studies have confirmed the benefit of early detection of breast 

cancer in reducing mortality and morbidity of breast cancer (3). Early stage is usually 

defined at a stage that the tumor has not spread out of its original location and also the 

average diameter of the tumor is less than 2 mm3 (4). It is after this stage that abnormal 

angiogenesis appears within a tumor. Over the years, mammogram, ultrasound, and 

ultrasound-guided biopsies have served physicians to replace invasive procedures such as 

radical mastectomy and axillary’s lymph node dissection with less invasive, better 

tolerated procedures such as breast conservation surgeries and sentinel node biopsies. 
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Currently, annual clinical breast exam and mammography is recommended for 

women aged 40–70 years old. The management of patients with a suspicious lesion 

includes confirming the diagnosis, identifying the stage of disease, and choosing an 

appropriate treatment for each individual patient. Also, it is necessary to follow patients 

that need a therapeutic procedure to assess their response to treatment. Identifying the 

stage of disease in any given patient is a crucial step because it will determine the type of 

treatment that is appropriate for that particular person. The TNM staging system is used 

for the staging of breast cancer, in which T determines the size of the tumor, N 

determines the involvement of lymph nodes, and M declares the presence of distant 

metastasis. Details of the TNM system are beyond the scope of this dissertation, but it is 

noteworthy to mention that determining the exact size and extent of a lesion is essential 

for appropriate treatment planning. 

 

1.4 MEDICAL IMAGING AND BREAST CANCER 

Medical imaging is an indispensable part of breast cancer management. 

Mammography is currently the first-line diagnostic option that is widely used for the 

detection of breast lesions. Several lines of evidence support the benefit of annual 

mammography for the screening of breast cancer for women over age 40. When 

describing a medical imaging modality, sensitivity is defined as the percentage of people 

in whom the lesion can be seen using that imaging modality among the people who 

actually have that lesion.  The sensitivity mammography decreases dramatically in 

younger patients due to their dense breast tissue; this is the main reason why 

mammography is not routinely recommended for women under age 40. 

Mammography has been proven to significantly lower the mortality and morbidity 

of breast cancer. In a randomized study in Sweden, long-term results demonstrated that 
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screening mammography decreased the mortality due to breast cancer by 21% (3). 

However, like many other diagnostic modalities, mammography is not without 

limitations. For instance, the false negative rate of mammography is found to be up to 

30%. Surprisingly, up to 10% of breast tumors, even at the time that they are palpable in 

physical exam, cannot be detected via mammography due to the lack of x-ray contrast. 

False negative results are more common in younger women with dense breasts. False 

positive results are even more common: only 45% of lesions that are reported as 

malignant in mammography are indeed malignant as confirmed by biopsy. As a result, 

some patients with breast cancer are missed and some others without a malignant tumor 

undergo unnecessary biopsies due to incorrect mammography findings. Because of these 

limitations, other imaging modalities such as ultrasound (US), magnetic resonance 

imaging (MRI), position emission tomography (PET), single photon emission computed 

tomography (SPECT), lymphoscintigraphy, and scintimamography, are used in the clinic 

or are under development in research facilities to provide physicians with more accurate 

information regarding the status of a suspicious breast lesion. Recent concerns on the 

toxicity of commonly used contrast agents such as gadolinium for MRI (5;6) and iodine 

compounds for computed tomography (CT) scans (7) justify the need for safer imaging 

techniques and less toxic contrast agents.  

Ultrasound-guided biopsy is a very powerful technique that has almost replaced 

open surgical biopsies. Ultrasound, and not mammography, is the first diagnostic option 

for the evaluation of a suspicious breast lesion in women under age 30, mainly because 

the breast tissue is very dense at that age and thus mammography would not be reliable. 

Ultrasound is also recommended for pregnant or lactating women when ionizing 

radiation may not be recommended. It has been found that ultrasound, when combined 

with mammography, can prevent up to 22% of unnecessary biopsies (8). False negative 
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results of ultrasound-guided biopsies are reported to be as low as 0.4% and thus are 

negligible (9;10).  

Although ultrasonography can reliably differentiate a cystic lesion from a solid 

lesion, ultrasound per se does not provide a high specificity to distinguish benign from 

malignant lesions. Specificity of an imaging method is defined as the percentage of 

people that actually have a lesion among those in whom a lesion can be seen using that 

imaging method. Ideally, one would look for test with 100% specificity and 100% 

sensitivity; however, such imaging methods do not exist. Recently, contrast-enhanced 

ultrasonography has been reported as a potential solution to reveal abnormal angiogenesis 

within a tumor to overcome the current limitations of ultrasound for breast tumor imaging 

(11-13); however, the large size of gas-filled microbubbles that are used as ultrasound 

contrast agents significantly limits the extravasation of these agents out of blood vessels 

toward interstitial space. Because the fenestrations of blood vessels are found to be less 

than a micrometer (14) nd the fact that ultrasound contrast agents are usually a few 

micrometer in diameter (15) ultrasound contrast agents remain intravascular. Thus, 

ultrasound contrast agents cannot be used for molecular targeting of breast cancer cells 

because breast cancer cells are mainly located within extravascular space. 

MRI is usually used when a suspicious lesion cannot be evaluated by 

mammography or ultrasound. In addition, MRI is very useful when recurrence or a 

residual tumor is suspected following a surgical procedure. However, the cost and limited 

specificity of MRI to detect breast cancer, which is reported in different studies to be 

from 37% to 97%, are the main reasons why MRI cannot be used widely in detecting 

breast cancers. As a result, the use of MRI is limited to situations where a known cancer 

is present or is highly suspected (16). 
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Diffuse optical tomography (DOT) is one of the most important non-invasive and 

non-ionizing imaging modalities available for breast. DOT can be used to measure 

optical properties such as light absorption and light scattering within tissue (17;18). 

Modern DOT devices use fiber optics to deliver near-infrared light to tissue and sensitive 

detectors to collect scattered and transmitted photons. Reconstruction software then 

generates an image of the distribution of components such as hemoglobin, water, and 

lipid within tissue. Because it has been shown that the composition of these components 

are altered within malignant lesions of breast as compared to that of normal tissue, DOT 

can be used to locate lesions within breast. DOT may work in transmitted or remission 

mode; the former needs access to tissue from both sides while the latter only needs to 

access tissue from one side. Despite promising results, there are several factors that limit 

the wide application of DOT for the imaging of breast tissue in clinic. First, the 

maximum depth of imaging in breast-like phantoms is less than 15 mm. This is mainly 

due to the strong scattering of light within tissue. Scattering will attenuate light as it 

propagates through tissue and thus will limit the maximum depth of imaging using 

optical methods. Secondly, the spatial resolution of DOT is several millimeters; this is 

not as good as that of mammography, ultrasound, or MRI. Bacuse of its limitation in 

depth of imaging and poor spatial resolution, DOT is not a widely-accepted imaging 

modality for breast tissue. 

Figure 2 lists the sensitivity of medical imaging methods such as US, CT, MRI, 

SPECT, PET, and diffuse optical tomography that are currently available in clinics (19). 

Other imaging methods such as acousto-optics are under investigation (20). However, 

one should note that none of the aforementioned imaging modalities provide high 

specificity for cancer detection unless a molecular specific contrast agent is used. 

Unfortunately, molecular specific contrast agents are under investigation and thus are not 
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yet available in clinic. In the next section, the role of molecular targets for breast cancer 

imaging will be discussed. 

 

 

Figure 2:  The sensitivity of currently available medical imaging methods. Table is 
taken from refrence (19)  

 

 

1.5 MOLECULAR TARGETING OF BREAST CANCER 

The subject of molecular targeting of breast cancer includes mechanisms by 

which one can distinguish cancer cells from normal cells based on their differential 

molecular expressions. This difference may occur at the gene level, the level of mRNA, 

or at the level of final products of genes that are proteins. In practice, most in vivo 
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molecular recognition techniques depend on the changes of a specific protein on the 

surface of cancer cells. Alternately, changes in the interstitial components or on the 

endothelium of blood vessels within a tumor, which are all induced by cancer cells 

through secreting angiogenic factors, can be used to identify a tumor. Examples of these 

alternate targets include VEGF (21), RGD (22), lymphatic homing peptides (23), and 

GRP-R (24). It goes without saying that for in vivo studies, the cell membrane functions 

as a barrier that hides intracellular components of a cell such as DNA or mRNA; in 

contrast, proteins that are expressed on the surface of cells are more accessible for 

molecular recognition. 

The goal of tumor targeting is to identify cancer cells based on their molecular 

expressions and deliver a diagnostic or therapeutic agent such as drugs or radioactive 

materials specifically to cancer cells without affecting normal tissue. Systemic toxicity 

that is observed during conventional chemotherapy or radiotherapy usually limits the 

maximum allowed dose of therapy and thus may limit the overall efficiency of a 

treatment regime. However, tumor targeting can be used to deliver a higher concentration 

of drugs to cancer cells with less systemic toxicity. This may potentially allow physicians 

to use a higher concentration of drugs to better destroy cancer cells. Most tumor targeting 

applications are based on the differential expression of surface proteins. Thus, the first 

step in tumor targeting would be to identify those molecular changes that occur on the 

surface of cancer cells. To identify these changes, we need to know more about the 

pathology of cancer. Despite promising data on tumor targeting, the field has been 

limited by the vehicle that can be used to deliver diagnostic/therapeutic agents to cancer 

cells. In the following chapter, it will be explained how nanotechnology can be used as a 

tool to overcome some of these limitations. 
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Several lines of evidence suggest that the transformation of normal breast tissue to 

cancer is a result of multiple genetic alterations that finally disable the controlling 

mechanisms of cell proliferation by altering the expression of certain signaling proteins. 

These genetic alterations may lead to under-expression of a series of proteins that 

normally prevent cellular proliferation or to over-expression of those that stimulate cell 

division. As mentioned previously, genetic alterations may be detected in DNA level, 

mRNA, or by direct measurement of the concentration of a protein that controls the rate 

of proliferation/division inside cells. In some cancers, the genetic alteration leads to the 

presence of a new protein or over-expression of an existing protein on the surface of 

cells. Characterizing the expression pattern of surface proteins or markers in different 

types of cancer is a fast-growing field of research; several markers have been already 

identified for non small cell lung cancer (NSCLC) and for breast, ovarian, gastric, 

colorectal, head and neck, and prostate cancer. 

As for breast cancer, the list of tumor markers that are in clinical trials or have 

been approved include CD152, EpCam, and Her2/neu (25). Among these markers, 

Her2/neu is the most successful example of a tumor marker on which tumor targeting has 

been performed. Monoclonal antibodies are classic tools to target tumor markers such as 

Her2/neu on the surface of cancer cells. Currently, there are at least three FDA-approved 

antibodies for tumor targeting of breast cancers (26): 

• Trastuzumab (Herceptin) that binds to the extracellular domain of 

Her2/neu receptor 

• Pertuzumab that binds to a different epitope of Her2/neu receptor 

• Bevacizumab that binds to vascular endothelial growth factor receptors 

(VEGFRs) 
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Alteration of the expression of epidermal growth factor receptor (EGF) on the 

surface of cells has been found to be linked to cancer development. Her2/neu is an 

example of proto-oncogenes that have been found to be overactivated in more than 25% 

of overall breast tumors and 75% of malignant breast tumors (27). Her2/neu gene is 

located on chromosome 17. Its product is a receptor with the same name that is expressed 

in low level on the surface of cells in breast, prostate, endometrium, ovary, and heart. 

Herceptin is a humanized monoclonal antibody that binds to the extracellular domain of 

Her2/neu receptor. Herceptin is currently in clinical use to treat metastatic breast cancers 

that over-express Her2/neu, and is one of the most successful examples of tumor 

targeting in cancer research (28). Her2/neu has been successfully used by several groups 

to target diagnostic and therapeutic materials to breast cancers (29). Some of the factors 

that make Her2/neu receptor a near ideal target for breast tumor targeting include: 

• Her2/neu is a 185 kD transmembrane protein that has an extra cellular 

domain for which monoclonal antibodies are available in the market. This 

receptor is found to be overexpressed remarkably in breast and ovarian 

cancers (30). Low levels of this receptor are found in human normal 

tissues such as brain and heart (31); however, the expression level in 

normal tissue is much lower than that of breast or ovarian cancer. This low 

level of expression in normal tissue reduces the chance of interference of 

normal tissue with tumor targeting.  

• Her2/neu is a thyrosine kinase receptor that plays an important role in 

stimulating cell growth rate. Targeting Her2/neu can potentially deactivate 

its tyrosine kinase activity and thus may result in both diagnostic and 

therapeutic applications. 
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• Commercially available breast cancer cell lines highly (AU-565, SK-BR3 

and BT474); moderately (MCF7); or weakly (MDA-MB-231) express 

Her2/neu (32). SK-BR3 cells are reported to express up to 926000 copies 

of Her2/neu receptor per cell (33).  

• Her2/neu is over-expressed in up to 25% of breast cancers, and in 50% of 

metastatic breast cancers. Its presence, which is usually reported after 

immunohistochemistry as 1+ , 2+, or 3+, is a poor prognostic factor (26). 

Retrospective studies have shown the clinical benefits of breast tumor 

targeting using Herceptin in patient with 3+ staining. 

• Randomized studies have shown that the overexpression of Her2/neu 

occurs at early stages of breast cancer and is correlated with a poor 

response to treatment (34;35).    

• Interestingly, the expression of Her2/neu is minimal in normal tissues 

except for trace expression in heart, prostate, endometrium, and ovary. 

This is important because a low expression in background tissue is needed 

for tumor targeting in order to avoid systemic toxicity during therapy. A 

low background expression is also important for obtaining a high signal to 

noise ratio during diagnostic applications. 

• Herceptin, which is a humanized antibody that binds the extracellular 

domain of Her2/neu, has been FDA-approved since 1998 for the treatment 

of metastatic breast cancers (26). 

• Her2/neu-conjugated iron oxide nanoparticles have been used as a contrast 

agent to image Her2/neu over-expressing breast cancer cell lines in vitro 

(32).  
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• Her2/neu has been successfully used in the past to deliver liposomes to 

breast cancer cells in vivo (30). 

 

1.6 THE ROLE OF NANOTECHNOLOGY IN CANCER IMAGING 

NCI has recognized nanotechnology as a tool that provides an extraordinary 

opportunity to improve the detection and treatment of cancers (36) mainly because it can 

be used to overcome current limitations of tumor targeting. According to the National 

Nanotechnology Initiative (NNI), nanotechnology is defined as the study of materials 

with a diameter ranging between 1 and 500 nm. It has been found that some materials 

exhibit novel physicochemical properties when they are made in this range of sizes. The 

goal of nanotechnology is to characterize these new properties and use them to 

manufacture new devices that can be used to overcome the limitations of currently 

available devices in scientific fields. Nanobiotechnology is a branch of nanotechnology 

that involves the study of the biological applications of nanotechnology. 

Nanobiotechnology is a rapidly growing field with applications in many subdivisions of 

medicine including cancer management (37). 

Current clinical applications of nanotechnology in cancer mainly include targeted 

drug delivery, biomolecular profiling of cancer markers, and imaging. Examples of 

targeted drug delivery applications in cancer therapy include drug-loaded nanoparticles 

that are made of micelles (38), ceramic (39), gelatin (40), and liposomes (30); such 

nanoparticles have been successfully used many times over the past twenty years for the 

treatment of cancers. Examples of nanoparticles that have been used for cancer imaging 

include quantum dots (41); gold nanoparticles; and paramagnetic particles that were 

proposed for the detection of cancer cells using fluorescent, two-photon microscopy, and 

magnetic resonance imaging, respectively. Usually, a functionalized nanoparticle is 
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manufactured and injected intravenously. Nanoparticles circulate in the body and 

accumulate within tumor, where they act on the target cells. There are at least two known 

mechanisms for the accumulation of injected nanoparticles within tumors: passive 

accumulation and active accumulation. 

Passive accumulation occurs based on the fact that the fenestrations in the 

endothelium of vessels within a tumor are much larger than those in normal tissue 

(42;42;43). For instance, the diameter of endothelial fenestrations within tumor is 

reported to be in the range of 200 nm to 1.2 μm (14) much larger than fenestrations of a 

normal endothelium. The size and surface characteristics of nanoparticles determine the 

extent of passive accumulation. While there is not a single ideal size for particles that 

accumulate within a tumor, it has been suggested that particles that are in the range of 

100 nm to 200 nm have the best chance to accumulate in the tumor (44); larger particles 

will be trapped by spleen while the smaller nanoparticles will be trapped in the liver 

quickly. Modifying the surface of particles with polyethylene glycol has been found to 

elongate the circulation time of nanoparticles by hiding particles from the 

reticuloendothelial system in liver and lungs. It is suggested that polyethylene glycol 

helps nanoparticles to escape from the reticuloendothelial system by steric repelling of 

the opsonin proteins that are essential for the clearance of nanoparticles from blood 

stream (45;46). As a result, polyethylene glycol-coated particles have a longer circulation 

time in the body and thus have a better chance to accumulate within a tumor. The FDA 

approved albumin-bound paclitaxel nanoparticles (nabP) to be used for the treatment of 

metastatic breast cancer in 2004. The rationale for using drug-loaded nanoparticles in the 

treatment of cancer is the observation that nanoparticles accumulate passively in the 

tumor and thus can serve as a vehicle to deliver a high concentration of anticancer drugs 
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to tumors. This results in a high concentration of drug within tumor while minimizing 

systemic toxicity. 

 

Active accumulation is dependent on the specific affinity of nanoparticles for 

cancer cells. Such affinity can be induced by several approaches including modification 

of the surface of nanoparticle with molecular-specific ligands such as folic acid (47), 

peptides (48), aptamers (49), and antibodies (26). Molecular targets that are available for 

breast cancer targeting were presented earlier in this chapter. Among different options for 

targeting, using monoclonal antibodies that bind tumor-associated antigens on the surface 

of cancer cells is the most commonly used approach. 

 

This dissertation is dedicated to the development of a molecular-specific contrast 

agent for the detection of breast cancer cells in animal models using a novel laser 

optoacoustic imaging (OAT) system. Chapter three describes the fabrication of a 

molecular-specific contrast agent using gold nanoparticles and the monoclonal antibody 

Herceptin. Chapter four includes methods and experiments that were designed for the 

verification of biologic and binding profile of fabricated contrast agent. The performance 

of fabricated contrast agent to improve the sensitivity and specificity of optoacoustic 

method to detect cancer cells will be discussed in chapter five. Finally, in chapter six we 

summarize the results and discuss the future directions of this dissertation. 
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Chapter 2: Introducing Optoacoustic Tomography 

In this chapter, after presenting a brief description of optoacoustic tomography 

(OAT), factors that affect the performance of this imaging technique in vivo are 

discussed. The role of angiogenesis for OAT of tumors will be discussed. Finally, the 

need for an exogenous contrast agent to enhance the sensitivity and specificity of OAT is 

discussed to justify this study. 

2.1 BACKGROUND 

OAT is a novel imaging technique in which an image is reconstructed by 

detecting acoustic waves that are generated within a sample upon laser pulse irradiation. 

Laser pulse irradiation generates acoustic waves as a result of thermoelastic expansion. 

The idea of generating sound by interrupted light belongs to Alexander Graham Bell. He 

reported that thin disks generate sound when exposed to interrupted sun light. This 

important observation is the basis of photoacoustic spectroscopy and OAT. Photoacoustic 

spectroscopy is a powerful technique that can be used to study the concentration of 

chemicals and gasses (50) and OAT is the subject of this study.  

2.2 HOW DOES OAT WORK?  

OAT is a novel non-ionizing imaging modality that allows for deep imaging of 

biological tissue up to de depth of several centimeters based on the differential light 

absorption of tissue components such as fat, melanin, and hemoglobin (51). Figure 3A 

shows the schematic of a typical optoacoustic experiment. In this figure, light-absorbing 

object A is embedded within a phantom that scatters light. The phantom is irradiated with 

a laser pulse from above, while an acoustic transducer located on the other side of the 

phantom detects acoustic waves generated within the phantom. 
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Figure 3: The schematics of a typical optoacoustic experiment (A) and resulting 
waveform (B). d1 is the depth in which object A is located, d2 is the 
diameter of light-absorbing object A, and d3 is the distance between the 
object and transducer. t0 is the time of arrival of laser pulse, t1 is the time of 
arrival of signal from the front surface of object A that is closer to 
transducer, and t2 is the time of arrival of signal from the counterpart 
surface. Formulas show the relation between time of arrival and the location 
of object. 

When the phantom is irradiated with a laser pulse, photons propagate within the 

phantom while undergoing multiple scattering. Usually, a laser with a pulse width of a 

few nanoseconds is used for optoacoustic experiments. Note that the speed of light is 

3x108 m/s, which means that the whole phantom and its embedded objects are irradiated 

almost at once. When photons hit object A, they will be absorbed. The energy of 

absorbed photons will be converted to heat, and this heat induces thermoelastic expansion 

of object A. Note that the thermoelastic expansion happens in a few nanoseconds during 

a short laser pulse. Rapid thermoelastic expansion generates transient acoustic waves by 
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light absorbing objects. The frequency of generated acoustic wave would depend on the 

dimensions and acoustic properties of the embedded objects. 

Typically, generated optoacoustic waves possess a frequency from a few tens of 

kilohertz (kHz) to several megahertz (MHz). Thus, a wide-band acoustic transducer is 

required to convert optoacoustic waves (pressure waves) to electric signals. Acoustic 

transducers can be made of a variety of piezoelectric materials such as quartz crystal, 

ceramic, and Polyvinylidene Difluoride (PVDF). Due to the relatively high speed of light, 

all light-absorbing objects within the phantom will generate acoustic waves at once. Let t0 

be the time when laser pulse is triggered and the acoustic waves are generated. Generated 

acoustic waves propagate at the speed of sound in all directions within the phantom. The 

speed of sound varies by the density of tissue, but in a soft tissue it is roughly 1.5 mm/μs. 

Figure 3B depict a typical optoacoustic signal in which the x-axis represents time, 

with zero being the time of triggering laser pulse (i.e. t0 = 0). For a signal that arrives at t1, 

the distance between the object that generated that wave and the transducer, d3, could be 

determined by multiplying 1 by the speed of sound in that media. Based on distance d3, 

acoustic waves will arrive at the transducer and appear on the monitor at a time that can 

be calculated by dividing d3 by the speed of sound as depicted in figure 3B. Thus, the 

time interval between t0 and t1 is dictated by the distance between object and transducer 

(d3) and inverse of the speed of sound within the phantom. The amplitude of the signal 

will depend on the extent of thermoelastic expansion, which depends on the light fluence 

at the target object and the absorption coefficient of the target object. To be more precise, 

the distance between object and transducer will affect the amplitude of the detected signal 

because the acoustic waves undergo gradual attenuation when they travel within the 

phantom. Based on the information provided in figure 3B and the speed of sound within 

the phantom, several parameters can be calculated: 
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• The distance between object and transducer is the product of the time of 

arrival of signal (t1) multiplied by the speed of sound within phantom (S). 

• The absorption coefficient of object A will be proportional to the 

amplitude of signal multiplied by the distance between object and 

transducer. 

• The diameter of the object is the product of the time interval between two 

peaks of the signal (t2-t1). These peaks in the signal represent the signal 

originated from the front and back boundaries of the object. Thus, we can 

calculate their position by multiplying their time of arrival by the speed of 

sound in the phantom (S).  

 

In summary, higher laser fluence will result in a stronger signal; a higher 

absorption coefficient of object will also result in a stronger signal. In contrast, a longer 

distance between object and transducer will result in a weaker signal, as the acoustic 

signal will attenuate as it ravels within phantom; however, most tissues conduct acoustic 

waves efficiently and thus the attenuation of acoustic waves within tissue would be 

minimal. Based on the above discussion, one can expect to increase the amplitude of 

optoacoustic signal by increasing the fluence of light that is delivered to the target object 

and also by increasing the light absorption of target object. The laser fluence at the target 

object is dependent on the light intensity at the surface of the phantom (I0), the 

attenuation coefficient of the phantom, and the depth of object within the phantom (d1). 

Note that I0 is limited by the specification of the laser device and by the maximum safe 

fluence of light that can be used for in vivo experiments without damaging skin. Thus, the 

amplitude of the generated acoustic signal will mainly depend on the light-absorption 

properties of the targets. This is the rationale for using a contrast agent to enhance the 
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light absorption of a specific target to subsequently generate a stronger optoacoustic 

signal. 

In a more complex situation, one may use multiple transducers to record the 

generated acoustic signal at different angles. This would allow one to apply mathematical 

algorithms to calculate the exact location of objects within a phantom. Successful OAT of 

targets in turbid media is dependent on two parameters: the quality of recorded signal, 

and the efficiency of reconstruction algorithms. The theoretical bases of reconstructing 

image from optoacoustic signal detected by an array of transducers was first reported by 

Kruger et al. in 1995 (52). In this model, the ideal situation would be to arrange multiple 

transducers in a full circle around the object. Several other algorithms have been 

presented in the literature for image reconstruction of optoacoustic signal (53-55). 

Arranging transducers in a full circle around the phantom is technically challenging; 

instead, one could use a linear array of transducers or a semicircle array as depicted in 

figure 4. 

There are many issues that have to be addressed before a useful OAT is 

reconstructed: 

• The amplitude of signal that is generated by the light absorbing 

component within a phantom is dependent on the local fluence of laser 

light. Ideally, we should use a homogenous illumination within the 

phantom so that all objects are equally illuminated during laser pulse. In 

practice, laser devices do not provide a homogenous laser beam. Thus, 

additional optical components are required to illuminate the sample with a 

relatively homogenous beam. Also, we should be aware of the fact that 

local light absorption within a tissue will affect the pattern of laser 
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illumination behind light-absorbing components. Together, this means that 

the homogenous illumination of the sample is very important during OAT. 

 

Transducer Array

A

Scattering 
phantom

Pulse laser

 

Figure 4: An array of acoustic transducers may be used to locate a light-absorbing 
object (a) within a scattering phantom. Several mathematical algorithms are 
available to locate the position of object A based on the phase and amplitude 
of the signal that arrives into individual elements within an array of 
transducers. 

• The amplitude of generated acoustic signal is inversely proportional with 

the pulse width of laser to a point that the maximum acoustic pressure is 

generated (56). Typically, one would need a laser pulse with a pulse 

duration of 10 ns. 

• The optical properties of phantom (scattering and absorption) will 

significantly affect the quality of the generated acoustic signal. A high 

scattering coefficient will help deliver a homogenous laser light to objects 
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and thus is favorable to OAT. In contrast, a high light absorption in the 

background will diminish the fluence of light at the target object and at the 

same time will increase the background signal. In other words, light 

absorption within the phantom will inversely affect the signal to noise 

ratio that will eventually determine the sensitivity of OAT. To increase the 

maximum depth of imaging, one would need to maximize signal to noise 

ratio. The signal originates form light-absorbing targets; to enhance signal 

to noise ratio, one would need to increase the light-absorption property of 

the target object. The background noise originates from the absorption of 

photons within the phantom; to minimize the noise, one would choose a 

wavelength for the laser pulse in which the background light absorption 

within the phantom is minimized. 

• Any acoustic barrier that is located between the target object and the 

transducer may also affect the quality of recorded signal. This means that 

it is important to make sure that impedance matching is present between 

transducer and phantom. For instance, conventional ultrasound gel should 

be used to fill any gaps between transducer and phantom to facilitate the 

passage of ultrasound waves toward transducer. 

 

2.3 OAT FOR BIOLOGICAL IMAGING 

OAT can be used to image biological tissues. For instance, optoacoustic technique 

has been used by other groups to monitor hemoglobin concentration in the radial artery of 

healthy volunteers (57), to monitor retinal temperature during retinal laser irradiation 

(58), for three-dimensional tomography of mouse head (59), and for high-contrast 

vascular imaging in human finger and legs (60). When biological tissue such as skin is 
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irradiated with laser pulse, light-absorbing components within the tissue will generate 

acoustic waves as a result of thermoelastic expansion. Based on the wavelength of the 

light, elements such as melanin, hemoglobin, lipids, carotenes, and water will absorb 

light to generate acoustic waves. Tissues such as skin also strongly scatter light. 

Within most tissue, hemoglobin is the most potent light-absorbing component in 

the visible range of spectrum. Figure 5 depicts the absorption coefficient of two types of 

hemoglobin (reduced and oxidized) and water at different wavelengths. As a result of 

strong absorption and scattering, the depth of penetration of photons within the body in 

the visible range of spectrum is limited to a few millimeters. As it can be seen in figure 5, 

hemoglobin will strongly absorb light at wavelengths shorter than 650 nm. Water will 

strongly absorb light in wavelengths longer than 900 nm. Overall, the light absorption of 

tissue is minimal within the range from 650 to 900 nm. The interval between 650 nm to 

900 nm, which is also called the near-infrared region of the spectrum, is known as “the 

window to the body.” Photons at the near-infrared region of the spectrum penetrate better 

within most tissue. Note that although the absorption of photons is minimal at these 

wavelengths, the scattering of light within tissue is still quite prominent. 

Another important parameter that needs to be considered when tissue imaging is 

desired is the scattering property of tissue. As light propagates within a tissue, photons 

get reflected or deviated from straight pathway when they hit tissue components. This is 

referred to as scattering property and is usually expressed as scattering coefficient. The 

scattering property of human breast varies by age and is different among people; 

however, it has been reported to be in the range of 0.7 to 1.0 mm-1 within the 700-900 nm 

wavelength in 28 healthy premenopausal women (61). The scattering will attenuate light 

as it propagates through tissue. This means that when one illuminates the surface of a 

phantom with a laser beam, the superficial layers will be exposed to a higher fluence of 
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light as compared to the deeper area. Now imagine that there are two identical light 

absorbing object located inn the superficial and deep layers of a phantom. Although these 

two objects have similar light absorption properties, the object that is located in the 

superficial layer will generate a stronger signal simply because it received more photons. 

This factor, which is considered as the light attenuation due to the scattering, should be 

taken into account when reconstructing an image during optoacoustic imaging. The 

reconstruction software that is used in this dissertation automatically estimates the light 

propagation pattern within an object and normalize the recorded signal. 

 

Figure 5: Absorption coefficient of reduced hemoglobin (Hb) and Oxyhemoglobin 
(HbO2) and water at different wavelengths. The cumulative absorption 
coefficient is minimal in the range of 650 nm to 900nm that is known as the 
near-infrared region of the spectrum, NIR. Image is taken from reference 
(62).  

 

The spatial resolution of optoacoustic method is limited by the spatial resolution 

that can be achieved by an ultrasound wave. Based on the experimental data presented in 
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the literature as well as theoretical calculations, OAT is expected to provide a spatial 

resolution of a few millimeters at a depth of 5 cm within tissue mimicking phantoms (63).    

OAT requires laser pulse to be delivered deep within the sample. Based on the 

data presented in figure 5, only near-infrared photons can potentially penetrate deep 

within tissue. Thus, although OAT has been successfully used in vitro using a visible 

laser source to image targets at a depth of 5 cm within a turbid media (63), a near-infrared 

pulse laser is required to perform OAT in vivo. Note also that hemoglobin is the main 

light-absorbing component even in the near infrared region of the spectrum. In other 

words, hemoglobin is the main endogenous contrast agent for in vivo OAT at the near-

infrared region of the spectrum.  

2.4 OAT FOR BREAST IMAGING 

OAT has been used in clinical studies for the imaging of breast cancer without 

using additional contrast agent(64;65); however, the application of this imaging method 

for the detection of breast cancer would depend on the presence and extent of abnormal 

angiogenesis that is essential to generate endogenous contrast. However, the application 

of OAT for the early detection of breast cancer may be extended by using an exogenous 

contrast agent as will be explained in the rest of this chapter. Breast is a near-ideal organ 

for optoacoustic imaging for the following reasons: 

• Breast is an accessible organ. One could technically position most of 

human breast tissue between an array of an acoustic transducer and a light 

source. This would be similar to the set up that is currently used during 

conventional mammography as depicted in figure 6. 
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Figure 6: Positioning of human breast during conventional mammography. Similar 
setup could be used to position human breast between a laser light source 
and acoustic transducer during OAT. Image is taken from The New York 
Times published on 01-08-2008.  

• Breast is a relatively homogenous tissue with no bone or air bubbles 

inside. This is important because both bone and air bubbles strongly 

attenuate ultrasound. For instance, organs such as brain that is enclosed 

with bones and lung that contain air bubbles are not good candidates for 

OAT. 

• The background light absorption of breast tissue is minimal. The major 

component of breast tissue is fat, which has a relatively low absorption 

coefficient at the near-infrared when compared to other tissues such as 

muscle or liver. This is important because it means that fat will generate a 

weak background optoacoustic signal. This is important because a low 

absorption within breast means that deep illumination of breast tissue is 

possible using near-infrared laser illumination. Deep illumination , (i.e. ~5 

cm for breast imaging) along with the lack of bone and air in the breast 

means that OAT can be used to image targets that are located deep within 

breast tissue. 
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• Because the peak absorption pattern of gold nanoparticles is tunable over a 

relatively wide band, more than one type of gold nanoparticles could be 

imaged using optoacoustic method. For instance, by using two laser lines 

at NIR region and employing two types of gold nanorods that possess 

distinct peak absorption (each conjugated to a separate targeting vehicle), 

one would be able to image two different targets within tissue. 

 

2.5 ANGIOGENESIS AS AN ENDOGENOUS CONTRAST AGENT FOR OAT 

The presence of a tumor with abnormal angiogenesis alters the light-absorption 

pattern within the affected area of the breast. OAT reconstructs images based on the 

pattern of light absorption, and thus breast tumors could potentially be detected using 

optoacoustic technique based on their abnormal angiogenesis. In other words, abnormal 

angiogenesis increases the blood content of a tumor and an increase in the blood content 

will enhance the light absorption within a tumor that will eventually lead to a stronger 

optoacoustic signal from the tumor; because of this, abnormal angiogenesis is considered 

as an inherent contrast agent for OAT. Figure 7 depicts gross appearance of a breast 

tumor. In this figure, the tumor can easily be identified by its darker color as compared to 

the normal surrounding tissue. Dark appearance of the tumor is a result of enhanced 

angiogenesis that increases the blood content of tissue as well as bleeding and necrosis 

within the tumor. 

To investigate the extent of angiogenesis in the mouse model that we have used in 

this dissertation, BT-474 breast cancer cells were injected subcutaneously into nude mice 

to produce tumors (the details of the procedure will be addressed in the following 

chapter). After 6 weeks, the approximate diameter of tumor was 10 mm. The animals 

were sacrificed and samples of skin, subcutaneous tissue, and tumor were extracted and 
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fixed in 4% formalin. The samples were stained using a Blood Vessel Staining Kit 

(Millipore, Billerica, MA) to reveal vWF antigen, a widely used indicator for blood 

vessels.  

 

Figure 7: Macroscopic cross section of breast adenocarcinoma in human. Tumor looks 
darker as compared to its surrounding tissue due to enhanced angiogenesis, 
which increases its blood content. Image is taken from the website of the 
Univesity of Alabama at Birmingham.  

 

An example of the images that were acquired in this experiment is presented in 

figure 8. The results confirm enhanced angiogenesis, especially in the periphery of the 

tumor, as compared to normal skin. 
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Figure 8: Immunostaining of the skin of tumor-bearing mouse using vWF as a marker 
of blood vessels. vWF appears brown. Normal mouse skin (top) shows 
minimal angiogenesis. Areas of enhanced angiogenesis are present around 
the tumor (bottom). 

Figure 8 also shows that the enhanced angiogenesis mostly occur within the 

periphery of the tumor; this has been well described in the literature (66). The fact that 

the central areas of tumor do not have a rich blood supply further indicates that 

angiogenesis alone would not be a suitable contrast for OAT as the central area of tumors 

will not generate a strong optoacoustic signal. An example of the images that were 
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acquired in this experiment is presented in figure 8. The results confirm enhanced 

angiogenesis, especially in the periphery of the tumor, as compared to normal skin. 

 

2.6 THE NEED FOR AN EXOGENOUS CONTRAST AGENT TO ENHANCE THE 
SENSITIVITY AND SPECIFICITY OF OAT 

OAT has successfully been used on human subjects to image breast cancer 

(64;65), port-wine stains (67), quantify epidermal melanin (68), determine hemoglobin 

and its oxygen saturation (69), and angiography (70). In the previous section, we 

explained why OAT using near-infrared laser pulse is a potential imaging technique for 

the evaluation of human breast as well.  

Although OAT promises non-invasive imaging of breast tumors in the presence of 

abnormal angiogenesis, the extent of angiogenesis may not be sufficient at early stages of 

tumor development to produce a detectable optoacoustic signal; which is defined as a 

signal to noise ratio of two or more. Currently, the sensitivity and specificity of the 

optoacoustic method is not sufficient to detect a tumor at early stages, mainly due to the 

low signal-to-noise ratio at early stages of tumor development (unpublished data of the 

author). To resolve this issue, the signal to noise ratio of OAT needs to be improved. 

Potential solutions for this problem include: 

1) Use a stronger laser source to generate a stronger signal. Unfortunately, 

safety issues limit the maximum intensity of laser irradiation that can 

be used in vivo to avoid tissue damage. 

2) Use a more sensitive acoustic transducer and related electronics to 

achieve a low background noise. Significant advances have been made 

in making high quality acoustic transducers; however, some internal 
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noise is unavoidable within the transducer and electronic circuits, and 

this will limit the sensitivity and specificity of OAT. 

3) Use an exogenous contrast agent that specifically enhances the signal 

generated in the target tissue by enhancing the light absorption of 

cancer cells. 

This third approach is the subject of this dissertation. In other words, increasing 

light absorption within diseased tissue will improve the sensitivity, while the specific 

accumulation of contrast agent within a tumor will improve the specificity of the 

optoacoustic method to detect tumors (63;71). An increase in the sensitivity and 

specificity of OAT will facilitate the detection of those small lesions that are otherwise 

undetectable. The enhancement of sensitivity and specificity of OAT for the detection of 

breast tumors is depicted in figure 9. 

 

Figure 9: Basics of enhancing the efficiency of optoacoustic imaging using a contrast 
agent. Contrast agent could enhance the sensitivity of optoacoustic imaging 
by increasing the amplitude of generated signal. The specificity could also 
be enhanced by targeting contrast agent specifically to cancer cells. 
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Light absorbing materials such as Indocyanine Green (ICG) has successfully been 

used as a contrast agent for OAT (72); however, high concentrations of this dye is 

required to generate detectable optoacoustic signal. New materials are required to provide 

us with a higher light absorption at low concentration to enhance OAT detection of small 

tumors.   
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Chapter 3: The Application of Nanotechnology for Molecular-Specific 
Targeting of Breast Cancer 

Nanotechnology can be used at this stage to provide us with materials that are 

superior to organic dyes in terms of light absorption. While several types of nanoparticles 

are available or are under investigation in biomedical sciences, we will focus of gold 

nanoparticles that strongly absorb light and thus are potential candidate as contrast agents 

for OAT.  

In this chapter, spherical gold nanoparticles are presented as an efficient contrast 

agent for OAT. Protocols to make spherical gold nanoparticles in different sizes are 

explained and methods are presented to functionalize these nanoparticles by conjugating 

them to monoclonal antibodies. Several in vitro experiments are presented to demonstrate 

the feasibility of using spherical gold nanoparticles as a contrast agent for OAT. The 

results presented in this chapter have already been published in a peer-reviewed journal 

(63) and have been presented at several scientific conferences. 

3.1 INTRODUCING GOLD NANOPARTICLES 

For the purposes of this dissertation, gold nanoparticles were chosen for the 

development of a contrast agent for OAT because of their unique optical, chemical, and 

biological properties(73;74). We will review these unique properties here. 

3.2 OPTICAL PROPERTIES OF SPHERICAL GOLD NANOPARTICLES 

The extent and quality of motion of electrons greatly affect the physicochemical 

properties of a material. Certain types of electron motions are allowed within orbits of 

atoms or molecules. In a metal, some electrons are shared and can freely move between 

atoms within a lattice. These freely moving electrons are responsible for the electric 

conduction of metals (73). By decreasing the size of a metal particle, a new confinement 
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is induced for the conducting electrons that limit the motion of electrons in the lattice. 

When the size of metal particle is reduced to nanometer scale, this extra confinement may 

allow electrons to vibrate along the dimensions of nanoparticle. This kind of electron 

vibration is called plasmon resonance and may be stimulated by absorbing photons that 

have similar resonance frequencies, leading to enhanced light absorption. In other words, 

the interaction between photons and the conducting electrons in a nanoparticle causes 

enhanced light absorption by metal nanoparticles. 

When a solution of spherical nanoparticles is examined using a 

spectrophotometer, a peak absorption can be determined in which the plasmon resonance 

frequency of conducting electrons equals the wavelength of the light. For instance, 

spherical gold nanoparticles with an average diameter of 40 nm show a peak absorption 

that is located near 520 nm (i.e., green). Blood strongly absorbs light at this wavelength 

and this is why both blood and spherical gold nanoparticles appear red in to eyes. The 

fact that the light absorption of spherical gold nanoparticles overlaps with that of blood is 

a disadvantage for using these types of nanoparticles in vivo; however, this will not affect 

in vitro experiments that are performed in the absence of blood. The surface plasmon 

resonance frequency of metal nanoparticles can be calculated by solving Maxwell’s 

equation (75); however, such a calculation is beyond the scope of this dissertation. The 

plasmon resonance frequency of a given gold spherical nanoparticle depends on many 

factors including the diameter of those nanoparticles. The correlation between the peak 

absorption wavelength and the size of gold nanoparticles has been investigated by many 

groups (75). In this dissertation, light-absorption spectra of nanoparticles will be used to 

determine the peak absorption. This will determine the plasmon resonance frequency of 

manufactured nanoparticles. 
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Spherical gold nanoparticles are usually made by Turkevitch’s method. In this 

method, gold salts are reduced in a solution to make gold nanoparticles: 

6 AuCl4
- + H2O + C6H8O7  6 CO2 + 24 Cl- + 6 Au0 + 18 H+ 

By controlling the ratio of concentration of AuCl4
- to C6H8O7, one could make 

gold nanoparticles in different sizes. The diameter of a nanoparticle determines the 

plasmon resonance frequency, which will in turn determine the light-absorption 

properties of the nanoparticle. The relationship between the size of spherical gold 

nanoparticle and its light-absorption pattern is depicted in figure 10. 

 

 

Figure 10: The absorption pattern of spherical gold particles with different sizes. Larger 
particles show a shift of their peak absorption to the right. Figure is taken 
from reference (75) 

 

Due to their exceptionally strong light absorption, gold nanoparticles are capable 

of producing a strong optoacoustic signal. A strong optoacoustic signal generated by gold 
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nanoparticles upon laser irradiation would allow one to detect a small concentration of 

these nanoparticles within tissue. This is particularly important when molecular imaging 

of a specific marker is desired. In the past, we have used spherical gold nanoparticles 

with a plasmon resonance frequency at the visible range of spectrum as contrast agent for 

in vitro detection of cancer cells. The results of our initial experiments demonstrated a 

promising sensitivity of optoacoustic method to detect Her2/neu over-expressing cancer 

cells in vitro (63). 

The plasmon resonance frequency of spherical gold nanoparticles is located at the 

visible range of spectrum, which means that a visible laser pulse illumination is required 

for the particles to generate optoacoustic signal. Unfortunately, biological tissues strongly 

attenuate visible light and thus do not allow visible light to penetrate deep within tissue. 

 

3.3 FABRICATING FUNCTIONALIZED SPHERICAL GOLD NANOPARTICLES FOR IN 
VITRO EXPERIMENTS 

Gold nanoparticles are made in the form of colloidal gold, a uniform and stable 

suspension of gold nanoparticles in a media that contains a chemical stabilizer. For the 

purposes of this dissertation, citrate-stabilized spherical gold nanoparticles were 

synthesized using a standard protocol known as the Turkevitch method (75). In this 

method, HAuCl4 is reduced by adding sodium citrate to produce Au0 that aggregates to 

form nanoparticles. The diameter of produced gold nanoparticles was adjusted in the 

range of 20 to 40 nm by controlling the ratio of the concentration of HAuCL4 to that of 

the reducing agent. The average diameter of produced nanoparticles was determined by 

measuring peak absorption using a conventional spectrophotometer and comparing this to 

a standard graph that shows the relationship between the size of spherical gold 

nanoparticles and their average diameter (76). Figure 10 shows the relationship between 
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the size of spherical gold particles and their light-absorption pattern. In this figure, an 

increase in the size of spherical particles shifts the peak absorption of spherical gold 

nanoparticles to longer wavelengths.  

Bioconjugation of spherical gold nanoparticles to antibodies, which was first 

invented by Faulk and Taylor in 1971(77), revolutionized molecular visualization of 

cellular components by electron microscopy. Due to their high density, individual gold 

nanoparticles were easily identified in electron microscopy. Immunogold staining 

enabled scientists to visualize single molecule proteins or receptors in tissue sections 

using electron microscopy. Unfortunately, these gold nanoparticles were too small to be 

seen using light microscopy. Another important invention was the development of the 

silver enhancement technique(78), in which silver salts are deposited over gold 

nanoparticles to make them visible under light microscopy. This further broadened the 

applications of gold nanoparticles in biology. 

Preparing a uniform and stable suspension of immuogold nanoparticles, which are 

gold nanoparticles attached to antibodies, is a challenge. Although it is not well 

understood, the adsorption of antibodies to spherical gold nanoparticles is thought to be 

the result of three major interactions (see figure 11): 

• The electrostatic attraction between negatively charged nanoparticles and 

positive side chains of the protein. For instance, lysine side chains that 

contain amine functional group carry positive charge at neutral pH. 

• The hydrophobic interactions between the surface of gold nanoparticles 

and the hydrophobic domains of the protein. 

• Dative bonds between gold surface and free sulfhydryl side chains of a 

protein. 
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Most antibodies have both hydrophobic domains and many lysine functional 

groups on their surface. This means that the electrostatic and hydrophobic interactions 

occur easily between gold nanoparticles and most antibodies. These interactions seem to 

be sufficient to produce stable conjugates that are suitable for immunogold staining of 

samples for electron microscopy. However, the situation is different for in vivo 

applications: there are many other proteins and ions in the blood that may compete with 

original antibody to bind to gold nanoparticle; this may lead to the detachment of original 

antibody from gold surface and attachment of serum proteins to gold nanoparticles. This 

means that immunogold particles that are made based on non-covalent attachment of 

antibodies to gold surface cannot be used for in vivo applications. To solve this problem, 

we proposed attaching antibodies to gold nanoparticles using a dative bond rather than 

using electrostatic or hydrophobic forces. Because dative bonds are as strong as covalent 

bonds, they will not break in the serum and thus the conjugated particles can still remain 

functional in vivo.  

Cystein carries a sulfhydryl side chain and several cysteins exist in an antibody 

molecule; however, native antibodies carry their cysteins in the form of disulfide bond 

rather than free sulfhydryl groups. For instance, most immunoglobins (IgGs) have four 

interchain and four intrachain disulfide bonds (79). This means that antibodies per se do 

not carry a free sulfhydryl, and thus a free sulfhydryl group should be added to antibodies 

before they can be attached to gold nanoparticles using a dative bond (see figure 12). 

There are at least two ways to induce a free sulfhydryl group on antibodies: 

• Reducing some of the disulfide bonds that exist within antibody to form 

free sulfhydryls. This can be done using reducing agents such as 2-

mercaptoethylamine (MEA). 
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Figure 11: Different techniques that have been utilized to conjugate spherical gold 
nanoparticles: A) electrostatic adsorption of positively charged proteins to 
negatively charged nanoparticles, B) inherent thiol group of proteins that has 
affinity for gold, C) converting amine side group of proteins to thiol, D) 
Biotin-streptavidin linker system, E) secondary antibody (80)  

 

• Modifying free amine side chains of proteins to sulfhydryls by using 

reagents such as SATA(N-Succinimidyl-S-acetylthioacetate)(81). 
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Figure 12: IgG molecule contains several disulfide binds in its structure (top). 
Controlled reduction of disulfide binds results in the production of two half 
antibodies with intact antigen binding sites and free thiol group (bottom). 
Free thiol groups can be used to conjugate these proteins to gold 
nanoparticles. 

Due to their wide applications in electron microscopy, a variety of gold 

nanoparticles that are already attached to streptavidin are available in the market. 

Streptavidin is a tetrameric protein with a molecular weight of 4x16 kDa that has an 

exceptionally high affinity for biotin, which is a small molecule also known as Vitamin 

H(82). With a dissociation constant of 1.3x10-15 M, the interaction between biotin and 

Streptavidin is one of the strongest non-covalent interactions in biochemistry. The 

affinity of biotin for Streptavidin is at least 104 times stronger than that of antibodies for 

antigen, as the latter has a dissociation constant in the range of 10-7 to 10-11 M. Because 
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of their high affinity and their ease of use, we used Streptavidin-biotin system to 

functionalize spherical gold nanoparticles in this dissertation. Monoclonal antibody was 

Biotinylated using commercial kits and incubated with Streptavidin-conjugated 40 nm 

gold nanoparticles to produce a functional gold nanoparticle. 

Citrate-stabilized nanoparticles were further functionalized by attaching them to 

monoclonal antibody Herceptin that specifically binds to the Her2/neu receptors that are 

known to over-express on the surface of many breast cancer cells. Her2/neu receptor was 

selected for this experiment because it is one of the most studied tumor markers for breast 

cancer and also because Herceptin, a monoclonal antibody that binds to this receptor, is 

in clinical use with promising results for the treatment of metastatic breast cancer. A 

schematic of the conjugated particles is presented in figure 13. 

 

Figure 13: Schematics of bioconjugation of Herceptin to spherical gold nanoparticles using 
Streptavidin-biotin system. Herceptin was biotinylated and then incubated 
with Streptavidin-conjugated gold nanoparticles to produce a functionalized 
nanoparticle. 
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Streptavidin-conjugated 40 nm spherical gold nanoparticles were obtained from 

Ted Pella, Inc. (Redding, CA). Herceptin was Biotinylated using a kit provided by Pierce 

Biotechnology (Rockford, IL). Biotinylated Herceptin was incubated with Streptavidin-

conjugated nanoparticles to fabricate Herceptin-conjugated spherical gold nanoparticles. 

Unattached Herceptin was removed using centrifugation. A secondary antibody (Cy3-

conjugated goat anti-human antibody) was used as recommended by the manufacturer 

(Jackson Immunoresearch, West Grove, PA) to visualize conjugated particles under 

fluorescent microscopy. The binding of conjugated nanoparticles was confirmed on the 

breast cancer cell line SK-BR3 that is known to over-express Her2/neu receptor. To do 

this, SK-BR3 cells were incubated with conjugated gold nanoparticles, and the presence 

of gold nanoparticles on cancer cells was then shown both by using a fluorescent 

technique as well as electron microcopy (Figures 14, 15). 

 
 

Figure 14: Mab binds specifically to HER2-positive cells. A. Bright field microscopy 
distinguishes elongated cells human fibroblasts from rounded SK-BR-3 
cells. Cells were incubated with MAb-conjugated spherical gold 
nanoparticles and Cy3-conjugated secondary antibody as described in 
Materials and Methods. The nuclei were stained with DAPI. Red color is 
indicative of Mab-conjugated nanoparticles bound to HER2 receptor on the 
surface of cancer cells. 
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Figure 15: Electron microphotographs of SK-BR3 cells incubated with Herceptin-
conjugated gold nanoparticles (NP). A. SEM showing two gold 
nanoparticles (arrowheads) directly on the cell surface. mv - microvilli. B. 
TEM of an ultrathin section. NP adherent to the cell surface (arrowhead) and 
to the surface of microvilli (thin arrows) or in the process of internalization 
(thick arrows) into vesicles where the channel connecting them to the cell 
surface can be seen; C. TEM of an ultrathin section. NP internalized in a 
cytoplasmic vesicle (open arrow). Bars = 0.5 micrometers. 

 

3.4 DETERMINING THE OPTOACOUSTIC PROFILE OF SPHERICAL GOLD 
NANOPARTICLES 

Several in vitro experiments were conducted to determine the sensitivity of the 

optoacoustic method to detect low concentrations of gold nanoparticles. Figure 16 depicts 

the schematic and results of a typical experiment in this series, in which a cylinder was 

made of a mixture of gelatin and whole milk to resemble optical scattering of tissue and 

was placed on top of a single-element optoacoustic transducer (WAT-20, LaserSonix 

Technologies, Houston, TX). A small well with an approximate volume of 100 µL was 
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made on the top surface of the phantom to hold the nanoparticle solutions. Proper optical 

elements were used to illuminate the sample from top surface using a Q-switched Nd-

YAG laser (Big Sky Lasers, Inc. Bozeman, MT) emitting at the wavelength of 532 nm, 

pulse repetition rate 20 Hz, and pulse length of 14ns. The optical fluence at the sample 

site was measured as 4.8 mJ/cm2. The amplitude of optoacoustic signal was recorded 

using a digital oscilloscope. The sample with a concentration of 109 nanoparticles per mL 

produced a detectable optoacoustic signal (i.e. a signal-to-noise ratio > 2). This 

corresponds to a nanoparticle concentration close to 10-5 μM. This experiment 

demonstrates the high sensitivity of OAT to detect gold nanoparticles within a turbid 

medium. Each data point is figure 16 represents three measurements. It is noteworthy to 

mention that the minimum detectable concentration of gold nanoparticles in vivo would 

be affected by the background level of signal that is generated within tissue in the 

absence of gold nanoparticles. We will address this issue in the following chapter where 

we describe the similar experiments using gold nanorods. 

 

 

 

 

 

 

 

 

Figure 16: The amplitude of optoacoustic signal as a function of spherical 
nanoparticles’ concentration (left). Gold nanoparticles with an average 
diameter of 40 nm are detectable at a minimum concentration of 109 
nanoparticles per mL. Schematic of the experiment setup (right). 
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3.5 OPTOACOUSTIC IMAGING OF SPHERICAL GOLD NANOPARTICLES WITHIN 
PHANTOM GEL 

A series of experiments were designed and conducted to assess if OAT can be 

used to image targeted cancer cells in vitro. To do this, SK-BR3 cells were used as a 

cancer cell line that over-expresses Her2/neu receptor. SK-BR3 cells were incubated with 

Herceptin-conjugated gold nanoparticles at a concentration of 109NPs/mL at 4oC to 

inhibit internalization of the receptor upon antibody binding; treated cells were then 

harvested and embedded within a gelatin phantom that optically resembled human breast 

at near infrared region of the spectrum (i.e. absorption coefficient = 0.01 mm-1, scattering 

coefficient = 1 mm-1). Untreated cancer cells were also used as a control, but they didn’t 

produce a detectable optoacoustic signal due to their negligible light absorption (data not 

shown). 

Figure 17 depicts one of these experiments: The phantom was illuminated from 

the top with laser pulses at the wavelength of 532 nm. The laser beam had a Gaussian 

profile with incident energy fluence of 10 mJ/cm2 and a diameter of 30 mm (visible as a 

light smeared line in the upper part of the optoacoustic image). The phantom was made 

using 90 g of gelatin powder (Sigma, St.Luis, MO) and 10 mL of whole milk (Oak 

Farms, Dallas, TX); water was added to make a total volume of 1L. Three tubes with an 

internal diameter of 4 mm and length of 11 mm were embedded in the center of the 

phantom at the depth of 5 cm from the illuminated surface and 4 cm from the array of 

transducers. The tubes were filled with three media: the same gel as used in the phantom 

as a negative control, gold 40 nm spherical nanoparticles in concentration of 109 NP/cm3 

as a positive control, and breast cancer SK-BR3 cells targeted with gold nanoparticles. 
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a   b   c a    b    c 

As can be seen in figure 17 right, while the negative control is invisible in 

optoacoustic image (object a), the positive control (object b) and targeted SK-BR3 cells 

(object c) were brightly visible in optoacoustic image. 

Figure 18 demonstrates another example of these series of experiments in which 

four objects each with an approximate volume of 30 to 50 µL were embedded within the 

phantom: a solution of 109 NPs/mL as a positive control and three objects made of 10, 25, 

and 100 million SK-BR3 cells treated with conjugated nanoparticles. In this figure, an 

increase of the optoacoustic signal as a function of the number of treated cells can be 

seen. According to figure 18, the minimum detectable number of cancer cells using OAT 

is 25 million at a volume of 50 µL, which is very promising as compared to the minimum 

detectable size of tumors using conventional mammography (~125µL).  

 

 

 

 

 

 

 

 

 

Figure 17: Photograph of a disk-shaped gel phantom placed on the arc-shaped 
optoacoustic transducer array (left) and an optoacoustic image of the same 
phantom (right). The tubes were filled with the same gel as used in the 
phantom (a), spherical gold nanoparticles at a concentration of 109 NP/cm3 
(b), and targeted breast cancer cell SK-BR3(c). Gold nanoparticles and 
targeted cancer cells are brightly visible under optoacoustic imaging (right) 
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Figure 18: Optoacoustic image of gelatin phantom with four embedded objects made of 
SK-BR3 cells that were treated with conjugated NPs. Object 1 is NP with a 
concentration of 2x109 NP per mL (Visible), object 2 is 10 million SKBR3, 
object 3 is 25 million SKBR3 (Visible), and object 4 is 100 million SKBR3 
cells loaded with Mab/NPs (Brightly visible). 
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Chapter 4: Employing non-spherical gold nanoparticles for OAT 

In this chapter, non-spherical gold nanoparticles will be presented. A series of 

theoretical analysis along with the results of experiments are discussed to justify the use 

of functionalized gold nanorods as a contrast agent to enhance the sensitivity and 

specificity of OAT in vivo. The results presented in this chapter has already been 

published in peer-reviewed journals (83;84).  

 

4.1 NON-SPHERICAL GOLD NANOPARTICLES ARE SUPERIOR TO SPHERICAL GOLD 
NANOPARTICLES FOR IN VIVO EXPERIMENTS 

In the previous chapter, we discussed how gold nanospheres strongly absorb light 

at their plasmon resonance frequency, which is located at 520 nm for a nanosphere with a 

diameter of 40 nm. Unfortunately, photons at this wavelength hardly penetrate human 

tissue mainly due to the strong light absorption of components such as hemoglobin and 

myoglobin. This limits the in vivo application of spherical gold nanoparticles for OAT. 

On the other hand, light absorption of most tissue is minimal at the near-infrared region 

of the spectrum. In addition, the scattering of light, which will attenuate the incident of 

light as light propagates within tissue, is minimal at near infrared region as compared to 

the visible light; this will also help NIR to penetrate deeper tissue.  

In vivo detection of cancer cells using gold nanoparticles and optoacoustic 

imaging method requires engineering of gold nanoparticles that strongly absorb light in 

the near-infrared region of the spectrum where the light absorption of tissue is minimal. 

This will provide high signal to noise ratio for deep in vivo optoacoustic detection (85). 

Fortunately, plasmon resonance frequency of gold nanoparticles could be tuned over a 

wide range from visible to the near-infrared region of the spectrum by adjusting the shape 
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and dimensions of these nanoparticles (86). To tune the plasmon resonance frequency at 

near-infrared, it is required to change the shape and size of gold nanoparticles. When gold 

particles are made in the form of nanoshells, the ratio of the thickness of the gold layer to 

the diameter of the particle dictates the plasmon resonance frequency (see figure 19). As 

for the elongated particles, the aspect ratio would be the main factor that determines the 

plasmon resonance frequency. The plasmon resonance frequency of gold nanoparticles 

can be calculated by solving Maxwell’s equation (86); however, this topic is beyond the 

scope of this dissertation. Other groups have calculated the plasmon resonance frequency 

of gold nanoparticles at different shape and sizes, and the results are available in the 

literature. 

Near-infrared light in the range of 600 nm to 1300 nm wavelength penetrates deep 

within tissue (85;87). Thus, nanoparticles with strong near-infrared absorption should be 

used for in vivo OAT. As mentioned before, the peak absorption of gold nanoparticles 

can be tuned to the near-infrared region of the spectrum by changing the size and shape 

of these particles. At this time, at least three forms of gold nanoparticles with strong near-

infrared absorption have been identified: gold nanoshells, gold nanorods (GNRs), and 

nanocubes (86). Figure 19 right demonstrates the relation between shell thickness and the 

peak absorption of gold nanoshells. Figure 20 shows electron microscopy image and the 

light-absorption pattern of gold nanocages with an approximate dimension of 30 nm (88). 

 

4.2 GOLD NANORODS AS CONTRAST AGENTS FOR OAT  

To be used as a contrast agent for OAT, the agent should strongly absorb light in 

the near-infrared region of the spectrum. Figure 21 shows how changing the aspect ratio 

of gold nanorods can be used to tune their plasmon resonance frequency from red to the 
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near-infrared light. Ideally, one would choose the particle that provides the highest light 

absorption for the volume of the particle. Other specifications such as biocompatibility 

and the availability of chemical methods to functionalize the particle using targeting 

agents, as will be described in chapter five, are also important. The fact that gold 

nanoparticles strongly absorb light due to their plasmon resonance was discussed earlier 

in this chapter. Now the question to be answered is thus: What types of gold 

nanoparticles are the best to be used as contrast agents for OAT? 

 

R1 R2

 

Figure 19: Plasmon resonance frequency of gold nanoshells depends on the core/shell 
ratio. By increasing the core/shell ratio, for example by making the shell 
thinner, the peak absorption of the nanoparticle could be shifted to longer 
wavelengths. Figure is taken from reference (89). 

Among the different types of gold nanoparticles that absorb light in the near-

infrared region of the spectrum, GNRs are the best for OAT because they provide 

maximum absorption for their size. In addition, their peak absorption can be tuned in the 

near-infrared by adjusting the aspect ratio of these nanoparticles. Light-absorption cross-

section of different types of gold nanoparticles has been calculated by other groups (86) 

by solving Maxwell’s equation. El-Sayed calculated the expected absorption and 

scattering properties of different types of gold nanoparticles (86). The relation between 
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the aspect ratio of gold nanorods and their peak absorption is presented in figure 21. A 

table of the results of his calculation is presented in figure 22. In this figure, GNRs have 

been shown to provide the highest light absorption per volume of gold nanoparticles. 

 

 

Figure 20: TEM (left) and absorption spectrum (right) of gold nanocages. Plasmon 
resonance frequency of gold nanocages is located in the near infrared region 
of the spectrum. Ext. = extinction, abs. = absorption, sca. = scattering. 
Figure is taken from reference (88). 

 

 

Figure 21: The relation between aspect ratio of gold nanorods and their peak absorption 
wavelength. By increasing aspect ratio, gold nanorods absorb light at longer 
wavelengths. Graph is taken from reference (86).  
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Figure 22: Size-normalized absorption cross-section of different types of gold 
nanoparticles. Note that GNRs possess the strongest absorption for their 
size. Table is taken from reference (86).  

Figure 22 also demonstrates that gold nanoshells can be made to absorb infrared 

light however, the absorption cross section of these nanoshells would be smaller that that 

of gold nanorods when they are made at similar sizes (see figure 22, right column). In this 

dissertation, a seed-mediated method was used to produce GNRs with an aspect ratio in 

the range of 3 to 4 to tune their peak absorption at the near-infrared region of the 

spectrum(90-92). The detail of the protocol used to make these gold nanoparticles is 

available in Appendix A. A calculated comparison between the light absorption of 

spherical gold nanoparticles with a diameter of 40 nm and GNRs with an aspect ratio of 

four (dimensions 12 x 50 nm) is presented in figure 23 (74). Figure 24 demonstrates the 

absorption spectra of GNRs with an aspect ratio of 3. In this figure, there is a peak 

absorption around 520 nm, which corresponds to the transverse plasmon resonance, and 

J. Phys. Chem. B, Vol. 110, No. 14, 2006, 7238

Strongest 
absorption



 53

another stronger peak at 700 nm, which is due to the axial plasmon resonance frequency 

of GNRs. The change in the shape of gold nanoparticles from spherical to nanorods shifts 

the peak absorption to a longer wavelength and also enhances the amplitude of light 

absorption of nanoparticles (93). Figure 25 demonstrates how changing the aspect ratio of 

GNRs modulate their light-absorption pattern. 

 

Figure 23: Absorption spectra of spherical gold nanoparticle as compared to that of 
cylindrical. Note that by changing the shape of the nanoparticle to a 
cylinder, the peak absorption shifts toward longer wavelengths and its 
amplitude becomes stronger. 

 

Figure 24: Absorption spectra of GNRs with an aspect ratio of 3 as was prepared in our 
laboratory.  
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Figure 25: Aspect ratio of gold nanorods determine their optical light absorption. 
Transmission electron microscopy images (top), light absorption pattern 
(low left), and visual appearance of (low right) gold nanospheres (seed), and 
nanorods with aspect ratio of 1.35 (a), 1.95 (b), 3.06 (c), 3.50 (d), 4.42 (e). 
(94) 

After reviewing the optical properties of different shapes and sizes of gold 

nanoparticles, we selected GNRs for OAT because they provide the strongest light 

absorption for their size and commercial lasers are available to irradiate them at their 

peak wavelength(73;75). While several types of gold nanorods with different aspect 

ratios were made in our lab, figure 26 shows a typical absorption spectrum for GNRs 

with an estimated aspect ratio of 3.3 that were produced for OAT in our laboratory. This 

particular aspect ratio was chosen because the peak absorption spectra of these nanorods 

is close to the emission wavelength of the Alexandrite laser and thus can be efficiently 

excited using the Alexandrite laser.  
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Figure 26: Absorption spectrum of raw GNRs with an approximate size of 50x15 nm. 
The peak absorption is close to the emission wavelength of the Alexandrite 
laser at 757 nm.  

Another interesting property of GNRs is their ability to be detected using a variety 

of techniques such as transmission electron microscopy (95), dark field microscopy (93), 

multi-photon excitation laser scanning microscopy (96), optical coherence tomography 

(97), Raman spectroscopy (98), conventional X-ray (99), and CT scan imaging (100). 

One of the most exciting properties of GNRs in their ability to emit light under 

two-photon excitation. It has been suggested that a single GNRs could be detected using 

two-photon excitation microscopy (101). To investigate if our GNRs emit light under 

two-photon excitation, 10 µl of gold nanorod solution was spotted on a glass slide and 

examined under two-photon microscopy using an excitation wavelength at 800 nm, a 

power of 5 mW at objective lens level, and a Zeiss 20X objective lens with a numerical 

aperture of 0.75. GNRs were found to be exceptionally bright (see figure 27). Due to 

technical issues, we were not able to adjust the laser energy at lower energy levels for this 

experiment; however, gold nanoparticles have been imaged using much lower excitation 

power levels in the literature (102).   
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Figure 27: Gold nanorod solution as seen under two-photon excitation microscopy 
using a 20X objective lens. Gold particles were found to be exceptionally 
bright even when using an excitation power as low as 5 mW at sample site. 

 

In this experiment, a relatively low power was used for two-photon detection of 

GNRs. In this low power, most of conventional fluorescent dyes do not fluoresce, 

allowing one to detect bright GNRs easily against a dark background. 

Increasing excitation power to 50 mW caused disappearance of GNRs emission 

under two-photon excitation. The mechanism for losing two-photon emission when a 

higher excitation power is used in not well-understood, but it has been suggested that a 

high excitation power probably melts these nanoparticles and turns them into 

nanospheres (73). 

In another experiment, a few microliters of gold nanorods solution were injected 

directly into chicken muscle, and the sample was then examined under two-photon 
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excitation at 800 nm. Fifty slices were captured from the surface to a 100 µm depth using 

a 20X objective lens and then all images were collapsed together to generate figure 28. 

The control image, which was taken before the injection of gold nanorods was uniformly 

black (image not shown). As one can see in this figure, gold nanorods that diffused 

within the sample enabled us to visualize the fine structure of the sample tissue under 

two-photon microscopy. This demonstrates the feasibility of tracking gold nanorods by 

using multiple modalities such as OAT as well as two-photon excitation microscopy. 

 

 

Figure 28: Two-photon excitation microscopy of chicken muscle injected with gold 
nanorods. Gold nanorods appear bright under two-photon excitation. Actual 
size of imaged area is 640x640 micrometers. 

GNRs also possess desirable chemical properties: they are chemically stable and 

thus do not interact with other components that exist in a tissue microenvironment. At the 

same time, special chemical techniques are available to functionalize gold nanoparticles 
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as necessary (46;103-105). Gold nanoparticles have been widely used in the past with 

minimal complications to treat a variety of diseases including rheumatoid arthritis and 

cancers, and thus it appears that they are well tolerated by the human body even after 

several years (106;107). 

 

4.3 CRYSTAL STRUCTURE OF GNRS AND THE ROLE OF 
HEXADECYLTRIMETHYLAMMONIUM BROMIDE ON BIOCONJUGATION 

In chemical literature, a three-digit number is used to describe the crystal structure 

on the surface of gold nanoparticles. Figures 29 and 30 depict crystal structure of GNRs 

as revealed by high-resolution transmission electron microscopy and x-ray 

crystallography. For instance, 111 and 100 are low energy crystal structures and thus are 

relatively stable (108;109). The details of the crystal classification are beyond the scope 

of this dissertation; however, it is worth mentioning that while the crystal structure of 

gold nanospheres is mainly composed of the stable 111 configuration, the crystal 

structure of the side walls of gold nanorods is 110 that is the unstable form. The unstable 

form of 110 facets is only found in GNRs. The thiol group has affinity for the ends of 

GNRs (105). Hexadecyltrimethylammonium bromide (CTAB), the surfactant, has more 

affinity for 110 surfaces and so it will engulf gold nanorods from sides while the ends 

remain exposed. CTAB is required for the generation of gold nanorods using seed-

method technique that will be described in the following section. This special 

arrangement of CTAB molecules around gold nanorods is being used for making GNRs 

with a high aspect ratio. This has been illustrated in figure 31, as reported by Murphy’s 

group (94). Like CTAB, thiol group has different affinities for different crystal structures, 

and this property has been used to assemble controlled two- or three-dimensional lattices 

of GNRs as depicted in figure 32 (110) (111). 
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Figure 29: Crystal structure of GNRs as revealed by high-resolution transmission 
electron microscopy. Images are taken from reference (109). 

 

Figure 30: Crystal structure of GNRs. Image taken from reference(112). 
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Figure 31: CTAB assembles into a lipid belayed around gold nanoparticles and only 
allows the growth of gold nanoparticles in one dimension. Growth of gold 
nanoparticles in one dimension produces GNRs that are protected by the 
CTAB bilayer. Cartoon is taken from reference (90) 

 

 

Figure 32: End-to-end assembly due to the attachment of biotin to the ends of GNRs. 
Figure is taken from reference (80). 

 

4.4 RATIONALE TO FUNCTIONALIZE GOLD NANORODS 

The main goal of this dissertation is to increase the sensitivity and specificity of 

OAT to detect breast tumors in vivo. The background light absorption of cells in the near 

infrared region of the spectrum is so minimal that it will not generate detectable 
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optoacoustic signal while illuminated with pulse laser light at conventional intensities. 

This means that cells per se cannot be seen using OAT. To improve sensitivity, one 

would need to maximize the generated optoacoustic signal by increasing the light 

absorption of cancer cells as much as possible.  A higher light absorption will lead to a 

stronger optoacoustic signal at a fixed illumination power and thus will enhance the 

signal-to-noise ratio of optoacoustic signal. Contrast agents may be used to selectively 

enhance the light absorption of a tumor. The objective of tumor targeting is to selectively 

accumulate an intravenously injected material within tumors. Tumor targeting has both 

diagnostic and therapeutic applications; however, only diagnostic applications will be 

discussed here. 

Gold nanoparticles are proven to possess a much stronger light absorption cross-

section than conventional dyes. To tune light absorption around 750 to 800 nm, one 

would need to fabricate elongated gold nanoparticles with an aspect ratio of 3 to 4. The 

absorption cross-section of GNRs with a dimension of 12x50 nm is reported to be 4.5x10-

10 cm2 at 800 nm, while that of indocyanine green is 1.66x10-16 cm2 at similar 

wavelengths (113). This means that the light absorption of a single gold nanoparticle is 

up to a million times stronger than that of a single indocyanine green molecule. Due to 

their strong light absorption in near-infrared, gold nanoparticles produce a strong 

optoacoustic signal upon laser pulse irradiation; this enables them to be detectable even at 

very low concentrations. We have reported previously that the amplitude of light 

absorption of spherical gold nanoparticles increases linearly by increasing the volume of 

individual nanoparticles, and that the amplitude of generated optoacoustic signal is 

proportional to the volume of gold nanoparticles (63). This means that larger particles 

generate stronger optoacoustic signal simply because they absorb more light and thus are 

better choices for optoacoustic detection. Thus, from the optoacoustic point of view, 
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larger particles are superior due to their stronger signal. However, other considerations 

must be addressed before choosing a specific size for gold nanoparticles for in vivo 

applications. 

In tumor targeting, a diagnostic or therapeutic agent is injected into the venous 

system. This agent will circulate in the body through blood circulation and as it passes 

through capillaries, it may exit circulation and diffuse into the extracellular space where it 

can directly interact with cells of our organs such as breast, liver, spleen, and kidney. 

Based on the size and composition of injected materials, they will be cleared from blood 

circulation by organs of the reticuloendothelial system (RES) or by kidneys. When gold 

nanoparticles are injected intravenously, they circulate within blood vessels until they are 

cleared via one of the methods described above. 

Kidneys are capable of excreting into urine small nanoparticles with an average 

diameter of a few nanometers; however, nanoparticles that are studied in this dissertation 

are too large to be excreted into urine. This means that kidneys do not play a major role 

in clearing our nanoparticles from blood stream. However, it is expected for gold 

nanoparticles to be trapped within kidneys due to the rich blood perfusion of kidneys. As 

kidneys do not play a major role in clearing gold nanoparticles from blood, it is the 

responsibility of the RES to clear gold nanoparticles from the blood stream.  

To achieve a successful targeting for OAT using gold nanoparticles, the following 

issues should be considered: 

• The stability of a nanoparticle solution is due to a balance between the 

aggregating and repelling forces that exists between nanoparticles. The 

heavy mass of nanoparticles favors precipitation. On the other hand, 

repulsive forces exist to prevent precipitation. Repelling force between 

nanoparticles can be expressed as zeta potential that is a function of the 
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surface charge of nanoparticles and the ionic strength of the surrounding 

environment. A higher surface charge leads to a stronger repelling force. 

Zeta potential of “as synthesized” CTAB-coated GNRs are reported to be 

around +30 mV (114). Zeta potential is not dependent on the size of 

nanoparticles and remains the same for small and large nanoparticles with 

similar surface characteristics; however, increasing the size of 

nanoparticles will increase the mass of nanoparticles by cubic radius of 

nanoparticles. This means that in larger particles, the zeta potential may 

not be sufficient to produce sufficient repelling force to prevent 

precipitation and thus nanoparticles will precipitate. Practically, gold 

nanoparticles larger than 250 nm in diameter precipitate quickly and thus 

are not suitable for in vivo applications. 

• Nanoparticles need to diffuse out of blood vessels before they can interact 

with cancer cells that arise from solid organs such as breast and prostate. 

In other words, nanoparticles need to be small enough to pass through 

pores in the wall of capillaries. Several lines of evidences suggest that 

smaller particles have a better chance to diffuse out of blood vessels and 

penetrate into a tumor (115). While the size of fenestra in the wall of an 

intact capillary is less than 5 nm in diameter (116), it has been found that 

blood vessels that are formed within a tumor possess larger pores with a 

diameter in the range of 200 to 1200 nm (42). This large pore size is due 

to the abnormal angiogenesis that exists within tumor. When a tumor 

grows beyond 2 mm3, simple diffusion does not provide enough nutrients 

for cancer cells; thus, cancer cells secrete angiogenic factors that result in 

abnormal angiogenesis (4). Endothelial vessels that are produced within a 
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tumor are diseased and leaky because they are made as a result of tumor 

angiogenesis rather than as a result of a normal physiologic process. The 

differential leak between healthy and diseased tissue is advantageous 

because by tuning the size of nanoparticles, one could allow nanoparticles 

to diffuse out of blood vessels exclusively within diseased tissue but not 

within normal tissue. To achieve a selective tumor accumulation, one 

would need to design nanoparticles that are large enough to avoid 

extravasation within normal tissue while also being small enough to pass 

tumor blood vessels. This size-based accumulation of materials within a 

tumor is also called passive tumor accumulation. 

• The rate of nanoparticle clearance from blood is highly dependent on 

nanoparticle size. This is especially important for the clearance of particles 

by spleen. Particles larger than 150 nm are quickly cleared from blood 

stream by spleen. In contrast, spleen uptake was found to be insignificant 

when particles smaller than 60 nm in diameter were injected intravenously 

(117). As a conclusion, injected nanoparticles should not be larger than 

150 nm or they will be cleared from blood by spleen before they get a 

chance to accumulate in their targets tissue. 

• Surface chemistry of nanoparticles also plays an important role in 

determining the rate of nanoparticle clearance from blood. For instance, 

hydrophobic particles are quickly cleared from the blood stream by liver. 

This means that one would need to coat nanoparticles with polar and 

hydrophilic materials to elongate their circulation time. Examples of these 

hydrophilic materials that have been used for this purpose include 

poloxamers, poly(ethylene oxide), and poly(ethylene glycol) or PEG 
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(118). Each molecule of PEG with a molecular weight of 5000 Da is 

expected to cover an area as larger as 32 nm2 on the surface of gold 

nanoparticles (115;119). Coating nanoparticles with PEG with a molecular 

weight of 1900 to 5000 Da is the most popular method for coating of 

nanoparticles to hide them from RES. It is important to ensure that coating 

the surface of gold nanaoparticles with PEG or any other molecule does 

not interfere with the light-absorption pattern of particles. This has been 

examined for PEGylated GNRs in our lab; results are presented in figure 

33. It is suggested that PEG coating induces steric stabilization and thus 

brings a mechanism to avoid opsonization, which is a method that our 

body uses to tag foreign materials such as bacteria and viruses so that they 

can be identified and cleared from the blood stream by RES. In summary, 

PEG interferes with opsonisation and thus elongates the circulation time of 

injected materials. 
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Figure 33: Absorption spectra of CTAB-coated and PEG-coated GNRs as fabricated in 
our lab.  
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• Intravenous injection of PEGylated GNRs with approximate dimensions 

of 11x65 nm yielded a half-life of 6 to 12 hours in mice (104). Blood 

circulates in the body approximately once per minute; thus a half-life of 6 

to 12 hours seems sufficient for injected particles to circulate within the 

body more than 360 times before they are cleared from the blood stream 

(6 hours equals 360 minutes). 

• To enhance the specificity, one would need to functionalize nanoparticles 

in a way that they selectively bind to cancer cells without affecting normal 

surrounding tissue. Her2/neu is a well-known tumor-associated biomarker 

that is over-expressed in many breast cancer cells, especially in metastatic 

tumors. This marker is abundant on the surface of breast cancer cells, is 

not expressed by normal cells, and is not released into the blood stream as 

free protein, and a monoclonal antibody is available in the market for it. 

 

Based on the above parameters and also additional technical considerations 

regarding making gold nanoparticles, we proposed using gold nanoparticles with an 

approximate size of 15x50 nm in this dissertation. Then, these nanoparticles were 

functionalized using monoclonal antibody Herceptin to bind to the Her2/neu receptor on 

the surface of cancer cells to enhance the light absorption of targeted cells in the near-

infrared region of the spectrum. Finally, targeted cancer cells were detected/imaged using 

the optoacoustic technique. 

Hydrophobic interaction between nanoparticles will generate attraction force that 

will lead to particle aggregation, while their similar electric charges induce repulsion 

forces to prevent aggregation. Repulsion forces could be expressed as zeta potential, 
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which basically is an indicative of the electrostatic forces on the surface of particles. Zeta 

potential of a solution of particle is dependent on both the surface charge of particles and 

the ionic strength of the solution in which the particles are suspended. In a stable 

colloidal solution, there is a balance between attraction and repulsion forces; this balance 

does not allow particles to get too close to each other to aggregate. By increasing the 

concentration of salts in the solution, the zeta potential will be decreased and thus the 

hydrophobic interactions will dominate, resulting in nanoparticle aggregation. 

One of the ways to prevent particles from aggregation in the presence of salts is to 

coat them with polyelectrolytes that provide a strong electrostatic repulsive force even in 

the presence of a high concentration of ionic strength in the solution. Examples of these 

types of polyelectrolytes are polyacrylic acid (PAA) and polystyrenesulfonate (PSS). 

Both PAA and PSS are negatively charged polymers (see figure 34). The approximate 

length of a molecule of PAA with a molecular weight of 20,000 Da is 15 nm (120). Note 

that these polyelectrolytes require a low concentration of salt, usually 1 mM of NaCl, to 

fold properly (121). Following PSS coating of GNRs, their zeta potential drops from +30 

mV (due to the presence of positively charged CTAB on their surface) to -90 mV (114); 

this strong negative charge is capable of producing sufficient repulsion force to prevent 

particles from aggregation. As a result, PSS-coated GNRs remain stable even when they 

are mixed with plasma proteins and ions and thus they can be used for in vivo 

experiments. 

PSS-coating is superior to PAA-coating because PSS maintains its negative 

charge even at a low pH, whereas PAA accepts H+ and loses its negative charge at acidic 

pH and thus may not be able to provide sufficient repelling force to prevent aggregation 

at a low pH (105). For instance, Zeta potential of PSS-coated nanoparticles is reported to 

be around -50 mV, while that of PAA-coated is only -20 mV at a pH of 5.5. As 
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mentioned before in this dissertation, particle aggregation can be monitored by looking at 

the absorption pattern of gold solution, as aggregation will dramatically affect plasmon 

resonance and peak absorption of nanoparticles. This can be seen even by naked eyes: 

when 100 µL of PBS is added to 1 mL of a solution of unconjugated gold nanospheres in 

a tube, the red color of the solution, that represents stong green light absorption due to 

plasmon resonance, changes to blue almost instantly.  

 

 

Figure 34: Chemical structure of polyacrylic acid (PAA, left) and polystyrenesulfonate 
(PSS, right). The negative charge of PAA is due to the presence of multiple 
carboxylic acid functional groups, while that of PSS is due to sulfonate 
groups. Structures are taken from www.sigmaaldrich.com. 

Free sulfhydryl group reacts with gold surface to make a dative bond, also known 

as a coordinate covalent bond. In dative bond, two electrons are shared from a single 

atom; in our case, both electrons that are shared between gold and sulfhydryl group come 

from sulfhydryl side. This is in contrast to a conventional covalent bond in which each 

side of the bond should bring one electron to share. Dative bond is very strong and stable; 

thus the attachment of antibodies to gold nanoparticle through their sulfhydryl side chains 

is also very stable.  
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4.5 FABRICATING FUNCTIONALIZED GNRS 

As described previously, a stable covalent bond between gold nanoparticles and 

antibodies is required to prevent the dissociation of antibodies from gold nanoparticles in 

vivo. The details of the conjugation of spherical gold nanoparticles to Herceptin were 

described before. Unfortunately, the same approach cannot be used for the covalent 

attachment of antibodies to GNRs because the chemical behavior of GNRs is different 

from that of spherical gold nanoparticles. To fabricate a stable bioconjugate of GNRs, at 

least two differences between GNRs and spherical gold nanoparticles need to be 

addressed: 

• Crystal structure of GNRs is different from that of spherical gold 

nanoparticles. 

• Spherical gold nanoparticles are stabilized using citrate that is a water-

soluble molecule. In contrast, GNRs are stabilized using a high 

concentration of CTAB that is a surfactant. CTAB produces a protecting 

lipid bilayer around GNRs and prevents water-soluble molecules from 

reaching the surface of gold nanoparticles. Removing CTAB requires 

heating of nanoparticles to a temperature of 200oC or higher (109). 

 

As mentioned previously, GNRs were stabilized with an excess amount of CTAB, 

which is toxic to cells. This means that these nanoparticles cannot be incubated with 

cells. To overcome the toxicity issue, CTAB needs to be covered or replaced by non-

toxic materials while preserving the stability of nanoparticles. 

One of the methods that can be used to overcome the toxicity problem is to coat 

gold nanoparticles with PEG (46;104). To do this, we incubated GNRs with thiol-
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modified PEG with a molecular weight of 5000 Dalton at a pH of 9.5. This pH allowed 

thiol group to react with GNRs. After 24 hours, CTAB was removed by centrifugation 

and PEGylated nanorods were suspended in phosphate buffered saline (PBS).  

Alternately, CTAB-stabilized GNRs were coated with PAA with a molecular 

weight of 15000. The details of the protocol used in this experiment is presented in 

Appendix B. PAA is a poly-electrolyte with a strong negative charge and thus is attracted 

to the surface of gold particles that are positively charged due to the presence of CTAB 

(120;121). PAA is suitable for nanoparticle coating due to two main reasons: it is 

negatively charged and thus will adhere to the positive charge of CTAB on the surface of 

GNRs, and it contains functional carboxylic group that can be used to bind it to other 

molecules of interest using standard chemistry protocols. In our lab, we first produced 

PAA-coated GNRs using a conventional protocol that has been published in the literature 

(114;121). We further improved the protocol by adding monoclonal antibody Herceptin 

into the structure of GNRs. After removing extra CTAB from solution, PAA-coated 

nanorods were conjugated to monoclonal antibody Herceptin using 1-ethyl-3-[3-

imethylaminopropyl]carbodiimide hydrochloride (EDC), a bifunctional biolinker that 

binds the carboxylic group of PAA on one arm and the free amine groups of Herceptin 

using the other arm. The details of this protocol can be found in appendix B. 

Fabricated gold nanoparticles were composed of GNRs with CTAB and PAA on 

the surface while fluorescently labeled Herceptin was conjugated to PAA. To check if 

these functional gold nanoparticles can target Her2/neu receptor on the surface of breast 

cancer cells, a series of in vitro experiments was performed. BT-474 cells, a breast cancer 

cell line that over-expresses Her2/neu receptor, and COS-7, a kidney cell line that does 

not over-express Her2/neu, were cultured on 24-well culture plates and were incubated 

with 100 µL/ ml  of a solution of fabricated gold nanoparticles at room temperature for 
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30 minutes. Cell plates were rinsed with PBS, and the samples were then examined under 

confocal microscopy using a 568 nm excitation wavelength and appropriate filter sets to 

detect Alexa Fluor 568. A typical image set  acquired in this experiment is depicted in 

figure 35. In this figure, BT-474 cells are visualized brightly due to the attachment of 

fluorescently labeled GNRs, while COS-7 cells appear dark with a minimal non-specific 

fluorescent activity. This reveals the selective targeting of Her2/neu receptor on the 

surface of BT-474 cells by fabricated GNRs. 

 

 

 

 

 

 

 

 

 

 

Figure 35: Bright field and fluorescent images of BT-474 (A,B) and COS-7 (C,D) cells 
incubated with Alexa Fluor 568-labeled Herceptin-nanorod conjugates. 
Images B and D were acquired with same excitation/emission parameters. 
These images show higher affinity of Herceptin-nanorod conjugates for BT-
474 cells that over-express Her2/neu receptor. 
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4.6 WHY IS A COVALENT CONJUGATION OF ANTIBODY TO GOLD NANORODS 
REQUIRED FOR IN VIVO EXPERIMENTS? 

While the non-covalent attachment of monoclonal antibodies to GNRs provides 

an excellent tools for molecular targeting of cancer cells in vitro, these constructs may 

not perform well within the in vivo microenvironment. For instance, it has been found 

that the in vivo microenvironment of the body interferes with the performance (i.e., 

stability and functionality) of gold nanoparticles (122;123). Blood is a very complex 

environment with materials such as hydrogen, Na, Cl, and Ca, as well as proteins, lipids, 

hydrocarbons, and multiple cellular components; each may affect nanoparticle stability 

and functionality. To minimize these effects, a covalent conjugation is required between 

the surface of GNRs and targeting vehicles such as monoclonal antibodies. 

Successful targeting of GNRs to cancer cells in vivo is dependent on the ability to 

make them (a) stable within the in vivo microenvironment, (b) non-toxic and 

biocompatible, (c) last in the blood stream long enough to find their target, and (d) able to 

target cancer cells (37). To elongate their half-life in blood, GNRs should be protected 

against the RES (118;124). PEG has been used improve the circulation time of 

nanoparticles within blood pool (118). Gold nanospheres have been successfully 

functionalized and used in vivo for tumor targeting (125); however, functionalizing GNRs 

for in vivo targeting has been a challenge mainly due to their physicochemical properties. 

As explained earlier in this chapter, GNRs are usually produced and stabilized using a 

toxic material such as CTAB (104). Furthermore, due to their unique crystal structure, 

their chemical behavior is also different from that of gold nanospheres (108;109;111). 

Together, limitations mean that novel chemical protocols are required for conjugating 

GNRs to biological molecules. 



 73

Covalent conjugation of antibodies to GNRs without utilizing PEG has been 

reported in the literature (126); however, the stability and functionality of these 

constructs within the in vivo microenvironment have not been studied. In this dissertation, 

a novel protocol was developed for the engineering of multi-functional GNRs to 

covalently conjugate GNRs with both monoclonal antibody (i.e., Herceptin) and PEG. 

Another interesting observation is that direct attachment of antibodies to nanoparticles 

may hinder the binding of antibodies. This problem has been solved by adding a theter 

arm between antibody and the surface of microspheres as depicted in figure 36. 

 

 

Figure 36: Direct conjugation of antibodies to microspheres (left) versus attaching 
antibodies to microspheres using a theter arm. It was found that the binding 
affinity of antibodies is preserved better when a theter molecule with a 
length of at least 20 angstrom has been used (127). 

 

Thus, in this dissertation, the goal was to engineer stable GNRs that are 

covalently attached to monoclonal antibodies using a theter arm. As for the theter arm, 

we chose NanoThinks Acid 16 (#662216, 5mM in ethanol, Sigma-Aldrich, St. Louis, 

MO), a molecule with 16 carbons and a COOH group on one side and SH functional 
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group on the other side. This particular molecule was used because its length is 

comparable to the length of CTAB that is covering the surface of GNRs. Figure 37 shows 

the chemical structure of NanoThinks Acid 16 as compared to that of CTAB. The size of 

NanoThinks Acid 16 allows for the SH side group of the molecule to penetrate between 

CTAB molecules on the surface of nanoparticles to make a dative binding with gold 

nanoparticles, while the COOH side remains outside of the CTAB layer. This arm also 

functions as a theter when an antibody is conjugated to it. 

 

 

Figure 37: Chemical structure of NanoThinks Acid16 (top) and CTAB (bottom). 
NanoThinks Acid 16 possesses an SH group to bind to gold surface on one 
side and a COOH group on the other side. COOH can be used for 
bioconjugation. The length of NanoThinks Acid 16 is comparable to the 
length of CTAB that covers GNRs. 

 

Figure 38 depict the schematics of the proposed construct. According to this 

protocol, GNRs with a peak absorption wavelength at 760 nm were prepared as described 
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earlier. Then, 1 mL of a solution of GNRs in CTAB was centrifuged twice in a 1.5 mL 

eppendorf tube at 10000 RPM and resuspended in 1 mL DI water. Then, 10 µL of 

NanoThinks Acid 16 solution (#662216, 5mM in ethanol, Sigma-Aldrich, St. Louis, MO) 

was added to the gNR solution, and the solution was sonicated for 15 minutes at 50°C to 

prevent aggregation. The temperature was then adjusted to 30°C while sonication was 

continued for another 120 minutes. Next, the solution was centrifuged at 10,000 RPM for 

10 minutes, supernatant removed, and pellet resuspended in PBS. EDC (1-ethyl-3-[3-

imethylaminopropyl]carbodiimide hydrochloride (#77149, Pierce, Rockford, IL) and 

sulfo-NHS (#24520, Pierce) were added at a final concentration of 4 mM and 1 mM, 

respectively, and the mixture was sonicated for 25 minutes at 4°C to produce activated 

GNRs (i.e., GNRs that are capable of binding to the amine side chain of proteins). 
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Figure 38: Schematics of Her-PEG GNRs. The particles are attached covalently to 
Herceptin through NanoThinks Acid 16. PEG-thiol molecules are also 
attached to GNRs through their thiol functional group.  
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Monoclonal antibody Herceptin was a kind donation from Genentech, San 

Francisco, CA. Purified Herceptin was then added to a final concentration of 100 µg/mL 

to 1 mL of activated GNRs. The mixture was sonicated at room temperature for 2 hours. 

Following the removal of excess Herceptin, 10 µL of PEG-thiol (10 mM) with a 

molecular weight of 5000 Da (mPEG-Thiol-5000, Laysan Bio Inc., Arab, AL) was added 

to 1 mL of Herceptin-conjugated GNRs, and the mixture was incubated at room 

temperature for 2 hours. The final solution was diluted by adding PBS to achieve an 

optical density of 1.0 at 760 nm as measured by Cary50 spectrophotometer. 

Alternatively, the initial steps involving monoclonal antibody coating were 

skipped in the protocol, and CTAB-coated GNRs were reacted with PEG-thiol directly to 

produce PEG GNRs. The optical density of the final solution was adjusted to 1.0 at 760 

nm. In the next chapter, a series of experiment will be presented to investigate the 

stability and functionality of the manufactured nanoparticle. 

4.7 DETERMINING THE PROFILE OF OPTOACOUSTIC SIGNAL GENERATED BY GNRS 
UPON NEAR-INFRARED LASER IRRADIATION 

A disk-shaped gelatin phantom with a thickness of 40 mm was placed on a wide-

band acoustic transducer (Fairway Medical Technologies, Houston, TX), and a well was 

produced on top of the gelatin phantom to hold 100 µL of samples. Samples of nanorod 

solution at different concentrations were added to the well on top of the phantom; the 

phantom was then irradiated with an Alexandrite laser running at 757 nm with a fluence 

of 6 mJ/cm2. Figure 39 depicts the results of this experiment for three solutions. Based on 

the amplitude of the signal and the noise level of the system, we calculated the minimum 

detectable concentration of GNRs as 7.5x108 NPs per mL. This is comparable to the 
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previously calculated minimum detectable concentration of spherical gold NPs in vitro, 

which was 109 NPs per mL (see figure 16). 

 

 

Figure 39: Optoacoustic signal generated by GNRs detected through a 4 cm-thick 
scattering media. GNRs were detectable at a minimum concentration of 
7.5x108 NPs per mL (1.25 pM). 

 

The y-axis in figure 39 is the amplitude of the optoacoustic signal in volts, and the 

x-axis is the time of arrival of the signal to the transducer following pulsed laser 

irradiation. The distance between the target and transducer was ~37 mm and the speed of 

sound was ~1.5 mm/µs. This is the reason why the signal appeared ~ 26 µs after laser 

irradiation. We concluded that the following: 

1) GNRs were detectable in vitro using an optoacoustic method at a 

minimum concentration of 7.5x108 NPs/mL (1.25 pM), 

2) The amplitude of optoacoustic signal was proportional to the 

concentration of gold nanoparticles. 
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4.8 NEAR-INFRARED OAT OF TARGETED CANCER CELLS IN VITRO 

The next experiment was aimed at enhancing optoacoustic signal from targeted 

cancer cells in vitro. To perform this experiment, 15 million BT-474 cancer cells were 

incubated with Herceptin-conjugated GNRs. Another 15 million cells were incubated 

with albumin-conjugated GNRs as a negative control. Cells were harvested and 

centrifuged to make two pellets that were embedded within a disk-shaped gelatin 

phantom as depicted in figure 40. Figure 40A shows the gelatin phantom with two 

embedded cell pellets: the left pellet is a pellet of BT-474 cells treated with Herceptin-

conjugated GNRs and the right pellet is BT-474 cells treated with albumin-conjugated 

GNRs as a negative control. Figure 40B demonstrates the optoacoustic image of this 

phantom. As can be seen, both objects are visible in the optoacoustic images; however, 

the cells treated with Herceptin-conjugated nanoparticles produced a stronger signal. 

There are two important observations in figure 40B. First, the targeted pellet (left 

pellet) is brighter than the control pellet (right pellet); the analysis of raw data showed a 

three times enhancement of optoacoustic signal in cells treated with Herceptin-conjugated 

GNRs as compared to that of albumin-conjugated GNRs. Secondly, the targeted cells on 

the optoacoustic image appeared larger than their actual size; this is perhaps due to the 

limited resolution of our optoacoustic transducer. The resolution of an optoacoustic 

imaging system is dependent on the time-response of its detectors, the speed of sound 

within the sample, and the spatial arrangement of detectors relative to the sample. The 

speed of sound cannot be modified in a sample; however, one may use detectors with a 

higher frequency response and arrange them in a circle with the object being imaged at 

the center to enhance the lateral and radial resolution of this imaging system. 
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Figure 40: Optoacoustic imaging of targeted cancer cells embedded within a gelatin 
phantom. (A) Gelatin phantom with two embedded object made of cells 
treated with Herceptin-conjugated (left pellet) or albumin-conjugated (right 
pellet) GNRs. (B) Optoacoustic image of phantom showing both pellets. 
Left pellet that was treated with Herceptin-conjugated GNRs was brighter. 

 

 

4.9 NEAR-INFRARED OPTOACOUSTIC DETECTION OF SUBCUTANEOUSLY INJECTED 
GNRS 

The advantage of replacing spherical gold nanoparticles with nanorods is that it 

will allow one to use a near-infrared pulse laser to illuminate gold nanoparticles. Near-

infrared illumination is important for in vivo imaging because the absorption coefficient 

of human breast tissue in visible light is much more than that of near-infrared light. For 

example, the absorption coefficient of breast tissue at 580 nm is reported to be 0.7 cm to 

1, while that of 800 nm is 0.017 to 0.045 cm-1 (87). This difference is important because 

tissues such as breast strongly attenuate light in the visible range of the spectrum, which 

limits the maximum illumination depth of a tissue for OAT to a few millimeters. In 

contrast to visible light, near-infrared penetrates several centimeters within tissue. An in 
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vivo experiment was designed to determine if OAT could be used for single-point 

detection of subcutaneously injected PEGylated nanorods in nude mice. 

Figure 41 depicts the schematics of an experiment in which a sedated nude mouse 

was placed in a supine position (face up) on top of a single-channel optoacoustic 

transducer. An Alexandrite laser was used to generate a laser beam to illuminate the 

abdomen of the mouse so that it was irradiated from the front while the optoacoustic 

signal was detected from the back. Initially, a control optoacoustic signal was recorded. 

Then, 50 µL of a solution of PEGylated GNRs at a concentration of 7.5x109 GNRs per 

mL (12.5 pM) was injected subcutaneously into the abdominal area of the mouse, with 

the generated optoacoustic signal then recorded from the back. The optoacoustic signal 

profiles are shown in Figure 42.  

Figure 42 demonstrates that a concentration of 7.5x109 NP/mL generates 

detectable optoacoustic signal over the background in vivo. This concentration is 

equivalent to having one single nanoparticles in each 1.33x10-16 m3. Assuming an 

average size of 20x20x20 µm for a cancer cell, the volume of each cancer cell would be 

8x10-15 m3.  This means that to achieve a detectable concentration of gold nanoparticles 

in vivo (i.e. 7.5 x 109 NP/mL), one would need to target an average of 60 NP to each 

cancer cell. This number seems to be promising considering the fact that the copy number 

of Her2/neu on the surface of cancer cells are reported to be as high as 926000 per cell 

(33). 
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Figure 41: Schematics of in vivo optoacoustic detection of subcutaneously (SQ) 
injected GNRs (GNRs). A single-channel acoustic transducer was used in 
this experiment. GNRs were injected subcutaneously to ventral side of 
abdomen, and optoacoustic signal was detected from dorsal side. Sedation 
was used to minimize motion artifact.  

The experiment was repeated using another mouse with similar setups as 

described before. In the second experiment, the signal enhancement was noted upon 

subcutaneous injection of GNRs at 18.5 μs post laser irradiation (Figure 43). This time 

delay is different from the previous experiment simply because the size of the mouse that 

was used in this experiment was different from the previous one. Considering the speed 

of sound in tissue (~1.5 mm/μs) and the fact that in the second experiment the generated 

signal had to travel through the mouse abdomen (approximate thickness of 2.5 cm) to 

reach the transducer, a time delay of 18.5 μs was expected. This experiment shows that 

Alexandrite Laser 
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(757 nm, 6 mJ/cm2)

Transducer

SQ injection of 
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the optoacoustic method can be used for the single-point detection of GNRs through a 

tissue with a thickness of a few centimeters. 

 

 

Figure 42: In vivo detection of subcutaneously injected GNRs in nude mouse. GNRs 
(25 μL at a concentration of 1.25 pM) or PBS ( 25 μL) was injected 
subcutaneously into the ventral abdominal area of the mouse, and the 
generated optoacoustic signal upon laser pulse irradiation was detected via a 
transducer placed on the back of the mouse. X-axis represents the time of 
arrival of signal in microseconds as compared to the surface of transducer. 
The signal originating from injected GNRs arrived at 8 μs, which 
corresponds to a distance of 12 mm from the surface of transducer. GNRs 
enhanced the amplitude of optoacoustic signal by increasing local light 
absorption. 

To further demonstrate the capability of OAT to generate an image of the 

distribution of PEGylated GNRs in vivo, another experiment was designed to image a 

nude mouse before and after subcutaneous injection of GNRs. To perform this 

experiment, a custom optoacoustic imaging system was designed and assembled at 

Fairway Medical Technologies, Houston, TX (see figures 44, 45). The imaging system 

used in this experiment was composed of two parallel linear arrays of 32 acoustic 
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transducers equipped with a real-time multichannel signal processing that provided a gain 

of over 30 dB and a noise level less than 2 mV for acoustic detection. A nude mouse was 

anesthetized as described previously and was placed between two linear probes 

(transducer arrays); the laser irradiation was then delivered orthogonally to the image 

plane. The Alexandrite laser was used to irradiate the whole body of the mouse with a 

fluence of 2 mJ/cm2. After capturing a control image, 100 µL of a solution of PEGylated 

GNRs at a concentration of 7.5x1010 NRs per mL was injected subcutaneously into the 

abdominal area of a nude mouse, and optoacoustic images were captured. Figure 46 

depicts the result of this experiment. 

 

 

Figure 43: Optoacoustic signal generated following subcutaneous injection of 50 μL of 
GNRs at a concentration of 12.5 pM into the abdominal area of a nude 
mouse. Time zero corresponds to the time of laser pulse irradiation. The 
difference between the amplitude of the signal at 18.5 µs represents injected 
GNRs. 
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32
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Figure 44: Schematics of optoacoustic detection of GNRs following subcutaneous 
injection into nude mice. 

 

Figure 45: Setup of the experiment for optoacoustic imaging of nude mice injected with 
GNRs. Two parallel arrays of transducers were holding the mouse from 
sides. Laser irradiation was applied from top. 
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Figure 46a shows the OAT of the nude mouse before injection of GNRs. The 

body of the mouse was hardly visible in the optoacoustic image due to the low ultrasound 

frequency cut-off in our imaging system, and thus an overlay drawing is added to figure 

46A to illustrate the approximate position of the animal during this experiment. The 

approximate site of injection of GNRs is also demonstrated in this figure. Figure 46B was 

acquired after subcutaneous injection of GNRs. This figure shows the appearance of a 

bright white object that represents the enhancement of optoacoustic signal in the area that 

GNRs were injected. The injected GNRs were brightly visible in the optoacoustic image, 

while the body of the mouse was almost invisible. This is due to the presence of the high 

contrast between normal tissue and GNRs under OAT. This experiment successfully 

demonstrated the feasibility of using optoacoustic method to image GNRs in vivo. 

 

 

 

 

 

 

 

 

Figure 46: Optoacoustic image of a nude mouse before (a) and after (b) injection of 
GNRs. 100 µL of GNRs at a concentration of 7.5x1010 NRs per mL was 
injected into the subcutaneous area in the ventral abdominal. Injected gold 
nanoparticles are visible in the optoacoustic image (b) as a bright object. 
Drawing in (a) depicts the approximate layout of the nude mouse.  

 

 

Injection
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Recently, a special acoustic transducer has been designed and assembled at 

Fairway Medical technologies, Houston, Texas for three dimensional optoacoustic 

imaging of small animals. This transducer is an array of 64 of 2x2 mm piezocomposite 

transducers that are positioned on an arc of 154 degrees with a radius of 65 mm.  The 

transducer bandwidth was determined to be 1.2 MHz with a center of 3.0 MHz. Figure 

47a demonstrates the schematics of the experiment that was performed using this 

transducer along with two of the sample images that were acquired using a nude mouse 

(courtesy of Fairway Medical Technologies).  
 

a b        c 

Figure 47:  Schematics of OAT rotational system using arc-shaped array of ultrasonic 
transducers (a), 3D image of a live mouse showing internal organs, an artery 
running from mouse head through the body and bifurcated to its legs (b), 2D 
coronal slices through 3D optoacoustic volume (c).  Courtesy of Fairway 
Medical Technologies. 

 

In a typical experiment that is presented in figure 47, a nude mouse was 

anesthesized using inhalation of isoflurane and was positioned on a rotating stage in a 

water tank that contained acoustic transducer. Arc-shape array of acoustic transducer was 
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composed of 64 elements of piezoelectric material with dimensions of 2x2 mm and a 

bandwidth of 3 ±1.2 MHz.  The mouse was rotated 360 degree while its body was 

illuminated with a pulsed Alexandrite laser running at 757 nm with an optical fluence of 

3.5 mJ/cm2. Optoacoustic signal was recorded for 150 steps of rotation to cover 360 

degrees. Recorded signal was exported to custom image reconstruction software to 

generate images. Figure 47b and 47c show typical reconstructed images that show the 

internal organs of the mouse including. These experiments demonstrate the feasibility of 

using optoacoustic imaging for non-invasive imaging of small animals.   

 

4.10 SUMMARY 

The rationale for using gold nanorods but not gold nanospheres for in vivo OAT 

was discussed. The protocols for making gold nanorods with optimized chemicophysical 

properties were presented. Gold nanorods were functionalized using different method and 

a novel method for the covalent conjugation of monoclonal antibodies to GNRs was 

developed. The feasibility of imaging gold nanorods in vivo using OAT with a pulsed 

infrared light source and an array of optoacoustic transducers have been demonstrated 

here.  
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Chapter 5: Determine the Biocompatibility, Stability, Biodistribution, 
and Selective Tumor Targeting of Fabricated Gold Nanoparticles 

In this chapter, a series of experiments to improve the biocompatibility of 

fabricated gold nanoparticles are presented. As mentioned previously, PEGylation has 

been used as a means to hide injected nanoparticles from the body’s RES. Laser safety 

issues, to the extent that they are related to OAT, are also discussed in this chapter. 

 

5.1 FUNCTIONALIZING GOLD NANOPARTICLES TO ENHANCE THEIR 
BIOCOMPATIBILITY 

Although several types of injectable nanoparticles are in clinical trials for 

different applications, little is known about the details of interaction between the body 

and injected nanoparticles. The interactions include clearance, biodistribution, selective 

accumulation of injected particles in the body, and short- and long-term effects of 

injected particles on the body. The body’s reaction is highly dependent on the type and 

size of injected nanoparticle; thus, it is required to determine these interactions 

individually for each type of gold nanoparticle. A series of experiments were designed 

and conducted to address some of the most important elements of these interactions. 

To determine the toxicity of fabricated GNRs in vitro, three cell lines, SK-BR3 

and BT-474 (human breast cancer cell lines) and Hep-G2 (human hepatocellular 

carcinoma cell line), were cultured on 24-well culture plates overnight and were 

incubated with 0.2 nM of different types of GNRs. GNRs in the form of CTAB-coated, 

PEG-coated, and (Herceptin+PEG)-coated were used in this experiment. After 24 hours 

of incubation at 37°C and 10% CO2, the number of viable and dead cells was determined 

using trypan-blue staining method. Figure 48 depicts the results of this experiment in 
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which the toxicity of CTAB-coated GNRs were reflected by an increase in the percentile 

of dead cells. In contrast, PEG- and (HER+PEG)-coated GNRs show little or no toxicity 

as compared with the control group, which was not incubated with any types of GNRs. 

These results confirm previously reported data on toxicity of CTAB-coated GNRs and 

confirm that our fabricated particles are well-tolerated by cells. 
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Figure 48: Toxicity assessment of different types of GNRs on three cell lines. Cells 
were incubated with gold nanoparticles for 24 hours in vitro and the number 
of dead cells were determined using trypan-blue staining method. While 
CTAB-coated GNRs demonstrated a significant toxicity, PEG- and 
(HER+PEG)-coated GNRs appear to be well-tolerated by cells. CTRL group 
cells were treated with PBS. Bars indicate the standard deviation of the data. 
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5.2 SELECTIVE TARGETING OF FUNCTIONALIZED GNRS TO CANCER CELLS IN VITRO 
 

Next, we wanted to check if Her-PEG GNRs selectively bind to HER2/neu 

receptor on the surface of breast cancer cells in vitro. To do this, four human cell lines 

were selected: 1) lung fibroblasts, 2) MCF-7, 3) SK-BR3, and 4) BT-474. The latter three 

cell lines are human breast cancer cells; however, MCF-7 and lung fibroblasts do not 

over-express HER2/neu (128), while SK-BR3 and BT-474 cell lines do. The cells were 

cultured on glass cover-slips in 12-well culture plates. Unattached cells were rinsed with 

Roswell Park Memorial Institute culture media (RPMI). Then, 1.6 mL of fresh culture 

media that was mixed with 0.4 mL of PEG GNRs or Her-PEG GNRs was added to each 

well. Culture plates were incubated at room temperature for 45 minutes to allow 

nanoparticles to interact with HER2/neu receptors. Then, unattached particles were 

removed by rinsing the plates using PBS twice. All samples were stained using silver 

enhancement staining kit (Artisan Grocott's Methenamine Silver Kit; catalog # AR176; 

Dako; Carpenteria, CA) as recommended by the manufacturer, and the slides were 

examined using an Olympus Model IX70 microscope equipped with 40X and 100X 

objective lenses and a Spot RT Slider digital camera (Diagnostics Instruments Inc, 

Sterling Heights, MI).  

Figure 49 demonstrates a typical image set that we acquired in this experiment, in 

which GNRs are visualized as dark spots around SK-BR3 (C) and BT-474 cells (D) that 

over-express HER2/neu receptors, but not around MCF-7 (A) or fibroblast (B) cells. The 

latter two cells do not express detectable HER2/neu and thus did not interact with 
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functionalized GNRs. The number of dark spots in each acquired image was determined 

manually by employing cell counter plugins that is available for Image J software. Image 

J software and its plug-ins were downloaded from the website of National Institute of 

Health (129). 

 

MCF-7 (Her2 -)
(dark count = 30)

BT-474 (Her2 +)
(dark count = 666)

SK-BR3 (Her2 +)
(dark count = 323)

Fibroblast (Her2 -)
(dark count = 33)

 

Figure 49: Silver-enhanced images of four cell lines incubated with Her-PEG GNRs in 
vitro. MCF-7 (A) and fibroblasts (B) do not express Her2/neu and thus do 
not interact with GNRs. GNRs appear as dark spots around SK-BR3 (C) and 
BT-474 (D), cells that overexpress Her2/neu receptor. 

 
In the next experiment, we wanted to prove that the specific binding of 

functionalized GNRs are due to the presence of Herceptin. To do this, we incubated SK-

BR3 cells with both PEG GNRs and Her-PEG GNRs in 24-well culture plates as 
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described previously, and stained the slides using silver-staining method. The slides were 

examined under bright field microscopy as described previously to identify GNRs. Figure 

50 demonstrates the results of this experiment. Minimal non-specific binding of PEG 

GNRs to SK-BR3 cells are noted as a few dark spots around SK-BR3 cells in figure 50A; 

however, many dark spots are seen when Her-PEG GNRs were incubated with SK-BR3 

cells, as depicted in figure 50B. This proves that the selective binding of functionalized 

GNRs to Her2/neu receptor is remarkably higher than the non-specific binding. 

PEG-Coated GNRs
(dark count = 35)

HER-PEG-Coated GNRs
(dark count = 170)

50 um

A B

 

Figure 50: Bright field microscopic images of SK-BR3 cells that were incubated with 
PEG GNRs (A) or Her-PEG GNRs (B) in vitro. GNRs are visualized as dark 
spots after being stained with silver-enhancing method. Specific binding of 
HER-PEG-coated GNRs to SK-BR3 is demonstrated by a higher number of 
dark spots in the right image as compared to when PEG-coated GNRs were 
used (left).  
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5.3 DETERMINING THE STABILITY OF FUNCTIONALIZED GNRS WITHIN THE BLOOD 
MICROENVIRONMENT 

 
As the ultimate goal of this dissertation is to make functionalized GNRs that can 

be injected intravenously into subjects, we sought to use the next experiment to determine 

if the microenvironment of blood can interfere with the stability of fabricated gold 

nanoparticles. This is an important issue because blood is a very complex tissue and 

many of its compounds could interfere with the proper functioning of injected 

nanoparticles (122;123). It is worth determining the stability of injected particles in vivo; 

however, such an experiment is technically a challenge. Instead, data are available to 

show that the composition of blood such as the pH and the concentration of critical ions 

such as potassium, sodium, and chloride do not change significantly if blood is preserved 

at the proper environment ex-vivo (130;131). Details of the protocols needed to preserve 

blood ex-vivo can be found in blood bank literature. 

This means that an alternate method to test the stability of GNRs would be to run 

an ex-vivo experiment using preserved blood. Thus, an experiment was conducted to 

assess if Her-PEG GNRs remain stable and functional when incubated with blood ex-

vivo. Samples of blood were drawn from mice, and heparin was added at a final 

concentration of 10 units/mL to prevent coagulation. To each mL of heparinized mouse 

blood was added 100 µL of either CTAB-, PEG, or Her-PEG-coated GNRs. The samples 

were mixed vigorously and incubated at room temperature for four hours. Then, samples 

were transferred to 1.5 mL eppendorf tubes and centrifuged at 2000 RPM for 15 minutes 

to precipitate red blood cells (RBCs). Supernatant solution, which contained GNRs but 
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no RBCs, was collected and transferred to 1 cm cuvette. The light absorption of these 

samples was determined using a Cary50 spectrophotometer (Varian Instruments, Walnut 

Creek, CA). Figure 51 depicts the light-absorption spectra of these three samples. 
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Figure 51: Absorption spectra of mouse serum after mouse blood has been incubated 
with three types of GNRs for three hours ex-vivo. The peak absorption 
around 760 nm disappeared for CTAB-coated GNRs, which indicates their 
aggregation. Preserved peak absorption at 760 nm for functionalized 
particles suggests the stability of these particles within the blood 
microenvironment. 

 

As predicted, CTAB-coated GNRs aggregated when mixed with blood due to the 

high concentration of ions, and thus their peak absorption that was initially located at 760 

nm disappeared. On the other hand, our functionalized GNRs that included PEG and Her-

PEG GNRs did not aggregate when mixed with mouse blood, and thus their peak 

absorption around 760 nm remained intact. This is a very exciting result, as it confirms 
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that our functionalized gold nanoparticles remain stable within blood microenvironment 

ex-vivo. Based on the assumption that the composition of the blood remains relatively 

stable in this setting, which is supported by literature, we expect our functionalized 

nanoparticles to remain stable when they are injected intravenously into live subjects. 

5.4 DETERMINE THE FUNCTIONALITY OF GNRS WITHIN THE BLOOD 
MICROENVIRONMENT 

 
After confirming the stability of functionalized GNRs within the blood 

microenvironment, we wanted to see if the particles remain functional when they are 

mixed with blood. Mixing gold nanoparticles with blood ex-vivo simulates the condition 

that these nanoparticles will face upon intravenous injection. To test the functionality of 

gold nanoparticles, Her-PEG GNRs were incubated with mouse blood as described 

previously for four hours and then the mixture was added to BT-474 and fibroblast cells 

that were previously cultured on glass cover slips. After 45 minutes of incubation at 

37°C, plates were rinsed using PBS to wash out unattached GNRs. These samples were 

stained using silver-enhancement kit as described previously. Figure 52 demonstrates the 

results of this experiment. In this figure, dark spots on BT-474 cells represent targeted 

GNRs, while only a few dots are visualized on fibroblasts. This finding confirms the 

selective targeting of functionalized GNRs to Her2/neu over-expressing cell line BT-474 

even after these nanoparticles have been incubated with blood. 
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Figure 52: Bright field microscopy images of silver-stained BT-474 and fibroblast cells 
treated with Her-PEG GNRs. Nanoparticles were premixed with mouse 
blood for four hours to simulate intravenous injection. Dark spots reveal 
GNRs. 

5.5 DETERMINING THE BIODISTRIBUTION OF FUNCTIONALIZED GNRS UPON 
INTRAVENOUS INJECTION INTO MICE 

The final group of experiments was designed to evaluate the biodistribution of 

Her-PEG GNRs and determine if they accumulate within tumors that over-express 

HER2/neu receptor in animal models. Animal protocols were reviewed and authorized by 

the institutional animal care and use committee (IACUC) at the University of Texas 

Medical Branch. A group of 4 to 5 week old female Hsd:athymic Nude-Foxn1nu/Foxn1+ 

mice were obtained from Harlan National (www.harlan.com). Typically, 2 × 106 BT-474 

cells were implanted subcutaneously in the flank area of nude mice to grow tumor. To 

enhance tumor growth, a pellet of 0.72 mg17-beta estradiol (60-day release, Innovative 

Research of America, Sarasota, FL) was also implanted under the skin in the shoulder 

area of these mice one day prior to the tumor-cell injection. After 3 to 6 weeks, a total of 

twelve nude mice developed tumors with diameter in the range of 2 to 6 mm. Of these, 

six animals were injected intravenously with 100 μL of Her-PEG GNRs through their tail 
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vein. 100 μL of PEG GNRs was injected intravenously into the tail vein of a total of five 

animals. One mouse was enrolled as control, and thus 100 µL of PBS was injected to its 

tail vein. After 24 hours, mice were sacrificed and samples of tumor, spleen, and kidney 

were obtained and preserved in formalin 4% to be fixed; the samples were then cut in 

slices using microtome and stained using silver-stain method as described previously to 

visualize GNRs under bright field microscopy as well as via conventional hematoxylin 

and eosin staining method (H&E). Figure 53 shows a typical set of the result of this 

experiment in which PEG GNRs were injected intravenously into tumor-bearing mice 

and the samples were stained using silver-enhanced method. In this figure, dark spots are 

visualized within different organs such as brain, kidney, and tumor; however, the darker 

appearance of slides obtained from tumor suggests that gold nanoparticles had a better 

chance to accumulate within tumor as compared to other tissues. This finding is in 

agreement with the literature, where non-specific accumulation of nanoparticles within 

tumors have been shown as a result of their leaky microvasculature (4). 

Figure 54 depict another group of images that were captured during 

biodistribution experiments. These series of images also demonstrate the accumulation of 

HER-PEG GNRs within different organs; however, the accumulation within tumor is 

more prominent based on the darker appearance of the slides upon silver-enhanced 

staining. Note that the two bottom images in figure 54 demonstrate tissue slices that were 

obtained from mice injected with PBS and were used as negative control for this 

experiment. 
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Figure 53: Silver staining (top row) and H&E staining (bottom row) of mouse tissue 
slices following intravenous injection of GNRs. 100 uL of PEG GNRs at a 
concentration of 7.5x1010 GNRs/mL was injected through tail vein. Dark 
spots in the top row demonstrate the accumulation of gold nanoparticles 
within different tissue especially within tumor.  
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Figure 54: Bright field microscopic images of silver-enhanced staining of mouse tissue 
following intravenous injection of HER-PEG GNRs. Dark spots reveal 
GNRs. Two bottom images are obtained from mice injected with PBS as 
control. 
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5.6 LASER SAFETY IN THE PRESENCE OF GOLD NANOPARTICLES 

In OAT, a laser pulse is used to irradiate the sample during imaging. An important 

aspect to consider when a laser device is used in medical imaging is the safety of the laser 

irradiation. Maximum Permissible Exposure (MPE) is defined as the maximum level of 

laser irradiation that under normal condition a person is allowed to be exposed to. MPE is 

usually calculated as 10% of the dose that is required to cause tissue damage in 50% of 

the subjects. Chances of tissue damage increase when the laser irradiation exceeds MPE 

limits. MPE is dependent on the type of tissue (e.g., skin, retina) and the wavelength of 

the laser, and whether the laser is used in a continuous or pulsed mode. MPE levels for 

skin laser irradiation can be found at American National Standards Institute (ANSI) 

Standard Z136.1 (132). For a pulse laser with a 10 ns pulse duration that emits light at 

visible range of the spectrum, MPE is defined to be 20 mJ/cm2. As the light absorption of 

tissue is less for near-infrared lasers, the MPE increases to 100 mJ/cm2 at 1050 nm. 

Optoacoustic experiments presented here were performed at an energy level 

bellow MPE. However, it should be noted that ANSI defines MPE in the absence of gold 

nanoparticles. The presence of gold nanoparticles within tissue, which significantly 

increases local light absorption of tissue, may lower the threshold of damage. An 

experiment was performed in vitro to assess if the presence of gold nanoparticles within 

tissue may cause cellular damage upon laser irradiation at levels that are used for OAT. 

Lactate dehydrogenase assay (LDH) was used in this experiment to assess the level of 

damage of cancer cells 24 hours post irradiation with laser pulses. BT-474 cancer cell 

lines were trypsinized and resuspended in Dulbecco's Modified Eagle Media (DMEM) 

supplemented with 10% serum. Then, 5x104 cells were transferred into each well of a 24-

well culture plate and incubated at 37°C. After 24 hours, culture media was replaced with 

fresh media. 
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An Alexandrite laser running at 760 nm with pulse duration of 100 nanoseconds 

was used to generate a Gaussian laser beam with a diameter of 10 mm to illuminate a 

single well of culture plate at a time. The cells in culture plate were then divided into five 

groups and irradiated with laser pulses as listed in figure 55. Then, culture plate was 

incubated at 37°C for 24 hours as recommended by the manufacturer of LDH assay kit to 

release LDH from damaged cells. Cytotoxicity of laser irradiation was then determined 

by measuring the level of free LDH in culture media using Cytotoxicity Colorimetric 

Assay Kit (BioAssay Systems, Hayward, CA). 
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Figure 55: Level of released LDH by damaged BT-474 cells upon laser irradiation. No 
significance release of LDH (cytotoxicity) was detected. Each group 
contained four samples. Bars represent standard deviation.  

Measuring LDH level in culture media post exposure to cytotoxic stimuli is a 

widely used assay to evaluate cellular damage. Damaged cells release their intracellular 
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LDH to the media while intact cells contain their LDH. As depicted in figure 55, no 

significant difference was detected among treatment groups. This means that laser 

irradiation in pulse mode with an intensity as high as 100 mJ/ cm2 did not damage cells in 

vitro. 

Next, we wanted to address laser safety issue in the presence of gold nanoparticles 

in vivo. To do this, an experiment was conducted using live mice, PEGylated gold 

nanoparticles, and an Alexandrite laser running at 757 nm. PEGylated gold nanoparticles 

were injected subcutaneously into the skin of mice and the skin was irradiated using an 

Alexandrite laser at 757 nm at different doses. The animals were observed for a 

predetermined time period up to 24 hours and were then sacrificed; samples of irradiated 

skin were obtained, fixed, and stained using H&E staining to reveal the extent of thermal 

damage. Figure 56 depicts an example of these series of experiments in which mouse 

skin was injected with 50 μL of PEGylated gold nanoparticles and irradiated with 10 

pulses each at a fluence equal to 100 mJ/cm2. In this particular case, laser irradiation 

induced heat damage, but the extent of damage, which was assessed visually by 

determining the deformity of collagen bundles in H&E stained slides, was not affected by 

the presence of gold nanoparticles. The results of other experiments in this series showed 

that laser irradiation with a range of fluence that is normally used for OAT does not 

induce heat damage even in the presence of gold nanoparticles. 
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Figure 56: H&E staining of mouse skin eight hours post laser irradiation in the 
presence of GNRs. A 50 μL solution of PEGylated GNRs was injected 
subcutaneously into the skin using insulin needles, and the skin was then 
irradiated with 10 laser pulses at a fluence of 10x100 mJ/cm2. A= Normal 
skin (no irradiation), B= Irradiation alone, C= GNRs alone (no irradiation), 
D= GNRs and irradiation. Arrow shows the site of heat damage. GNRs did 
not affect the extent of tissue damage. 

5.7 POTENTIAL LIMITATIONS OF GOLD NANOPARTICLES AS A CONTRAST AGENT 

Like many other tools in biology, gold nanoparticles are not without problems. 

For instance, they are inert and remain in the body for a long time. Although supportive 

evidences exist in the literature to claim that these materials are well tolerated by body, 

there is no randomized study at this time to evaluate the long-term safety of gold 

nanoparticles in human.  
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Still another possible disadvantage is that they remain at the target site for a 

relatively long period of time and these remaining nanoparticles may interfere with 

repeating experiments. A possible solution would be to make gold nanorods in a way that 

they degrade gradually into smaller pieces so that the body can excrete them into urine.  

 

5.8 SUMMARY 

The toxicity of gold nanoparticles was studied in this chapter. The stability and 

functionality of engineered nanoparticles were examined in vitro and in vivo following 

intravenous injection into small animals. Also, the safety of tissue laser irradiation in the 

presence of gold nanoparticles was verified in mice following subcutaneous injection of 

gold nanoparticles. 



 105

Chapter 6: Comparing the Results of OAT against Those of 

Conventional Imaging Techniques 

In the following chapter, the advantages and disadvantages of currently available 

modalities for breast imaging will be compared to that of OAT  

6.1 COMPARING OAT WITH OTHER AVAILABLE NON-INVASIVE, NON-IONIZING 
IMAGING METHODS 

It is usually useful to compare/contrast OAT with other available imaging 

techniques. In this section, we will compare/contrast OAT with three non-invasive and 

non-ionizing imaging modalities that are available for the imaging of breast: diffuse 

optical tomography (pure optical-based), ultrasonography (acoustic-based), and magnetic 

resonance imaging (MRI). 

 

6.2 OAT VERSUS DIFFUSE OPTICAL TOMOGRAPHY 

Like DOT, OAT uses the differential light absorption and scattering of tissues to 

generate an image. In both techniques one would need to deliver adequate near-infrared 

photons to the lesion that is located deep within tissue. To do this, a pulsed laser that 

provides high peak intensity (to maximize signal) with a low average power (to avoid 

heat damage) is used. Up to this point, both methods are similar. However, the situation 

would be different afterward: while DOT is dependent on the photons that come back to 

the surface, OAT needs generated acoustic waves to reach the surface. Breast tissue 

strongly attenuates photons on their pathway from lesion to the detector on the surface of 

skin, while ultrasound travels within tissue with much less attenuation. Due to minimal 

attenuation of ultrasound within breast tissue, generated ultrasound waves can be detected 

even after traveling 5 to 6 cm within tissue. In other words, the main advantage of OAT 
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over DOT is its depth of imaging; this advantage is due to the fact that OAT uses acoustic 

waves, instead of photons, to locate the source of signal. 

 

6.3 OAT VERSUS CONVENTIONAL ULTRASONOGRAPHY 

Ultrasonography is a non-invasive non-ionizing imaging method that is relatively 

low cost and can be repeated for a patient almost as many times as needed. Fine-needle 

biopsy with ultrasound guidance is a standard approach for suspicious lesions that are 

found in mammogram. Like OAT, conventional ultrasonography uses ultrasound to 

locate its target and thus both techniques possess a sub-millimeter spatial resolution at a 

depth of several centimeters within tissue. 

However, a major disadvantage of conventional ultrasonography in breast 

imaging is the fact that it does not provide a good contrast between benign and malignant 

lesions. Abnormal angiogenesis within a tumor, which increases the light absorption of a 

tumor as a result of increased blood content (133), generates an inherent contrast agent 

for OAT. This is important because it will allow one to visualize tumors with abnormal 

angiogenesis using OAT without any need for using an exogenous contrast agent (134). 

Thus, OAT uses inherent optical contrasts that exist between benign and disease lesions 

as a result of enhanced angiogenesis, hypoxia, necrosis, and the accumulation of waste 

pigments within malignant lesions. In other words, the higher specificity of OAT to 

detect malignant lesions makes OAT superior to pure ultrasonography.  
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6.4 OAT VERSUS MRI 
 

MRI is a very competitive imaging technique in medicine. It is non-invasive and 

provides high-resolution images even in the absence of exogenous contrast agent. The 

contrast within an MRI image could be enhanced using a variety of contrast agents 

including ferrimagnetic nanoparticles. It would be beneficial to compare the sensitivity of 

optoacoustic method for the detection of GNRs to the sensitivity of MRI for the detection 

of ferrimagnetic nanoparticles. Figure 39 shows that the minimum detectable 

concentration of GNRs with an average dimensions of 50x15 nm for optoacoustic method 

is 7.5x108 nanorods per mL (1.25 pM). To calculate the mass of elemental gold that is 

present in this solution, one would need to calculate the total volume of nanoparticles in 

the solution and multiply the result by the specific weight of gold (i.e. 19.3 grams/mL). 

This calculation yields 0.13 μg elemental gold per mL of GNRs solution. A search in the 

literature shows that Pardoe et al. (2003) used similar gelatin phantoms in their 

experiment and reported that the minimum concentration of ferrimagnetic nanoparticles 

detectable using MRI as 10 μg Fe per mL (135). 

A comparison between the mass of elemental gold in the gold nanoparticle 

solution and the mass of Fe in the ferromagnetic nanoparticle solution shows that the 

sensitivity of optoacoustic method to detect gold nanoparticles is 75 times more than the 

sensitivity MRI to detect ferrimagnetic nanoparticles. It should be noted that the 

sensitivity of MRI would remain the same in vivo, while the sensitivity of OAT would be 

minimally affected by the background light absorption within tissue. For the in vivo 
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microenvironment, figure 39 shows that 25 μL of GNRs at a concentration of 1.25 pM 

(~0.13 μg Au per mL) was detectable when injected into the skin of nude mouse. 

Considering the fact that OAT is in its embryonic stages of development while MRI 

systems have been improved over many years, the sensitivity experiments on OAT 

appears to be promising. 
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Chapter 7: Summary and Conclusion  

Optoacoustic imaging is a novel imaging modality that promises non-invasive 

imaging of tissue based on the differential light absorption of diseased versus normal 

tissue. OAT is currently under clinical evaluation especially for the imaging of human 

breast(136;137); however, the sensitivity and specificity of this imaging technique can be 

improved by using exogenous contrast agents. 

Diagnostic applications of nanoparticles are currently limited by the lack of 

available techniques to track nanoparticles at a low concentration deep within tissue. The 

ability to detect GNRs at a very low concentration deep within a tissue using optoacoustic 

methods, along with the fact that GNRs can be attached to vehicles such as monoclonal 

antibodies to target cancer cells, promises the development of new diagnostic modalities 

that employ optoacoustic methods and targeted GNRs as molecular-specific contrast 

agents for the early detection of cancer. 

In this dissertation: 

1) GNRs were engineered with the desired optical properties that are 

optimized for in vivo optoacoustic detection. 

2) GNRs were modified chemically to enhance their biocompatibility and 

stability within blood microenvironment. 

3) Molecular targeting of GNRs was achieved by engineering hetero-

functional GNRs that possess covalently-attached monoclonal antibodies 

that recognize tumor markers on the surface of breast cancer cells. 

4) Several in vitro and in vivo experiments were conducted to show the 

feasibility of imaging gold nanoparticles with a high sensitivity; i.e. 
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detecting a target with a concentration of 2x109 GNRs per mL and a size 

of a few mm in diamerer. 
  

The future directions of this research include: 

• Improving the hardware that is required to detect optoacoustic 

signals with the highest possible signal to noise ratio in vivo as 

well as choosing alternate targeting mechanisms to accumulate 

even more nanoparticles within tumors. 

• Translating data that has been acquired in small animals to human 

subjects.  

• Because GNRs cn be detected using multiple imaging modalities, 

OAT should be validated by imaging human subjects who have 

undergone conventional imaging such as CT scan, ultrasound, and 

MRI.  

•  The use of GNRs as a contrast agent for diagnostic applications 

could be combined with delivering a variety of therapeutic agents 

to cancer cells simultaneously.  

In summary, functionalizing gold nanoparticles to accumulate within tumor 

enhances the diagnostic applications of optoacoustic imaging, which is a rapidly growing 

imaging modality especially in the field of breast imaging. In addition, unique optical and 

chemical properties of gold nanorods enable scientists to employ them in other diagnostic 

(ex. X-ray or CT scan) or therapeutic (ex. Photo-ablation) applications once they are 

specifically targeted to cancer cell.  
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Appendix A 

GNRS PROTOCOL 
 
Prepare Ice-cold water, 30°C bath, stirring machine, and 15 mL tubes.  

 

1- Prepare 0.1 M solution of CTAB: dissolve 3.65 grams of CTAB (Sigma, 

Ultrapure 99%) in 100 mL DI water. You will need to stir it for 30 minutes to 

fully dissolve CTAB. Pass it through 0.22 μm filter using a syringe to remove 

undissolved component. Keep it at 30°C to prevent crystal formation. 

2- Prepare stock solution of 0.01 M gold salt (Aldrich 254169-5G) in DI water. MW 

of this product is 337 and thus 0.01 M is equal to 3.37 mg/mL. You will need a 

total of 4 mL to make 60 mL of nanorods. 

3- Prepare ascorbic acid 0.1 M (Sigma A7506). This is equal to 17 mg/mL. You 

need to make about 1 mL; it must be prepared fresh. 

4- Prepare stock of 0.01 M sodium borohydrate (Aldrich 452882) in ice-cold DI 

water. This is equal to 0.38 mg/mL. Uncap the bottle, as it may release some gas. 

You will need a total of 2 mL for 60 mL nanorods. 

5- Prepare stock solution of 0.01 M silver nitrate (Sigma 209139-25G). This is equal 

to 1.7 mg/mL. You will need less than 1 mL of this stock to for 60 mL of 

nanorods. 

6- Prepare seed solution in a 15 mL tubes by adding 7.5 mL CTAB 0.1 M, 250 μL 

Gold Stock 0.01 M, 0.6 mL Sodium Hydroborate  at 30°C:  

The color of this solution will darken when you add gold to CTAB. Add sodium 

borohydrate at once and invert tube 10 times to fully mix it; remove the cap after 

mixing to release gas. Keep seed solutions at 30°C to prevent crystal formation. This 

solution will contain 3x10-4M of Au. 

7- Prepare three 15 mL tubes for nanorods growth by adding the following 

components from left to right: 
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Table 1: Final molar concentrations of reactants needed to produce gold nanorods 
with desired dimensions. Taken from Murphy et al. (92) 
 
 

Size of NPs CTAB 
0.1M  

Gold Salt 
0.01M 

Silver 
0.01M  

Ascorbic 
Acid 0.1M 

Seeds 

87x42 4.7 mL 200 μL 30 μL 32 μL 2 μL 
64x24 4.7 mL 200 μL 30 μL 32 μL 4 μL 
62x23 4.7 mL 200 μL 30 μL 32 μL 8 μL 
50x15 4.7 mL 200 μL 30 μL 32 μL 21 μL 
54x14 4.7 mL 150 μL 30 μL 12 μL 8 μL 
22x6 4.7 mL 50 μL 30 μL 8 μL 8 μL 

Table 2: Calculated volume of the stock solution of materials needed to make gold 
nanorods. Volumes are calculated to achieve the concentrations that are mentioned in 
table 1.  
 

 

8- The solution will become colorless after adding ascorbic acid. At this stage, wait 

for about 10 minutes for the reaction to fully proceed and then add seeds. 

 

9- The The color of tubes will darken in about 10 minutes. Do not disturb tube for 

one hour. 
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Appendix B 

PRODUCING FLUORESCENTLY LABELED AND HERCEPTIN-CONJUGATED GNRS 
USING PAA 
 

1) 2 mL CTAB-stabilized GNRs were centrifuged at 8000 RPM for 30 minutes and 

resuspended in 1 mL dH2O. 

2) NP solution was centrifuged again and resuspended in 500 uL of dH2O. 

3) A stock solution of 1uLmL PAA (Sigma, MW 15000) in 1 mM NaCl was 

prepared.  

4) 500 uL of stock solution of PAA was added to 500 uL of NP gradually under 

vigorous shaking. The solution was incubated at room temperature for 15 

minutes. 

5) Centrifuge at 8000 RPM for 5 minutes and resuspend in 1 mM NaCl.  

6) Repeat centrifugation and resuspend in 0.01 M MES buffer at pH=5.0 to produce 

PAA-coated nanoparticle solution  

7) Mix 1 mg purified Herceptin with 500 uL of PAA-coated NP solution 

8) Dissolve 1 mg EDC in 100 uL dH2O and immediately add it to the mixture of  

NP and Herceptin made in previous step 

9) Incubate at room temperature for 2 hours 

10) Centrifuge at 5000 RPM for 5 minutes and resuspend in 0.05 M bicarbonate 

buffer 

11) Dissolve 0.1 mg Alexa Fluor 568 succinimidyl ester in 5 uL DMF and add it 

gradually to nanoparticle solution 

12) Incubate at room temperature for one hour 

13) Centrifuge at 5000 RPM for 5 minutes and resuspend in 1 mL PBS 

14) Centrifuge again and resuspend in 100 uL PBS 
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