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Cancer has become one of the leading causes of death today. The early detection
of cancer may lead to desired therapeutic management of cancer and to decrease the
mortality rate through effective therapeutic strategies. Advances in materials science have
enabled the use of nanoparticles for added contrast in various imaging techniques. More
recently there has been much interest in the use of gold nanoparticles as optical contrast
agents because of their strong absorption and scattering properties at visible and nearinfrared wavelengths. Highly proliferative cancer cells overexpress molecular markers
such as epidermal growth factor receptor (EGFR). When specifically targeted gold
nanoparticles bind to EGFR they tend to cluster thus leading to an optical red-shift of the
plasmon resonances and an increase in absorption in the red region. These changes in
optical properties provide the foundation for photoacoustic imaging technique to
differentiate cancer cells from surrounding benign cells. In photoacoustic imaging,
contrast mechanism is based on the optical absorption properties of the tissue
viii

constituents. Studies were performed on tissue phantoms, ex-vivo and in-vivo tumor
models to evaluate molecular specific photoacoustic imaging technique. The results
indicate that highly sensitive and selective detection of cancer cells can be achieved by
utilizing the plasmon resonance coupling effect of EGFR targeted gold nanoparticles and
photoacoustic imaging. In conclusion, the combined ultrasound and photoacoustic
imaging technique has the ability to image molecular signature of cancer using
bioconjugated gold nanoparticles.

ix

Table of Contents
List of Tables ................................................................................................... xiii
List of Figures .................................................................................................. xiv
Chapter 1: Introduction....................................................................................... 1
1.1 Molecular imaging for early detection of cancer .................................... 2
1.2 Photoacoustic imaging .......................................................................... 7
1.3 Combined ultrasound and molecular specific photoacoustic imaging .. 14
1.4 Organization of the Thesis .................................................................. 15
References ................................................................................................ 18
Chapter 2: Bioconjugated Gold Nanoparticles for Molecular Specific
Photoacoustic Imaging .............................................................................. 26
Abstract .................................................................................................... 26
2.1 Synthesis of gold nanoparticles ........................................................... 26
2.2 Biofunctionalization of gold nanoparticles ....................................... 30
2.3 Specificity of EGFR targeted gold nanoparticles ................................. 34
2.4 Optical properties of gold nanoparticles .............................................. 37
2.5 Interaction of laser pulse and cells labeled with gold nanoparticles ..... 41
2.6 Summary ............................................................................................ 46
2.7 Acknowledgements ............................................................................. 47
References ................................................................................................ 47
Chapter 3: Demonstration of Combined Ultrasound and Photoacoustic Imaging 53
Abstract .................................................................................................... 53
3.1 Introduction ........................................................................................ 53
3.2. Materials and methods ....................................................................... 55
3.3 Results ............................................................................................... 61
3.4 Discussion ......................................................................................... 66
3.5 Conclusions ........................................................................................ 72
References ................................................................................................ 73
x

Chapter 4: Initial Demonstration of Molecular Specific Photoacoustic Imaging with
Plasmonic Gold Nanoparticles .................................................................. 75
Abstract .................................................................................................... 75
4.1 Introduction ........................................................................................ 75
4.2 Materials and methods ........................................................................ 77
4.3 Results ................................................................................................ 82
4.4 Discussion and conclusions ................................................................. 89
4.5 Acknowledgements ............................................................................. 91
References ................................................................................................ 92
Chapter 5: Multi-wavelength Photoacoustic Imaging for Selective Detection of
Molecular Specific Gold Nanoparticles ..................................................... 95
Abstract .................................................................................................... 95
5.1 Introduction ........................................................................................ 95
5.2Materials and methods ......................................................................... 99
5.3 Results and discussion .......................................................................107
5.4 Conclusions .......................................................................................117
5.5 Acknowledgments .............................................................................117
References ...............................................................................................117
Chapter 6: Photoacoustic Imaging for monitoring Nano-Molecular Interactions
In-vivo .....................................................................................................123
Abstract ...................................................................................................123
6.1 Introduction .......................................................................................123
6.2 Materials and methods .......................................................................125
6.3 Results and discussion .......................................................................130
6.4 Conclusions .......................................................................................138
6.5 Acknowledgements ............................................................................139
References ...............................................................................................140
Chapter 7: Conclusions and Future Directions ..................................................142
7.1 Motivation .........................................................................................142
7.2 Summary of the research ....................................................................144
xi

7.3 Limitations of molecular specific photoacoustic imaging ...................147
7.4 Future directions ................................................................................152
7.5 Conclusions .......................................................................................168
7.6 Acknowledgements ............................................................................169
References ...............................................................................................169
Bibliography ....................................................................................................176
Vita… ..............................................................................................................193

xii

List of Tables
Table 1.1: Change in the United States death rates in the year 1950 and 2005. ..... 1
Table 2.1: List of few methodologies used for biofunctionalization of gold
nanoparticles............................................................................................. 31
Table 2.2: List of pulsed laser parameters used by various researchers to kill cells
labeled with gold nanospheres. ................................................................. 44
Table 5.1: List of various algorithms utilized for multi-wavelength photoacoustic
image analysis. ......................................................................................... 98

xiii

List of Figures
Figure 1.1: Utilization of current imaging modalities for molecular imaging.
Adapted from Weisseleder et al [4]. ............................................................ 3
Figure 1.2: A plot mapping the optical zone d versus laser pulse duration tp. The
regions of thermal and stress confinements are also depicted on the graph.
Adapted from Jacques et al [70]. ................................................................. 9
Figure 2.1: (a, b) TEM images of 16 nm and 40 nm diameter gold nanospheres.
(c) Normalized absorbance of 16 nm (blue line) and 40 nm (red line) gold
nanoparticle solution measured using a spectrophotometer. ...................... 29
Figure 2.2: Darkfield images of (a) unlabled cells and (b) cells laeled with EGFR
targeted gold nanoparticles. ...................................................................... 33
Figure 2.3: The darkfield reflectance images of the specificity assay samples: (a)
A431 cells labeled with anti-EGFR gold nanoparticles; (b) A431 cells preexposed to non-specific IgG before labeling with anti-EGFR gold
conjugates; (c) MDA-MB-435 cells exposed to anti-EGFR gold
nanoparticles; (d) A431 cells blocked with anti-EGFR antibodies before
labeling with anti-EGFR gold conjugates. The specific labeling is evident
from orange scattering of assemblies of gold nanoparticles which are bound
to the cells. A 30 µ m scale is shown on all the darkfield images. The images
are courtesy of Mr. Timothy Larson and Dr. Konstantin Sokolov of the
University of Texas at Austin.................................................................... 36
Figure 2.4: Interaction of light with metal nanoparticles resulting in surface
plasmon resonance phenomena. ................................................................ 38
Figure 2.5: Calculated optical properties of 20 nm diameter gold nanoparticles. 39
Figure 2.6: Optical absorbance properties of gold nanorods with different aspect
ratios. Adapted from Jain et al [46]. .......................................................... 40
Figure 2.7: (a) Change in the optical scattering cross section due to and to
plasmon coupling of closely spaced gold nanoparticles. Adapted from
Aaron et al [49]. (b) Relation between of inter-particle distance and optical
red shift due to plasmon resonance coupling of 88 nm diameter gold
nanoparticles. Adapted from Jain et al [50]. .............................................. 41
Figure 2.8: Schematic representation of pulsed laser beam interaction of cells
labeled with gold nanoparticles for various diagnostic and therapeutic
applications. Adapted from Zharov et al [53]. ........................................... 42
xiv

Figure 2.9: Demonstration of cell viability for laser fluencies used in
photoacoustic imaging. A 100 µm scale is shown in all the images. .......... 46
Figure 3.1: (a) A light microscope image of carbon fiber and human hair. (b) A
schematic representation of the experimental setup with ultrasound
transducer positioned on the top of the carbon fiber and laser irradiation
delivered in the lateral direction. ............................................................... 55
Figure 3.2: Tissue-mimicking phantom with a single cylindrical inclusion
embedded in PVA background.................................................................. 57
Figure 3.3: Block diagram of a custom designed and built combined ultrasound
and photoacoustic imaging system. ........................................................... 59
Figure 3.4: Photoacoustic (PA) signal followed by ultrasound (US) echo in a
captured A-line data. ................................................................................. 60
Figure 3.5: (a) Grayscale ultrasound image and (b) photoacoustic image of 10 µ m
diameter carbon fiber displayed using 15 dB dynamic range. The field of
view of the images is 1 mm by 1.5 mm. .................................................... 61
Figure 3.6: (a) Ultrasound and (b) photoacoustic axial beam profiles, (c)
ultrasound and (d) photoacoustic lateral scan profiles of single element
transducer measured of a 10 µm diameter carbon fiber positioned at focus.
The axial resolution as given by the −6 dB width of the axial profile is 56
µm in ultrasound imaging and 63 µ m in photoacoustic imaging and the
lateral resolution is 130 µ m in ultrasound imaging and 200 µm in
photoacoustic imaging. ............................................................................. 62
Figure 3.7: (a) Grayscale ultrasound image, (b) photoacoustic image of phantom
and (c) Combined ultrasound and photoacoustic image of a PVA phantom
with a single circular inclusion. The images measure 2.4 mm laterally and 4
mm axially. ............................................................................................... 63
Figure 3.8: (a) Photograph of the knot phantom, (b and c) 3-D photoacoustic
image of the knot phantom displayed in different x-z and y-z view
respectively. ............................................................................................. 64
Figure 3.9: (a) Schematic representation of phantom with cylindrical inclusion
containing Au NPs, (b) Ultrasound image, (c) and (d) Photoacoustic images
at laser illumination wavelength 532 nm and 680 nm respectively. ........... 66

xv

Figure 3.10: Frequency spectrum of (a) ultrasound and (b) photoacoustic impulse
response. The -6 dB bandwidth of the ultrasound and photoacoustic
frequency spectrum were measured to be 17.5 MHz and 31.1 MHz
respectively. ............................................................................................. 69
Figure 3.11: Fiber-optical light delivery system for combined ultrasound and
photoacoustic imaging. ............................................................................. 71
Figure 4.1: Photograph of tissue mimicking sample containing cells labeled with
EGFR targeted Au NPs or cells mixed with PEGylated Au NPs................ 79
Figure 4.2: Block diagram of the combined ultrasound and photoacoustic
imaging system. ........................................................................................ 81
Figure 4.3: Photograph showing the integrated probe (transducer and optical
fibers) and the spacers with gelatin suspensions containing different
concentrations of A431 cells labeled with anti-EGFR gold nanoparticles. . 82
Figure 4.4: Absorbance spectra of control, targeted and non-targeted tissue
samples normalized to the illumination lamp spectrum. ............................ 83
Figure 4.5: Darkfield, ultrasound and photoacoustic images (λ = 532 nm and 680
nm) of control, targeted and non-targeted tissue phantoms. The darkfield
images measure 440 µm by 340 µ m field of view. The ultrasound and
photoacoustic images measure 2 mm by 1.67 mm. .................................... 85
Figure 4.6: Comparison of the photoacoustic signals obtained from the (a) control,
(b) targeted and (c) non-targeted tissue phantoms at 532 nm (dashed line)
and 680 nm (solid line) wavelengths. ........................................................ 86
Figure 4.7: The ultrasound and photoacoustic images of cell/gelatin samples with
different cell concentration. The photoacoustic images were obtained at 680
nm wavelength illumination. The images represent a 2 mm x 2.5 mm field
of view. .................................................................................................... 88
Figure 4.8: Graph depicting the change in photoacoustic signal amplitude with Au
NPs concentration. The solid line represents the linear regression fit of the
data with R2 equal to 0.995. ...................................................................... 89
Figure 5.1: Photograph of the subcutaneous gelatin implants in mouse tissue exvivo. The gelatin implants containing the cells with targeted Au NPs,
control A431 cells, A431 cells mixed with mPEG-SH coated Au NPs and
NIR dye are shown in red, white, green, and blue insets respectively. ......101
xvi

Figure 5.2:Block diagram of the combined ultrasound and photoacoustic imaging
system. ....................................................................................................103
Figure 5.3:Wavelength dependence of OPO laser energy output. ......................104
Figure 5.4: Schematic representation of the two layer model used for MC
simulations. (b) The depth resolved fluence obtained from the MC
simulations for different wavelength illumination. ...................................105
Figure 5.5: Normalized absorbance spectra of A431 cells labeled with anti-EGFR
Au NPs (solid red line), A431 cells mixed with mPEG-SH coated AuNPs
(dotted green line) and ADS740WS dye (dashed blue line). .....................107
Figure 5.6: Ultrasound (a) and photoacoustic (b-f) images of gelatin implants in
mouse tissue ex-vivo at laser illumination wavelength 532 nm, 680 nm, 740
nm, 800 nm and 860 nm respectively. The gelatin implants containing the
cells with targeted Au NPs, the A431 cells mixed with mPEG-SH coated
Au NPs, control A431 cells and NIR dye are shown on the ultrasound image
in red, green, white and blue insets respectively. The images measure44 mm
laterally and 11 mm axially. .....................................................................109
Figure 5.7:Correlation coefficient images overlaid on ultrasound image of the
subcutaneous gelatin implants in mouse tissue ex-vivo. The correlation
coefficient images were obtained by comparing multi-wavelength
photoacoustic images with optical spectra of (a) targeted Au NPs, (b) nontargeted Au NPs and (c) ADS740WS dye. Only correlation coefficient
values greater than 0.75 are displayed in the images. The images measure44
mm laterally and 9.1 mm axially. .............................................................110
Figure 5.8: Comparison of absorption spectrum of (a) targeted Au NPs, (b) nontargeted Au NPs, and (c) ADS740WS dye obtained from multi-wavelength
photoacoustic images (data points) and spectrophotometer (solid line). ....112
Figure 5.9:Comparison of absorption spectrum of targeted Au NPs obtained from
spectrophotmeter and multi-wavelength photoacoustic images analysed with
(a) no depth dependent compensation and (b) same exponential
compensation applied for all the photoacoustic transients. .......................113
Figure 5.10: (a) Ultrasound image and (b-e) photoacoustic images (obtained at
532 nm, 680nm, 740 nm and 800 nm) of the gelatin implant in mouse. (f-i)
The correlation coefficient images obtained by comparing multi-wavelength
photoacoustic images with optical spectra of targeted Au NPs with
Pearsons, Spearman, Kendall and intraclass correlation analysis. The images
represent a field of view measuring 6.5 mm laterally and 6.5 mm axially. 116
xvii

Figure 6.1: Photograph of nude mouse with a subcutaneous tumor inoculated with
human epithelial carcinoma cell (A431 cells). ..........................................126
Figure 6.2: Block diagram of combined ultrasound and photoacoustic imaging
system. A photograph of the integrated probe consisted of the linear array
transducer and the optical fiber bundle is also shown as a part of the block
diagram. ..................................................................................................127
Figure 6.3: Schematic representation and photographs of water tank with optical
window for in-vivo imaging of mouse tumor............................................128
Figure 6.4: (a) Ultrasound and photoacoustic images of the tumor obtained
immediately (left panel), 2 hours (central panel) and 4 hours (right panel)
after intratumoral administration of EGFR targeted gold nanoparticles. The
photoacoustic images were obtained at 532 nm, 720 nm and 800 nm
wavelength illumination. The images measure a 10 mm x 10.5 mm field of
view.........................................................................................................133
Figure 6.5: (a) Ultrasound and photoacoustic images of the tumor obtained
immediately (left panel), 2 hours (central panel) and 4 hours (right panel)
after intratumoral administration of PEGylated gold nanoparticles. The
photoacoustic images were obtained at 532 nm, 720 nm and 800 nm
wavelength illumination. The images measure a 10 mm x 10.5 mm field of
view.........................................................................................................134
Figure 6.6: Quantitative comparison of photoacoustic signal amplitude in the
tumor at different time points after intratumoral administration of gold
nanoparticles............................................................................................135
Figure 6.7: Biodistribution of gold nanoparticles in various organs obtained six
hours after the intratumoral injection of EGFR targeted or PEGylated gold
nanoparticles............................................................................................136
Figure 6.8: 3-D Ultrasound and photaoacoustic images of the tumor before and 24
hours after the administration of the EGFR targeted gold nanoparticles. The
image represents a 12 mm x 12 mm x 10.5 mm field of view. ..................137
Figure 6.9: (a) Photograph of the tumor cross-section. (b) H&E stain of the tumor
cross-section. (c-d) The images represent the zoomed version of the insets
shown in image (b). The location of nanoparticles is represented with black
arrows......................................................................................................139

xviii

Figure 7.1: The (a) ultrasound and (b) photoacoustic images of the tumor 24
hours after the intravenous injection of gold nanoparticles. The
photoacoustic image was obtained at 532 nm wavelength illumination. The
images represent a field of view measuring 13 mm laterally and 11.25 mm
axially......................................................................................................148
Figure 7.2: Change in photoacoustic signal amplitude (solid red line) with laser
fluence. The laser fluence was measured using commercially available laser
power meter (dotted blue line). Adapted from Mallidi et al [35]. ..............153
Figure 7.3: Photograph of the tissue mimicking phantom during combined
imaging experiment. ................................................................................156
Figure 7.4: (a) Ultrasound, (b) photoacoustic and (c) strain images of the tissue
mimicking phantom with a single circular inclusion. The images measure
3.7 mm laterally and 2.8 mm axially. .......................................................157
Figure 7.5: (a) Schematic representation of the tissue mimicking phantom with
inclusions containing 40 nm diameter nanospheres (right) and nanorods
(center). The left most inclusion contains no nanoparticles. (b) Ultrasound
and (c and d) photoacoustic images obtained at 532 nm and 740 nm
wavelength illumination respectively. The images represent a field of view
measuring 15 mm laterally and 6 mm axially. ..........................................161
Figure 7.6: (a) Schematic representation and (b) photograph of phantom used for
combined ultrasound, photoacoustic and magnetoacoustic imaging. The
phantom consisted of PVA inclusions with mixture of Au and Fe iron
nanoparticles and no nanoparticles. The (c) ultrasound, (d) photoacoustic
and (e) magnetoacoustic images of the PVA inclusions represent a 4 mm by
3.5 mm field of view. ...............................................................................165

xix

Chapter 1: Introduction
Cancer is the second leading cause of death in the United States. The mortality
data provided by the Center for Disease Control and Prevention for the year 2005 is
shown in table 1 [1, 2]. The statistics indicated that the death rate due to cancer didn’t
improve significantly as compared to other chronic diseases over the period of 50 years.
However the death rate has decreased more than 50% for other pathologies such as heart
disease and influenza. This particular scenario occurred due to the lack of non-invasive
imaging techniques that can detect cancer at an asymptomatic stage. According to the
cancer statistics of Surveillance, Epidemiology, and End Results (SEER) program [3] the
relative survival rate increases to 90% when cancer is diagnosed at an early stage.
Death rate per
Cerebrovascular
Heart diseases
100,000
diseases
586.8
180.7
1950
2005

211.1

46.6

Influenza and
pneumonia
48.1
20.3

Cancer
193.9
183.8

Table 1.1: Change in the United States death rates in the year 1950 and 2005.
Early cancer diagnosis, in combination with the precise cancer therapies, could
eventually save millions of lives by providing effective therapeutic outcome and is a
primary indicator for long term survival. Moreover, demarcating tumor boundaries with
high specificity is required to direct therapeutic interventions to tumor location and cause
less or no damage to the surrounding healthy tissue. Hence there is a dire need for a
reliable imaging tool to detect, diagnose and characterize cancer with high sensitivity and
specificity.
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1.1 MOLECULAR IMAGING FOR EARLY DETECTION OF CANCER
It is extremely challenging and essential to diagnose and image abnormalities at
the molecular level and to detect cancer at an asymptomatic stage. During carcinogenesis
and developmental stages of tumor, aberrations at cellular and molecular level occur prior
to the incidence of anatomical symptoms. Currently techniques like biopsy followed by
histological analysis are being employed to diagnose and characterize tumor tissue at a
cellular level. The tissues required for biopsy procedures are readily accessible if the
tumor is located near the body’s surface. However if the tumor mass inaccessible for
biopsy, the physicians have to rely upon invasive procedures or imaging techniques for
the characterization of the tumor tissue.

Existing diagnostic non-invasive imaging techniques like Computed Tomography
(CT), Magnetic Resonance imaging (MR), and Ultrasound imaging (US) etc are effective
for macroscopic visualization of tumors. The usage and capability of current imaging
modalities in obtaining molecular information [4-6] summarized in Figure 1.1. Ionizing
nuclear imaging modalities such as PET have capability of providing molecular
information, however they lack sufficient resolution (on the order of several mm) and are
expensive [7, 8]. Inexpensive, non-ionizing imaging modality such as ultrasound imaging
has limited applicability in molecular imaging. None of the clinically available imaging
techniques are sensitive enough by themselves for the in-vivo characterization and
measurement of biologic processes at the cellular and molecular level. Specific and
sensitive site-targeted contrast agents need to be employed to depict epitopes of interest
[9]. Unlike traditional blood pool contrast agents, a site-targeted agent can be used to
enhance a selected biomarker that otherwise might be impossible to distinguish from
surrounding normal tissue. Biomarkers interact chemically with their surroundings and in
2

turn alter the image contrast according to molecular changes occurring within the area of
interest. This ability to specifically image fine molecular changes can be termed as
molecular imaging. Numerous exciting possibilities for medical applications including
early detection of cancer have become possible due to molecular imaging and biomarker
specific contrast agents [10-14].

Anatomy

Physiology

Computed
tomography

Metabolism

Molecular
Ionizing modalities

Nuclear imaging
modalities
Magnetic Resonance
imaging
Optical Imaging
techniques
Ultrasound

Non-ionizing modalities

Figure 1.1: Utilization of current imaging modalities for molecular imaging. Adapted
from Weisseleder et al [4].
Advancements in the field of molecular biology (i.e., discovery of various disease
specific biomarkers) coupled with development of ultrasound biomicroscopy (imaging
performed at the acoustic frequency range of 40-100 MHz) has prompted development of
site-specific ultrasound contrast agents that can provide molecular information in the
context of a high resolution anatomical map of the body. In the case of ultrasound
imaging, the intrinsic physical properties of the contrast agents themselves (density and
compressibility) enhance detection of pathology. Indeed, microbubbles, for instance,
have enhanced ultrasound contrast due to their acoustic impedance difference with tissue.
3

When targeted to various biomarkers in the vascular lumen, these microbubbles can
provide some molecular specific ultrasound imaging contrast. However, the gas filled
microbubbles have short lifespan (on the order of minutes) in the body, and due to their
large size (∼0.5-500 µm diameter) are mostly used as intravascular tracers [15-20].

Other types of ultrasound contrast agents such as liposomes have been developed
for ultrasound molecular imaging [17, 21]. Liposomes have longer circulation time
compared to microbubbles and they can also readily be conjugated to various biomarkers.
However, passage of liposomes (~800 nm in diameter) through endothelial gap junctions
in the leaky vasculature of pathologies such as cancer is size prohibitive. The vasculature
of most cancers have endothelial gap junctions from 300 – 800 nm in size, and therefore
liposomes would likely not reach the tumor interstitial space [22]. Recently developed
ultrasound nanoparticle contrast agents such as perfluorocarbon nanoparticles and silica
nanoparticles [23] could extravasate through the leaky vasculature of a tumor into the
interstitial space but are less echogenic compared to microbubbles. Molecular imaging
using targeted ultrasound contrast agents is currently an extensive area of research.
However ultrasound contrast agents are approximately ~0.5-500 µ m in diameter and
targeting these contrast agents to intracellular epitopes is not feasible.

Metal nanoparticles (NPs) (1-100 nm diameter) could be used to target
sub-cellular structures owing to their nano size. However these metal nanoparticles
cannot be used as ultrasound contrast agents because their size is much below the
resolution of clinically available ultrasound imaging systems. On the contrary, molecular
imaging with the metal nanoparticles is possible using ultrasound guided imaging
modality, namely photoacoustic imaging [24-27]. Furtherore, the molecular and
4

functional information could be obtained in context of the anatomical map of the tissue
using the combination of ultrasound and photoacoustic imaging.

1.1.1 Role of nanoparticles in molecular imaging
Nanomaterials, which measure 1–500 nm [28, 29], allow unique interaction with
biological systems at the cellular and molecular level. They aid in detection, diagnosis,
and treatment of human cancers and have led to a new discipline termed as nanooncology [13]. Nanoparticles are being actively developed for tumor imaging in-vivo,
bio-molecular profiling of cancer biomarkers, and targeted drug delivery [4, 6, 22, 3033]. Many researchers have demonstrated that metal nanoparticles extravasate and
accumulate in tumors due to the enhanced permeability and retention effect [34-36]. This
effect is caused by the leaky nature of tumor vessels. Thus, by an injection of correctly
sized metal nanoparticles, passive accumulation in tumors can be achieved. Furthermore,
the metal nanoparticles can be made pathology specific by bioconjugating them with
monoclonal antibodies, antibody fragments, peptides etc. These bioconjugates can be
attached either directly to the metal or covalently bound via linker segments [37]. Other
forms of targeting, including the use of localized physical forces such as magnetic field to
direct and sequester magnetic particles to regions within the body [38, 39] have also been
used. In the research study presented in the thesis, we utilized gold nanoparticles as nano
contrast agents.

1.1.2 Gold nanoparticles in molecular imaging
Optical contrast agents like gold nanoparticles have gained popularity because of
their strong absorption and scattering properties at visible wavelengths due to surface
5

plasmon resonance phenomenon [40-45]. For over 30 years nanometer sized gold
particles have been used to stain cells and tissue samples for electron microscopy [29].
The basic principle of interaction between gold particles and biomolecules like proteins
has been well studied for immunocytochemical staining applications. Although nano size
metals like gold and silver do not fluoresce they can effectively scatter light due to
collective oscillation of the conduction electrons induced by the incident electric field
(light). This is known as Surface Plasmon Resonance (SPR) [46]. Thus colloid gold
particles exhibit a range of intense colors in the visible and NIR spectral regions. Because
of their strong SPR properties, gold NPs have attracted considerable attention in
bioimaging in recent years. The SPR originates from the collective oscillation of
conduction electrons upon interaction with absorption photons [34]. The SPR frequency
depends on various factors like particle size [47], shape [41], dielectric properties [48,
49], aggregate morphology, surface functionalization and the refractive indices of the
surrounding medium [34, 50]. Using composite core-shell gold particles, it is possible to
tune the absorption and scattering properties from 600 to 1200 nm. Moreover, gold
nanoparticles have excellent biocompatibility [51] and the conjugation protocols to attach
proteins to gold nanoparticles are also well developed [52-54]. Photostable nanoparticles
will allow non-invasive imaging of cancer tissue multiple times for monitoring tumor
growth and effect of cancer drugs during cancer therapy.

Gold nanoparticles are

photostable and do not fade away via photobleaching process unlike traditional organic
dye based contrast agents. The use of gold nanoparticles for various in-vivo and in-vitro
biological applications has been reviewed by various researchers [29, 42-45, 55-59] .

The attachment of biomolecules such as antibodies to the nanoparticles make
them molecular specific, augmenting their efficacy as contrast agents [40, 60-64].
6

Antibodies targeting epidermal growth factor receptor (EGFR) were conjugated to 40 nm
gold nanoparticles and shown to be useful contrast agents for detecting precancerous
lesions using both animal models and human tissue biopsies [40, 60, 61]. EGFR is
upregulated in many epithelial cancers, making it a useful target for early cancer
detection [65, 66]. When targeted gold nanoparticles bind to EGFR they tend to cluster in
the same spatial distribution as EGF receptors, which are known to form closely spaced
assemblies upon activation with EGF followed by endocytoses of the receptors [67]. The
receptor-mediated aggregation of gold nanoparticles causes plasmon coupling of the
clustered gold nanoparticles, leading to an optical red-shift of the plasmon resonances
and an increase in absorption in the red spectral region [40, 60]. These changes in optical
properties provide the opportunity for optical imaging techniques to differentiate cancer
cells from surrounding benign cells by using a combination of labeling with gold
nanoparticles and multi-wavelength illumination. Similar to

the optical imaging

techniques, photoacoustic imaging is a technique relying on the optical absorption
properties of the tissue and can be used to image cancer cells at molecular level using
bioconjugated gold nanoparticles as contrast agents [25].

1.2 PHOTOACOUSTIC IMAGING

The difference in optical absorption properties of the material being imaged is the
foundation for photoacoustic imaging [24] (also known as optoacoustic [27, 68] and,
generally, thermoacoustic [69] imaging). Photoacoustic images provide depth dependent
profile of the heterogeneity in the optical absorption properties of the biological tissues.
A review of the basics involved in photoacoustic imaging is provided in literature [24, 26,
27]. In photoacoustic phenomenon, electromagnetic energy, such as light, is absorbed and
7

subsequently an acoustic wave is emitted. Using an ultrasound detector, the acoustic
waves can be detected and spatially resolved to provide an image representing the optical
absorption properties of the tissue structures.

Various energy conversion mechanisms such as the photothermal and
photomechanical effects occur either individually or in combination during the
interaction of laser with biological tissue. These various laser-tissue interaction
phenomena are enumerated by various researchers and can primarily be divided into
photochemical, photothermal and photomechanical events [70-72]. Optical and thermal
tissue properties namely the absorption, scattering, heat conduction and heat capacity
contribute to the various laser-tissue interaction schemes. Laser parameters such as the
wavelength, incident fluence, laser pulse width also play a major role in determining the
type of interaction. The incidents occurring during photoacoustic wave generation can be
categorized as a photomechanical event when the laser pulse width satisfies the stress
confinement condition [26, 27, 70]. A map of optical zone and laser pulse duration for
photothermal and photomechanical effects is shown in Figure. 1.2.
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Figure 1.2: A plot mapping the optical zone d versus laser pulse duration tp. The regions
of thermal and stress confinements are also depicted on the graph. Adapted
from Jacques et al [70].
The stress confinement criterion is satisfied when the laser pulse width  is
shorter than the time of propagation of the stress waves:
 



(1.1)



where  is the optical penetration depth and  is the speed of sound. In photoacoustic
phenomena, very short pulse of low energy laser light causes stress to develop in the
optical zone due to thermoelastic expansion. The stress propagates out of the optical zone
as an acoustic wave. The acoustic wave generated can be mathematically described by
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thermal equation, acoustic wave equation and thermoelastic expansion equation [73, 74].
Under temporal stress confinement condition, the equations reduce to:


   

 

 

(1.2)

 

where  is the acoustic pressure,  is the speed of sound,  is the isobaric volume
expansion coefficient,  is the heat capacity per unit mass,  is time and  is heat
deposited in the medium per unit volume and time. Generally, 3-10 ns long pulses are
used in photoacoustic imaging. Longer pulses do not satisfy the stress confinement
criteria (e.g. continuous wave irradiation produces no photoacoustic signal) and shorter
pulses produce weaker photoacoustic signals from tissue. The pressure rise caused due to
thermoelastic expansion can also be rewritten as
 

 


   Γ

(1.3)

where  is the isobaric volume expansion coefficient,  is the specific heat,  is the
absorption coefficient,  is the laser fluence,

is the local energy deposition density

(absorbance) and Γ is referred to as the Grüneisen coefficient.

In photoacoustic imaging, the generated acoustic transients are detected using an
ultrasound transducer. The received ultrasound signal contains information about both the
position (time of flight) and strength of the optical absorber (amplitude of the signal), i.e.,
the stronger the absorption, stronger the signal. The contrast mechanism in photoacoustic
imaging, therefore, offers the prospect of identifying both anatomical features and
10

different functional activity of tissue structures that are indistinguishable using other
imaging modalities (ultrasound, MRI or X-ray) alone. For example, photoacoustic
spectroscopy can be used to characterize tissues based upon the strong preferential
absorption of various tissue types. Also, to obtain maximum contrast in photoacoustic
images, appropriate excitation wavelength has to be selected based on the absorption
characteristics of the imaging target and the background.

Optical imaging systems generally involve analysis of scattered, absorbed or
reflected photons and can be distinguished into two regimes that utilize either ballistic or
diffusive photons. The optical scattering coefficient of biological tissues is generally
greater than the optical absorption coefficient; hence multiple scattering events occur
when light propagates through the highly scattering medium. Therefore, optical imaging
modalities based on ballistic photons cannot image deeper than approximately one
photon transport mean free path into tissue. These optical imaging modalities have
resolution on the order of few microns. On the other hand, optical imaging methods
depending on analysis of diffused light have a lower resolution. The foundation for the
generation of photoacoustic transients is the absorption of diffused photons. Therefore,
images of deeper tissues can be obtained using photoacoustic technique. The spatial
resolution of photoacoustic technique primarily depends on the central frequency of the
ultrasound detector (transducer). A resolution of up to 5 µm can be achieved using high
frequency single element transducers [26].

The nanosecond long laser pulses are used in photoacoustic result in a negligible
increase in temperature and do not cause any tissue damage.

The safe level of laser

irradiation for short pulses in the wavelength range of 180 nm - 1 mm was provided by
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American National Standards. The maximum permissible exposure of approximately
25-30 mJ/cm2 of near-infrared irradiation is sufficient to deliver optical energy to deep
tissues and to produce photoacoustic transients.

Due to the non-invasive and non-

ionizing nature of photoacoustic imaging, it has been used in various biomedical
applications ranging from characterizing atherosclerotic plaques [75] to measurement of
blood perfusion [76].

1.2.1 Gold nanoparticles as contrast agents in photoacoustic imaging
Similar

to optical

imaging

techniques,

exogenous contrast

agents or

photoabsorbers with higher optical absorption in the optical NIR window could facilitate
the detection of pathologies in-vivo using photoacoustic imaging. Contrast agents such as
dyes (e.g., indocyanine green) or nanoparticles (e.g., gold or silver nanoparticles, carbon
nanotubes) have greater absorbance compared to endogenous chromophores such a
blood, melanin etc. Figure 1.3 shows the comparison between the absorbance of 20 nm
diameter gold spheres (1 mM concentration) and oxy and deoxyhemoglobin. In particular
metal nanoparticles are more likeable than dyes due to their photostability and higher
optical absorption cross section. For example, gold nanospheres have five orders of
magnitude higher absorption cross-section than indocyanine green [41]. A variety of
shapes and sizes of metal nanoparticles including gold or silver nanospheres, rods and
shells can be used as photoabsorbers [25, 77-81]. It is apparent that by varying the shape
and aspect ratio of nanostructures, particles can be manufactured to absorb light at a
desired wavelength across a wide spectrum including the near infrared spectrum, where
the absorption of light by tissue is minimal.
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Gold nanoparticles of 20-100 nm diameter are used as photoacoustic contrast
agents though they do not satisfy stress or thermal confinement conditions. Generally,
laser pulse duration of few nanoseconds are utilized in photoacoustic imaging. However,
the time of diffusion of heat in nanoparticles is on the order of several picoseconds and is
extremely small compared to the laser pulse duration. The heat generated is randomized
instantaneously inside the nanoparticles. An instantaneous heat exchange between the
superheated nanoparticle and surrounding tissue causes thermoelastic expansion of the
tissue and subsequent generation of photoacoustic transients [82, 83].

1.2.2 Molecular specific photoacoustic imaging utilizing bioconjugated gold
nanoparticles
Gold nanoparticles functionalized with anti-EGFR antibodies undergo molecular
specific aggregation on the cellular membrane and later within the cell that leads to a red
shift in the plasmon resonance frequency of the gold nanoparticles [40, 61, 84].
Aaron et al have demonstrated the time dependent change in the optical properties of
EGFR bound gold nanoparticles as associated with EGFR trafficking from the cell
membrane, to early endosomes, and to late endosomes/multivesicular bodies [85]. Taking
advantage of this phenemona, it is hypothesized that the photoacoustic imaging technique
can differentiate between normal cells and ancer cells labeled with the molecular targeted
gold nanoparticles. Moreover, the change in the optical absorption properties of gold
nanoparticles due to molecular interactions with EGFR could be revealed using multiwavelength photoacoustic imaging. Studies were performed on tissue models and in-vivo
tumor models to evaluate the capability of photoacoustic imaging and molecular specific
plasmonic gold nanoparticles to image nano molecular interactions.

13

1.3 COMBINED ULTRASOUND AND MOLECULAR SPECIFIC PHOTOACOUSTIC IMAGING
Ultrasound imaging is a noninvasive technique to obtain anatomical details about
the study object. The premise of ultrasound imaging is that a transducer converts
electrical signals to acoustic signals, the generated pulses of ultrasound are sent through a
patients’ body. The complex tissues boundaries produce echoes (by reflection or
scattering) that return back and are detected by the transducer that converts the acoustic
signal to an electrical signal. The echoes are then processed to present a grayscale image
of human anatomy on display. Each point in the image corresponds to the anatomical
location of an echo generation structure and its brightness corresponds to the echo
strength. Ultrasound imaging has been widely used in diagnostic clinical applications
from the early 1970s [86-88]. With the advent of high frequency ultrasound transducers,
visualization of living tissue at microscopic resolution has also become a reality [89, 90].
Currently ultrasound is being extensively used for evaluation the breast, kidneys,
gastrointestinal abnormalities and blood vessels of the neck and abdomen. Ultrasound is
also being used in identifying cancerous tissue by guiding fine needles during tissue
biopsy procedures. In addition, ultrasound imaging is heavily used in obstetric medicine.

Ultrasound imaging is excellent at providing the anatomical features of the study
object whereas photoacoustic imaging can accurately depict the optical absorption
properties of the study object. Photoacoustic imaging provides high resolution images
with contrast on par with optical imaging techniques. As can be seen in Figure 1.1,
optical imaging techniques cannot provide sufficient anatomical information. Pure optical
imaging techniques also have shallow imaging depth unlike photoacoustic imaging. The
combination of ultrasound and photoacoustic imaging can therefore provide molecular
and structural information simultaneously. Both ultrasound and photoacoustic imaging
14

can be seamlessly integrated as both the imaging techniques utilize the same transducer
and receiver electronics to capture the acoustic signals. Moreover, both these imaging
techniques are non-ionizing imaging modalities unlike CT or PET. Many applications
ranging from tissue engineering to imaging deep vein thrombosis have benefited from the
combination of ultrasound and photoacoustic imaging techniques [24, 91, 92]. In
addition, ultrasound imaging and photoacoustic imaging can be used to accurately plan
and guide the therapy and to monitor the outcome [93, 94]. In summary, the combined
ultrasound and photoacoustic imaging technique enhanced by molecularly targeted
plasmonic gold nanoparticles could satisfy the need of a reliable, non-invasive imaging
tool that can detect, diagnose and characterize cancer.

1.4 ORGANIZATION OF THE THESIS
The aim of this research is to evaluate the non-invasive imaging tool - combined
ultrasound and photoacoustic imaging enhanced by molecularly targeted plasmonic gold
nanoparticles, to detect, diagnose and characterize cancer. The research work is
documented and organized into seven chapters.

An overview of the synthesis and bioconjugation protocols for gold nanoparticles
is provided in CHAPTER 2. We demonstrate the specificity and selectivity of the
nanoparticles - i.e., verification that the bioconjugated gold nanoparticles do not bind to
irrelevant cells (cells not expressing the targeted receptor) is presented. Further, we
discuss the interaction beween cells labeled with gold nanoparticles and short laser pulses
in context of photoacoustic imaging.
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The feasibility of combining ultrasound and photoacoustic imaging techniques is
established in CHAPTER 3.

Ultrasound imaging combined with complementary

photoacoustic imaging technique is capable of accurate visualization of both structural
and functional changes in tumor tissue. The combined imaging technique at microscopic
resolution was evaluated on a tissue-mimicking phantom imaged with 25 MHz single
element focused transducer. The results of our study demonstrate that the ultrasonic and
photoacoustic images synergistically complement each other in detecting features
otherwise imperceptible using the individual techniques. The results of this study were
presented at a conference: "Functional and morphological ultrasonic biomicroscopy for
tissue engineers," in Proceedings of the SPIE Medical Imaging: Ultrasonic Imaging and
Signal Processing, vol. 6147, pp. 61470Y1-7, 2006.

In CHAPTER 4 we demonstrate the feasibility of utilizing photoacoustic imaging
and plasmon resonance coupling of gold nanoparticles for specific detection of cancer.
Specifically gold nanoparticles functionalized with antibodies can specifically bind to
molecular biomarkers such as epithelial growth factor receptor (EGFR). The molecule
specific nature of the antibody-functionalized gold nanoparticles forms the basis for the
developed photoacoustic imaging technique to detect cancer at an aymptomatic stage.
Photoacoustic imaging was performed with 532 nm and 680 nm pulsed laser irradiation
on three-dimensional tissue phantoms prepared using a human keratinocyte cell line. The
results of our study demonstrate that the combination of anti-EGFR gold bioconjugates
and photoacoustic imaging can allow highly sensitive and selective detection of human
epithelial cancer cells. The results of the study were published in Optics Express as an
16

article titled “Molecular specific optoacoustic imaging with plasmonic nanoparticles”,
vol. 15, pp. 6583-6588, 2007.

In CHAPTER 5, we demonstrate the efficacy of photoacoustic imaging in
detecting and differentiating targeted gold nanoparticles from the endogenous
chromophores such as melanin in skin. Subcutaneous gelatin implants embedded inside
the abdominal region of ex-vivo mouse tissue were utilized to demonstrate the
phenomena. Photoacoustic images were obtained at multiple wavelengths and the
photoacoustic transients were analyzed as a function of wavelength. Quantitative
comparison of the photoacoustic transients to their respective absorption spectrum was
achieved utilizing intraclass correlation analysis. The results obtained clearly indicate the
feasibility of applying multi-wavelength photoacoustic imaging to qualitatively and
quantitatively differentiate EGFR targeted and non-targeted gold nanoparticles. The study
presented in this chapter has been published in the Nano Letters journal as an article titled
“Multiwavelength Photoacoustic Imaging and Plasmon Resonance Coupling of Gold
Nanoparticles for Selective Detection of Cancer”, vol 9, pp. 2825-2831, 2009.

In the study presented in CHAPTER 6, we evaluated the feasibility of
multi-wavelength photoacoustic imaging technique in detecting plasmon resonance
coupling phenomenon of gold nanoparticles in subcutaneous tumor xenografts in-vivo.
Subcutaneous tumor implantation of cancer cells (A431 cells that overexpress EGFR or
MDA-MB-435 cells that have negative expression of EGFR) were performed in
immunodeficient mice. EGFR targeted or PEGylated gold nanoparticles were
intravenously injected via tail vein. The accumulation and molecular interactions of gold
nanoparticles in the tumor at various time points were observed using 3-D ultrasound and
17

photoacoustic imaging of the tumor region. The photoacoustic images obtained after the
injection of gold nanoparticles clearly showed contrast enhancement in the tumor region.
Moreover, the change in the optical absorption of the tissue due to molecular interactions
of EGFR targeted and PEGylated gold nanoparticles were observed by analyzing the
multi-wavelength photoacoustic images of tumor region. Biodistribution and histological
analysis of the various organs and tissues further confirmed the presence of gold
nanoparticles in the tumor.

The collective results obtained from the research study are summarized and
follow-on conclusions were made in CHAPTER 7. The limitations of the molecular
specific photoacoustic imaging technique are addressed. The feasibility of combining
molecular specific photoacoustic imaging with other ultrasound based imaging
techniques like elastography and magneto-acoustic imaging is demonstrated. Finally,
recommendations on the possible areas of future work are enumerated.
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Chapter 2: Bioconjugated Gold Nanoparticles for
Molecular Specific Photoacoustic Imaging

ABSTRACT
An integral part for the research study is the photoacoustic contrast agent molecular specific gold nanoparticles.

Here we give an overview on synthesis and

bioconjugation protocols for gold nanoparticles, particularly the spherical nanoparticles.
The immunotargeting capability, i.e., the specificity of the bioconjugated gold
nanoparticles is also demonstrated. In addition, the optical properties of gold
nanoparticles are briefly discussed. The interaction of nanosecond laser pulses and cells
labeled with gold nanoparticles is reviewed. Finally, cell viability studies indicating the
safety of molecular specific photoacoustic imaging is presented.

2.1 SYNTHESIS OF GOLD NANOPARTICLES
The synthesis of gold nanoparticles (Au NPs) is a well established method and a
review of various synthesis procedures is provided in literature [1-7]. Briefly, spherical
gold nanoparticles are manufactured by reduction of gold salts using reducing agents
under controlled environment. The most popular method for synthesis of gold
nanoparticles involves reduction of boiling aqueous solution of HAuCl4 using trisodium
citrate or citric acid. This method was developed by Turkevich et al [8, 9] and further
modified by Frens et al [10]. Kimling et al have initiated the citrate reduction of gold salt
under UV irradiation at room temperature unlike thermal instigation involved in Frens
method [11]. The trisodium citrate used in the reaction has dual functionality. Initially it
reduces the gold salt and subsequently forms a citrate ion layer on the nanoparticles. The
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negatively charged citrate ion layer enables the nanoparticles from aggregation and
thereby producing a stable gold nanoparticles solution [2-5].

Gold nanoparticles of diameter 1-5 nm can be manufactured using the Brust
method [12]. In this method, an aqueous solution of gold salt is transferred to organic
phase using a phase transfer reagent and sodium borohydride (reducing agent).
Murphy et al have presented a seeding method that utilizes smaller sized gold seed
particles for growing bigger nanoparticle in the presence of a weak reducing agent [5,
13]. Gold salts are also reduced in the aqueous core of inverse micelles to produce
nanoparticles, a procedure known as the microemulsion method [14].

The gold nanoparticles used in our research studies were synthesized based on
protocols established by Frens et al [15]. The procedure to fabricate 16 nm diameter gold
nanospheres at approximately 1.2x1012 particles/mL concentration is briefly described by
the following steps:

1. The glassware and stir bar used for preparation of gold nanoparticles were
thoroughly washed with aqua regia followed by 18.2 MΩ-cm pure water.

2. A volume of 49.5 mL 18.2 MΩ-cm pure water and 0.5 mL of 10 mg/mL
HAuCl4 were mixed in a 250 mL beaker with a ground glass top fitted to a
condenser. The gold acid solution was bought to a boil under reflux with
vigorous stirring.
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3. The desired amount of citrate (1 mL of 11.4 mg/mL sodium citrate solution to
obtain 16 nm diameter gold NPs) was quickly added to the stirring solution.
The mixture was heated continuously for the next 10 min under vigorous
stirring before a color change from gray to ruby red was observed. The color
change indicated the formation of the gold nanoparticles. The size of the gold
nanoparticles could be varied by the volume of citrate added to the reaction.

4. The gold nanoparticles solution was removed from heat and allowed to reach
room temperature after stabilization of the solution color. The particle size
was confirmed by transmission electron microscopy (TEM) images shown in
Figures 2.1a and 2.1b. The UV–Vis extinction spectrum of the gold
nanoparticles was characterized using a UV–Vis spectrophotometer (BioTek
Synergy HT microtiter plate reader) as shown in Figure 2.1c.

Not only spherical gold nanoparticles, but also other shapes of the nanoparticles
like rods, shells, cages can be synthesized using appropriate strategies [6, 16, 17]. In
particular, gold nanorods (Au NRs) with controlled aspect ratio (ratio of the length along
the long axis and the length along short axis) in the range of 2–6 have been synthesized
using the micelle-templated seed and feed technique presented by the groups of Murphy
[5, 13] and El Sayed [18]. In the seed-mediated synthesis, usually gold seeds are made by
chemical reduction of a gold salt with a strong reducing agent such as sodium
borohydride. These seeds serve as the nucleation sites for nanorods. The seeds are added
to a growth solution containing gold salt and a weak reducing agent such as ascorbic acid
and hexadecyltrimethylammonium bromide.
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(b) 40 nm diameter Au NPs

(a) 16 nm diameter Au NPs

Normalized absorbance (a.u.)

1
16 nm
40 nm

0.8
0.6
0.4
0.2
0
400

500

600

700

Wavelength (nm)

800

900

(c)
Figure 2.1: (a, b) TEM images of 16 nm and 40 nm diameter gold nanospheres.
(c) Normalized absorbance of 16 nm (blue line) and 40 nm (red line) gold
nanoparticle solution measured using a spectrophotometer.
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The aspect ratios of the gold nanorods are controlled by varying the amount of gold seeds
with

respect
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gold

precursor.

The

cationic

surfactant

such

as

cetyltrimethylammonium bromide (CTAB) used in the synthesis remains on the sides of
the gold nanorod in the form of a bilayer resulting in a cationic charge, leaving the
nanorod ends available for subsequent reaction. Several other approaches have also been
investigated for fabrication of gold nanorods including bio-reduction [19], growth on
polyelectrolyte or mica layer [20, 21], microwave irradiation approach [22] and
photochemical synthesis [23]. Halas et al have developed protocols to fabricate
nanoshells consisting of silica core and coating of gold shell [24-26]. An executive
summary of fabrication methods for nanoparticles other than spheres has been provided
by Cai et al [6], Chen et al [1] and Boisselier et al [16].

2.2 BIOFUNCTIONALIZATION OF GOLD NANOPARTICLES
In general, gold nanoparticles are hydrophobic. When the particles are injected in the
blood stream, they are coated by plasma proteins and are rapidly removed from
circulation by the reticulo-endothelial system. However, the immunogenic responses can
be suppressed and blood circulation time can be significantly improved by coating the
nanoparticles with hydrophilic polymer chains such as polyethylene glycol (PEG). The
gold nanoparticles can be made tumor-specific by bio-conjugating them with monoclonal
antibodies or antibody fragments. They can be attached either directly or via linker
segments. The use of PEG for enhanced retention in the body also reduces non -specific
labeling. Therefore, by identifying the appropriate targeting moieties and using
hydrophilic polymer chains, the gold nanoparticles can be made tumor-specific and
useful for in-vivo imaging applications.
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Table 2.1: List of few methodologies used for biofunctionalization of gold nanoparticles.
Study

Bioconjugation method

Nanoparticle
shape

Schematic
representation

Non-specific adsorption of
antibodies on nanoparticle
surface

Spheres

Au NP

EDC mediated coupling
reaction

Rods

Sokolov et al [27]
El-sayed et al [28]
Kah et al [29]
Li et al [30]
Ding et al [31]
Eghtedari et al [32]

Loo et al [26]

Liao et al [33]

Kumar et al [34]

Streptavidin–Biotin
interaction

Spheres

PEG linker
(OPSS-PEG-NHS)

Shells

LC-SPDP
succinimidyl 6-[3′-(2pyridyldithio)propionamido] hexanoate

Directional conjugation
using hydrazide-PEGdithiol linker

Rods

Spheres

Antibody or other probes to target cancer biomarkers
Polymer coating (e.g Polyethyleneglycol)
Linker segment
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Au NP

Au NP

Detailed procedures on surface modification protocols and bioconjugation of gold
nanoparticles is provided in literature [4, 6, 16-18, 35]. A review of few bioconjugation
methods for gold nanoparticles is listed in the Table 1. The protocol used for
biofunctionalization of the gold nanoparticles in the cell and in-vivo studies presented in
this thesis was based on the directional conjugation of antibody protocol developed by
Kumar et al [34]. The protocol resulted in nanoparticles functionalized with antibodies
via a bifunctional PEG linker and the remaining bare gold was then passivated with
methoxy (polyethylene glycol)-thiol (mPEG-SH) as shown in Table 2.1.

The protocol

for antibody conjugation to gold nanoparticles [34] is briefly enumerated by the
following steps.

1. The carbohydrate moiety on the Fc region of the antibody (Ab) was oxidized
to an aldehyde by addition of 100 mM NaIO4 to a 1 mg/mL Ab solution in
HEPES buffering agent (1:10 by volume).
2. The Ab was then allowed to react with a hydrazide PEG di-thiol
heterobifunctional linker (Sensopath Technologies, Inc.), where the hydrazide
portion of the linker covalently bonded to the aldehyde portion of the Ab,
yielding an exposed di-thiol moiety which could react strongly with the gold
nanoparticles. The Ab-linker was centrifuged in a 100 kD MWCO filter
(Amicon) and resuspended in 40 mM HEPES at pH 8 (5 µg/mL).
3. The Ab-linker was mixed with gold nanoparticles at a 1:1 volume ratio and
reacted on a shaker for 30 min at room temperature. Any remaining bare gold
was capped with mPEG-SH (10-5 M, 5 kD, Creative PEGWorks) and the
particles were washed via centrifugation at 1500 g in the presence of PEG
(15 kD, Sigma).
32

4. The targeted and non-targeted gold nanoparticles were sterile filtered (0.2 µm
pore size, Corning) before being mixed with cells.

The immunotargeting capability of the prepared bioconjugated gold nanoparticle
solution was evaluated using human epithelial carcinoma cells (A431 cells) that have
abundant expression of epidermal growth factor receptor (EGFR). The cells were
purchased from American Type Culture Collection (ATCC) and cultured in DMEM
supplemented with 5% fetal bovine serum (FBS) at 37°C in a 5% CO2 environment. Cells
were harvested and resuspended in phenol free DMEM at a concentration of
6x105 cells/mL. A 1 mL aliquot of cell solution was mixed with an equal volume of the
anti-EGFR gold bioconjugate solution and allowed to interact for 2 hours at room
temperature. Another aliquot with pure cell solution (i.e., no nanoparticles) was used as
control. The two cell suspensions were then spun down at 100 g and resuspended
separately in 100 µL 1x PBS solution. To image the cells with microscope, 20 µL of the
cell solution was placed on a microscope glass slide and sealed with a coverslip.

a

b

60 µm

60 µm

Figure 2.2: Darkfield images of (a) unlabled cells and (b) cells laeled with EGFR targeted
gold nanoparticles.
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The darkfield images of unlabeled A431 cells and cells labeled with gold
nanoparticles is shown in Figure 2.2. The control cells shown in Figure 2.2a do not
contain any gold nanoparticles and hence the cells appear bluish white due to their
intrinsic light scattering properties. The cells labeled with gold nanoparticles (Figure
2.2b) appear orange colored caused by the plasmon-resonance scattering of anti-EGFR
conjugated gold nanoparticles.

2.3 SPECIFICITY OF EGFR TARGETED GOLD NANOPARTICLES
The specificity and selectivity of the nanoparticles has been demonstrated using
A431 cells (human epithelial carcinoma cell line) and MDA-MB-435 cells (human breast
adenocarcinoma cell line). The experiment was performed to illustrate that the EGFR
targeted gold nanoparticles do not bind to irrelevant cells that are not expressing the
receptor. The two cell lines were chosen because A431 cells overexpress epidermal
growth factor receptor (EGFR) and MDA-MB-435 cells donot express EGFR.

A blocking assay was performed to verify the molecular specificity of the antiEGFR particles. The A431 cells were purchased from American Type Culture Collection
(ATCC) and cultured in DMEM supplemented with 5% fetal bovine serum at 37°C in a
5% CO2 environment.

Cells grown in standard Petri dishes were harvested via

trypsinization and exposed to 1 mg/mL clone 225 antibody or nonspecific (anti-goat IgG)
antibody in PBS for 15 minutes. Furthermore, separate aliquots of A431 cells and
MDA-MB-435 cells (which do not express EGFR) were exposed only to PBS for use as
positive and negative controls. Targeted particles were added to all cell suspensions in a
1:1 volume ratio and mixed for 20 minutes. The cells were then spun down and the
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optical density (O.D.) of the supernatant obtained from each sample was compared to the
O.D. of the labeling solution to determine the particle uptake. Darkfield microscopy was
also done to verify the results.

Blocking A431 cells with an excess of clone 225 antibodies resulted in a 26x
decrease in labeling efficiency as compared to the positive control while the cells
exposed to nonspecific IgG showed no decrease in labeling efficiency. The MDA-MB435 cells do not express EGFR and showed no particle uptake. These results were also
confirmed using darkfield optical imaging and indicate molecular specific binding of the
bioconjugated gold nanoparticles to EGF receptors (Figure 2.3). The images show that
EGFR(+) A431 cells which were pre-exposed to pure PBS or non-specific antibodies
before labeling with anti-EGFR gold nanoparticles (Figure 2.3a and 2.3b) are heavily
labeled while cells lacking EGFR or blocked with specific anti-EGFR antibody have a
much lower number of bound particles after exposure (Figure 2.3c and 2.3d).
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(a) Positive control

(b) Nonspecific blocking

(c) Negative control

(d) Blocking with anti-EGFR antibody

Figure 2.3: The darkfield reflectance images of the specificity assay samples: (a) A431
cells labeled with anti-EGFR gold nanoparticles; (b) A431 cells pre-exposed
to non-specific IgG before labeling with anti-EGFR gold conjugates; (c)
MDA-MB-435 cells exposed to anti-EGFR gold nanoparticles; (d) A431
cells blocked with anti-EGFR antibodies before labeling with anti-EGFR
gold conjugates. The specific labeling is evident from orange scattering of
assemblies of gold nanoparticles which are bound to the cells. A 30 µm
scale is shown on all the darkfield images. The images are courtesy of
Mr. Timothy Larson and Dr. Konstantin Sokolov of the University of Texas
at Austin.
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2.4 OPTICAL PROPERTIES OF GOLD NANOPARTICLES
The optical absorption and scattering properties of gold nanoparticles are radically
different than bulk gold material. As seen in Figure 2.1, 20 nm diameter and 40 nm
diameter gold nanoparticles have optically different appearance than bulk gold. This is
due to the fact that gold nanospheres have unique optical absorption properties in the
wavelength range of 510-540 nm.

When gold nanoparticles are excited with an

electromagnetic field, nanoparticles produce an intense absorption due to the collective
oscillation of conduction electrons on the nanoparticle surface. This phenomenon is
termed as plasmon resonance [36, 37]. The occurrence of resonance when light interacts
with nanoparticles could be compared to a “push-pull” resonance phenomenon in a
spring. Metals nanoparticles made from the alkali metals, magnesium, aluminum, and the
noble metals have conduction electrons that behave like free electrons. Light waves
(electromagnetic wave) have an alternating electric field. When this alternating electric
field interacts with the metal nanoparticles, the conduction electrons are periodically
displaced. The interaction gives rise to alternating polarization charges at the nanoparticle
surface. In simple terms, the conduction electrons are “pushed” away from the positively
charged ion cores of the nanoparticle. The “pull” or restoration of the electrons occurs
due to the Coulomb attraction between electrons and the positive metal ionic core. A
schematic representation of the plasmon resonance phenomenon is shown in Figure 2.4.
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Figure 2.4: Interaction of light with metal nanoparticles resulting in surface plasmon
resonance phenomena.
The optical properties of gold nanospheres can be estimated using Mie theory for
homogenous spheres. The Mie total extinction and scattering efficiency Qext and Qsca for
a homogeneous sphere is given as:
!"# 
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The terms ': , +, > represent the refractive index of the surrounding medium,
radius of the nanospheres and wavelength respectively. The terms ./ and 0/ are the
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Riccati Bessel functions. The extinction, scattering and absorption efficiencies for a 20
nm gold nanospheres are presented in Figure 2.5.
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Figure 2.5: Calculated optical properties of 20 nm diameter gold nanoparticles.

The plasmon resonant frequency is highly sensitive to the particle size, shape and
dielectric constants of the material and environment as inferred from Equations 2.1 and
2.2 respectively. Specifically, an increase in the size of nanospheres directly results in the
increase of extinction cross section and relative contribution of scattering. The absorption
cross-section contributes predominantly to extinction for nanoparticles with diameter
below 50 nm. Nanospheres with diameter greater than 50 nm have significant scattering
efficiency. The frequency dependent optical absorption and scattering properties of gold
nanoparticles for different sizes and shapes (spheres, rods and shells) has been reviewed
in literature [38-43]. Discrete dipole approximation method and modified longwavelength approximation method was also used by researchers to simulate the optical
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properties of metal nanoparticles [44, 45]. Furthermore, the optical properties of gold
nanoparticles can be tuned to have resonance in the desired optical window for biological
applications (NIR region) by modifying their structures into rods, cages and core-shell
configuration etc. For example, Figure 2.6 depicts variation of optical absorbance with
the aspect ratio of nanorods. For nanorods, two plasmon bands namely the longitudinal
and transverse plasmon bands exist. The longitudinal plasmon band corresponds to light
absorption and scattering along the long axis of the particle, and the transverse plasmon
band corresponds to light absorption and scattering along the short axis of the particle.

Figure 2.6: Optical absorbance properties of gold nanorods with different aspect ratios.
Adapted from Jain et al [46].

The proximity of another nanoparticles also has an effect on the plasmon
resonance frequency of the nanoparticle, a phenomenon termed as plasmon resonance
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coupling [47, 48]. Studies have shown that the assembly or aggregation of spherical gold
nanoparticles into a close-packed structure results in a shift to longer wavelengths (red
shift) in the optical properties (scattering and absorption) when compared to the
properties of the isolated nanospheres as shown in Figure 2.7 [27, 49, 50]. The degree of
the coupling-induced red shift increases with decreasing inter-particle distance and
increasing assembly size decreasing inter-particle distance and increasing assembly size
[42, 47, 48]. Applications such as the plasmon ruler [51] and photoacoustic imaging [52]
utilize plasmon resonance coupling effect of gold nanoparticles for various biomedical
applications.

Figure 2.7: (a) Change in the optical scattering cross section due to and to plasmon
coupling of closely spaced gold nanoparticles. Adapted from
Aaron et al [49]. (b) Relation between of inter-particle distance and optical
red shift due to plasmon resonance coupling of 88 nm diameter gold
nanoparticles. Adapted from Jain et al [50].

2.5 INTERACTION OF LASER PULSE AND CELLS LABELED WITH GOLD NANOPARTICLES
Gold nanoparticles have enhanced the photodiagnostic and phototherapeutic
strategies used for detection and treatment of tumors and infections due to their unique
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photophysical properties. The interaction of laser beam with gold nanoparticles as
contrast agents in various optical imaging modalities is summarized in Figure 2.8 and has
been reviewed elsewhere [16, 35].
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Figure 2.8: Schematic representation of pulsed laser beam interaction of cells labeled
with gold nanoparticles for various diagnostic and therapeutic applications.
Adapted from Zharov et al [53].
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In particular, we are interested in the interaction of cells with laser pulse
satisfying the thermal stress confinement conditions for photoacoustic imaging. A
nanosecond laser pulse is used generation of acoustic waves in photoacoustic imaging.
As the nanoparticles are excellent photoabsorbers, cells labeled with gold nanoparticles
may have to endure photodamage when interacting with laser pulses. These destructing
thermal effects depend on the fluence and duration of the laser pulse, number of laser
pulses and number of nanoparticles per cell. A summary of laser parameters used for
destroying cancer cells labeled with gold nanospheres is provided in Table 2.2. The
conclusions drawn from the list indicate that a fluence of 500 mJ/cm2 or greater is
required to induce damage to labeled cells.
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Table 2.2: List of pulsed laser parameters used by various researchers to kill cells labeled
with gold nanospheres.
Study

Cell type

Diameter of
nanospheres

Pitsillides et al
[54]

T lymphocytes

30 nm

Larson et al
[55]

Zharov et al
[56]

Lapotko et al
[57]

Wang et al
[58]

MDA-MB-468

MDA-MB-231

Myeloid K-562

Macrophages

40 nm

40 nm

30 nm

40 nm

Pulsed laser
parameters
 = 20 ns
> = 565 nm
F = 500 mJ/cm2
N = 100
  7 ns
> = 700 nm
F = 400 mJ/cm2
N=1
  12 ns
> = 532 nm
F = 500 mJ/cm2
N=3
  10 ns
> = 532 nm
F = 5000 mJ/cm2
N=1
  10 ns
> = 680 nm
F = 344 mJ/cm2
N = 50

% Cell death

95% - 500 NPs/cell
54% - 100 NPs/cell

100%

99.5%

100%

N/A
104 NPs/cell

Laser Parameters:  = Pulse width ; >= Wavelength ; F = Fluence; N = Number of pulses
All the studies shown below are specifically targeted to biomarkers except the study
presented by Wang et al [58].

Photoacoustic imaging utilizes a diffused laser beam with fluencies lower than
25-30 mJ/cm2. Though the thermal effects associated with light absorbing nanoparticles
are required to destroy cancer cells, it is unwanted during the photoacoustic imaging
regime. Therefore to confirm the safety of photoacoustic imaging using gold
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nanoparticles, we conducted experiments on monolayer of cancer cells. Specifically in
our study human epithelial carcinoma cells (A431 cell line) were grown to confluence on
22 mm x 22 mm secure coverslip (Grace Biolabs Inc). The confluent monolayers were
incubated for 4 hours with anti-EGFR gold nanoparticles (20 nm diameter) in phenol free
media. The optical spectral properties of the nanoparticle solution were compared before
and after incubation with cells. After 4 hours, the cells were thoroughly washed thrice in
phosphate buffered saline. A coverslip with unlabeled A431 cells was used as a control.
The coverslips with labeled and unlabeled cells were placed in sterile Petri dishes with an
optical window for laser illumination. A tunable OPO laser being pumped by a
Q-switched Nd:YAG (7 ns pulses; 10 Hz repetition rate) operating at 680 nm wavelength
was used to irradiate the cells. A focusing lens was used to adjust the laser beam diameter
to approximately 1 mm. The fluence of the laser was decreased using absorptive neutral
density filters (Thor Labs Inc). The cells were irradiated with laser fluencies 500 mJ/cm2,
100 mJ/cm2 and 25 mJ/cm2 respectively. After laser irradiation, the cells were washed in
PBS and incubated in 0.4% trypan blue solution for 10 minutes. The cells were further
washed in PBS, fixed in 10% formalin solution and mounted on a microscope slide to
obtain brightfield and darkfield images as shown in Figure 2.9. Tyrpan blue selectively
stains the dead cells that appear blue in brightfield images. The darkfield images show
the presence of gold nanoparticles. Clearly most cells died at 500 mJ/cm2 laser fluence in
congruence with the literature data. At 100 mJ/cm2 and 20 mJ/cm2 laser fluencies,
minimal cell death was observed. The results indicate photoacoustic imaging does not
cause photothermal damage to cells labeled with gold nanoparticles. Unlabeled cells
remained viable after irradiation with laser pulse of 500 mJ/cm2 fluence.
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Fluence

Brightfield image
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cells

Darkfield image
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500 mJ/cm2

100 mJ/cm2

25 mJ/cm2

Figure 2.9: Demonstration of cell viability for laser fluencies used in photoacoustic
imaging. A 100 µm scale is shown in all the images.
2.6 SUMMARY
The frequency dependent optical absorption properties of the gold nanoparticles
render them as excellent photoacoustic contrast agents. We successfully demonstrated the
immunotargeting capability, i.e., the specificity of the bioconjugated gold nanoparticles.
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In addition, we also confirmed the safety of photoacoustic imaging by irradiating a
monolayer of cancer cells labeled with gold nanoparticles. Overall, the combination of
bioconjugated gold nanoparticles and photoacoustic imaging shows promise in the field
of cancer diagnostics and therapeutics.
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Chapter 3: Demonstration of Combined Ultrasound
and Photoacoustic Imaging

ABSTRACT
Simultaneous visualization of anatomical and functional properties of malignant
tumor tissue is feasible with the integration of ultrasound and photoacoustic imaging
techniques. In this chapter we demonstrate a laboratory prototype capable of performing
3-D ultrasound and photoacoustic imaging. The combined imaging at microscopic
resolution was evaluated on tissue-mimicking samples using a 25 MHz single element
focused transducer. Furthermore, the utility of gold nanoparticles as photoacoustic
contrast agents was also established with nanoparticle laden tissue mimicking samples.
The results of our study confirm that the ultrasonic and photoacoustic images
synergistically complement each other in detecting features otherwise imperceptible
using the individual techniques.

3.1 INTRODUCTION
Ultrasound is a non-invasive imaging technique that is widely being used for
various diagnostic and clinical settings ranging from cardiovascular to gynecological
applications. Ultrasound imaging equipment is portable and cost-effective, in addition to
being a non-ionizing imaging technique. Despite these advantages, ultrasound imaging
cannot render sufficient contrast to detect early stage tumors as the contrast in ultrasound
imaging depends upon the spatial variations in the acoustic impedance properties of the
tissues. The acoustic impedance varies according to the changes in the bulk modulus of
the incompressible material such as soft tissues. The bulk modulus of soft tissues has
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very narrow range thereby leading to weak contrast and inability in identifying all
abnormalities [1-3].

Ultrasound imaging augmented with complementary photoacoustic imaging can
image anatomical and physiological variations in the tissue at macroscopic and
microscopic resolutions. Photoacoustic imaging, as the nomenclature indicates, is a
constructive combination of optical and ultrasound imaging techniques – i.e., it provides
information on the spatial heterogeneity of optical absorption properties of the tissue with
resolution on par with ultrasound imaging [3-5]. The resolution of photoacoustic imaging
depends on the ultrasound transducer frequency. Better spatial resolutions can be
obtained with higher frequency transducers while sacrificing the imaging depth. A
detailed description of photoacoustic imaging is provided in Chapter 1.

In this chapter, the development and characterization of a custom-built combined
ultrasonic and photoacoustic microscope is presented. The spatial resolution of
ultrasound and photoacoustic imaging techniques was quantitatively compared using a
carbon fiber sample and a single element, focused ultrasonic transducer operating at
25 MHz. Tissue-mimicking phantoms with varying acoustical and optical properties were
imaged utilizing the imaging technique. The 3-D imaging capabilities of the combined
imaging technique were explored utilizing complex shaped tissue mimicking samples.
Finally, the chapter concludes with discussion on the efficacy of utilizing the combined
ultrasound and photoacoustic imaging laboratory prototype for in-vivo applications.
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3.2. MATERIALS AND METHODS
3.2.1. Carbon fiber phantom
The characteristics of the combined ultrasound and photoacoustic imaging system
were evaluated using a specifically designed phantom consisting of 10 µ m diameter
carbon fiber. A light microscope image of the carbon fiber in comparison to a human hair
(approximately 85 µ m diameter) is shown in Figure 3.1. The cross-section of the carbon
fiber was assumed to be a point target for measuring ultrasound and photoacoustic
impulse response.

Ultrasound transducer

(a)

(b)

Water
Laser beam
Optical
window

Carbon fiber

Figure 3.1: (a) A light microscope image of carbon fiber and human hair. (b) A schematic
representation of the experimental setup with ultrasound transducer
positioned on the top of the carbon fiber and laser irradiation delivered in
the lateral direction.

The carbon fiber was placed in a water tank with an optical window for laser light
illumination and clipped at both ends to restrict its motion during imaging. The carbon
fiber was positioned approximately in the focal region of the ultrasound transducer as
shown in Figure 3.1 (b). To image the fiber, a lateral scan of 1 mm in increments of 4 µm
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was performed. Ultrasonic and photoacoustic signals, obtained at each lateral position,
were processed offline to determine the axial resolution, lateral resolution and frequency
characteristics of the ultrasound and photoacoustic signals. At each incremental step, the
maximum amplitude of the signal at the position of the carbon fiber was plotted to obtain
the lateral scan profile for ultrasound and photoacoustic images. The axial resolution was
estimated by determining the -6 dB full width half maximum (FWHM) of the envelope
signal obtained from the ultrasound echo and photoacoustic transients.

3.2.2. Tissue-mimicking phantom
The combined ultrasound and photoacoustic microscope was evaluated using
tissue-mimicking phantoms made with polyvinyl alcohol (PVA) shown in Figure 3.2.
PVA was chosen to fabricate the tissue mimicking phantom because the polyvinyl
alcohol (PVA) phantoms are non-toxic and have long-term structural stability and shelflife. Moreover, registering multiple phantom images to one another in subsequent studies
is possible using PVA phantoms as they maintain their acoustical, optical and mechanical
properties over time [6]. Silica particles (15 µm in diameter) were used to achieve
ultrasonic scattering properties similar to those of the soft tissues. Silica particles also
altered the optical scattering of the phantom. The body of the phantom had less ultrasonic
scatterers than the inclusion to obtain acoustic contrast. Optical absorption was elevated
in the inclusion with addition of 30 µm graphite particles or 40 nm gold nanoparticles
(Au NPs). For example, to fabricate the inclusion, 8% PVA powder was mixed with
water and heated to about 50ºC. At this point, 1.2% (by weight) of 15 µm silica and 0.1%
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(by weight) of 30 µ m micro fine graphite particles were added, and the solution was
heated further to 90ºC until PVA powder was completely dissolved. The PVA solution
was then cooled and degassed in a vacuum chamber. The solution was poured into
cylindrical molds of desired size followed by freezing at –15ºC for 12 hours, and then by
thawing at room temperature for 12 hours. Once the desired number of freeze/thaw cycles
was completed, the inclusion was placed in the center of a rectangular mold. For the
background of the phantom, the PVA solution was prepared in similar fashion as the
inclusion. PVA powder (8% by weight) was mixed with a solution containing 70% of
water and 30% of dimethyl sulfoxide (DMSO). Further, 15 µm silica particles were
added to the PVA solution. After heating and degassing the PVA solution, it was poured
into the rectangular mold with the inclusion positioned in the middle. The mold with the
background PVA solution and embedded inclusion was left undisturbed for 5 hours at the
room temperature before the construction underwent two freeze/thaw cycles.

Figure 3.2: Tissue-mimicking phantom with a single cylindrical inclusion embedded in
PVA background.

57

3.2.3. Combined ultrasound and photoacoustic imaging system
A block diagram of the combined ultrasound and photoacoustic imaging is
presented in Figure 3.3. The imaging system primarily consists of motion control for 3-D
mechanical scanning, pulsed laser to generate photoacoustic transients, ultrasound
pulser/receiver and data acquisition module. All parts of the imaging system were
integrated and controlled via a custom-built, user specific application programmed in
LabVIEW. The user has control over the grid resolution and data acquisition parameters
(sampling rate, number of samples etc). The step size, total distance of scan and speed of
the motion axis are specified in the axes parameters module of the LabVIEW interface.
The sampling frequency, trigger options, length of record and other data acqusition
parameters are specified in the data acquisition module. The position history module
displayed the current position of the scanning stage. The position of the axes and the
signal at that location were also displayed in the application for immediate feedback and
monitoring of the experiment. The data acquired was stored for offline processing.

In this work, single element focused transducer with central frequency 25 MHz
(f# = 2) was used for ultrasound and photoacoustic imaging. The scanning system shown
in block diagram (Figure 3.3) was designed to allow 3-D scanning with single element
transducer. The high frequency transducer was mounted to a motorized 3-D position
stage. The parts of the mechanical scanning unit were 3-D stepper motor positioning
system (Bislide MN10-0100-M01-21 by Velmex Inc and 4 axis driver and PCI
stepper/servo motion controller (NuDrive and PCI-7344 by National Instruments Inc). An
ultrasonic pulser/receiver unit (Panametrics 5910PR) is interfaced with the transducer. A
500 MHz sampling frequency PCI digitizer (8500 Gage Compuscope) was housed in a
personal computer and was used to acquire data.
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3-D positioning system

Transducer
Pulser/receiver

Delay
Tissue mimicking
phantom with inclusion

Microprocessor Unit
Motion control
A/D digitizer

Trigger
Laser

Mirror

Photoacoustic signal followed by ultrasound signal

Figure 3.3: Block diagram of a custom designed and built combined ultrasound and
photoacoustic imaging system.
For photoacoustic imaging, either a Q-switched Nd:YAG laser (532 nm
wavelength, 5 ns, 20 Hz pulse repetition frequency) or a tunable OPO laser system (680 –
900 nm wavelength, 7 ns pulses, 10 Hz pulse repetition frequency) was used to generate
photoacoustic transients. The photoacoustic response of the sample being imaged was
captured using the same high frequency single element focused transducer operating at a
central frequency of 25 MHz. The experimental setup shown in Figure 3.3 was used to
obtain spatially co-registered ultrasound and photoacoustic images. Specifically, the
master trigger (Q-switch sync) from the laser source, delayed by several microseconds
(user defined delay), was sent to the pulser/receiver to initiate pulse-echo ultrasound
using the ultrasonic transducer. The synchronous trigger from the laser also commenced
the data acquisition (Figure 3.3). An acquired A-line, therefore, contained the
photoacoustic signal followed by ultrasound signal where both co-registered signals were
obtained from the same spatial location (Figure 3.4). After photoacoustic signal from
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desired depth was acquired, the ultrasonic pulser was triggered with some delay.
Therefore the backscattered ultrasound radio-frequency wave was captured immediately
following the photoacoustic response of the tissue. Prior to the experiment, the ultrasound
transducer and laser beams were aligned and the combined ultrasound and photoacoustic
imaging was performed by incrementally moving the sample using the 3-D motion axis.
All components of the system were interfaced so that combined ultrasound and
photoacoustic imaging can be executed together or separately. Once the data was
acquired, the microprocessor unit was used for signal processing and image formation,
since both photoacoustic and ultrasound signals were captured at the same position, no

Signal Amplitude (a.u.)

additional co-registration of the images was required.

150
100 PA signal
50
0
-50
Ultrasound signal

-100
-150
0

1

2

3 4 5 6 7
Time (µsec)

8 9 10

Figure 3.4: Photoacoustic (PA) signal followed by ultrasound (US) echo in a captured
A-line data.
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3.3 RESULTS

a

b

Ultrasound image

Photoacoustic image

Figure 3.5: (a) Grayscale ultrasound image and (b) photoacoustic image of 10 µ m
diameter carbon fiber displayed using 15 dB dynamic range. The field of
view of the images is 1 mm by 1.5 mm.

The B-scan ultrasound and photoacoustic images of the carbon fiber are presented
in Figure 3.5. The images measure 1 mm laterally and 1.5 mm axially and are shown
using 15 dB display dynamic range. As expected, the carbon fiber is located at the same
position in both ultrasound and photoacoustic images.

The carbon fiber in the

photoacoustic image (Figure 3.5b) appears elongated in the lateral direction compared to
that in the ultrasound image (Figure 3.5a). However, the axial size of the target is
comparable in ultrasound and photoacoustic images.
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Figure 3.6: (a) Ultrasound and (b) photoacoustic axial beam profiles, (c) ultrasound and
(d) photoacoustic lateral scan profiles of single element transducer measured
of a 10 µm diameter carbon fiber positioned at focus. The axial resolution as
given by the −6 dB width of the axial profile is 56 µ m in ultrasound imaging
and 63 µ m in photoacoustic imaging and the lateral resolution is 130 µm in
ultrasound imaging and 200 µ m in photoacoustic imaging.

The envelope of the ultrasound echo and the photoacoustic transients obtained
from the 10 µ m carbon fiber are presented in Figure 3.6a and 3.6b. Both the ultrasound
and photoacoustic axial profiles indicate the presence of carbon fiber approximately at
the focus of the transducer (12.5 mm). The -6 dB FWHM of the ultrasound and
photoacoustic axial profiles were measured to be 56 µ m and 63 µm, respectively. The
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lateral resolution of ultrasound and photoacoustic images was quantitatively determined
from the lateral scan profile shown in Figure 3.6c and 3.6d. The lateral resolution was
calculated using the -6 dB full width half maximum (FWHM) as the metric. The
ultrasound lateral measurement was 130 µ m and the photoacoustic lateral resolution was
200 µm. It can be observed that photoacoustic lateral scan profile (Figure 3.6d) is broader
than ultrasound lateral scan profile (Figure 3.6c).

a

b

c

Figure 3.7: (a) Grayscale ultrasound image, (b) photoacoustic image of phantom and (c)
Combined ultrasound and photoacoustic image of a PVA phantom with a
single circular inclusion. The images measure 2.4 mm laterally and 4 mm
axially. Adapted from Mallidi et al [3].
The results of ultrasonic and photoacoustic imaging of tissue mimicking phantom
with a graphite inclusion are presented in Figure 3.7. The location of the inclusion is
clearly depicted in the ultrasonic B-scan image, but the image cannot explicitly portray
the structure of inclusion. In contrast, the photoacoustic image unmistakably identifies
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the margins of the inclusion. The combined ultrasound and photoacoustic image was
obtained by overlaying the photoacoustic image on ultrasonic image, i.e., ultrasonic
image was displayed if photoacoustic signal was smaller than a user-defined threshold or
vice versa. Since both the ultrasound and photoacoustic imaging modes were performed
simultaneously at the same location, an excellent spatial co-registration of these images
was obtained.

a

b

c

2 mm

2 mm

Figure 3.8: (a) Photograph of the knot phantom, (b and c) 3-D photoacoustic image of the
knot phantom displayed in different x-z and y-z view respectively.

To demonstrate the capability of the combined ultrasound and photoacoustic
microscope to obtain 3-D images, a complex phantom with the inclusion embedded in the
shape of a knot was fabricated (Figure 3.8a). The corresponding 3-D photoacoustic image
of the knot in different orientations is displayed in Figure 3.8b – 3.8c. The spectroscopic
capability of photoacoustic imaging system was demonstrated using a phantom with
inclusion containing PEGylated gold nanoparticles (Figure 3.9a). Gold nanoparticles
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have a higher optical absorbance at wavelength 532 nm than at 680 nm [7]. The
ultrasound image (Figure 3.9b) appears to be homogenous and does not depict the
inclusion clearly. However, the photoacoustic image at 532 nm (Figure 3.9c) clearly
shows the position of the inclusion. Comparing the multi-wavelength photoacoustic
images of this phantom, it can be seen that greater photoacoustic signal is produced at
532 nm wavelength illumination than at 680 nm (Figure 3.9c and 3.9d). The intensity of
the photoacoustic transients generated are directly proportional to the optical absorption
coefficient of the sample and the input fluence [3-5]. The gold nanoparticles have higher
absorption at 532 nm therefore produce higher photoacoustic signal. Indeed, these results
of the combined ultrasound and photoacoustic imaging system using tissue-mimicking
phantoms suggest that simultaneous information related to the anatomical and functional
properties of the sample can be obtained. The ultrasound imaging is excellent at
providing the anatomical features of the study object. The photoacoustic imaging can
accurately depict the optical absorption properties of the phantom suggesting that
functional properties of the tissue can be obtained by analysis of photoacoustic transients.
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0.4% Si
8% PVA

(b)

(a)

Au NPs
532 nm

(c)

680 nm

(d)

Figure 3.9: (a) Schematic representation of phantom with cylindrical inclusion containing
Au NPs, (b) Ultrasound image, (c) and (d) Photoacoustic images at laser
illumination wavelength 532 nm and 680 nm respectively.

3.4 DISCUSSION
The resolution in ultrasound and photoacoustic images is affected by several
factors including center frequency and bandwidth of the acoustic signal, the focal length
and the aperture of an ultrasound transducer, the duration of the laser pulse, signal and
image processing parameters, etc. The same single element high frequency transducer
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was used for ultrasound and photoacoustic imaging. Therefore, we compared the spatial
resolution of the ultrasound and photoacoustic images [8-10] .

Generally, the bandwidth of the signal will affect the axial resolution of the
US
imaging system. For example, in ultrasound imaging, the axial resolution ( δ axial
) is

inversely proportional to the bandwidth ( ∆f

US

) [8, 11] of the ultrasound impulse

response and can be expressed as
AB

#?@



(3.1)

∆DEF

US
is the overall bandwidth of the ultrasound
where c is the speed of sound, and ∆f

signal, determined by the transmit and receive characteristics of the ultrasound transducer
and associated electronics (e.g., pulser). The factor of 1/2 in Eq. (3.1) accounts for the
round trip travel of the acoustic signals in the ultrasound pulse-echo imaging mode.

In photoacoustic imaging, the thermal stress confinement condition has to be
satisfied for generation of photoacoustic transients [5]. Hence the size of the absorber and
the excitation laser pulse length will affect the frequency characteristics of the
photoacoustic transient signals. The photoacoustic transients generated by a small target
such as the carbon fiber contain wide band of frequencies. However, finite bandwidth of
the ultrasound detector limits the bandwidth of the detected photoacoustic response [12].
PA
The axial resolution of the photoacoustic image ( δ axial
) can be expressed as
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∆DIJ

PA
where c is speed of sound and ∆f
is the bandwidth of the photoacoustic signal

determined by the photoacoustic response of the target and receive bandwidth of the
ultrasound detector. The photoacoustic response of the target depends on both the
acoustic properties and spatial extend of the target, and the duration of the laser pulse
while the receive bandwidth of the ultrasound transducer is the same for both
photoacoustic and ultrasound imaging. Unlike ultrasound imaging, however, the factor of
1/2 is absent in Eq. 3.2 indicating that in photoacoustic imaging the acoustic transients
were generated at the target site and detected directly by the transducer (i.e.,
photoacoustic signal does not travel the round trip).

The power spectra of the ultrasound and photoacoustic signals obtained from the
10 µ m carbon fiber are presented in Figure 3.10. The -6 dB bandwidth of the ultrasound
US
and photoacoustic frequency spectrum were 17.5 MHz ( ∆f ) and 31.1 MHz ( ∆f PA ),

respectively. Assuming the speed of sound in water as 1500 m/s, the axial resolution of
ultrasound image was approximately 43 µ m and axial resolution of photoacoustic image
was 48 µm. The ultrasound and photoacoustic axial resolutions obtained from the
experiment were approximately 56 µ m and 63 µm (Figure 3.6). Clearly, it can be inferred
from the theoretical and experimental results that the axial resolutions of ultrasound and
photoacoustic images are comparable given the fulfillment of the thermal stress
confinement condition and wide frequency band of the photoacoustic transients.
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Figure 3.10: Frequency spectrum of (a) ultrasound and (b) photoacoustic impulse
response. The -6 dB bandwidth of the ultrasound and photoacoustic
frequency spectrum were measured to be 17.5 MHz and 31.1 MHz
respectively.

The lateral resolution of a wave-based imaging system is dictated by the beam
US
) is determined by the
characteristics. In ultrasound imaging, the lateral resolution ( δ lateral

f-number (f/#) of the ultrasound transducer and the central frequency (fUS) of the
ultrasonic signal [8, 11]:


AB
@"K@
 DEF %L/#*,

(3.3)

where f-number is defined as the ratio of the focal length to the aperture of the
transducer. Decreasing the f-number and increasing the central frequency will improve
the lateral resolution in ultrasound images.
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Similarly, the detector aperture and the central frequency of the photoacoustic
signals will also affect the lateral resolution in photoacoustic imaging [5, 12]. In our
experiments, the same ultrasound transducer was used to detect ultrasound and
photoacoustic signals. Therefore the difference in the lateral resolution is partially due to
the central frequency of the received ultrasound and photoacoustic signals. It can be
observed in Figure 3.10 that the central frequency of photoacoustic response is slightly
lower than ultrasound and correspondingly the lateral resolution of the ultrasonic image is
better than photoacoustic image. Furthermore, differences in lateral resolution of the
ultrasound and photoacoustic imaging are related to the differences between the width of
the laser excitation beam and the transmitted ultrasound beam. Indeed, in most tissues the
high-frequency ultrasound beam will remain focused while light will greatly diffuse and
scatter thus not allowing the laser beam to stay focused.

In the experiments presented in this study, a single element high frequency
focused transducer with limited depth of field (DOF) was used to obtain ultrasound
images. Consequently, the image is brighter in the focal region of the transducer and
there is an undesired change in speckle characteristics outside the focal zone. To
overcome the problem of limited DOF, confocal imaging can be pursued. However,
confocal scan will result in longer imaging time. Future studies will investigate confocal
imaging where specimen will be scanned at multiple, slightly overlapping depths and the
sub-images, each obtained at the focal zone of the transducer, will be merged together
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using cross correlation analysis to produce a uniform quality high-resolution image [9,
13].

Forward mode configuration was used to detect photoacoustic signals in the
current laboratory setup, i.e., the ultrasound detector and the laser illumination are on
opposite sides of the tissue-mimicking phantom. Backward mode detection will be an
appropriate method for in-vivo imaging where the two surfaces of the sample are not
accessible simultaneously for photoacoustic imaging. For example, a set of fibers
distributed around the circumference of the ultrasonic transducer can be used to achieve
backward mode detection of photoacoustic signals as shown in Figure 3.11. The fibers
can be positioned such that relatively uniform illumination, needed for photoacoustic
imaging, can be achieved near the focal zone of the ultrasound transducer.

Transducer

Fibers
Focal
region

Figure 3.11: Fiber-optical light delivery
photoacoustic imaging.

system
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The time taken to acquire ultrasound and photoacoustic images of tissue sample is
primarily limited by the mechanical scanning of the single element transducer and the
pulse repetition rate of the laser. The longer scan times are not feasible for in-vivo
imaging. Real time photoacoustic imaging using array transducers operating in 5-10 MHz
frequency range have been proposed recently [14-16]. Given the availability of ultrasonic
array transducers operating at frequencies higher than 20 MHz [17], lasers operating with
high pulse repetition frequency and development of today’s signal processing hardware
and software, the near-real time combined ultrasonic and photoacoustic imaging at
microscopic resolution could be feasible.

3.5 CONCLUSIONS
Simultaneous structural and functional heterogeneities of cancerous tissue can be
obtained with ultrasound imaging combined with complementary photoacoustic imaging
technique. A laboratory prototype was designed and implemented to obtain spatially coregistered ultrasound and photoacoustic images simultaneously. The resolution of the
combined imaging system with a 25 MHz single element focused transducer was
demonstrated using a carbon fiber samples. In addition, we also demonstrated that
photoacoustic imaging can detect gold nanoparticles in a highly scattering tissue
mimicking sample. Finally, the limitations of the combined ultrasound and photoacoustic
imaging prototype system were discussed. Further studies are required to evaluate the
applicability of combined imaging technique on for highly sensitive and specific
detection of cancer.
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Chapter 4: Initial Demonstration of Molecular Specific Photoacoustic
Imaging with Plasmonic Gold Nanoparticles

ABSTRACT
Gold nanoparticles (Au NPs) functionalized with antibodies can specifically bind
to molecular biomarkers such as epithelial growth factor receptor (EGFR). The molecule
specific nature of the antibody-functionalized gold nanoparticles forms the basis for the
developed photoacoustic imaging technique to detect cancer at an asymptotic stage.
Photoacoustic imaging was performed with 532 nm and 680 nm pulsed laser irradiation
on three-dimensional tissue phantoms prepared using a human keratinocyte cell line. The
results of our study demonstrate that the combination of anti-EGFR gold bioconjugates
and photoacoustic imaging can allow highly sensitive and selective detection of human
epithelial cancer cells.
4.1 INTRODUCTION
There is a dire need for a reliable, non-invasive imaging tool to detect, diagnose
and characterize cancer – one of the leading causes of death in the United States. The
early detection of cancer is absolutely necessary for effective therapeutic outcome and is
a primary indicator for long term survival. Moreover, demarcating tumor boundaries with
high specificity is required to direct therapeutic interventions to tumor location and cause
less or no damage to the surrounding healthy tissue. Here, we demonstrate the
photoacoustic imaging technique [1] using molecularly targeted plasmonic gold
nanoparticles [2] to detect highly proliferative cancerous cells.
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Photoacoustic imaging is a technique relying on the illumination of tissue by
nanosecond pulsed laser light and the subsequent emission of acoustic waves from tissue
under thermal stress confinement. Previous studies have shown that gold nanoparticles
(Au NPs) can be used as contrast agents in photoacoustic imaging because of their strong
optical absorption and scattering properties [3]. The gold nanoparticles can also be used
as therapeutic agents in photothermal therapy [4]. The extinction spectra of the gold
nanoparticles can be modified by varying their shape and size. The gold nanoparticles can
be tuned to resonate in the NIR region [5] as light has higher penetration depth in the
tissue at these wavelengths.

Epithelial cancer cells tend to overexpress epithelial growth factor receptor
(EGFR) [6], causing the specifically targeted nanoparticles to cluster on the cell surface.
This clustering leads to plasmon resonance coupling between nanoparticles and a red
shift in the plasmon resonance frequency of the gold nanoparticle assembly . The redshift provides the opportunity to differentiate cancer cells from surrounding benign cells
by using a combination of labeling with gold nanoparticles and multi-wavelength
illumination.

In this work, tissue phantoms prepared with human keratinocyte cell line were
used to demonstrate the application of molecular targeted gold nanoparticles in
photoacoustic imaging. The 532 nm and 680 nm pulsed laser illuminations were chosen
for the photoacoustic experiments due to overlap with the absorbance spectra of the
isolated and aggregated gold nanoparticles [2, 7, 8]. Our study shows that photoacoustic
imaging can differentiate between cancer cells labeled with the molecular targeted gold
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nanoparticles and the cells mixed with non-specific gold nanoparticles, even when the
concentration of isolated non-targeted particles is much higher. Furthermore, the
sensitivity of the molecular specific photoacoustic imaging was also demonstrated on 3-D
tissue phantoms. These results provide a basis for development of highly sensitive
approaches for detection of asymptomatic epithelial pre-cancers in-vivo.

4.2 MATERIALS AND METHODS
4.2.1 Preparation of tissue phantoms
Specifically for the photoacoustic imaging experiments, three tissue phantoms
consisting of human epithelial carcinoma cells (A431 keratinocyte) were used: (1) the
control tissue phantom with no gold nanoparticles; (2) the targeted tissue phantom
labeled with EGFR targeted gold nanoparticles; and (3) the non-targeted tissue phantom
with nanoparticles coated only with a polyethylene glycol-thiol (mPEG-SH) layer which
has no molecular specificity.

Gold particles (50 nm diameter) were synthesized via citrate reduction of
chloroauric acid (HAuCl4) under reflux. Anti-EGFR monoclonal antibody (clone 225,
Sigma) was conjugated with gold nanoparticles using a protocol described elsewhere [9].
The protocol resulted in nanoparticles functionalized with antibodies via a bifunctional
PEG linker, and any remaining bare gold was then passivated with mPEG-SH.
PEGylated particles without antibodies were obtained by mixing the colloid suspension
with mPEG-SH in deionized water.
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The A431 cells were purchased from American Type Culture Collection (ATCC)
and cultured in DMEM supplemented with 5% fetal bovine serum at 37°C in a 5% CO2
environment. Cells were harvested and resuspended in DMEM at a concentration of
2·106 cells/mL and divided into three 450 µ l aliquots. The aliquot for the targeted sample
was mixed with an equal volume of the anti-EGFR gold bioconjugate solution and
allowed to interact for 45 minutes at room temperature. The other two aliquots were not
exposed to the nanoparticles. The three cell suspensions were then spun down at 200 g
and resuspended separately using 250 µL aliquots of a buffered collagen solution (2.1
mg/mL, pH 7.4), resulting in a final cell concentration of 3.6 x 106 cells/mL. To
determine the amount of nanoparticles attached to cells in the targeted sample, the optical
density of the solution of gold bioconjugates at the concentration used for labeling was
compared to the optical density of the supernatant obtained after the labeled cells were
spun down. The UV-Vis measurements showed ca. 260,000 particles per cell
corresponding to approximately 25% of the total number of receptors per cell [10]. The
targeted sample contained approximately 1x1012 gold nanoparticles/mL. The buffered
collagen solution for the non-targeted sample contained approximately 4·1012 PEGylated
nanoparticles/mL. The control tissue sample had no gold nanoparticles. The cell/collagen
solutions (200 µL) were pipetted into separate stacked spacers (0.5 mm silicone isolators)
in Petri dishes for optical characterization and photoacoustic imaging. The cell/collagen
solution in the Petri dish was allowed to gel in a 37°C incubator for 1 hour. This
procedure resulted in phantoms with randomly distributed cells in a three-dimensional
collagen matrix [11] as shown in Figure 4.1. The 3D arrangement of cells gives an
opportunity to study imaging approaches having depth resolution. The phantoms were
then covered with 50 µ L of media and stored in an incubator for several hours prior to
imaging.
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Cells labeled with
EGFR targeted Au NPs

Rubber
spacer

Cells mixed with
PEGylated Au NPs

Figure 4.1: Photograph of tissue mimicking sample containing cells labeled with EGFR
targeted Au NPs or cells mixed with PEGylated Au NPs.

T he minimum concentration of labeled cells or Au NPs required to observe

photoacoustic transients was estimated using 3-D tissue mimicking samples. The samples
were made with gelatin containing different concentrations of human epithelial
carcinoma cells (A431 keratinocyte) labeled with anti-EGFR Au NPs. Specifically, cells
labeled with anti-EGFR Au NPs were prepared at a 1 x 107 cells/mL concentration using
the procedure described previously for ex-vivo mouse tissue experiments. The cell
suspension was mixed with different volumes of gelatin solution (10% by weight) to
obtain various concentrations of cell and Au NPs. The cell/gelatin solutions (100 µL)
were pipetted into separate wells for imaging experiments. After the imaging
experiments, the cell/gelatin samples were extracted from the wells and dissolved in 1%
nitric acid for quantitative determination of Au NPs concentration using inductively
coupled plasma mass spectroscopy (ICP-MS).
79

4.2.2 Optical imaging of tissue phantoms
The tissue phantoms were characterized using a 75W Xenon light source and
Leica DM 6000 upright microscope in epi-illuminated darkfield mode. Images were
collected through a 20x, 0.5 NA darkfield objective and detected using a Q-Imaging
Retiga EXi ultra-sensitive 12-bit CCD camera.

The absorbance spectra were collected with a PARISS hyperspectral imaging
device (Lightform, Inc.) in transmitted brightfield mode and a halogen light source. The
hyperspectral device was coupled to the Leica microscope and was used to measure the
absorbance spectra at each pixel in the image. A single vertical section of the sample
image was projected onto a prism through a 25 µm slit. The prism spectrally dispersed
the one-dimensional image onto a two-dimensional Q-imaging Retiga EXi CCD detector.
The sample was translocated laterally via a piezoelectric stage and the imaging process
was repeated to construct the three-dimensional hyperspectral data cube. The spatial
resolution of hyperspectral image was 1.25 µm and the spectral resolution was 1 nm. A
blank slide containing 1x PBS was used to acquire the illumination lamp spectra.
Transmitted brightfield spectral data cubes were then acquired from 20 µ m by 300 µ m
areas of each sample and normalized to the illumination lamp spectra.

4.2.3 Combined ultrasound and photoacoustic imaging of tissue phantoms
A block diagram of the experimental setup for ultrasound and photoacoustic
imaging is shown in Figure 4.2 and Figure 4.3. A microprocessor unit with a custom built
LabVIEW application controlled all modules of the imaging system including the
ultrasound pulser/receiver, pulsed lasers, data acquisition unit, and all motion axes
needed for imaging via 3-D mechanical scanning. A 48 MHz single element focused
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ultrasound transducer (focal depth = 5.5 mm, f# = 1.4) was used to obtain both ultrasonic
and photoacoustic images of the tissue phantoms. The tissue phantom was attached to a
3-D positioning stage and placed in the focal region of the transducer. The Petri dish was
filled with 1x PBS solution to maintain the appropriate pH in the medium surrounding the
tissue phantoms.

Pulser/receiver
Delay
Trigger
Synchronous pulse
from laser

Transducer

Laser

PBS
Tissue

Microprocessor unit

3-D positioning
stage

Motion controller
A/D digitizer

Figure 4.2: Block diagram of the combined ultrasound and photoacoustic imaging
system.
In photoacoustic imaging, either a Q-switched Nd:YAG laser (532 nm
wavelength, 5 ns pulses, 20 Hz pulse repetition frequency) or a tunable OPO laser
operating at 680 nm wavelength and capable of producing 7 ns pulses at 10 Hz pulse
repetition frequency were used. The ultrasound and photoacoustic images were obtained
by mechanically scanning the tissue samples over the desired region with 12 µm lateral
steps. At each step, the pulsed laser light irradiated the sample and the photoacoustic
response from the sample was captured using 8-bit, 500 MHz digitizer. The signal
recording was initiated by the trigger signal from the laser source. The same trigger
signal, delayed by several microseconds, was sent to the pulser/receiver to initiate the
pulse-echo ultrasound imaging. An acquired A-line, therefore, contained the
photoacoustic signal followed by the conventional ultrasound signal. During the offline
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processing, digital bandpass (20-70 MHz) filtering was employed to reduce noise in the
signals. Finally, the signals were processed to produce spatially co-registered 2-D
photoacoustic and ultrasound images.

Optical fibers
Transducer

Cell suspension
in gelatin

Figure 4.3: Photograph showing the integrated probe (transducer and optical fibers) and
the spacers with gelatin suspensions containing different concentrations of
A431 cells labeled with anti-EGFR gold nanoparticles.
4.3 RESULTS
The absorbance spectra of the control, targeted and non-targeted tissue phantoms
are shown in Figure 4.4. The control phantom has low absorbance in wavelength range
of 450-800 nm. The non-targeted phantom has an absorbance peak at 520 nm, which is in
excellent agreement with the absorbance spectrum of a suspension of isolated gold
nanoparticles. The targeted phantom has the peak red-shifted and broadened due to
EGFR-mediated aggregation of gold nanoparticles [2, 7, 8]. The absorbance spectra were
used as a guideline to gauge the difference in the optical properties of the targeted and
non-targeted tissue phantoms.

The darkfield images of the control, targeted and non-targeted tissue phantoms are
presented in Figure 4.5a - 4.5c. The control phantom in Figure 4.5a does not contain any
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gold nanoparticles and hence the cells appear bluish white due to their intrinsic light
scattering properties. The targeted phantom (Figure 4.5b) shows orange colored cells
caused by the plasmon-resonance scattering of anti-EGFR conjugated gold nanoparticles
which interact with EGFR molecules on the cytoplasmic membrane of A431 cells. The
non-targeted tissue phantom (Figure 4.5c) has gold particles in suspension surrounding
the cells. These isolated gold particles are associated with the greenish haze in the
background surrounding the unlabeled A431 cells which appear bluish in the image.

Absorbance (a.u.)
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---
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Control
Non-targeted
Targeted

0.4
0.2
0
450 500
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Wavelength (nm)
Figure 4.4: Absorbance spectra of control, targeted and non-targeted tissue samples
normalized to the illumination lamp spectrum.
The ultrasonic images of the three tissue phantoms are presented in Figure
4.5d-4.5f. As expected, these images do not reveal any information regarding the isolated
or clustered state of the gold nanoparticles due to insufficient acoustic contrast. The
photoacoustic images of the tissue phantoms shown in Figure 4.5g – 4.5i were obtained
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with 532 nm laser irradiation and images presented in Figure 4.5j – 4.5l were obtained
using 680 nm laser irradiation. All photoacoustic images are displayed using the same
dynamic range. The photoacoustic images of the control phantom do not show any
signals at both 532 nm (Figure 4.5g) and 680 nm (Figure 4.5j), indicating that the tissue
absorbs less light at these wavelengths as compared to the other two tissue phantoms. The
faint signal in the lower region of the images in Figure 4.5g and 4.5j was due to
absorption of the laser by the plastic bottom of the Petri dish holding the phantom.

At 532 nm laser irradiation, the photoacoustic image of the non-targeted phantom
(Figure 4.5i) indicates higher optical absorbance than the targeted phantom (Figure 4.5h).
Due to the high absorbance of the non-targeted phantom at 532 nm, the laser fluence
decreases exponentially with depth. Depth dependent compensation was applied to
photoacoustic signals in Figure 4.5i to compensate for the signal loss due to decrease in
the laser light fluence. At 680 nm illumination, very little photoacoustic response was
obtained in the non-targeted phantom (Figure 4.5l), unlike the targeted tissue phantom
that produced signal from the entire thickness of approximately 1 mm (Figure 4.5k). To
illustrate the difference in the photoacoustic response of the three tissue phantoms
quantitatively, the photoacoustic A-line signals along the same central vertical line of the
control, targeted and non-targeted phantoms are compared in Figure 4.6. The horizontal
axis in each graph is the axial depth from the transducer and the vertical axis represents
the amplitude of the photoacoustic signal obtained in response to 532 nm and 680 nm
pulsed laser irradiation.
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Photoacoustic images at λ = 532 nm
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Figure 4.5: Darkfield, ultrasound and photoacoustic images (λ = 532 nm and 680 nm) of
control, targeted and non-targeted tissue phantoms. The darkfield images
measure 440 µm by 340 µ m field of view. The ultrasound and photoacoustic
images measure 2 mm by 1.67 mm.
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Figure 4.6: Comparison of the photoacoustic signals obtained from the (a) control,
(b) targeted and (c) non-targeted tissue phantoms at 532 nm (dashed line)
and 680 nm (solid line) wavelengths.
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Clearly, in congruence with the hyperspectral analysis (Figure 4.4), a relatively
low overall bulk extinction coefficient was observed in the non-targeted phantom (Figure
4.6a) as compared to targeted phantom at 680 nm (Figure 4.6b). Also, high photoacoustic
signal was obtained from the non-targeted phantom (Figure 4.6c) at 532 nm when
compared to targeted phantom (Figure 4.6b). Thus, specific targeting of gold
nanoparticles to EGFR molecules that are overexpressed in certain types of cancer results
in significant increase in the photoacoustic signal in the red optical region. We attribute
the increase in photoacoustic signal to EGFR mediated assembly of gold nanoparticles on
the cytoplasmic membrane of the cancerous cells; this leads to plasmon resonance
coupling between adjacent gold particles and changes in their absorbance spectra which
are shown in Figure 4.4.

The ultrasound and photoacoustic images of the cell/gelatin samples with EGFR
targeted Au NPs labeled cells are shown in Figure 4.7. The photoacoustic images shown
in Figure 4.7 were obtained at 680 nm wavelength illumination. The concentration of
cells and the Au NPs concentration obtained from ICP-MS analysis of the respective
gelatin samples are also shown in Figure 4.7. A decrease in the amplitude of the
backscattered echo in ultrasound images (Figure 4.7a – 4.7e) clearly indicates a decrease
in the concentration of cells in the gelatin samples. It can also be observed that the
photoacoustic signal amplitude (Figure 4.7f – 4,7j) decreases as a function of cell/Au NPs
concentration.
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Figure 4.7: The ultrasound and photoacoustic images of cell/gelatin samples with
different cell concentration. The photoacoustic images were obtained at 680
nm wavelength illumination. The images represent a 2 mm x 2.5 mm field
of view.

The change in the photoacoustic signal amplitude in relation to the concentration
of Au NPs was quantitatively demonstrated in Figure 4.8. Specifically, a 2 mm x 1 mm
region of interest (ROI) was chosen for each cell/gelatin samples images (Figure 4.7f –
4.7j) and divided into subareas measuring 0.5 mm x 0.5 mm. The mean and the standard
deviation of the photoacoustic signal amplitude in the subareas was calculated and plotted
as a function of Au NPs concentration in Figure 4.8. A linear regression fit of the data
yielded an R2 value equal to 0.995. This result was expected; given the constant laser
input fluence, the amplitude of the photoacoustic signal is proportional to absorber (Au
NPs) concentration. The limit of detection of a system is defined as the situation where
the signal to noise ratio is 3:1 [12]. From our experiments the limit of detection for the
photoacoustic imaging technique was ∼ 3.1 x 104 cells/mL or ∼ 2.94 x 107 Au NPs/mL. It
is to be noted that the experiments were performed at fluence of 5 mJ/cm2 – this value is
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less than ANSI standard of the maximum allowable fluence (20 mJ/cm2) for pulsed lasers
[13].

Phootacoustic signal
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4

R2 = 0.995
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10

15

Concentration (108 NPs/mL)

Figure 4.8: Graph depicting the change in photoacoustic signal amplitude with Au NPs
concentration. The solid line represents the linear regression fit of the data
with R2 equal to 0.995.
4.4 DISCUSSION AND CONCLUSIONS
The results of our study indicate that photoacoustic imaging at 532 nm could
identify the distribution of the gold nanoparticles in tissue. Furthermore, a large
difference between EGFR targeted and non-targeted (isolated) gold nanoparticles was
observed in the photoacoustic images at 680 nm laser irradiation. The contrast
mechanism in photoacoustic imaging is based upon the difference in optical properties of
the tissue constituents, and hence photoacoustic imaging could be used to differentiate
between cancerous and normal cells using molecularly targeted gold nanoparticle contrast
agents, as was previously demonstrated with purely optical techniques [2, 7, 8]. Also,
89

compared to optical imaging, the penetration depth of photoacoustic imaging can be on
the order of centimeters if near-infrared laser light is used. Moreover, photoacoustic
imaging is a non-ionizing method and it does not have the safety concerns associated
with some other radiological imaging modalities such as CT or PET. The combined
ultrasound and photoacoustic imaging has many applications ranging from cancer
detection and therapy monitoring to tissue engineering [1, 14, 15].

Gold nanoparticles have excellent biocompatibility [16] and the conjugation
protocols to attach proteins to gold nanoparticles are also well developed [17-19]. The
photoacoustic imaging with gold nanoparticles demonstrated in this report can be
potentially extended to a combined diagnostic imaging and therapy approach.
Photothermal therapy with plasmonic nanoparticles was previously demonstrated for both
pulsed [4] and continuous light sources [20]. Based on the information obtained with
photoacoustic imaging, pulsed or continuous wave photothermal therapy could be
performed to induce localized tumor necrosis, potentially even using the same light
source as was used in photoacoustic imaging. Moreover, ultrasound based strain imaging
can be performed together with photoacoustic imaging and phototherapy at no additional
cost to monitor tumor necrosis over time [15].

Photoacoustic imaging provides functional information of subsurface structures
with ultrasonic resolution. The caveat in obtaining high resolution photoacoustic images
with a single element, high frequency ultrasound transducer is that the photoacoustic
images cannot be obtained in real time. The mechanical scanning of the single element
transducer and the pulse repetition rate of the laser effect the time taken to acquire the
combined ultrasound and photoacoustic images of the ex-vivo mouse tissue. The current
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experimental setup can be improved to obtain real-time photoacoustic images with the
use of array transducers or a high pulse repetition rate laser. Moreover, the synergistic
combination of ultrasound and photoacoustic imaging provides functional information
such as the distribution of nanoparticles in the context of structural information. The
combined ultrasound and photoacoustic imaging together with molecular specific gold
nanoparticles can be used detect cancer at an asymptomatic stage and can also be used to
accurately plan and guide the photothermal therapeutic procedures and monitor the
outcome [21-23].

In conclusion, the photoacoustic imaging technique could detect tumors by
selectively targeting cancerous cells that overexpress EGFR. In our studies, photoacoustic
imaging was performed at 532 nm and 680 nm on three tissue phantoms prepared using
A431 skin cancer cells targeted with anti-EGFR gold bioconjugates. The results of our
study demonstrate that using molecular targeted gold nanoparticles and photoacoustic
imaging, specific molecular differentiation and highly sensitive and selective detection of
cancer could be achieved. Further studies are required to evaluate this molecular specific
imaging technique in-vivo and its potential in combination with phototherapy.
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Chapter 5: Multi-wavelength Photoacoustic Imagingfor
Selective Detection of Molecular Specific Gold Nanoparticles

ABSTRACT
Gold nanoparticles (Au NPs) targeting epidermal growth factor receptor (EGFR)
via antibody conjugation undergo molecular specific aggregation (bioconjugated Au NPs
bind to receptors on cell surfaces) leading to a red shift in their plasmon resonance
frequency. Highly selective and sensitive detection of cancer cells is possible using
multi-wavelength photoacoustic imaging and molecular specific gold nanoparticles by
exploiting the plasmon resonance coupling effect.In this chapter we present the feasibility
of utilizing multi-wavelength photoacoustic imaging and intraclass correlation analysis to
quantitatively differentiate the specifically targeted Au NPs and non-targeted Au NPs
from the endogenous contrast molecules such as melanin in skin.

5.1 INTRODUCTION
The developments in the fields of nanotechnology and molecular biology provide
a promising platform for detection of cancer at an asymptomatic stage. Bioconjugated
nano contrast agents together with imaging techniques can satisfy the compelling need to
reliably detect, diagnose and characterize cancer at an early stage [1-6]. Recently, gold
nanoparticles (Au NPs) have gained popularity as nano contrast agents [2, 6-13] for their
well known bioconjugation protocols [10, 14-16], biocompatibility [17, 18] and easily
tunable optical properties [19-21]. Immunotargeted gold nanoparticles have been used to
enhance contrast in optical imaging techniques [6, 8, 12, 13]. However, the penetration
depth achievable with high resolution optical imaging techniques is limited to a few
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millimeters. Photoacoustic imaging[22-24] on the other hand can provide penetration
depth on the order of centimeters if near-infrared (NIR) laser light is used as reviewed in
Chapter 1. In the photoacoustic phenomenon [25], electromagnetic energy in the form of
light is absorbed and subsequently an acoustic wave is emitted. Using a wide-band
ultrasound detector the acoustic waves can be detected and spatially resolved to provide
an image of the heterogeneities in the optical absorption properties of the internal tissue
structure [22-24].

Gold nanoparticles have been used as contrast agents in photoacoustic imaging
because of their unique optical absorption properties[7, 9, 26-30].We previously
demonstrated on 3-D tissue phantoms (Chapter 4) that highly sensitive and selective
detection of cancer could be achieved using molecular targeted gold nanoparticles and
combined photoacoustic and ultrasound imaging[7, 31].In particular, the contrast in the
photoacoustic images was attributed to the epidermal growth factor receptor (EGFR) [32,
33] mediated assembly of gold nanoparticles in cancerous cells leading to plasmon
resonance coupling between adjacent gold particles and a red-shift in their absorbance
spectra[6-8, 13] while the non-targeted or isolated gold nanoparticles have absorbance
peak at around 520 nm [7, 34, 35].

It is essential to detect and differentiate targeted gold nanoparticles from the
endogenous chromophoresin the body for in-vivo photoacoustic imaging. A viable
solution is multi-wavelength photoacoustic imaging. The photoacoustic signal generated
is dependent on the optical absorption properties of the tissue and the input fluence as
indicated in the expression below
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   Γ

(5.1)

where  is the isobaric volume expansion coefficient,  is the specific heat,  is the
absorption coefficient, is the input laser fluence, is the local energy deposition density
(absorbance) and Γ is referred to as the Grüneisen coefficient[22-24].

It can be inferred from Equation 5.1 that the strength of the generated
photoacoustic transients is highly sensitive to variations in optical absorption of the
tissues. Therefore, the analysis of photoacoustic signals can remotely aid in estimating
the optical properties of the tissues. Multi-wavelength photoacoustic imaging was used in
various applications such asdifferentiation of atherosclerosis plaques[36], determination
of oxygenation saturation and hemoglobin concentration of blood [37, 38], estimating the
distribution of exogenous contrast agents [39], evaluating the burn depth in rats skin[40]
and delineating hypoxic areas in tumors [41].The various methodologies used by
researchers for qualitative quantitative analysis of multi-wavelength photoacoustic
transients is summarized in Table 5.1. The variations in amplitude and temporal
characteristics of the photoacoustic transients are predominantly used for estimating
optical absorption properties of the tissue constituents. Algorithms presented by Laufer et
al [38]and Zhang et al [42]provide quantitative information regarding the concentration
of the chromophores by analyzing photoacoustic transients; however the algorithmsare
computationally intensive. Despite the finite difference algorithm presented by
Sethuraman et al [36] involves less computation, it cannot provide quantitative
information regarding chromophore concentration.
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Table 5.1: List of various algorithms utilized for multi-wavelength photoacoustic image
analysis.
Study

Application

Methodology

Sethuraman et al

Differentiation of atherosclerotic
plaque

Finite difference approach

Quantifying blood oxygenation
level and hemoglobin concentration

Forward model based
inversion scheme

Multi-wavelength detection of
fluorescent proteins

Linear regression analysis

Non-invasive monitoring of
cerebral venous oxygenation

Analysis of the temporal
behavior of photoacoustic
transients

Measurement of burn depth

Analysis of photoacoustic
signal amplitude

Determining hypoxic areas in
tumors

Solving over determined set
of linear equations using
least square method

[36]
Laufer et al
[38]
Razansky et al
[39]
Petrov et al
[43]
Yamazaki et al
[40]
Li et al[41]
Zhang et al [42]

In this chapter we introduce intraclass correlation method to analyze
multi-wavelength photoacoustic signals. The technique was evaluated on an ex-vivo
mouse model of cancer. Specifically four subcutaneous gelatin implants were embedded
inside the abdominal region of theex-vivomouse tissue. The gelatin implants contained (1)
human epithelial carcinoma cells (A431 keratinocyte) labeled with anti-EGFR gold
nanoparticles (specifically targeted Au NPs), (2) A431 cells mixed with methoxy-PEGthiol (mPEG-SH) coated gold nanoparticles (non-targeted AuNPs), (3) untreated A431
cells (control) and (4) NIR absorbing dye (pseudo control for multi-wavelength
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photoacoustic image analysis).The advantages and limitations of the intraclass correlation
analysis are also discussed. The results of our study suggest thatmulti-wavelength
photoacoustic imaging can quantitatively differentiate the specifically targeted Au NPs
and non-targeted Au NPs from the endogenous chromophores.

5.2MATERIALS AND METHODS
5.2.1 Preparation of bioconjugated gold nanoparticles
The gold nanoparticles used for the gel implants were prepared using citrate
reduction of tetrachloroauric (III) acid (HAuCl4) under reflux. The process resulted in
50 nm diameter spherical gold particles. The protocol developed by Kumar et al [16] was
used for antibody conjugation to gold nanoparticles (Chapter 2).

Briefly, the

carbohydrate moiety on the Fc region of the Ab was oxidized to an aldehyde by addition
of 100 mM NaIO4 to a 1 mg/mL Ab solution in HEPES (1:10 by volume). The Ab was
then allowed to react with a hydrazide PEG di-thiol heterobifunctional linker (Sensopath
Technologies, Inc.), where the hydrazide portion of the linker covalently bonded to the
aldehyde portion of the Ab, yielding an exposed di-thiol moiety which could react
strongly with the gold nanoparticles. The Ab-linker was centrifuged in a 100 kD MWCO
filter (Amicon) and resuspended in 40 mM HEPES at pH 8 (5 µg/mL). The Ab-linker
was mixed with gold nanoparticles (12 mL, 4x1010 particles/mL) at a 1:1 volume ratio
and reacted on a shaker for 30 min at room temperature. Any remaining bare gold was
capped with mPEG-SH (10-5 M, 5 kD, Creative PEGWorks) and the particles were
washed via centrifugation at 1500 g in the presence of PEG (15 kD, Sigma). The
non-targeted gold nanoparticles were prepared by reacting gold nanoparticles (12 mL,
4x1010 particles/mL) with mPEG-SH (1.2 mL, 10-5 M).
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The resulting PEGylated

particles were also washed in the presence of PEG via centrifugation at 1500 g. The
targeted and non-targeted gold nanoparticles were sterile filtered (0.2 µ m pore size,
Corning) before being mixed with cells.

5.2.2 Preparation of cells
The targeted, non-targeted, and untreated samples contained 4.4x106 cells/mL
each. After centrifugation, targeted gold nanoparticles were resuspended in 12

of

phenol free DMEM (Invitrogen) at a concentration of 4x1010 particles/mL. They were
incubated with cells for 30 min at room temperature on a shaker. The cells and particles
were then centrifuged at 110 g for 3 minutes and unbound particles in the supernatant
were discarded. Cell samples containing either PEGylated gold nanoparticles mixed with
cells or cells alone were prepared in phenol free DMEM.

5.2.3 Subcutaneous gelatin implants in mouse
The specifically targeted, non-targeted and control cells were resuspended in
500 µl of gelatin (Sigma) solution (10% by weight). In addition, 20 µM NIR dye (ADS
740WS, American Dye Source) solution was also prepared with gelatin (10% by weight).
To achieve ultrasonic scattering, 0.4 % (by weight) 15 µm diameter silica particles
(Sigma) were also added to the dye solution.The dye was used as a pseudo control for
multi-wavelength photoacoustic image analysis. The four gelatin suspensions were
maintained at approximately 37°C. Approximately 400 µl of the gelatin solutions were
used for subcutaneous injections and the remaining 100 µl gelatin solutions were used to
obtain optical spectrawith a spectrophotometer (BioTek Synergy HT microtiter plate
reader). A mouse euthanized for other research purposes was obtained from the Animal
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Resource Center at the University of Texas at Austin.

A commercially available

depilatory solution was used to remove hair from the abdominal region of the mouse.
The gelatin suspensions were injected under the skin of the mouse to mimic subcutaneous
tumors.A 27-gauge needle syringe was used for the subcutaneous implantation of 400 µl
of gelatin suspensions. The colder environment of the mouse carcass facilitated the
hardening of the gelatin under the skin. In Figure 5.1the gelatin implantscontaining the
cells with targeted AuNPs and the A431 cells mixed with mPEG-SH coated Au NPs are
shown in the red and green insets respectively. The two control gelatin implants
containing untreated A431 cells and ADS740WS dye are shown in the white and blue
insets respectively. The tumor mimicking gelatin implants in the mouse ex-vivo tissue
were approximately 6-8 mm in diameter.

Figure 5.1: Photograph of the subcutaneous gelatin implants in mouse tissue ex-vivo. The
gelatin implants containing the cells with targeted Au NPs, control A431
cells, A431 cells mixed with mPEG-SH coated Au NPs and NIR dye are
shown in red, white, green, and blue insets respectively.
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5.2.4 Combined ultrasound and photoacoustic imaging setup
The photoacoustic and ultrasound images from the same cross section of the
abdomen region of the mouse were obtained using the experimental setup shown in
Figure 5.2. The imaging system consists of a custom built LabVIEW application
described in Chapter 3. The LabVIEW application controls the ultrasound
pulser/receiver, pulsed laser, data acquisition unit, and all motion axes needed for 3-D
mechanical scanning[24, 44]. A 25 MHz single element focused (focal depth = 25.4 mm,
f# = 4) ultrasound transducer was used to obtain both ultrasound and photoacoustic
images of the ex-vivo mouse tissue. Either a Q-switched Nd:YAG laser (5 ns pulses, 20
Hz pulse repetition frequency) or a tunable OPO laser system (7 ns pulses, 10 Hz pulse
repetition frequency) were used to generate photoacoustic transients. The laser irradiation
was delivered via optical fiber bundle consisting of 600 µm diameter fibers. On the
proximal end of the bundle, 7 fibers arranged in a circular configuration were coupled to
a laser beam using appropriate focusing optics.

On the distal end, the fibers were

attached to the transducer such that the foci of the ultrasound transducer and the optical
fiber bundle spatially coincide.This integrated probe consisting of the ultrasound
transducer and the optical fiber bundle was attached to the motion axis to facilitate the
scanning of the ex-vivo mouse tissue. The combined ultrasound and photoacoustic data
acquisition scheme is presented in Chapter 3. Briefly, the 2-D photoacoustic and
ultrasound images were obtained by mechanically scanning over the desired region with
100 µ m lateral steps to satisfy Nyquist criterion.At each step, the pulsed laser light
irradiated the sample and the trigger signal from the laser source initiated the data
acquisition performed by an 8-bit, 500 MS/s digitizer. The same trigger signal, delayed
by several microseconds, was sent to the pulser/receiver to initiate the pulse-echo
ultrasound imaging. Therefore, a captured A-line contained spatially co-registered
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photoacoustic signal and the conventional ultrasound radio-frequency (RF) data separated
by the user defined delay[24, 44]. The combined ultrasound and photoacoustic imaging
was repeated for multiple laser wavelengths (532 nm, 680 nm - 860 nm in steps of 20
nm) at the same imaging cross-section of the ex-vivo mouse tissue.

Pulser/receiver

Positioning Stage
Transducer

Delay

Laser

Microprocessor Unit
A/D digitizer
Motion control

Trigger Signal

Figure 5.2: Block diagram of the combined ultrasound and photoacoustic imaging
system.

5.2.5 Data processing methodology
During the offline processing, the photoacoustic and ultrasound signals were
extracted from the A-line records obtained at each lateral step of the mechanical scan. A
digital bandpass (5-45 MHz) filter was applied to these raw RF signals to reduce noise.
The ultrasound and photoacoustic analytic signals were obtained by applying the Hilbert
transform on the filtered RF data. The absolute values of the photoacoustic analytic
signals obtained at various wavelengths were normalized to compensate for the
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wavelength dependent laser fluence output. The variation of the OPO laser output as a
function of wavelength is shown in Figure 5.3.
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Figure 5.3: Wavelength dependence of OPO laser energy output.

The photoacoustic signals were also corrected for the depth dependent attenuation
of laser fluence using exponential compensation curves. The compensation curves were
calculated using Monte Carlo (MC) simulations [45] for various laser illumination
wavelengths. Since the gelatin implants were subcutaneous, a simple two layer model
with skin and scattering medium was considered for MC simulations as shown inFigure
5.4. The thickness of the skin layer, measured from the ultrasound image of the ex-vivo
mouse tissue, was about 800 µm. The thickness of the second layer used in the MC
simulation was 20 mm. The optical properties (absorption and scattering coefficients,
anisotropy and index of refraction) of skin [46-48] and the cell suspension medium [49]
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were obtained from literature. The depth resolved fluence obtained from the MC
simulations for different wavelength illuminations is shown in Figure 5.4b. The graphs in
Figure 5.4b clearly indicate change in fluence as a function of depth. The optical
absorption coefficient for the second layer was considered to be wavelength independent
to enable relative comparison of the fluence compensated photoacoustic signals and the
optical

absorption

properties

of

the

subcutaneous

gelatin

implants

from

spectrophotometer.Finally, the compensated photoacoustic data was spatially interpolated
and displayed with the same dynamic range.

Laser beam
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Figure 5.4: Schematic representation of the two layer model used for MC simulations. (b)
The depth resolved fluence obtained from the MC simulations for different
wavelength illumination.
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5.2.6 Intraclass correlation analysis
Intraclass correlation is a method used in assessing agreement between different
observers or different methods when used on the same set of subjects.The intraclass
correlation coefficient OP can be described as
OP 

Q∑R%#R S#T
UUUU*%TR S#T
UUUU*

(5.2)

∑R %#R S#T
UUUU*V ∑R%TR S#T
UUUU*

where 8? and W? are the measurement on the X Y subject obtained by first and second
method. 8W
UUUis overall mean of all 2' observations[50] is
A correlation coefficient value greater than 0.75 indicates a good agreement
between the two methods[50, 51].

To obtain the optical absorption spectrum of a

particular pixel in the multi-wavelength photoacoustic image stack, the sum of the
photoacoustic signal amplitude in a kernel (500 µm laterally and 300 µm axially)around
the pixel was calculated and analyzed as a function of wavelength.
The dimensions of the kernel were chosen according to the lateral and axial
resolution of the photoacoustic image. The normalized spectrum of the pixel, obtained
from the photoacoustic signals, is then comparedindividually to the targeted, non-targeted
and dye optical spectra obtained from the spectrophotometer using intraclass correlation
analysis. The procedure is repeated for every pixel in the photoacoustic image stack and
the resulting correlation coefficients were formed into an image with correlation values in
the range of -1 (negative agreement) to +1 (positive agreement).
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5.3 RESULTS AND DISCUSSION
Figure 5.5 depicts the optical absorbance properties of ADS 740WS dye, A431
cells labeled with anti-EGFR AuNPs and A431 cells mixed with PEGylated AuNPs. The
extinction spectra of A431 cells labeled with anti-EGFR Au NPs and A431 cells mixed
with mPEG-SH coated Au NPs were normalized with respect to the extinction spectrum
of untreated A431 cells (control). As expected, the cells specifically targeted with gold
nanoparticles (solid red line) have the peak red-shifted and broadened due to EGFRmediated aggregation of gold nanoparticles [6-8, 13], while the non-targeted gold
nanoparticles have an absorbance peak near 520 nm (dotted green line). The pseudo
control ADS 740WS dye solution has an absorbance peak at 740 nm (dashed blue line) in
agreement with the manufacturer specifications.

Targeted Au NPs

Normalized
Absorbance (a.u.)

1

Non-targeted Au NPs
ADS 740WS dye

0.8
0.6
0.4
0.2
0
400

500

600

700

800

900

Wavelength (nm)
Figure 5.5: Normalized absorbance spectra of A431 cells labeled with anti-EGFR Au
NPs (solid red line), A431 cells mixed with mPEG-SH coated AuNPs
(dotted green line) and ADS740WS dye (dashed blue line).
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The ultrasound and photoacoustic images obtained at multiple wavelengths
(532 nm, 680 nm, 740 nm, 800 nm and 860 nm) are presented in Figure 5.6. The
ultrasound image clearly shows the mouse skin as the hyperechoic region and the
subcutaneous gelatin implants as the hypoechoic regions. The regions of gelatin implant
with EGFR targeted AuNPs, PEGylated AuNPs, controlA431 cells and the ADS740WS
dye are encircled in red, green, white and blue insets respectively. As expected, the
gelatin implant with control A431 cells (white inset) does not produce any photoacoustic
signal while the cells mixed with PEGylated Au NPs (green inset) produce photoacoustic
signal only at 532 nm laser irradiation. The intensity of the photoacoustic transients
produced by the cells labeled with EGFR targeted AuNPs (red inset) decreases as a
function of wavelength, in congruence with the optical absorption properties of these
cells shown in Figure 5.5.The photoacoustic image at 740 nm (Figure 5.6d) clearly has
greater photoacoustic signal intensity in the region of the gelatin implant with dye.
Indeed, the ADS740WS dye used as a pseudo control has an absorption peak at 740 nm.
Therefore, the multi-wavelength photoacoustic images qualitatively indicate the spectral
variations in the optical absorption properties of the gelatin implants.

The optical absorption properties of tissue componentswere quantitatively
determined by analysis of the spectral variation in the generated photoacoustic transients.
we also performed intraclass correlation analysis to measure the agreement between the
optical properties of the gelatin implants obtained from the spectrophotometer and the
photoacoustic signals [50-54].This method aided in quantitatively differentiating the
specifically targeted Au NPs and non-targeted Au NPs. An ultrasound image overlaid
with correlation coefficient images with a thresholdvalue of 0.75 are shown in Figure 5.7.
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Figure 5.6: Ultrasound (a) and photoacoustic (b-f) images of gelatin implants in mouse
tissue ex-vivo at laser illumination wavelength 532 nm, 680 nm, 740 nm,
800 nm and 860 nm respectively. The gelatin implants containing the cells
with targeted Au NPs, the A431 cells mixed with mPEG-SH coated Au NPs,
control A431 cells and NIR dye are shown on the ultrasound image in red,
green, white and blue insets respectively. The images measure 44 mm
laterally and 11 mm axially.

The correlation analysis between multi-wavelength photoacoustic images and
spectrum of the targeted AuNPsproduced a good correlation coefficientonly in the region
with the gelatin implant containing cells with targeted AuNPs (Figure 5.7a). Similar trend
can also be noticed with the gelatin implantcontainingADS740WS dye (Figure 5.7c). The
spectrum of the non-targeted Au NPs is also well correlated with multi-wavelength
photoacoustic signals from the regions outside of the gelatin implant with non-targeted
Au NPs (Figure 5.7b). This is more likely due to chromophores, such as hemoglobin in
blood, having higher optical absorption at 532 nm and lower absorption in the 680 - 860
nm wavelength range. However, the optical absorption spectrum of blood in 532-600 nm
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range is not monotonic compared to spectra of gold nanoparticles and, therefore,
additional measurement at intermediate (e.g., 575 nm) wavelength could discriminate the
blood from non-targeted Au NPs. In addition, multi-wavelength photoacoustic images
before and after the injection of Au NPs can be performed to identify regions with blood.

a

Targeted
Au NPs

+1

b

Nontargeted
Au NPs

c

Correlation
coefficient

-1

Dye

Figure 5.7:Correlation coefficient images overlaid on ultrasound image of the
subcutaneous gelatin implants in mouse tissue ex-vivo. The correlation
coefficient images were obtained by comparing multi-wavelength
photoacoustic images with optical spectra of (a) targeted Au NPs, (b) nontargeted Au NPs and (c) ADS740WS dye. Only correlation coefficient
values greater than 0.75 are displayed in the images. The images measure
44 mm laterally and 9.1 mm axially.

The graphical comparison of the photoacoustic spectrum and optical spectrum
from spectrophotometer of the gelatin implants is shown in Figure 5.8. The photoacoustic
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spectra of the gelatin implants were obtained by calculating the sum of the photoacoustic
signal amplitudesat pixels with correlation coefficient greater than 0.75.The normalized
optical spectra obtained from the spectrophotometer and the photoacoustic spectra are
represented by a solid black line and data points respectively. The error bars in Figure 5.8
represent the standard deviation in the photoacoustic signal amplitude in the region of
interest. Clearly, the graphs indicate a good agreement between the photoacoustic spectra
and the optical spectra of the specifically targeted Au NPs, non-targeted Au NPs and the
ADS740WS NIR dye.

The multi-wavelength photoacoustic images in Figure 5.6 (red and green insets)
qualitatively show the difference between the targeted Au NPs and non-targeted Au NPs
whereas the graphs in Figure 5.8a and 5.8b quantitatively represent the difference in
optical absorption properties of the gelatin implants. As expected, the quantitative
analysis of photoacoustic signals obtained from the gelatin implant with NIR absorbing
ADS 740WS dye (pseudo control) shown in Figure 5.8c depicts the dye has an absorption
peak at 740 nm. Our results suggest multi-wavelength photoacoustic imaging can be
utilized to qualitatively and quantitatively differentiate EGFR targeted Au NPs and nontargeted Au NPs.
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Figure 5.8: Comparison of absorption spectrum of (a) targeted Au NPs, (b) non-targeted
Au NPs, and (c) ADS740WS dye obtained from multi-wavelength
photoacoustic images (data points) and spectrophotometer (solid line).
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5.3.1 Importance of depth dependent compensation

The laser fluence decays exponentially as a function of depth. Depth dependent
compensation was performed based on Montecarlo simulations as described in
section 5.2.5. Figure 5.9a below shows the quantitative analysis of optical properties
obtained from multi-wavelength photoacoustic images without compensation for change
in laser fluence with depth or wavelength. Figure 5.9b depicts the quantitative analysis
performed on multi-wavelength photoacoustic images with application of the same depth
dependent exponential compensation for all the photoacoustic images. Clearly the graphs
in Figure 5.9 indicate depth dependent compensation as a function ofwavelength is
required to accurately assess the optical properties of the tissue via analysis of
photoacoustic images.
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Figure 5.9: Comparison of absorption spectrum of targeted Au NPs obtained from
spectrophotmeter and multi-wavelength photoacoustic images analysed with
(a) no depth dependent compensation and (b) same exponential
compensation applied for all the photoacoustic transients.
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5.3.2Comparison of different correlation methods

The optical properties of the gelatin implants are measured using two different
systems – namely photoacoustic imaging and commercially available spectrophotometer.
Since the same quantity (optical absorption coefficient) is being assessed by two different
methods, it is desirable to measure the extent to which the two techniques agree.
Intraclass correlation coefficient primarily provides the required degree of agreement
between the two methods [50]. Pearsons, Spearman and Kendalls correlation coefficients
are the other widely used quantities that measure relation between two variables.
Multi-wavelength photoacoustic images of the gelatin implant with targeted gold
nanoparticles was analyzed using these three correlation methods. The results of the
quantitative analysis performed using other correlation methods is presented in Figure
5.10. The ultrasound and multi-wavelength photoacoustic images of gel phantom are
shown in the Figure 5.10a – 5.10e. The location of the gelatin implant with cells labeled
with targeted gold nanoparticles is shown in the yellow inset of Figure 5.10a. The degree
of agreement between the measuring techniques (photoacoustic imaging and
spectrophotometer) is clearly superiorwith intraclass correlation analysis (Figure 5.10i).
The Pearson, Spearman and Kendall correlation methods providedhigh coefficients in
locations other than the gelatin implant because thesemethods agree on ordering whereas
intraclass correlation analysis takes into account the mean difference and the magnitude
of the two measurements [50].
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Two major limitationsfor utilizing the intraclass correlation analysis were
identified. First, the choice of intraclass correlation coefficient is subjective – i.e., the
threshold value equal to 0.75, chosen to label an ICC high or low, is an arbitrary number.
However this value is generally acceptable. Second, the concentration of the dye or
hemoglobin for example cannot reliably be determined using this technique. The
reproducibility, advantages and limitations of the intraclass correlation analysis as
compared to different quantitative methods need to be investigated in detail.

Photoacoustic imaging provides functional information of subsurface structures
with ultrasonic resolution. The caveat in obtaining high resolution photoacoustic images
with a single element, high frequency ultrasound transducer is that the photoacoustic
images cannot be obtained in real time. The mechanical scanning of the single element
transducer and the pulse repetition rate of the laser effect the time taken to acquire the
combined ultrasound and photoacoustic images of the ex-vivomouse tissue. The current
experimental setup can be improved to obtain real-time photoacoustic images with the
use of array transducers or a high pulse repetition rate laser [24, 37, 55, 56].Moreover, the
synergistic combination of ultrasound and photoacoustic imaging provides functional
information such as the distribution of nanoparticles in the context of structural
information. The combined ultrasound and photoacoustic imaging together with
molecular specific gold nanoparticles can be used detect cancer at an asymptomatic stage
and can also be used to accurately plan and guide the photothermal therapeutic
procedures and monitor the outcome [57-59].
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Figure 5.10: (a) Ultrasound image and (b-e) photoacoustic images (obtained at 532 nm,
680nm, 740 nm and 800 nm) of the gelatin implant in mouse. (f-i) The
correlation coefficient images obtained by comparing multi-wavelength
photoacoustic images with optical spectra of targeted Au NPs with
Pearsons, Spearman, Kendall and intraclass correlation analysis. The images
represent a field of view measuring 6.5 mm laterally and 6.5 mm axially.
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5.4 CONCLUSIONS
In conclusion, we have demonstrated in ex-vivo mouse tissue that multiwavelength photoacoustic imaging can detect cancer with high selectivity and sensitivity
based on the plasmon-resonance coupling effect of the EGFR targeted Au NPs. Intraclass
correlation analysis was performed to quantitatively differentiate the specifically targeted
Au NPs and non-targeted Au NPs. The agreement between the photoacoustic spectrum of
the ADS740WS dye and the spectrophotometer data further supported the results of the
quantitative analysis performed on the multi-wavelength photoacoustic images. Finally,
additional studies need to be performed on murine tumor models to determine the
minimum concentration of specifically targeted gold nanoparticles required to obtain
sufficient contrast in photoacoustic images from the deeply embedded tumors.
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Chapter 6: Photoacoustic Imaging for
Monitoring Nano-Molecular Interactions In-vivo

ABSTRACT
The feasibility of photoacoustic imaging on detecting the plasmon resonance
coupling of gold nanoparticles in tumors overexpressing epidermal growth factor receptor
(EGFR) was evaluated in this study. Gold nanoparticles functionalized to specifically
target EGFR undergo molecular specific aggregation leading to plasmon resonance
coupling effect. The phenomena results in an increase of optical absorption of gold
nanoparticles in the red spectral region. The multi-wavelength photoacoustic images
obtained before and after the injection of gold nanoparticles clearly showed a change in
the optical absorption of the tissue due to molecular interactions of EGFR targeted gold
nanoparticles and cancer cells. Histological analysis and biodistribution analysis of the
tumor tissue further confirmed the presence of gold nanoparticles.

6.1 INTRODUCTION
Gold nanoparticles are excellent photoacoustic contrast agents due to their
absorption properties at visible and near-infrared wavelengths. A variety shapes and sizes
of metal nanoparticles including gold or silver nanospheres, rods and shells can be used
as photoabsorbers [1-6]. It’s apparent that by varying the shape and aspect ratio of
nanostructures, particles can be manufactured to absorb light at a desired wavelength
across a wide spectrum including the near infrared spectrum, where the absorption of
light by tissue is minimal. Moreover, the change in the optical absorption properties due
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to plasmon coupling effect of closely spaced nanoparticles assemblies can also be
detected using photoacoustic imaging [1]. When gold nanoparticles are functionalized to
specifically target cancer biomarkers such as epidermal growth factor receptor (EGFR),
they undergo molecular specific aggregation leading to plasmon resonance coupling
effect. The phenomena results in an optical red-shift of the plasmon resonance frequency
of gold nanoparticles and an increase of optical absorption in the red spectral region [79]. Based on this concept we demonstrated the feasibility of photoacoustic imaging in
detecting cancer cells with high sensitivity and specificity (Chapters 4 and 5). In the
current study, we evaluated the possibility of utilizing multi-wavelength photoacoustic
imaging technique in detecting plasmon resonance coupling phenomenon of gold
nanoparticles in subcutaneous tumor xenografts in-vivo.

Subcutaneous tumor implantation of cancer cells with positive expression of
EGFR were performed in immunodeficient mice. EGFR targeted or PEGylated gold
nanoparticles were intravenously injected via tail vein. To observe the accumulation and
molecular interactions of gold nanoparticles in the tumor, 3-D ultrasound and
photoacoustic imaging of the tumor region was performed at various time points using an
ultrasound array transducer. The photoacoustic images obtained after the delivery of
gold nanoparticles clearly showed contrast enhancement in the tumor region. Moreover,
the change in the optical absorption of the tissue due to molecular interactions of EGFR
targeted and PEGylated gold nanoparticles were observed by analyzing the multiwavelength photoacoustic images of tumor region. The presence of gold nanoparticles in
the tumor tissue was confirmed with histological analysis. The results of our study
suggest the combined ultrasound and photoacoustic imaging technique has the ability to
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image monitor molecular interactions of epidermal growth factor receptor with
bioconjugated gold nanoparticles.

6.2 MATERIALS AND METHODS
6.2.1 Murine tumor model
Establishment of tumor xenografts in immunodeficient mice is a well established
procedure [10]. Specifically for our studies immunodeficient, albino colored female
Nu/Nu mice were used for tumor inoculation. The mice were anesthetized with an
intraperitonial injection of 0.4-0.75 mg of Avertin per gram of body weight. Either
human epithelial carcinoma cell line (A431 cell line that abnormally over expresses
EGFR) were injected subcutaneously (concentration of 4-5 x 106 cells/ml at the site) on
the lower peripheral region of the mouse (Figure 6.1). The tumor was inoculated in the
lower part of the mouse body to cause minimal tissue motion during the in-vivo imaging
procedures due to cardiac and respiratory cycle of the mouse. The animal facility was
maintained under a 12-hr light/dark cycle at a temperature of 20–22 ºC, and a relative
humidity of 20–50%. The weight of the mouse and the tumor size were monitored daily
until the tumors reached the size of 0.8-1 cm in diameter (approximately 2 weeks). All
methods used in this study were approved by the Animal Care and Use Committee at the
University of Texas at Austin.
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Figure 6.1: Photograph of nude mouse with a subcutaneous tumor inoculated with human
epithelial carcinoma cell (A431 cells).

6.2.2 Administration of gold nanoparticles
Gold nanoparticles (20 nm in diameter) were prepared using Frens method [11] as
described in Chapter 2. Anti-EGFR monoclonal antibody (C225, Sigma) was conjugated
to the gold nanoparticles using procedure illustrated by Kumar et al [12], as described in
Chapter 2. Both EGFR targeted and non-targeted (PEGylated) gold nanoparticles were
sterile filtered before being administered to the nude mice. The immunotargeting
properties of the EGFR targeted gold nanoparticles were also tested with cells possesing
positive expression of EGFR (A431 cells) as described in Chapters 2 and 4.
Approximately 250 µl of nanoparticle solution consisting about 500 µg of gold was
injected directly into the tumor region using a 27 gauge needle or injected into the mouse
blood stream using a tail vein catheter.

6.2.3 Combined ultrasound and photoacoustic imaging system
The Cortex ultrasound imaging system (Winprobe Corporation, North Palm
Beach, FL, USA) with an integrated imaging probe was used to obtain combined
ultrasound and photoacoustic images of the tumor.
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The integrated imaging probe

consisted of a 7.5 MHz center frequency transducer (14 mm wide, and 128 element linear
array) and a fiber bundle for laser light delivery. Either a Q-switched Nd:YAG laser
(532 nm wavelength, 5 ns pulses, 20 Hz pulse repetition frequency) or a tunable OPO
laser system (680 nm – 950 nm wavelength, 7 ns pulses, 10 Hz pulse repetition
frequency) were used to generate photoacoustic transients. The light source, light
delivery system, ultrasound pulser, radio frequency (RF) data acquisition unit and
processing unit together made up the combined ultrasound and photoacoustic imaging
system which could capture spatially co-registered RF data from both ultrasound and
photoacoustic imaging. Furthermore, the integrated probe was attached to a positioning
stage to facilitate 3-D ultrasound and photoacoustic imaging. The probe was moved in
steps of 400 µm in horizontal direction (orthogonal to the imaging plane) to scan the
tumor region. Spatially co-registered ultrasound and photoacoustic data were acquired at
each incremental step.

Laser

Trigger

Photoacoustic
imaging

Receive
Electronics

Mode
selection

Digital
processing of
RF data

Image
Display

Ultrasound
imaging
Ultrasound
Pulser

Trigger

Figure 6.2: Block diagram of combined ultrasound and photoacoustic imaging system. A
photograph of the integrated probe consisted of the linear array transducer
and the optical fiber bundle is also shown as a part of the block diagram.
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A water tank with flexible window (polyethylene film) at the bottom was
constructed to facilitate in-vivo imaging. In addition, commercially available ultrasound
gel was applied to the tumor region to establish contact between the mouse skin and the
transducer as shown in Figure 6.3. During the imaging procedures, the mouse was
anesthetized using isoflurane gas. Isoflurane was chosen due to its less toxic nature on
mouse’s metabolism. Specifically a dose of 1% isoflurane mixed with pure oxygen at a
1L/min flow rate was used. The body temperature of the animal was maintained at 37°C
using a heating pad (THM 100, Indus Instruments). The heart rate of the mouse was
monitored every 15 minutes during the imaging procedure to ensure its well being.

3D Positioning Stage
Integrated
Probe
Water tank
Contact gel

Integrated
probe:
transducer and
fiber bundle
Mouse
tumor

Optical
window

Figure 6.3: Schematic representation and photographs of water tank with optical window
for in-vivo imaging of mouse tumor.
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6.2.4 Biodistribution of gold nanoparticles
It is imperative when considering the injection of gold nanoparticles for imaging
purposes to understand where, in addition to tumor tissue, the nanoparticles might
accumulate, in what quantities and over what time course. In this study, the
biodistribution of the intravenously (I.V.) administered PEGylated Au NPs or EGFR
targeted Au NPs were quantified using inductively coupled plasma mass spectroscopy
(ICP-MS) technique. It has been reported that the uptake of the targeted Au NPs by the
tumor is 10 times greater than non-targeted Au NPs [13]. Therefore, at the completion of
imaging studies (approximately 24 hours after intravenous administration of Au NPs),
various organs and tissues (tumor, muscle, heart, liver, spleen, kidneys, lungs, small
intestine, large intestine and blood) were excised and weighed in clean vials for analysis.
The tissues were dissolved in 1% nitric acid at 70 °C and analyzed for amount of gold
(ppm/gram of tissue or % injected dose/gram of tissue) using inductively coupled plasma
mass spectroscopy (ICP-MS).

6.2.5 Histological analysis of the tumor tissue
The tumor was extracted after euthanizing the mouse via approved protocols. The
tumor was stored in formalin for 24 hours and transferred to 70% ethanol for storage until
tissue processing. The hematoxylin and eosin stain (H&E stain) and silver stain were
performed to identify the tissue structure and location of gold nanoparticles. The
hematoxylin dye colors basophilic structures (such as the ribosomes the chromatin-rich
cell nucleus and the cytoplasmatic regions rich in RNA) with blue-purple hue. The eosin
dye colors eosinophilic structures (intracellular or extracellular protein such as
cytoplasm) bright pink. Red blood cells are stained intensely red [14]. When gold
nanoparticles labeled tissue are silver stained, the produced bimetallic nanoparticles can
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be easily observed using bright field microscopy even in the presence of standard
histological stains [15]. A counter stain using nuclear fast red was performed to enhance
contrast amongst the gold nanoparticles and the tissue in optical imaging procedure.

6.3 RESULTS AND DISCUSSION
6.3.1 Intratumoral injection of gold nanoparticles

The ultrasound and photoacoustic images (obtained at 532 nm, 720 nm and 800
nm wavelength illumination) of the tumors injected with EGFR targeted gold
nanoparticles and PEGylated gold nanoparticles are shown in Figure 6.4 and Figure 6.5
respectively. The images represent a field of view measuring 10 mm axially and 10.5 mm
laterally. The ultrasound images clearly show the skin as the hyperechoic region and the
tumor region was represented in a white inset in the ultrasound images (Figure 6.4a and
Figure 6.5a). The photoacoustic images at various time intervals were obtained at the
same cross-section of the tumor after the intratumoral administration of gold
nanoparticles. The photoacoustic images were displayed on the same dynamic range. In
the photoacoustic images, elevated signals from the skin can be observed due to presence
of melanin, an endogenous chromophore with higher optical absorption at 532 nm than at
NIR wavelengths. The nanoparticles with peak optical absorption about 532 nm were
directly injected into the tumor; therefore, an excessive increase in the photoacoustic
contrast at 532 nm could be observed in Figure 6.4a – 6.4c and Figure 6.5a – 6.5c.
However the photoacoustic signal obtained at 532 nm is constant over a 4 hour time
period in both the tumors injected with either PEGylated nanoparticles or EGFR targeted
nanoparticles.
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Due to plasmon resonance coupling, an increase in optical absorption cross
section is observed when two or more nanoparticles are in close proximity [7-9, 16, 17].
When EGFR targeted gold nanoparticles bind to the receptors, they form clusters or
aggregates causing a red shift and increased absorbance in the red wavelength region.
Aaron et al have demonstrated the time dependent changes in optical scattering
cross section due to molecular interactions between gold nanoparticles and EGFR [8].
Clearly the photoacoustic images at 720 nm (Figure 6.4e – 6.4g) indicate an increase in
photoacoustic signal amplitude over a 4 hour time period. This photoacoustic signal
amplitude in the tumor injected with PEGylated nanoparticles has remained constant over
time (Figure 6.5e – 6.5g). Indeed PEGylated gold nanoparticles donot interact with
cancer cells and hence donot produced an enhancement in photoacoustic signal at 720 nm
and 800 nm wavelength illumination.

The optical absorption cross section of cells labeled with EGFR targeted gold
nanoparticles monotonically decreases as a function of wavelength (Figure 6.4g and 6.4j),
i.e., the optical absorption cross section at 720 nm is greater than at 800 nm. To further
quantitatively analyze and compare the enhancement in contrast, the photoacoustic signal
in the tumor region was averaged and plotted as a function of wavelength. The
photoacoustic signals were normalized with respect to the value obtained at 532 nm. The
error bars in Figure 6.6 represent the standard deviation in the photoacoustic signal
amplitude in the region of interest. Clearly the photoacoustic images (Figure 6.5) and the
graphs (Figure 6.6a) indicate the signal remained constant in the tumor injected with
PEGylated gold nanoparticles. On the other hand, the photoacoustic signal amplitude
significantly increased over time in the tumor injected with EGFR-targeted gold
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nanoparticles (Figure 6.4 and Figure 6.6b).

As anticipated the increase in the

photoacoustic signal was due to the plasmon resonance coupling of gold nanoparticles
clusters formed in the tumor cells due to receptor mediated endocytosis.

The distribution of gold in various organs after intratumoral administration of
either EGFR targeted Au NPs or PEGylated Au NPs is presented in Figure 6.7. The
biodistribution of the particles clearly indicates accumulation of the nanoparticles in the
tumor in addition to accumulation in the liver, spleen and kidneys. Though the particles
were injected into the tumor directly, they extravasate into blood vessels due to
intratumoral pressure and accumulate organs like liver and spleen. The concentration of
gold is approximately four times higher in the tumor with targeted nanoparticles. The
amount of particles in both right and left kidneys is approximately similar in both mice.
These results were in agreement with biodistribution studies performed by other
researchers [13, 18, 19].
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Figure 6.4: (a) Ultrasound and photoacoustic images of the tumor obtained immediately
(left panel), 2 hours (central panel) and 4 hours (right panel) after
intratumoral administration of EGFR targeted gold nanoparticles. The
photoacoustic images were obtained at 532 nm, 720 nm and 800 nm
wavelength illumination. The images measure a 10 mm x 10.5 mm field of
view.
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Figure 6.5: (a) Ultrasound and photoacoustic images of the tumor obtained immediately
(left panel), 2 hours (central panel) and 4 hours (right panel) after
intratumoral administration of PEGylated gold nanoparticles. The
photoacoustic images were obtained at 532 nm, 720 nm and 800 nm
wavelength illumination. The images measure a 10 mm x 10.5 mm field of
view.
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Figure 6.6: Quantitative comparison of photoacoustic signal amplitude in the tumor at
different time points after intratumoral administration of gold nanoparticles.
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Figure 6.7: Biodistribution of gold nanoparticles in various organs obtained six hours
after the intratumoral injection of EGFR targeted or PEGylated gold
nanoparticles.

6.3.2 Intravenous injection of gold nanoparticles
The 3-D combined ultrasound and photoacoustic images of the subcutaneous
tumor obtained before and 24 hours after the intravenous administration of EGFR
targeted gold nanoparticles is shown in Figure 6.8. The 3-D ultrasound image is shown
on grayscale color map. In ultrasound images, the tumor appears hypoechoic, hence the
tumor region is segmented and is pseudo colored to brown. The segmentation of the
tumor enabled identification of the photoacoustic signals generated in the tumor region.
A network of blood vessels is present in tumors for nutrient supply. These blood vessels
can provide contrast in photoacoustic imaging. In Figure 6.8a, the presence of weak
photoacoustic transients in the tumor region can be noticed indicating the presence of
blood vessels. The intravenously administered gold nanoparticles extravasate through the
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leaky blood vessels and attach themselves to the EGFR expressing tumor cells. An
aggregation of such gold nanoparticles results in increase in the optical absorption at
680 nm wavelength illumination. Indeed the photoacoustic contrast at 680 nm in the
tumor region was enhanced 24 hours after the delivery of EGFR targeting gold
nanospheres.

(a) before administration of EGFR
targeted AuNPs

(b) 24 hours after administration of EGFR
targeted AuNPs

Figure 6.8: 3-D Ultrasound and photaoacoustic images of the tumor before and 24 hours
after the administration of the EGFR targeted gold nanoparticles. The image
represents a 12 mm x 12 mm x 10.5 mm field of view.

The photograph and histological evaluation of the tumor after intravenous
administration of EGFR targeted gold nanoparticles is shown in Figure 6.9. The regions
stained red (regions indicated with black arrow) in H&E stain indicate blood vessels.
Clearly we can notice the density of blood vessels is higher in the central and lower
regions of the tumor. Gold nanoparticles extravasate into the tumor region via these blood
vessels. The structural information provided by the H&E stain is in congruence with the
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photoacoustic image where photoacoustic signal contrast was greater in the central and
lower regions of the tumor. The silver enhancement stain was performed on the adjacent
tissue slice. The zoomed images of the insets shown in H&E stain are shown in Figure
6.9c (top inset) and Figure 6.9d (bottom inset) respectively. The silver stain clearly
indicated the presence of gold nanoparticles around the blood vessels. The density of gold
nanoparticles in the periphery of the tumor was very low compared to the central region
of the tumor. The histological analysis of tumor tissue was in agreement with the
photoacoustic images shown in Figure 6.8 where the photoacoustic signal was greater in
the central region of the tumor than at the periphery.

6.4 CONCLUSIONS
Gold nanoparticles have gained unique status as photoacoustic contrast agents
because of their biocompatibility and well known bioconjugation protocols. Gold
nanoparticles functionalized to specifically target epidermal growth factor receptor
(EGFR) undergo molecular specific aggregation leading to plasmon resonance coupling
effect. The phenomena resulted in an increase of optical absorption of gold nanoparticles
in the NIR region where the tissue is relatively transparent. We evaluated the feasibility
of photoacoustic imaging on detecting the plasmon resonance coupling of gold
nanoparticles in tumors overexpressing EGFR. The multi-wavelength photoacoustic
images obtained before and after the injection of gold nanoparticles clearly showed a
change in the optical absorption of the tissue due to formation of gold nanoparticle
aggregates. In conclusion photoacoustic imaging technique has the ability to image fine
molecular changes that can aid in early detection of cancer.
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Figure 6.9: (a) Photograph of the tumor cross-section. (b) H&E stain of the tumor
cross-section. (c-d) The images represent the zoomed version of the insets
shown in image (b). The location of nanoparticles is represented with black
arrows.
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Chapter 7: Conclusions and Future Directions

7.1 MOTIVATION
According to the American Cancer Society’s annual report nearly half a million
people were expected to die of various cancers in the year 2007 in the United States of
America alone [1]. A remedy for the situation is a non-invasive imaging technique that
can accurately detect neoplasia. Determining the molecular signature of cancer enables
specific targeting of therapeutic procedures. Clinically available imaging technologies
mostly image anatomical, physiological or metabolic variations between pathological and
normal tissues. Imaging techniques coupled with site-specific nanoparticle contrast
agents enable imaging of explicit molecular events during carcinogenesis. The
attachment of biomolecules such as antibodies to the nanoparticles make them molecular
specific, augmenting their efficacy as contrast

agents [2-5]. Multifunctional

nanoplatforms such as gold nanoparticles are of particular interest because they possess
intriguing frequency dependent optical properties that can be used for both
photodiagnostic and phototherapeutic applications. In addition the gold nanoparticles are
biocompatible and photostable.

Tumors have dense network of blood vessels for nutrient supply. The excessive
presence of blood can provide contrast in photoacoustic imaging differentiating normal
and tumor tissue. However, the sensitivity of imaging system is compromised and is
completely dependent on the density of vasculature. The accumulation of light-absorbing
nanoparticles in the tumor with several orders of magnitude higher absorption than blood
will increase the sensitivity of optical detection systems like photoacoustic imaging. In
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particular gold nanoparticles tuned to absorb in the NIR region (optical biological
window) are excellent contrast agents as tissue is relatively transparent at these optical
wavelengths. Though complex shaped gold nanoparticles such as nanorods, nanoshells
and nanocages have optical absorption in the NIR wavelength region [6-8], they possess
few disadvantages when compared to gold nanospheres. First, the synthesis of gold
nanoparticles with different shape other than spheres is challenging procedure with
possibly low throughput. Second, the uptake of the complex shaped nanoparticles (e.g.,
nanorods) by cells is lower than nanospheres as demonstrated by Chitrani et al [9].
Finally, the stability of the nanoparticles during interaction with laser pulse may have
undesired effects. For example, the melting of nanocages into nanospheres after
interaction of camera flash was demonstrated by Chen et al [7]. Highly stable gold
nanospheres have peak optical absorption (532 nm) at an undesirable wavelength for in-

vivo imaging. However, when bioconjugated gold nanoparticles aggregate their
absorbance shifts to the red spectral region due to plasmon resonance coupling
phenomenon. The change in optical absorption spectrum of the gold nanospheres to the
NIR region could be used for various diagnostic and therapeutic applications including
early detection of cancer.

Most of the optical imaging modalities that could take advantage of the absorption
and scattering properties of gold nanoparticles do not have sufficient penetration depth.
Photoacoustic imaging on the other hand can image deeper as it depends on propagation
of diffusive photons during the transmission phase and propagation of ultrasound wave
on the receiving phase. Photoacoustic imaging is highly sensitive to the variations in
optical absorption properties of the tissue. Moreover the photoacoustic imaging system is
non-invasive and non-ionizing imaging modality. It is painless for the patient due to use
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of laser fluencies lower than 30 mJ/cm2, a general standard for safe use of lasers on
biological tissues. Furthermore, the transparent integration of photoacoustic imaging with
the widely available ultrasound imaging system is a major draw for utilizing
photoacoustic imaging for imaging neoplasms. Therefore, the overall goal of the research
project was to develop and evaluate a reliable, non-invasive imaging tool - combined
ultrasound and photoacoustic imaging enhanced by molecularly targeted plasmonic gold
nanoparticles for highly sensitive and specific detection of cancer.

7.2 SUMMARY OF THE RESEARCH
The investigation of utilizing molecular specific gold nanoparticles and combined
ultrasound and photoacoustic imaging to monitor molecular interactions of nanoparticles
was performed in a series of logical studies as described below.

Initially a laboratory prototype of combined ultrasound and photoacoustic
imaging was designed based on a single element high-frequency focused ultrasound
transducer as transmitter and receiver of the acoustic waves (Chapter 3). The transducer,
integrated with optical fibers for laser light delivery, was mechanically scanned to obtain
high-resolution ultrasound and photoacoustic images. Either a Q-switched Nd:YAG laser
(532 nm wavelength) or a tunable OPO laser system (680 – 900 nm wavelength) was
used to generate photoacoustic images. Tissue-mimicking phantoms of known optical
and acoustic properties were fabricated to test the performance of the developed
combined ultrasound and photoacoustic imaging system. Experiments were also
performed to compare the spatial resolution of ultrasound and photoacoustic imaging
techniques and to demonstrate three-dimensional capability of the imaging prototype.
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Overall, the results obtained using the combined ultrasound and photoacoustic imaging
system depicted the different features of the tissue mimicking phantoms – photoacoustic
images showed the presence of nanoparticles or optical absorbers while ultrasound image
provided the structural information.

Three-dimensional tissue phantoms cultured with living cells were used to
evaluate the molecular specific photoacoustic imaging technique (Chapter 4). Specifically
gold nanoparticles functionalized with antibodies that can specifically bind to epithelial
growth factor receptor (EGFR) were used to label human keratinocyte cell line (A431
cells). The molecule specific nature of the antibody-functionalized gold nanoparticles
forms the basis for the developed photoacoustic imaging technique to detect cancer at an
aymptomatic stage. Photoacoustic imaging was performed with 532 nm and 680 nm
pulsed laser irradiation on three-dimensional tissue phantoms prepared using a human
keratinocyte cell line. The results of our study demonstrated that the combination of antiEGFR gold bioconjugates and photoacoustic imaging can allow highly sensitive and
selective detection of human epithelial cancer cells.

The phantom imaging studies were followed by ex-vivo imaging studies to
demonstrate the efficacy of photoacoustic imaging in detecting and differentiating
targeted gold nanoparticles from the endogenous chromophores (Chapter 5). Signal and
image processing algorithms were developed and applied to the multi-wavelength
photoacoustic images to gauge the optical absorption properties of the targeted gold
nanoparticles. Specifically, subcutaneous gelatin implants embedded inside the
abdominal region of ex-vivo mouse tissue were utilized for demonstration of the
phenomena. Photoacoustic images were obtained at multiple wavelengths in the range
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between 532 nm and 900 nm. The photoacoustic transients were compensated for
variations in the fluence of the laser output and also wavelength dependent, depth
dependent variation of laser fluence inside the tissue. Quantitative comparison of the
compensated photoacoustic transients to their respective absorption spectrum was
achieved utilizing intraclass correlation analysis. Intraclass correlation was chosen
amongst other type of correlation analyses as it provides the measurement on the extent
of agreement between spectrophotometer and photoacoustic imaging. The results
obtained clearly indicate the feasibility of applying multi-wavelength photoacoustic
imaging to qualitatively and quantitatively differentiate EGFR targeted and non-targeted
gold nanoparticles.

Finally, we evaluated the feasibility of utilizing multi-wavelength photoacoustic
imaging technique to monitor molecular interactions of EGFR targeted gold nanoparticles
in subcutaneous tumor xenografts in-vivo (Chapter 6). Subcutaneous tumor implantation
of cancer cells (A431 cells that overexpress EGFR) were performed in immunodeficient
mice. Initially the EGFR targeted or PEGylated gold nanoparticles were injected directly
to the tumor region to observe changes in photoacoustic transients due to plasmon
resonance coupling phenomenon of gold nanoparticles. Photoacoustic images were
obtained at various time points at 532 nm, 720 nm and 800 nm wavelength illuminations.
The tumor injected with EGFR targeted gold nanoparticles showed an increase in
photoacoustic contrast at NIR wavelengths over a period of 4 hours. No enhancement in
contrast was observed in the tumor region injected with PEGylated gold nanoparticles.
These results indicated photoacoustic imaging could monitor plasmon resonance
coupling of bioconjugated gold nanoparticles in-vivo. Furthermore to evaluate the
molecular specific photoacoustic imaging in-vivo, the EGFR targeted gold nanoparticles
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were intravenously injected via tail vein. The accumulation and molecular interactions of
gold nanoparticles in the tumor at various time points were observed using 3-D
ultrasound and photoacoustic imaging of the tumor region. The photoacoustic images
obtained after the injection of gold nanoparticles clearly showed contrast enhancement in
the tumor region. The presence of gold nanoparticles were further confirmed via H&E
and silver stains (histological analysis). The distribution of gold in various organs and
tissues of the mouse was analyzed using inductively coupled mass spectroscopy
(ICP-MS). The biodistribution results indicated that upto 10% of the injected particles
reached the tumor in addition to being accumulated in organs such as liver and spleen.
Overall, the results indicate that photoacoustic imaging together with bioconjugated gold
nanoparticles has the potential to image nano-molecular interactions in-vivo.

7.3 LIMITATIONS OF MOLECULAR SPECIFIC PHOTOACOUSTIC IMAGING
7.3.1 Availability of high frequency ultrasound array system
The resolution of the ultrasound and photoacoustic images primarily depends on
the frequency characteristics of the ultrasound transducer. Higher the central frequency of
the transducer, better the resolution of the images [10, 11]. However, the time taken to
acquire ultrasound and photoacoustic images using a single element transducer is limited
by the mechanical scanning and is undesirable for in-vivo applications. For example, the
ultrasound and photoacoustic images of subcutaneous tumors with a resolution of 100 µm
shown in Figure 7.1 were obtained in approximately 10 minutes. Moreover, the scan time
is also dependent on the pulse repetition frequency of the laser. Given the availability of
ultrasonic array transducers operating at frequencies higher than 20 MHz, lasers
operating with high pulse repetition frequency and development of today’s signal
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processing hardware and software, real time combined ultrasonic and photoacoustic
imaging at microscopic resolution is feasible.

(a) Ultrasound image

(b) Photoacoustic image

Figure 7.1: The (a) ultrasound and (b) photoacoustic images of the tumor 24 hours after
the intravenous injection of gold nanoparticles. The photoacoustic image
was obtained at 532 nm wavelength illumination. The images represent a
field of view measuring 13 mm laterally and 11.25 mm axially.

7.3.2 Laser light delivery
The orientation and alignment of the laser beam with respect to the ultrasound
transducer plays a significant role in generation of photoacoustic transients. Backward
mode detection is an appropriate option for in-vivo imaging where the two surfaces of the
sample are not accessible simultaneously for photoacoustic imaging. Initially, a forward
mode configuration was used to detect photoacoustic signals in the laboratory prototype
presented in Chapter 2, i.e., the ultrasound detector and the laser illumination are on
opposite sides of the tissue-mimicking phantom. To facilitate in-vivo imaging, a set of
fibers distributed around the circumference of the ultrasonic transducer was used to
achieve backward mode detection of photoacoustic signals [12]. The photoacoustic
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transient generation is highly dependent upon the input laser fluence. A relatively
uniform illumination near the imaging plane of the ultrasound array transducer is needed
for photoacoustic imaging. A combination of single fiber and aspherical lenses or a fiber
ring delivery system were also be used to illuminate the sample [13, 14]. Integrated
probes with adjustable orientation of the laser beam to enable focusing at different depths
could also be used for combined ultrasound and photoacoustic imaging.

7.3.3 Importance of biomarkers in molecular imaging
A critical aspect in the field of molecular imaging is design of the nanocontrast
agents that specifically adhere to the biomarkers that represent major molecular pathways
of the disease progression. In case of imaging neoplastic tissues, the biomarkers should
be exquisitely overexpressed in cancer cells and have least expression in normal cells. In
general gold nanoparticles have been used to target growth factor receptors and tumorassociated vascular targets. In our studies, gold nanoparticles were targeted to epidermal
growth factor receptor that is overexpressed in many types of epithelial cancers. In
addition, other targeting moieties such as the folate receptors, vascular endothelial growth
factor and Z[ \ integrins that are also overexpressed in tumors could be used. A detailed
review on various tumor targeting moieties has been provided by Sunderland et al [15].
Indeed there are many pathology specific molecular and cellular targets that are yet to be
discovered. Approximately 500 molecular targets are being used by the pharmaceutical
companies for targeted delivery of drugs. Weisselder et al predict the discovery of more
than 10 times the number of molecular targets being used for delivery of drugs today
[16]. A perspective on the challenges associated in molecular imaging with respect to the
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specificity of contrast agents as well as the imaging modalities has been discussed by
Cherry et al [17]. The availability of novel contrast agents that target pathology specific
biomarkers will clearly enhance the sensitivity and specificity of molecular specific
photoacoustic imaging technique.

7.3.4 Cytotoxicity of gold nanoparticles
The potential benefits of nanomaterials in biomedical and industrial applications
for human health and environment are now accepted in the literature [18-21]. Gold
nanoparticles in particular have been considered to be non-toxic and biocompatible
making them the most attractive amongst various optical contrast agents. Gold
nanoparticles being used in biomedical field are stabilized or conjugated with a large
variety of stabilizers (citrate, various ligands, polymers, dendrimers, surfactants)
including biomolecules such as oligonucleotides and DNA [22]. For example, thiolated
PEGs are used to mask gold nanoparticles from the intravascular immune system and aid
in accumulation in the tumor due to the enhanced permeation and retention (EPR) eﬀect.
The cytotoxicity of gold nanoparticles on human tumor cells in-vitro is available in
literature. The studies indicate that gold concentration upto 250 µM is nontoxic to various
types of human cells [23-27]. The toxicity of the nanoparticles could be due to their
surface coatings than due to gold itself. For example, hexadecyltrimethyl ammonium
bromide (CTAB) - a cationic surfactant used in the preparation of gold nanorods, is
proven to be cytotoxic to cells and gold nanorods coated with CTAB decreased the cell
viability significantly when incubated with cells at higher concentrations [28].
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The in-vitro cell studies suggest less cytotoxicity of gold nanoparticles, however
the results cannot be extrapolated to the in-vivo conditions that are extremely different
than in-vitro conditions. Hanfield et al have shown that mice receiving 2.7 g Au/kg body
weight (approximately 1014 particles/mL) lived for more than one year without any overt
clinical signs [29, 30]. The toxicity and distribution of gold nanoparticles on rodents or
humans depends on the size, shape and nature of surface modification on the gold
nanoparticles. For example, in a study of pharmacokinetics and biodistribution in nude
mice of polyethylene glycol-coated (PEG coated) gold nanoparticles, particles coated
with dithiol anchored PEG exhibited higher colloidal stability than the particles coated
with monothiol-anchored PEG [22]. In general the in-vivo biodistribution studies
performed using gold nanoparticles either PEGylated or tumor specific indicated particle
accumulation majorly in liver and spleen apart from tumor region [29, 31-34]. A
comparison of these studies is not conclusive due to the use of different size,
biofunctionalization and nanoparticle concentration. Hence to determine the toxicity of
the plasmonic gold nanoparticles, a systematic statistical study with appropriate controls
needs to be performed. For example, to determine the cytotoxicity based on concentration
of gold nanoparticles, a group of 12 animals (4 animals for one level of Au NP
concentration) could be used. The gold nanoparticles need to be administered
intravenously via lateral tail vein. An additional 4 animals administered with buffered
saline solution could serve as controls. The animals need to be observed for a minimum
of 4 week period for any clinical signs. At the termination of the study, the animals have
to

be euthanized and

various tissue samples need to

immunohistological procedures.
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be analyzed using

7.4 FUTURE DIRECTIONS
7.4.1 Recording laser output fluctuations
The strength of the generated photoacoustic transients are highly susceptible to the
variations in the laser output fluence as discussed in Chapter 1. Figure 7.2 elucidates the
influence of fluctuations in laser fluence on the photoacoustic signal amplitude. In the
experimental studies presented in this thesis, averaging of photoacoustic signals was
performed to minimize the deviation in signal due to changes in laser output fluence in
addition to increasing the signal to noise ratio. However, averaging photoacoustic signals
is a time consuming procedure and needs to be avoided especially while monitoring the
molecular interactions of gold nanoparticles. Therefore a device (laser power meter,
photoacoustic sensor [35], etc.) that measures the laser output fluctuations needs to be
integrated with the data acquisition systems presented in Chapters 4 and 5 [35]. The
photoacoustic transients could be compensated based on the data obtained from the
devices such as laser power meter to accurately monitor the changes in optical absorption
of tissues.
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Figure 7.2: Change in photoacoustic signal amplitude (solid red line) with laser fluence.
The laser fluence was measured using commercially available laser power
meter (dotted blue line). Adapted from Mallidi et al [35].

7.4.2 Evaluating the sensitivity of technique in-vivo
We have demonstrated the detection limit of molecular specific photoacoustic
imaging is approximately 3 x 107 nanoparticles/mL using tissue mimicking samples. In
the case of in-vivo imaging experiments, nanoparticle concentration of approximately
1x1012 particles/mL was used. Though the amount of gold used for in-vivo experiments
is less toxic to the mouse [30], large concentrations of expensive antibodies were used to
manufacture bioconjugated particles. Hence there is a need to determine the lowest
concentration of gold nanoparticles that could be used to observe plasmon resonance
coupling effect in-vivo. Combined ultrasound and photoacoustic imaging studies need to
be performed on subcutaneous murine tumor models to evaluate the sensitivity of the
technique in-vivo. The ultrasound and photoacoustic images need to be compared to
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histological slides obtained from the same region of interest. The estimation of weight of
gold per gram of tumor tissue could also aid in validating the sensitivity of molecular
specific photoacoustic imaging.

7.4.3 Combination of ultrasound, photoacoustic and elasticity imaging
The

integration

of

elastography

with

complementary

ultrasound

and

photoacoustic imaging techniques is simplified because of common ultrasonic detector
and associated electronics [36]. A combination of three complementary imaging
technologies could be used for detection and diagnostics of tissue pathology including
cancer – i.e., simultaneous imaging of the anatomy (ultrasound imaging), cancer-induced
angiogenesis (photoacoustic imaging) and changes in mechanical properties (elasticity
imaging) of tissue to uniquely identify and differentiate pathology at various stages.
Elasticity imaging aims to non-invasively assess the biomechanical properties
(e.g., Young’s modulus) of tissues which otherwise cannot be obtained from ultrasonic or
photoacoustic images. Internal deformation of tissue structures or controlled external
mechanical deformation of the sample and simultaneous evaluation of the tissue motion
are the required inputs to measure elastic properties of the tissue. Imaging techniques
such as ultrasound, magnetic resonance imaging (MRI) and optical coherence
tomography (OCT) are being used for elasticity measurements [2, 37, 38]. We choose
ultrasound based elasticity imaging because it is inherently real time and ultrasound
speckle can be used to accurately determine tissue motion. Specifically, ultrasound
microscope is used to capture images during deformation of the tissue and the captured
images are then processed to assess the tissue strain [36, 39, 40].
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The demonstration of a custom-built combined ultrasonic, photoacoustic and
elasticity microscope is presented in this section. Tissue-mimicking phantom with
varying ultrasonic, optical and elastic properties was imaged with a single element,
focused ultrasonic transducer operating at 25 MHz. Different structures within the
phantom were identified in the ultrasound, photoacoustic and strain images based on the
acoustic impedance, optical absorption and mechanical properties of the material.

The combined ultrasound, photoacoustic and elasticity microscope was evaluated
using a 45 mm wide and 10 mm height tissue-mimicking phantom with 800 µm
inclusion. Silica particles (15 µ m in diameter) were used to achieve ultrasonic scattering
properties similar to those of the soft tissues. Silica particles also altered the optical
scattering of the phantom. The body of the phantom had less ultrasonic scatterers than the
inclusion to obtain acoustic contrast. Optical absorption was elevated in the inclusion
with addition of 30 µ m graphite particles. Finally, the elastic (Young’s modulus)
properties of the phantom material were manipulated by controlling the degree of PVA
cross-linking using freeze/thaw cycle method. Once the desired number of freeze/thaw
cycles was completed, the inclusion was placed in the center of a rectangular mold. For
the background of the phantom, the PVA solution was prepared in similar fashion as the
inclusion. Therefore, overall the background material was subjected less number of
freeze/thaw cycles than the inclusion. Given the difference in freeze/thaw cycles, the
inclusion was harder than the surrounding body of this phantom [41, 42].
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The experiment system for combined ultrasound, photoacoustic and elasticity
imaging system is similar to the combined ultrasound and photoacoustic imaging system
presented in Chapter 3. Specifically for strain imaging, incremental (80 µm) surface
deformations of the phantom were achieved using a rigid deformation plate with an
acoustic window for unobstructed propagation of the ultrasonic signals as shown in
Figure 7.3. B-scan ultrasound and photoacoustic images were captured at each
incremental step of surface applied deformation. After initial preload, the phantom
underwent total deformation of 1.2 mm, and 16 frames of ultrasound radiofrequency (RF)
data were captured.

Transducer
Deformation plate
with acoustic window

Tissue mimicking
sample

Figure 7.3: Photograph of the tissue mimicking phantom during combined imaging
experiment.

During the offline processing, the photoacoustic and ultrasound signals were
processed according to methodology presented in Chapter 3. To obtain a strain map of
the tissue mimicking phantom, the ultrasonic data sets obtained at each incremental step
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were used to estimate the frame-to-frame motion using a 2-D correlation-based phasesensitive speckle tracking technique [43-45]. First, frame-to-frame lateral and axial
displacements were estimated from the position of the maximum correlation coefficient,
where a correlation kernel of size 360 µ m laterally and 200 µ m axially was used for
strain estimation. In addition, displacement estimates were accumulated over the entire
data set of 1.2 mm surface applied deformation. Finally, the axial strain values were
obtained by calculating the 1-D derivative of the axial displacement estimates.

(a) Ultrasound image

(b) Photoacoustic image

20%
Soft

10%
Hard
(c) Strain image

Figure 7.4: (a) Ultrasound, (b) photoacoustic and (c) strain images of the tissue
mimicking phantom with a single circular inclusion. The images measure
3.7 mm laterally and 2.8 mm axially.
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The results of ultrasound, photoacoustic and elasticity imaging of the
tissue mimicking phantom are presented in Figure 7.4 where all images measure 3.7 mm
laterally and 2.8 mm axially. The ultrasound image (Figure 7.4a) clearly depicts the
inclusion as the centrally located hyper-echoic region because the inclusion contained a
higher concentration of ultrasound scatterers than the background of the phantom. On the
other hand, the photoacoustic image (Figure 7.4b) also unmistakably identifies the
margins of the inclusion due to elevated optical contrast in the inclusion. The background
material of the phantom has no optical absorbers – it predominantly scatters light and
hence less or no photoacoustic response is generated in this region. The strain image
(Figure 7.4c) was displayed over a 10% to 20% range with the scale chosen so that black
represented the smallest strain value (harder material), and white represented the largest
strain value (softer material). Since the inclusion was harder than the background
material, the inclusion was expected to have lower strain magnitude. It can be observed in
Figure 7.4 that the ultrasound, photoacoustic and strain images of the tissue-mimicking
phantom are spatially co-registered.

The combined ultrasound, photoacoustic and elasticity images of tissuemimicking phantom presented in Figure 7.4 suggest that simultaneous information
related to the anatomical and functional (optical absorption and biomechanical) properties
of the sample can be obtained. The ultrasound imaging is excellent at providing the
physical features of the study object. The photoacoustic imaging can accurately depict the
158

optical absorption properties of the phantom suggesting that functional properties of the
tissue can be imaged. Finally, strain/ elasticity imaging illustrates the biomechanical
properties of the phantom. Specifically, harder and softer regions of the phantom cannot
be inferred directly from the B-scan image, as ultrasound and photoacoustic imaging
techniques are impervious to variations in Young’s modulus of sample. Elasticity
imaging has the ability to confirm the changes in the elastic properties of the pathological
tissues after therapeutic procedures. Therefore the combined imaging modality with gold
nanoparticles can be used for detection of tumors by photoacoustic imaging followed by
monitoring of therapy utilizing ultrasound imaging. Elasticity imaging could confirm the
mechanical changes in the tumor tissue after therapy [46].

7.4.4 Multiple biomarker detection using spectroscopic photoacoustic imaging and
gold nanoparticles
Multiple exogenous contrast agents that are targeted to various biomarkers to
simultaneously visualize the presence or interpret the functional interactions between
biomarkers is a widely accepted procedure in optical imaging techniques [47-49]. Gold
nanoparticles with different optical absorption properties can be conjugated to various
cancer specific biomarkers such as growth factor receptors and integrins.

Multi-

wavelength photoacoustic imaging could be used to image the multiplex labeleing and
interactions of nanoparticles with cancer cells in-vivo [34] .

A demonstration of multiplex photoacoustic imaging was done using tissue
mimicking samples and gold nanoparticles with peak absorption at 532 nm and 740 nm
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respectively. The procedure to fabricate polyvinyl alcohol (PVA) inclusions has been
described in detail in Chapter 2. Briefly, the three inclusions were made with 8% PVA
and contained 15 µm silica powder (0.5% w/v) for ultrasound contrast. To achieve optical
contrast 40 nm diameter spherical gold nanoparticles and nanorods (3.5 aspect ratio and
absorption peak at 740 nm) were added. The third inclusion had no nanoparticles – i.e.
the inclusion had only ultrasound scatters. The inclusions were placed in a water tank
attached to a three-dimensional positioning stage to facilitate mechanical scanning. The
inclusions were imaged using the combined ultrasound and photoacoustic imaging
prototype using a 25MHz single element transducer as described in Chapter 3. The results
of the multi-wavelength photoacoustic imaging of the three inclusions are shown in
Figure 7.5. The shape of the inclusions was clearly depicted in ultrasound image Figure
7.5b. The inclusion with no nanoparticles did not produce photoacoustic transients at both
532 nm and 740 nm wavelength illumination. As observed in the optical absorbance
spectra (Figure 7.5e), nanorods have two absorption peaks unlike gold nanospheres - a
transverse absorption peak approximately at 532 nm and a longitudinal absorption peak at
740 nm. The gold nanospheres have very low absorption at 740 nm. Indeed the inclusion
with gold nanospheres is clearly visible only in Figure 7.5c (image obtained at 532 nm
laser illumination) and not in Figure 7.5d (image obtained at 740 nm laser illumination).
The results presented in Figure 7.5 clearly indicate the feasibility of utilizing
photoacoustic imaging for detection of multiple contrast agents. Therefore multiplexed
photoacoustic imaging with selectively targeted gold nanoparticles could aid in detection
and characterization of tumors.
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Figure 7.5: (a) Schematic representation of the tissue mimicking phantom with inclusions
containing 40 nm diameter nanospheres (right) and nanorods (center). The
left most inclusion contains no nanoparticles. (b) Ultrasound and (c and d)
photoacoustic images obtained at 532 nm and 740 nm wavelength
illumination respectively. The images represent a field of view measuring
15 mm laterally and 6 mm axially.
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7.4.5 Combination of photoacoustic imaging with magnetoacoustic imaging
Currently in the field of molecular imaging emphasis is being laid on multimodality nano contrast agents that can provide complementary functional information.
For example, a core–satellite structured dual functional nanoparticles comprising of a
dye-doped silica “core” and multiple “satellites” of magnetic nanoparticles were utilized
for optical and MR imaging of neuroblastoma cells [50]. Hybrid gold coated iron oxide
nanoparticles were also used for combined optical and MR imaging of cancer cells [51].
A combination of MR and optical imaging techniques provides both anatomical and
functional information of pathology. However obtaining the images using the two
techniques at the same spatial cross-section could be challenging as the imaging
equipment required vary significantly. On the other hand, photoacoustic and
magnetoacoustic imaging modalities [52, 53] can utilize these hybrid nanostructures
possessing both optical absorption properties and magnetic properties as contrast agents.
Moreover, photoacoustic and magnetoacoustic imaging techniques utilize the same
receiver electronics as ultrasound imaging, and hence can be transparently integrated to
provide complementary functional and morphological information at the same imaging
cross-section.

Magnetoacoustic imaging is a technique that employs high frequency ultrasound
to provide structural and physiological properties of magnetically labeled tissues. The
magnetoacoustic imaging technique capitalizes on the fact that magnetic fields can
penetrate deep into the human tissue. Specifically, the magnetoacoustic imaging
procedure involves two steps - (1) magnetic nanoparticles such as super paramagnetic
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iron oxide nanoparticles (SPIO) are used to specifically label pathological tissues and (2)
a pulsed or time-varying magnetic field excites the magnetic nanoparticles to induce
motion in the magnetically labeled tissues, and simultaneous detection of the motion
using non-invasive, deep penetrating ultrasound imaging techniques [53-57].

Tissue mimicking samples made with polyvinyl alcohol (PVA) were used to
demonstrate the feasibility of combined ultrasound, photoacoustic and magnetoacoustic
imaging. The procedure to make PVA inclusions has been described in detail in Chapter
2. Briefly, the first inclusion (Figure 7.6a) was made with 8% PVA and contained 15 µ m
silica powder (0.5% w/v) for ultrasound contrast, 40 nm diameter spherical gold
nanoparticles for optical contrast and 20 nm (8 nm magnetic core) diameter iron
nanoparticles for magnetic contrast. The second inclusion (Figure 7.6b) was also
fabricated using 8% PVA, but it contained only silica powder and no nanoparticles – i.e.,
the inclusion had only ultrasound scatters. The inclusions were placed in a water tank
attached to a three-dimensional positioning stage to facilitate mechanical scanning.

A schematic representation of the experimental setup used for combined
ultrasound photoacoustic and magnetoacoustic imaging is shown in Figure 7.6b. The
integrated probe (ultrasound transducer and optical fiber delivery system) and the
magnetic solenoid are placed on the opposite sides of the sample. A single element
focused transducer operating at 48 MHz central frequency was used to detect ultrasound
and photoacoustic signals. A Q-switched Nd:YAG laser operating at 532 nm wavelength
was used to generate photoacoustic transients. A magnetic pulse excitation of
approximately 0.5 Tesla was delivered to the sample via the conical iron core
incorporated in a solenoid. At a particular spatial location, ultrasonic A-lines (with and
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without magnetic excitation) followed by photoacoustic A-lines were acquired. The
sample was mechanically moved to the next spatial location using the three-dimensional
positioning stage to acquire the next set of ultrasonic and photoacoustic A-lines. The step
size of the mechanical scan was determined by the lateral resolution of the ultrasound
transducer.

During offline processing of the acquired RF data, a digital bandpass filter was
applied to increase the signal to noise ratio (SNR). The ultrasound and photoacoustic
signals were extracted from the A-line records. The analytic signals were obtained by
applying a Hilbert transform on the filtered ultrasound and photoacoustic signals and the
images were displayed after spatial interpolation. To obtain a magnetoacoustic image, the
displacement of the inclusions due to pulsed magnetic excitation was determined by
correlating ultrasonic A-line records acquired with and without magnetic excitation. The
procedure was repeated for each A-line record acquired at different spatial locations and
the displacement obtained were plotted as an image after spatial interpolation.

The ultrasound, photoacoustic and magnetoacoustic images of the inclusions are
shown in Figure 7.6c – 7.6e respectively. The spatial location and the anatomical shape
of the two inclusions are clearly indicated in the ultrasound image (Figure 7.6c). Note
how in the photoacoustic image, only one of the inclusions produced photoacoustic
signals. This observation was expected since the first inclusion contained gold
nanoparticles while no photoacoustic absorbers were present in the second inclusion
(Figure 7.6d). The displacement of the inclusions in the magnetoacoustic image is
displayed on a color map where red indicates maximum displacement of 100 µ m and
blue indicates zero displacement. Clearly, the inclusion with iron nanoparticles displaced
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more under magnetic excitation than the second inclusion with no iron nanoparticles
(Figure 7.6e).
Transducer

Optical
fibers
Transducer
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Figure 7.6: (a) Schematic representation and (b) photograph of phantom used for
combined ultrasound, photoacoustic and magnetoacoustic imaging. The
phantom consisted of PVA inclusions with mixture of Au and Fe iron
nanoparticles and no nanoparticles. The (c) ultrasound, (d) photoacoustic
and (e) magnetoacoustic images of the PVA inclusions represent a 4 mm by
3.5 mm field of view.
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The results in Figure 7.6 clearly indicate the feasibility of combining ultrasonic,
photoacoustic and magnetoacoustic imaging. In the current experimental setup, the
magnetic coil and the integrated probe are placed on the opposite sides of the sample.
This configuration might not be feasible for in vivo applications. A transducer with an
optical fiber in the center for laser light delivery and magnetic coil surrounding it could
make an effective probe for the combined ultrasound, photoacoustic and magnetoacoustic
imaging.

The photoacoustic and magnetoacoustic imaging modalities can be integrated
with the widely available ultrasound imaging system with minimum effort. The excellent
features of the combined ultrasound, photoacoustic and magnetoacoustic imaging system
– non-invasive, non-ionizing, descent spatial resolution and extended penetration depth –
can all be obtained at low cost. Moreover, these complementary imaging modalities can
simultaneously provide anatomical, optical and biomechanical properties of the tissue.
Given the availability of complex nanostructures with high magnetic susceptibility and
optical absorption in the near infrared spectral region, we anticipate the combination of
ultrasound guided photoacoustic and magnetoacoustic imaging techniques could be a
valuable tool for early detection of pathologies such as cancer.

7.4.6 Combined diagnostic imaging and therapy
The unique optical absorption properties of gold nanoparticles have been
exploited by scientists for both imaging and therapeutic applications. Photothermal
therapy of cancer cells in vitro and in vivo has recently been demonstrated with gold
nanoparticles of different shapes especially gold nanorods, nanoshells and nanocages [6,
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25, 58-61]. Either continuous or pulsed laser irradiation could be used for localized
photothermal destruction of cancer cells labeled with targeted nanoparticle bioconjugates
[3, 61-63]. Studies have demonstrated metal nanoparticles can cause thermal or
mechanical damage to the adjacent cells upon laser irradiation either by generating
excessive heat or by formation of microbubbles [64]. Moreover, the collateral damage to
the surrounding healthy tissue is minimized with the use of targeted gold nanoparticles.
For example, a 2 minute exposure to continuous laser irradiation (7 mW power) killed
most of the human oral squamous carcinoma cells labeled with EGFR conjugated gold
nanospheres (30 nm diameter) [65]. Zharov et al have shown 10% viability of bacteria
loaded with 40 nm diameter gold nanospheres by using 12 ns laser pulses [66]. We have
shown cell death due to 500 mJ/cm2 laser pulse in Chapter 2. The size of the
nanoparticles and the number of nanoparticles present in a cell also play a major role in
determining the extent of photothermal damage [62, 66]. In addition to photothermal
therapy, gold nanoparticles were also used for X-ray therapy. Hainfield et al showed 86%
survival in mouse with mammary carcinomas that underwent X-ray therapy induced via
1.9 nm gold nanospheres [30]. A review on photothermal properties of gold nanoparticles
has been provided in literature [67, 68].

Photothermal therapy with gold nanoparticle has numerous advantages over other
phototherapeutic applications. First, the number of gold particles required for cell
destruction is few orders lower than immunotargeted photodynamic methods
(approximately 106 molecules per cell) [62]. Secondly, the therapeutic procedure has no
additional unpalatable side effects accompanying current therapeutic procedures thereby
sparing the surrounding benign tissue. Finally, gold nanoparticles can be used
simultaneously as photoacoustic imaging and therapeutic contrast agents i.e, the
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nanoparticles can initially be used as photoacoustic contrast agents to demarcate the
tumor location followed by inducing localized photothermal damage to the tumor region
by using continuous or pulsed laser illumination. High optical absorption in the NIR
spectral region is required for in-vivo therapeutic applications. During phototherapeutic
procedures, complex shaped gold nanoparticles such as nanorods, nanoshells and
nanocages could have undersirable effects such as melting of the nanoparticles. The
aggregation of bioconjugated gold nanospheres elevates the absorbance in the red
spectral region due to plasmon resonance coupling phenomenon. Taking advantage of
this phenomenon, photothermal therapy of tumor cells is feasible using NIR wavelengths.
In addition, photoacoustic imaging could also aid in monitoring photothermal therapy
[69, 70]

7.5 CONCLUSIONS
A non-invasive imaging tool - combined ultrasound and photoacoustic imaging
system - that can detect and diagnose cancer using molecularly specific plasmonic gold
nanosensors was designed, developed and evaluated on tissue mimicking samples and
murine tumor models. The limitations of the molecular specific photoacoustic imaging
technique are also enumerated. The foundation for combining molecular specific
photoacoustic imaging with other ultrasound based imaging techniques like elastography
and magnetoacoustic imaging was discussed and demonstrated using tissue mimicking
samples. In addition, the possibility of using complex nanostructures such as nanorods
and the extension of the imaging tool to a combined diagnostic and therapeutic procedure
was presented. Overall, the combination of molecular specific nanoparticles and
ultrasound guided photoacoustic imaging technique has the potential to be translated to
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clinical environment for highly sensitive detection of cancer and monitoring of molecular
specific therapeutic procedures.
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