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Abstract

Synthesis and Characterization of Theranostic Agents for

Photoacoustic Imaging and Therapy

Yan Jie Wang
M.Sc. Biomedical Physics,

Ryerson University, 2015.

In this work, phase-change contrast agents were developed for photoacoustic (PA)
imaging and therapy. They consist of superheated liquid perfluorocarbon and gold nanoparticles
capped by a Poly-(Lactide-co-Glycolic Acid) (PLGA) polymer shell. The phase transition from
liquid to gas bubble can be remotely triggered by a laser source. In their liquid state, upon laser
irradiation, these agents generated strong PA signals which were proportional to the laser fluence
and particle sizes. The vaporization threshold decreased with increasing particle size, and was
850, 670 and 420 mJ/cm? for 2, 5, 10 um-sized PLGA particles loaded with 35 nm GNPs,
respectively. Cell culture studies, including passive uptake by the cancer cells and mechanical
damage to the cancer cells caused by the vaporization inside the cells are also investigated. These
agents show potential as photoacoustic imaging contrast and cancer therapy agents for clinical

applications.
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Chapter 1 - Introduction

1.1 Thesis Overview

The purpose of a medical imaging modality is to detect pathology and to diagnose disease.
Currently, the field of biomedical imaging is dominated by radiographic, magnetic resonance
imaging, nuclear medicine imaging and ultrasound. Although these modalities are mature
technologies, there exist short comings. They either utilizes ionizing radiation or are not cost
effective, and cannot provide high resolution and functional information simultaneously [1][2].

Ultrasound (US) imaging provides images of tissue at relatively low cost. However, it
cannot reliably distinguish between malignant and benign solid masses [3]. Optical microscopy
imaging can provide extremely high resolution images, but have very low penetration depth due
to the high scattering of light in the tissue [4]. Photoacoustic (PA) imaging utilizes acoustic
waves generated from an object being illuminated by a laser source to deliver information to the
surface of the tissue. It can generate high-contrast and high-resolution images of malignant
tumors located deep within tissue [5]. The hemoglobin in the blood can serve as endogenous
optical contrast. Tumors can be differentiated from normal tissues due to the increased
angiogenesis inside the tumor [6]-[8]. However, for the early detection of malignant tumors, an
exogenous contrast agent with high optical absorption is required to enhance the contrast.

Phase-change contrast agents have the advantages over liquid and gas bubbles contrast
agents were first developed for ultrasound-based applications [9][10]. Some agents consist of
superheated liquid perfluorocarbon (PFC) and plasmonic nanoparticles or dyes capped by a

1



surfactant [11], lipid [12], protein [13] or polymer shell [14], and can be remotely triggered by a
laser using a process called optical droplet vaporization (ODV) [15], to provide contrast for both
PA and US imaging. In this project, a phase-change contrast agent is designed and synthesized,
and its physical and optical properties are characterized. Its potential as cancer therapy agent is

also investigated in vitro.

1.2 Medical Imaging

Medical imaging is the technique of creating images of the internal structure of a body
which helps to identify abnormalities for clinical diagnosis and treatment of disease. It has
become essential to medical care and treatment. By 2010, about 5 billion medical imaging
studies had been conducted worldwide [16]. The common clinical medical imaging modalities
include radiography (x-ray and computed tomography (CT)), nuclear imaging (positron emission
tomography (PET)), single-photon emission computed tomography (SPECT), magnetic
resonance imaging (MRI), ultrasound (US) imaging, and optical imaging (optical coherence
tomography (OCT)). Each imaging modality has its advantages as well as its limitations. Which
imaging modality is more appropriate depends on many factors including its efficacy in the
detection of the pathology, costs, safety to the patients, and ease of access. The efficacy is mainly
determined by the imaging contrast, spatial resolution, and image acquisition time (temporal
resolution). Contrast in an image is the difference of an object compared to the background. It is
based on different physical parameters in the patient (determined by the imaging modality used).
Each modality also has limited spatial resolution which determines the ability to resolve fine
detail in structures in the patient [1]. The wavelength of the energy used to probe the object is a

fundamental limitation of the spatial resolution of an imaging modality. For example, optical
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microscope cannot resolve objects smaller than the wavelengths of visible light, about 500 nm

[1].

Radiographic Imaging

In radiographic imaging, a homogeneous distribution of x-rays with wavelengths ranging
from 0.1 to 10 nm is modified due to different attenuation properties of tissues such as bone, soft
tissue, and air inside the patient. The collected images are 2-D projections of the heterogeneous
distribution of x-rays that emerges from the patient. 3-D images can be reconstructed based on 2-
D images using different computational methods [1]. X-rays and CT scans are the most
commonly used medical imaging techniques due to their ability to rapidly scan large areas (10
seconds for a head scan), great penetration depth, and high spatial resolution (down to 0.01 mm)
[1]. However, this technique involves ionizing radiation which may incite the genesis of cancer
at the radiation site. Contrast in x-ray images is dependent on the tissue density and the effective
atomic number. It is also affected by the beam energy used. The better contrast images typically

require higher exposures to the patient, which introduce more hazard to the patients [1].

Nuclear Imaging

Nuclear imaging uses radioactive decay of an exogenous contrast agent to construct
images of the body. This typically requires the injection of a chemical containing a radioactive
isotope into the patient. These compounds or tracers move selectively to different regions or
organs within the body, emitting gamma rays with intensity proportional to the compound’s local
concentration [2]. Nuclear imaging is a form of functional imaging which can provide

information about physiological condition, but has limited resolution (several mm) and also



exposes the patient to ionizing radiation. Contrast in nuclear images depends on the tissue’s
ability to concentrate the radioactive material which is dependent on the pharmacologic

interaction of the agent with the body.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) utilizes the nuclear magnetic resonance properties of
the proton, which is very abundant in biologic tissues. When placed in a magnetic field, the
proton having a magnetic moment, will preferentially absorb radio wave energy at the resonance
frequency and release radio wave signals, which are detected and then reconstructed into high-
resolution (tens of micrometers) images of large volumes [2]. The MRI system uses the
frequency (and phase) of the returning radio waves to determine the position of each signal in the
patient. Images made using MRI demonstrate high sensitivity to anatomic variations [2]. Though
MRI imaging does not use ionizing radiation, its scanning time is much longer than in CT
imaging (tens of minutes for a head scan). In addition, the size and costs associated with
operating an MRI device prohibit its widespread use. Contrast in MRI is related primarily to the
proton density and to relaxation phenomena. Proton density is influenced by the mass density,

thus differs among tissue types.

Ultrasound Imaging

Ultrasound imaging is a non-invasive, real-time, and cost-effective imaging modality. It
primarily images tissue morphology through the reflection and scattering of high-frequency
sound waves at tissue boundaries where the acoustic impedances of different tissues vary [16].

US imaging can discover the abnormality of anatomical boundaries and scattering behavior of



tissues and can be used for pathology diagnosis [16]. US images are reconstructed from the
reflected wave collected by transducers which traditionally use piezoelectric crystals to convert
pressure waves into electric charge. Contrast in US imaging is largely determined by the acoustic
properties of the tissue being imaged. The difference between the acoustic impedances of two
adjacent tissues or other substances affects the amplitude of the returning US signal. The axial
resolution of US images is directly related to the frequency of the transducers. High frequency
transducers yield high axial resolution image, but with poor penetration depth. Diagnostic US is

typically in the 3 to 15 MHz range [17].

1.3 Photoacoustic Imaging

1.3.1 Introduction

Photoacoustic imaging is a new medical imaging modality based on the PA effect which
is based on the generation of sound waves from the interaction of light with a medium. The PA
effect was first discovered by Alexander Graham Bell in 1880, who found that sound can be
generated from a selenium cell illuminated by sunlight [18]. The idea of utilizing the PA effect
for biomedical imaging was first described in 1977 and it rapidly developed in the past two
decades after advances in ultrasonic transducer, laser technologies and computer techniques
[19]-[21].

Photoacoustics combines the advantages of optical and acoustical methods of high
contrast and high resolution due to sensitive optical absorption and low acoustic scattering in soft
tissue [22]. US imaging provides morphological data based on tissue composition boundaries.

PA signals provide functional and molecular information due to optical absorption at the



molecular level such as oxygenated and deoxygenated hemoglobin and melanin [23]-[25].
Furthermore, the incident optical irradiation wavelength can be selected to maximize absorption
contrast between tissues with different absorption coefficient values [26]. In addition, multiple
chromophores can be quantified simultaneously by varying the irradiating laser wavelength
according to their optimal absorptions.

The spatial image resolution, as well as the maximum imaging depth, is limited by the
ultrasonic frequency. As the ultrasonic center frequency and bandwidth increase, the spatial
resolution improves at the expense of imaging depth, because ultrasonic attenuation increases
with frequency [27]. Overall, because of its non-ionizing and non-invasive nature, ease of use
and the fact that it is inexpensive, PA imaging has become the fastest growing new biomedical
imaging modality, with clinical applications in development.

Photoacoustic signal can be generated through thermal expansion and vaporization
mechanisms [28][29]. Vaporization is the conversion of liquid to the gaseous state which has
higher PA signal generation efficiency than the thermal expansion process does [29]. But it
requires relative higher amounts of optical energy comparing with thermal expansion. Thermal
expansion is the least efficient of light-sound conversion mechanism; however it is the only
biologically safe mechanism to date in biomedical applications, because tissue can only

withstand low levels of laser irradiation without undergoing irreversible damage[30].

1.3.2 Photoacoustic Microscopy

In PA imaging, a short-pulsed laser beam irradiating the tissue is absorbed, and converted
into heat. This heat is further converted to a pressure rise due to the thermal expansion of the

absorbing structure. The initial pressure rise propagates as an ultrasonic wave, which is referred
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to as a PA wave. The PA wave is detected by an ultrasonic transducer as an electric signal. The
signal is then amplified, digitized, and transferred to a computer to form an image. PA imaging
has two major forms of implementation. One is based on a single element scanning-focused
ultrasonic transducer. The other is based on unfocused array ultrasonic transducers.
Photoacoustic microscopy (PAM) belongs to the first category [27].

In PAM, a focused ultrasound transducer records a time-resolved PA signal excited by a
pulsed laser and emitted within the acoustic focal zone. By raster-scanning of the optical and
acoustic foci, 2-D or 3-D images are formed [27]. The axial resolution of PAM is primarily
determined by the frequency response of the ultrasonic transducer and the imaging depth. Its
lateral resolution is determined by the product of the point spread functions of the dual foci. The
detection sensitivity of PAM is affected mainly by the incident laser fluence, the optical

absorption properties of tissues, and detection efficiency of the ultrasonic transducer [27].

1.3.3 Initial Photoacoustic Pressure

Upon short laser pulse excitation, the relationship between volume expansion fraction of
the heated tissue (dV /V), the pressure (p) and temperature (T) at position r can be expressed as:

[27]

dV
v - —kp(r) + BT (r). (1)



Here, x is the isothermal compressibility, S is the thermal coefficient of volume expansion, p and
T are the changes in pressure and temperature, respectively. The isothermal compressibility x can

be expressed as [27]

C'p

o .’
P3Gy @

K

Here, p is the mass density, vs is the speed of sound, and Cp and Cy are the specific heat
capacities at constant pressure and volume, respectively.

Thermal expansion occurs most efficiently when two conditions are met: thermal and
acoustic (stress) confinement. Thermal confinement occurs when the laser pulse duration is
shorter than thermal diffusion. Acoustic confinement occurs when the laser pulse duration is
shorter than the acoustic wave propagation through the optical absorber [31]. For thermal
expansion to take place, we assume that the laser pulse duration t_ is less than the acoustic

confinement time which is less than the thermal confinement time

(3)

where d. is the dimension of the optically absorbing target of interest, and oy, is the thermal
diffusivity.
Since the fractional volume expansion is negligible for such a short laser pulse, the local

pressure rise po immediately after the laser excitation can be derived from (1) [32] as

BT(r)

K

po(r) = 4)

If all absorbed optical energy converted into heat, and nonthermal relaxation such as
fluorescence is negligible, the temperature rise generated by the short laser pulse is
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where Aq is the specific or volumetric optical absorption or optical energy deposition density (in

joules per centimeter cubed). Combining (4) and (5), the initial pressure rise can be expressed as

3
po = ——A.. 6
P= e (6)

The Grueneisen parameter (dimensionless) is defined as

5]
= ——. 7
kpCy 0
Hence, (6) becomes
= 'A.. (8)

Since A. = ua F, where u, denotes the optical absorption coefficient and F denotes the optical
fluence (in joules per centimeter square), (8) becomes
Po=T uaF. 9)

Hence, the PA signal (po) is proportional to the optical absorption coefficient. The absorption
coefficient P, describes the probability of photon energy absorption in a medium per unit
infinitesimal path length, and is heavily wavelength dependent. In a medium containing many
absorbers of the same kind with number density of N, and absorption cross section of o,, the
absorption coefficient Y, is given by pa = Na 0a. Usually using absorbers with high absorption
cross section will increase the detection sensitivity. For example, plasmonic nanoparticles have

larger absorption cross sections than most organic dye molecules [33].



1.4 Photoacoustic Contrast Agents

Photoacoustic imaging of tissues can be accomplished by measuring their optical
absorption with the use of both endogenous and exogenous contrast agents. Endogenous contrast
IS nontoxic, usually abundant in tissue and do not perturb the original tissue microenvironment.
The most commonly imaged endogenous contrast agents in PAM (grouped according to their
absorption wavelength) include (1) in the ultraviolet (UV) (180—400 nm) and visible (VIS) (400—
700 nm) regions, DNA/RNA [34], cytochrome c¢ [35], bilirubin [36], myoglobin [37],
hemoglobin [26] and melanin [38]; and (2) in the near-infrared (NIR) region (700-1400 nm),
lipid [39][40], water [41] and glucose [42]. Their absorption spectra are summarized in Fig.1.1.
Among them, hemoglobin is commonly used for PA vascular imaging in the visible wavelength

region due to its excellent contrast enhancement [43].

1l2l5E
10";
103;
102;
10";

100}

Absorption coefficient (cm"]
=]

=
[=]
]

200 400 60 80 1000 1200
Wavelength (nm)

Fig. 1.1. Absorption spectra of major endogenous contrast agents in biological tissue at normal
concentrations. Oxy-hemoglobin (HbO,) and deoxy-hemoglobin (HbR) in blood; lipid, water, DNA and
RNA in cell nuclei; melanin in medium human skin; myoglobin (MbR) and oxy-myoglobin (MbO,) in

skeletal muscle, bilirubin in blood. The figure was adapted from [44].
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Exogenous contrast agents not only have several-fold higher optical absorption
coefficient value than exogenous contrasts, but also have other advantages over endogenous
ones [4][44]. The chemical and optical properties of exogenous contrast agents can be
specifically engineered for maximum detection sensitivity. In addition, exogenous contrast
agents can be conjugated with targeting molecules (e.g., antibodies) to selectively bind to
disease-specific cell surface receptors. Among them, organic dyes, such as indocyanine green
[46][47] and Evan's blue [48], have distinct optical absorption properties, and can provide
exogenous contrast. However, these dyes are prone to photobleaching, which limits their ability
to produce sustained photoacoustic transients. Plasmonic gold nanoparticles have been
extensively investigated for tumor targeting [49]-[51], cortical vasculature enhancement [46]
and sentinel lymph node mapping [52]-[54] due to their inert chemical properties and excellent
optical absorbing capabilities [4]. Plasmonic nanoparticles can also be used for therapeutic
applications. The strong optical absorption of a contrast agent can, if using a continuous wave
laser, produce a thermal heating effect by nanoparticles that could cause cell injury — an effect
that can be used for photothermal therapy [55]-[57].

The superior optical absorption properties of plasmonic nanoparticles arise from their
ability to undergo local surface plasmon resonance. When an electromagnetic wave interacts
with a plasmonic nanoparticle, which has a wavelength similar to the size of the nanoparticle, the
free surface electrons oscillate with the polarity of the inciting wave. The incident electric field
alternates the polarization charges at the nanoparticle surface. The energy from the
electromagnetic wave is absorbed, and released as heat, resulting in high attenuation (absorption)

of the incident electromagnetic wave [58].
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The synthesis of these nanoparticles can be tuned to produce a variety of different shapes,
including nanospheres [59][60], nanoshells [61][62], nanorods [63][64], and nanocages [65][46]
which will produce different optical absorption spectra. Also, the peak absorption wavelength
may be varied by changing synthesis conditions to control the size and shape of the nanoparticle,
as shown in Fig. 1.2. Multiple absorption peaks at different wavelengths arise from the different
orientations in which the nanoparticle could interact with the incident wave. For example, gold
nanorods exhibit two plasmon bands namely the longitudinal and transverse plasmon bands. 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. The optical properties of gold nanoparticles with resonance in the
near infrared region around 1064 nm often allows for deep imaging within biological tissues due
to the low optical absorption and scattering properties of tissue’s constituents at this wavelength

(what is known as a tissue “optical window”) [66].

Gold nanospheres Silver plates

-~
= 1 (Y
=] 1
B ]
= ?l Gold nanorods
= 1 .
2 R
= \
T 04 Sm L) B

~, hC

:
= 0.2

-
.‘,-'-—-ﬁ— ——— —

400 500 600D 700  BOO 900
Wavelength (nm)

Fig. 1.2 Optical absorption properties of plasmonic noble metal nanoparticles of different shapes and sizes

from left to right, gold nanospheres, silver plates, and gold nanorods. Adapted from [29].

12



1.5 Phase-Change Contrast Agents

Phase-change contrast agents, first developed for ultrasound-based applications [9],
transform liquid emulsions into microbubble contrast agents that can have both diagnostic and
therapeutic functions. When subjected to sufficient acoustic pressures delivered by an US pulse,
perfluorocarbon (PFC) droplets undergo a volumetric expansion when the liquid cores change to
gaseous states. This phenomenon, termed acoustic droplet vaporization (ADV) [67], has been
proposed a number of in vitro and in vivo applications such as vascular occlusion [68], diagnostic
imaging [69][70], ultrasound-mediated tissue ablation [71] and drug delivery [72][73]. Many in
vitro studies have shown that the acoustic output necessary to induce vaporization increases as
the droplet diameter decreases, the US frequency decreases, and the PFC boiling point increases
[74][75]. Although a nanometer-scale droplet could provide a more efficacious vehicle for
extravasation into tissue and activation at the site of action [68][73], applications involving
relatively low frequencies may require pressures significantly higher than diagnostic US
machines currently provide, increasing the potential for unwanted bioeffects [76].

Previous studies have shown that the vaporization of PFC droplets can be induced via
optical irradiation with the facilitation of optical absorbers incorporated inside the droplets [13]
[15] [77], termed optical droplet vaporization (ODV) [77]. When the laser fluence is below the
vaporization threshold, and/or a laser wavelength is used that is not at the peak absorption
wavelength of the droplet, the droplets remain in the liquid phase and can be used as a PA
contrast agent. Increasing the laser energy, and/or using a laser wavelength at the peak
absorption wavelength of the particle, induces droplet vaporization. After the vaporization, the
resulting microbubbles can be used for contrast enhanced US imaging [78]. Bubble disruption

can also be utilized for therapeutic purposes [78]. GNPs are commonly used as optical absorbing

13



materials in these droplets due to their strong absorption cross section based on the surface
plasmon resonance at visible and near-infrared regions [79].

Perfluorocarbon emulsions are commonly made from low-boiling point PFC liquids such
as Dodecafluoropentane (PFP, 29°C) or perfluorohexane (PFH, 56°C) and stabilized by a
surfactant [70][82], lipid [74][81], protein [67][75][13], or polymer [72][73][14] shell. When
administered in vivo, liquid emulsions of high boiling-point PFCs are inert, non-toxic in small
doses, and can have relative stability in circulation due to their high molecular weight,
immiscibility in water, and low surface tension [82][83]. Depending on the choice of PFC, the
emulsions may persist stably in vivo for hours to days [84], which is attractive for applications
involving gradual accumulation at a target site and/or sustained release of drugs.

Droplets composed of a PFC liquid core encapsulated by a polymer shell has a lot of
advantages: they are stable due to good mechanical strength than monomolecular layers of lipids
or surfactants [85][86]; the elasticity of the shell can be controlled by adjusting the chemical
compositions and the molecular weight of the polymer; they can also act as a good drug carrier
or ligand for targeted imaging or targeted drug delivery [87]. With outstanding biocompatibility
and biodegradability, Poly Lactide-co-Glycolide Acid (PLGA) slowly degrades in vivo into lactic
and glycolic acid. These can further degrade into carbon dioxide and water via the tricarboxylic
acid cycle [85]. So the PLGA is one of the most used synthetic biodegradable polymers in the
drug delivery system [72][74], tissue engineering, and other biomedical fields, since it has been

approved for clinical application [88].
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1.6 Mechanism of Photoacoustic VVaporization

Thermal expansion is the predominant mechanism exploited for PA imaging, as the laser
fluences used to produce acoustic transients are well within the ANSI standard limits [30].
However, thermal expansion is one of the least efficient energy conversions between light and
sound, with the conversion efficiency (1) around 10% [89]. Vaporization, the conversion of
liquid to the gas phase is much more efficient than thermal expansion at converting light to
acoustic transients, with n close to 1% [28]. If vaporization could be utilized in biomedical
imaging applications, this would allow for deeper tissue imaging, and help to minimize the
concentration of contrast agents used. The conversion of liquids to gas bubbles using pulsed laser
irradiation has been studied in depth [90][91]. For a single bubble, with a smooth surface, that is
perfectly spherical and unbound, the pressure (p1) emitted by the growing vapor volume can be

defined as [92]

, d2V(E-D)
p(r,t) — po = £ — < (10)

amr  dt?
where po is the ambient liquid pressure surrounding the source, r is the radius from the
vaporization center, t is the time, p is the liquid density, V is the velocity of the bubble expansion,
and c is the speed of sound in the liquid. The equation shows that the emitted pressure is
dependent on the initial volume of the gas, which is limited by the droplet size.
During the vaporization process, upon a pulsed laser irradiation, the encapsulated
plasmonic nanoparticles absorb electromagnetic energy from the laser, and cause the local

temperature increase well over the required vaporization temperature of PFC (steps 1 through 2
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in Fig. 1.3). Meanwhile, plasmonic nanoparticles generate a high frequency pressure wave at
their surface via thermal expansion. The heat and pressure together provide the conditions for
nucleation of a liquid-to-gas phase transition of PFC. The liquid droplet undergoes a vaporization
which overcomes the surface tension of the shell material (step 3 in Fig. 1.3). The PA transient
produced via vaporization is substantially larger than the transients produced from the plasmonic
nanoparticles which undergo thermal expansion. Furthermore, the resulting gaseous phase also
produces an increased acoustic impedance mismatch between gas bubbles and the surrounding

medium, providing optically triggered ultrasonic contrast enhancement [29].
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Fig. 1.3 Step-by-step diagram of remote activation of a PFC droplet, providing PA signal via two
mechanisms: droplet vaporization and thermal expansion caused by plasmonic nanoparticles. The
resulting gas microbubble of PFC provides ultrasound contrast due to increased acoustic impedance
mismatch. Adapted from [29].

1.7 Theranostic Agents

With the increasing incidence of fatal diseases like cancer, there is a growing need for

greater efficacy of therapeutic agents and precise methods of diagnosis. Theranostic agents have
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been recently developed to assist simultaneously deliver imaging and therapeutic agents for
combined diagnosis and therapy. These multi-functional agents can be used for disease diagnosis
and imaging applications via contrast agents with modalities such as OCT, MRI and fluorescence
imaging. Further, therapy can be carried out using light-activated hyperthermia and by
modulating the drug release rates based on the application and the polymer chosen [93].

Recent research in photo-based nanomedicine has gained prominence in the treatment of
cancer and other diseases due to spatially and temporally controllable drug release, localized
therapy and minimally invasive nature of treatment [93]. Several biomaterials and their
complexes are being researched for encapsulation of light-responsive agents for photo-triggered
treatment and imaging [94]. In the recent study by Bogart et al. [95], dextran polymer-coated
iron oxide NPs were used for photothermal microscopy. Their results suggest increased
sensitivity and resolution in imaging, indicating promising imaging abilities for in vivo study.
PLGA polymer has also been highly utilized in different nanocarrier systems. Recently, Cheng et
al. [96] prepared Fe;O4 and QD-conjugated taxol-loaded PLGA nanoparticles (NPs) onto which
poly(styrenesulfonate)-coated GNRs were attached. These multi-functional NPs could be used
for chemotherapy and NIR-based photothermal ablation of cancer cells. The results of in vitro
and in vivo studies indicate that the combination of chemotherapy and photothermal therapies
mediated by these NPs provides a more effective treatment against cancer compared to either of
these treatments alone. These studies demonstrate the potential of use of different photo-

triggered materials in combinational therapy approaches in future cancer treatment.
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Fig 1.4. Multi-functional theranostic polymeric NPs for simultaneous targeting, photo-imaging and drug
delivery/therapy. Adapted from [97].

Many new types of polymers and systems synthesized could be used for multiple drug
release and photothermal treatments as well as multiple imaging strategies [94][98]. Fig.1.4
shows multifunctional nanocomposites combine therapeutic, diagnostic, and sensing modalities
in a single nanostructure [97]. At present, multifunctional GNP-based nanocomposites [99] offer
new theranostic modalities by combining the unique optical properties of plasmonic GNPs with
the properties of mesoporous silica functionalized with an appropriate photosensitizer and
molecular probes [100]. Nanoparticles made of noble metals such as gold and silver are
prominent due to their highly desirable and tunable optical properties. These properties make

them invaluable for various biological sensing, imaging and therapeutic applications.

1.8 Hypothesis and Objective

The hypothesis of the study is that optical-triggered phase-change contrast agents can be
developed and utilized as dual purpose imaging and therapeutic agents. In order to test the
hypothesis, the overall goal of this project is to design, synthesize, and test a phase-change

contrast agent for PA imaging and cancer therapy. In order to accomplish this goal, several steps
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were taken to ensure its feasibility. Firstly, design, synthesis, and characterization of the contrast
agent were undertaken. Secondly, the agent was tested in phantom experiments to study the PA
contrast enhancement and characteristics in terms of the physical and optical properties of these
particles. Thirdly, in order to achieve maximum PA detection sensitivity in vitro, the optimal
light exposure parameters were studied. Finally, the feasibility of particle vaporization inside
cancer cells and damage to the cell caused by the vaporization was investigated.

This thesis is organized in the following manner. Chapter 1 reviews background
information on basic medical imaging modalities and more detailed information on PA imaging,
and its current contrast agents. In Chapter 2, the phase-change contrast agent, GNPs and PFC
liquid loaded PLGA particles, are designed, synthesized and characterized. The results from in
vitro study are described and discussed in Chapter 3. Conclusion and future work are presented

in Chapter 4.
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Chapter 2 - Design, Synthesis, and

Characterization

The overall objective of this research project is to design and synthesize contrast agents
for PA imaging and cancer therapy. The design, synthesis, and physical characterization of the
contrast agents are explained in detail in this chapter. The choice of each material as a design
component is discussed. Furthermore, the synthesis procedure is outlined here. Finally, the

physical characterization results are shown.

2.1 Design

The agent used in our design comprises a PFC liquid in the core stabilized by a PLGA
polymer shell, and silica-coated gold nanospheres in the core for acting as PA contrast and as a
“fuse” to vaporize the PFC. Each component as illustrated in Fig. 2.1 will be discussed in the
following section, including their usage in history in biomedical applications and specific design

criteria met by their inclusion.

Silica-coated GNPs

PFC liquid

Fig. 2.1 The composition of a phase change contrast agent.
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2.1.1 Perfluorocarbon Liquids

Perfluorocarbon (PFC) gas microbubble has a long history as an exogenous contrast
agent for ultrasound contrast enhancement, and has long been used in diagnostic ultrasound
imaging as highly sensitive, cost effective, and biocompatible contrast agents [101]. Due to their
highly scattering acoustic properties and nonlinear interactions with incident ultrasound,
microbubbles are used in many clinical applications. However, gas diffusion and biological
clearance significantly limit their circulation time and their micron-size inhibits their
extravasation out of the vascular system [102]. Phase change, ultrasound activated, contrast
agents were introduced to increase circulation time and stability. In our design we use an optical
activation strategy to induce the PFC phase transition from liquid to gas.

The choice of which specific PFC would be used in this research was determined by
examining several factors including historical usage, boiling temperature, ease of handling, and
cost. In order to stay in the liquid phase in the body prior to any triggered vaporization event, and
to avoid any special requirements for handling the PFC during the synthesis process, the PFC
boiling temperature was chosen to be above body temperature (37 °C). For these reasons,
perfluorohexane (PFH) (boiling point is around 56 °C) was chosen as the PFC to be used in this

research.

2.1.2 Shell
The difference in pressure between the inside and outside of a droplet, named Laplace
pressure can be represented with the following equation derived from the Young-Laplace

equation for a sphere: [103]
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AP = Pinsige — Poutside =
where AP is the Laplace pressure, Pinsige IS the pressure on the inside of the droplet, Poytsige iS the
pressure of the environment on the outside of the droplet, y is the surface tension on the droplet,
and R is the droplet radius. This equation indicates that the smaller the radius of the particle, the
smaller the surface tension and the higher the Laplace pressure becomes. Stabilization is usually
facilitated with a surfactant, capping agent, or shell. Shell molecules limit surface tension by
decreasing the interfacial resistance between the droplet and the surrounding aqueous
environment [104]. Furthermore, this shell can prevent vaporization of the droplet at
environmental temperatures higher than the PFC boiling point and allows the droplet to become
super-heated without vaporizing.

Three types of shells are typically used for US contrast agents including lipid, polymer,
and protein shells. Lipid shells primarily comprise of phospholipid bilayers and cholesterols to
aid in stability. They are easy to synthesize, bioinert [105], and are easily functionalized with
targeting moieties and therapeutic cargoes [106]. However lipid shells are difficult to degrade in
the body and vaporization more difficult due to the shell elasticity [107]. Protein shells are
traditionally made with bovine serum albumin (BSA) [67] which can withstand denaturing at
temperature up to 69 °C [108] and pHs between 4.0 and 8.5 [109]. Furthermore, albumin is
known to have passive targeting effects toward the surface of cells. BSA shells are also easily
functionalized with biotin/avidin bridges connected to monoclonal antibodies or other small
molecule targeting strategies. However, using bovine serum albumin has been shown at times to
cause an immune response in humans [29]. Finally, polymer shells typically made of a

biodegradable and biocompatible material like PLGA [85][110]-[112] is a FDA approved

material for clinical applications. These shells are the most resistant to pressure waves, as
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compared to lipid or protein shells [86] which can leave sufficient time for the agents to
accumulate at the target sites. In addition, polymer shells have the ability to facilitate targeting
and encapsulate therapeutic cargoes [85][86][113]. The shell thickness can also be controlled by
changing the ingredient ratio during the synthesis. For these reasons, PLGA was chosen as the

shell for the design.

2.1.3 Plasmonic Nanoparticles

Exogenous contrast agents can produce PA contrast which is several orders of magnitude
higher than the intrinsic contrast alone if used in sufficient quantities. Plasmonic noble metal
nanoparticles, primary made from gold [59][62][114]-[117] and silver [65][118], are the most
frequently used exogenous contrast agents. The localized surface plasmon resonance may be
varied by changing synthesis conditions and finely tuning the absorption characteristics. The
synthesis of these nanoparticles is easily controllable to produce a variety of shapes, including,
but not limited to, nanospheres [119]-[121], nanoshells [62][122], nanorods [123]-[126], and
nanocages [127][46].

Gold nanospheres are chosen as optical absorbers due to their small size (approximately
10-100 nm) compared to a PFC droplet (approximately 200 — 1000 nm), allowing many of them
to be encapsulated per droplet. The peak absorption wavelength of gold nanospheres is around
530 nm which is suitable for laser equipment generally available. Using silica-coating on the
gold nanospheres helps miscibilizing gold nanoparticles in PFC liquids. By modification of the
surface properties of silica using ligand exchange protocol facilitates PFC dispersion. In addition,
silica has been reported to be good bio-compatible material. Silica-coating can provide enhanced

colloidal stability functional groups for bioconjugation. Silica is a stabilizer which not only

23



prevents particle coalescence but also is chemically inert and optically transparent [128].
Furthermore, the dielectric shell of silica has a strong influence on the amplitude of the generated
photoacoustic signal. Silica-coated gold nanorods of the same optical density are capable of
producing about 3-fold higher photoacoustic signals than gold nanorods without silica coating
[83]. The enhancement is caused by the reduction of the gold interfacial thermal resistance with

the solvent due to the silica coating [82].

2.2 Synthesis

PFC liquids are hydrophobic and lipophobic. In order to incorporate the gold
nanoparticles within the PFC droplets, several steps are required. First step is to coat GNPs with
a thin layer of silica followed by fluorination. After GNPs are miscibilized into PFCs, the GNPs-
PFC solution can be emulsified using solvent evaporation method to form different sizes of

GNPs-incorporated PFC droplets.

2.2.1 Materials

All chemicals were used without additional purification and were at least at ACS grade.
Hydroauric acid (HAuUCI;) (99%), Trisodium Citrate (NasCgHsO7) (99%), Tetraethyl
orthosilicate (TEOS), 1H,1H,2H,2H-perfluorodecyltriethoxysilane, CH,Cl,, PLGA and PFH
were purchased from Sigma Aldrich Inc. Acetone, isopropanol, methanol, ammonia was
purchased from Fisher Scientific Inc. Deionized water (Millipore Milli-Q grade) with resistivity

of 18.2 MQ was used in all experiments.
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2.2.2 Silica-coated Gold Nanoparticle Preparation

The synthesis of citrate-stabilized gold nanospheres based on the single-phase aqueous
reduction of tetracholoauric acid by sodium citrate, initially was developed by Turkevich et al. in
1951 [129] and further refined by Frens et al. [130], still remains the most commonly employed
aqueous method. The resulting particles were coated with negatively charged citrate ions and
hence are well suspended in H,O [131]. To achieve the silica-coating on GNPs, GNP solution
was mixed with isopropanol, under vigorous shaking, ammonia was added to the mixed solution,
followed by the addition of TEOS in isopropanol and pure silica-coated GNPs (Au@SiO,)
particles were formed [132]. The next, Au@SiO; can be suspended into the PFH phase using
ligand exchange with 1H,1H,2H,2H perfluorooctanethiol. Then the surface modified Au@SiO;

were dispersed in PFH by sonication for several minutes, which resulted in a clear solution [133].

fr——
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(Turkevich et al. in 1951, refined by Frens et al.) l
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NPs into PFCs

Fig. 2.2 Synthesis process of surface functionalized GNPs. The final products are fluorinated Au@SiO,
dispersed in PFC liquids.

25



2.2.3 PLGA/PFH-GNP Particle Preparation

PLGA particles containing PFH and silica coated GNPs with and without
dialkylcarbocyanine fluorophores (Dil) dye were prepared using a double emulsion
(water/oil/water) solvent evaporation process [134][78]. Briefly GNPs-PFH solution (0.5 mL)
was added to PLGA (50 mg) in dichloromethane (1 mL). The mixture was emulsified in an ice
water bath for 45 seconds, with 2-second-on, 1-second-off, 10 W pulses, using a digital sonifier
(BRANSO, USA) equipped with a microtip. Then the emulsion was homogenized with polyvinyl
alcohol solution. The final emulsion was mixed with 2% isopropanol solution and stirred for 2
hours to vaporize organic solvents and washed several times by centrifugation. The final product
of PLGA particles loaded with PFH and GNPs were collected and stored at 4°C for future usage.

The overall procedure is shown schematically below (Fig. 2.3).

PFC+ AuNPs
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Fig. 2.3 PLGA/PFC-GNP particles are synthesized using w/o/w double emulsion method. The final
products are PLGA/PFC-GNP particles with GNPs and a PFC liquid in the core stabilized by PLGA shell.
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2.3 Characterization

Several methods and tools were used to characterize the optical and physical properties of
GNPs and PLGA/PFH-GNP particles. First ultraviolet to near infrared spectrophotometry (UV-
NIR) was used to monitor optical absorption properties. Next, transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) were used to qualify nanoparticle loading,
location and morphology of PLGA/PFH-GNP particles. Additionally, dynamic light scattering
was used to determine the size distribution of PLGA/PFH-GNP particles. Finally, an atomic
absorption spectroscopy (AAS) technique was used to quantify the GNPs upload efficiency. The
combination of these characterization techniques yielded important information about the optical

and physical properties of PLGA/PFH-GNP particles.

2.3.1 Ultraviolet-Near Infrared Spectrophotometry

The optical absorption of different sample solutions was measured using a UV-NIR
spectrophotometry (UV-3600, Shimadzu, Japan) (Fig. 2.4). PLGA/PFH-GNP particles were

synthesized as described above. Their optical density was measured in a 1 cm plastic cuvette.

UV-3600 #==eam i

Fig. 2.4 A front view of the UV-NIR spectrophotometer used for the optical absorption measurement.
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2.3.2 Transmission and Scanning Electron Microscopy

Both transmission electron microscopy (FEI Tecnai 20, Philip, Japan) and scanning
electron microscopy (FEI XL30 ESEM, Philip, Japan) (Fig. 2.5) were used to image the
PLGA/PFH-GNP particles. For the TEM measurement, a 10 pL diluted solution of PLGA/PFH-
GNP particles was placed on a carbon-coated copper grid. After the sample was dried, the
images were taken at 200 keV energy level. For the SEM measurement, the sample was coated
with a thin layer of gold film and scanned at 20 keV energy level. The contrast agent

characterization allowed for study of both physical and optical characteristics.

Fig. 2.5 Photos of TEM (left) and SEM (right) which was utilized for the structure and morphology

characterization.

2.3.3 Laser Diffraction Particle Size Analyzer

A Laser Diffraction Particle Size Analyzer (Microtrac 3500, USA) (Fig. 2.6) was used to
determine the size distribution of the agent. This device has a tri-laser, multi-detector, and multi-
angle optical system. Algorithms that utilize Mie compensation and Modified Mie calculations
for non-spherical particles were used for the particle size calculation. Measurement capability

from 0.02 to 2800 microns can be achieved with the precision within 0.6%.
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Fig 2.6 Laser Diffraction Particle Size Analyzer - Microtrac 3500.

2.3.4 Atomic Absorption Spectroscopy

Atomic absorption spectrometry (AAS) quantifies the absorption of ground state atoms in
the gaseous state. The atoms absorb ultraviolet or visible light and make transition to higher
electronic energy level. The analyte concentration is determined from the amount of absorption.
In order to quantify the GNP concentration at each synthesis step and GNP up-load efficiency by
PLGA particles, an AAS method was used. Firstly, 0.5 mL aqua regia (3 to 1 ratio of 70% HCI
and 37% HNO3) was added to 1 mL as synthesized GNP solution and left for 10 minutes. Next,
the resulted solution was diluted to have 5% acid content and its gold component was quantified
using an AAS device (PerkinElmer AAnalyst 800, USA) (Fig. 2.7). To quantify the GNP up-load
efficiency, PLGA/PFH-GNP particles were mixed with acetone for two hours to dissolve the
PLGA shell. Then, the 0.5 mL 40% HF and 1 mL aqua regia was added to the solution and
heated at about 100 degree Celsius in a teflon container for two hours to dissolve silica coating
and degrade the gold nanoparticles into gold atoms. Then 5 mL 4% Boric acid was added to the
solution. The resulted solution was tested using the AAS device to determine the concentration

of gold nanoparticles.
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Fig. 2.7 A photograph of the atomic absorption spectrometer that was used to measure the concentration

of GNPs in solutions.

2.3.5 Photoacoustic Microscope

An acoustic microscope (SASAM, Kibero GmbH, Germany) (Fig. 2.8) was used for all
photoacoustic measurements [11]. The microscope consists of three main components: an optical
microscope (1X81 Olympus, Japan) with its objectives fixed under the sample stage, a transducer
positioned above the sample stage, and a focused laser (Teem Photonics, France) collimated
through the side port onto the sample. A 532 nm laser was used to produce pulses that had a 330
ps pulse width, 4 kHz repetition rate, a 10 pm focusing spot size, and a maximum energy of 450-
nJ per pulse. The transducer used for this study has a central frequency of 375 MHz, 42%
bandwidth, and 60° aperture. Signals were amplified by a 40 dB amplifier (Miteg, USA) and

digitized at 8 GHz (DC252, Agilent, USA).
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Fig 2.8 Photoacoustic experimental setup, left (a) schematic demonstration of the photoacoustic
microscope and middle (b) the geometrical setup; right: a photo of SASAM shows the single-element
transducer fixed on top of the sample stage. The optical objectives are under the sample stage. Figure is
adapted from [11].

2.3.6 Photoacoustic Measurements

The PLGA/PFH-GNP solution were diluted with water and loaded on top of a glass
coverslip on the sample stage. Each droplet was centered and aligned with the laser and
transducer for photoacoustic measurements. The laser fluence was increased gradually from 40
to 850 mJ/cm?, while the PA signal amplitudes were measured for each setting. The process was
repeated until vaporization occurred or the maximum laser fluence level was reached. The peak-
to-peak photoacoustic signal amplitudes and vaporization thresholds as a function of laser
fluence were recorded. Three types of PLGA/PFH-GNP particles were examined, 2.0+0.5,
5.0£0.5, and 10+0.5 pm in diameter, each containing 14 nm, 35 nm or 55 nm (in diameter) gold
core nanoparticles enclosed in a 20 nm silica shell (Fig. 2.9). An average of 10 particles of each
type was examined. All measurements were made at 37°C to simulate physiological conditions

within the human body.
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Fig. 2.9 Three sizes of GNPs were used for the synthesis of PLGA/PFH-GNP particles. Three sizes of
PLGA particles were chosen for PA signal and vaporization threshold measurements.

2.4 Results and Discussion

Results from all parts of the synthesis method and characterization of PLGA/PFH-GNP
particles through UV-NIR spectrophotometry, TEM, SEM, a Laser Diffraction Particle Sizer,
and PA measurements are presented and discussed in this section.

In this study, gold nanospheres were selected as the optical absorbing material due to
their high absorption coefficient around 530 nm, ease of synthesis, and small size permitting
high-yield incorporation into micron-scale PLGA particles. A 20 nm silica coating was chosen to
maximize the PA signal strength and the stability of gold nanospheres under laser irradiation [82].
The silica shell also facilitated the GNPs misibilized into the hydrophobic and lipophobic PFH
liquid using the ligand exchange technique [133]. Three sizes of GNPs (14 nm, 35 nm, and 55
nm in diameter) with 20 nm silica shell each were used for the synthesis of the PLGA/PFH-GNP
particles. TEM images in Fig. 2.10 demonstrate good monodispersity of silica-coated GNPs with
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three sizes (13.9+2.4, 34.9£2.5 and 54.5+4.2 nm in diameter of gold cores, and 20.0+5.0 nm
thick silica shells) in aqueous solutions. The overall concentrations are 6.3x10%, 1.6x10", and
4.6x10" GNPs/ml of solution for 14, 35, and 55 nm GNPs, respectively (determined from AAS
measurement, described in section 2.3.4). TEM results show that there were about 5% non-
spherical GNPs in each batch. This synthesis protocol was very sensitive to reaction conditions
and small deviations from the method can create large changes in size. It is of vital importance

that all reagents be prepared directly before the reaction.

100 nm

Fig. 2.10 TEM images of silica-coated GNPs, 14 nm (A), 35 nm (B), and 55 nm (C) in diameter (dark
areas) with 20 nm thick silica shells (light gray areas). The scale bar for all figures is 100 nm.
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Fig. 2.11 The optical absorption spectra of three sizes of gold nanoparticles (14, 35, 55 nm) are shown in
magenta, blue and red.
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The optical absorption spectra were measured and recorded (shown in Fig. 2.11). The
absorption peak of 14 nm gold nanoparticle is at 520 nm. As the particle size increased, the
absorption peaks demonstrates a red shift. As a result, the peak for 35 nm and 55 nm gold
nanoparticles is at 526 nm and 535 nm, respectively. The absorption coefficient amplitude is
proportional to the optical absorption cross section of GNPs. The spectrum of 55 nm GNPs has a
largest peak amplitude value comparing to the other two.

The second step in the synthesis method was the phase transfer of GNPs from the
aqueous form as synthesized to the organic phase so that they may be suspended in PFH. The
described method successfully phase transferred GNPs into the organic phase without altering
the optical properties (Fig. 2.12). Therefore, this method is a highly robust procedure to allow

GNPs to be encapsulated into PLGA/PFH particles.

GNPs in water
GNPs in PFH

Fig. 2.12 GNPs are in water (left) and organic (right) phase.

After synthesis of PLGA/PFH-GNP particles via a water-oil-water double emulsion
technique, several approaches were used to characterize the PLGA/PFH-GNP particles. First,
SEM confirmed the spherical morphology of an individual PLGA/PFH-GNP particle (left image
in Fig. 2.13) and the existence of a population of varied sizes of PLGA/PFH-GNP particles

within a same sample (right image in Fig. 2.13). The particle size range is from 0.2 to 12 um and
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the average size of the PLGA/PFH-GNP particles in this image is around 1 pm. The shell

thickness of PLGA/PFH-GNP particles is about 10% of the particle diameter.

Fig. 2.13 SEM images of PLGA/PFH-GNP particles (PLGA shell thickness is approximately 10% of the

particle diameter). The particle size range is from 0.3 to 12 pm.

Fig. 2.14 shows TEM images of single PLGA particles loaded with PFH liquid and silica-
coated GNPs. The black dots are the GNPs and the gray background is the PLGA shell. Since the
fluorinated silica-capped GNPs were well dispersed in the PFH liquid, most of them seem to be
located in the core with the PFH liquid, others are mixed in the shell. If the average size of the
PLGA particles is 1 pum, we estimate that on average there are about 468, 8, and 3 GNPs

encapsulated in each PLGA particle for 14, 35, and 55 nm GNPs.

Fig. 2.14 TEM image of a single PLGA particle loaded with PFH liquid and silica-coated GNPs. The
black dots are the GNPs. The gray background is the PLGA shell, A-14 nm GNPs, B-35 nm GNPs, and
C-55 nm GNPs.
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Second, absorption spectrophotometry was used to measure the optical properties of the
PLGA/PFH-GNP particles. The spectrum of a solution of the particles has a peak around 540 nm
with a very broad shape in comparison with a spectrum of the GNP solution alone (Fig. 2.15).
The peak shift from 526 nm to 540 nm is due to the silica coating [135]. There are several
reasons might cause the peak to broaden. First, the concentrated GNPs produce a spherical shell
on the PLGA particle which may result in a red shift and broader spectrum. Second, the
aggregation of GNPs inside the PLGA particle may also contribute to the broader absorption
spectrum. Third, the broad size distribution of PLGA particle (200 nm to 1500 nm) may shift the
absorption peaks at different wavelength. Last, the coalescence of the PLGA particles might also

contribute to the final absorption characteristics.
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Fig. 2.15 The absorption spectrum of 35 nm GNP solution and PLGA loaded with 35 nm GNP solution.

A laser diffraction particle size analyzer was used to confirm the particle diameters. The
sample size distribution is given in Fig. 2.16. For the three batches of PLGA/PFH-GNPs, the size
distribution of the particles was approximately 0.2 um to 15 um with average size around 0.6 pm.
This initial sizing dependence was correlated to the amount of PLGA and PFH used and the
sonication time and power applied during the synthesis process. The lower the concentration of

PLGA and PFH, the smaller the particles were on average.
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Optical Image Particle Size Distribution
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Fig. 2.16 The optical images of three types of PLGA/PFH-GNPs made from three sizes of GNPs (14, 35,
55 nm) and their size distribution. All three images are on the same scale.
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Fig. 2.17 are the photoacoustic signals obtained from 2 and 10 um PLGA/PFH-GNPs.

PA signals and images of PLGA particles were obtained using the SASAM acoustic
microscope. The two representative samples of the PA signal of individual PLGA/PFH-GNP
particles obtained prior to the vaporization are shown here in Fig. 2.17. The peak-to-peak signal
amplitudes were used for the calculation of PA signal intensity as functions of laser energy and
particle size. The signal amplitude generated from the 10 um PLGA particle is higher than the
one from 2 um particle. The longer signal from the 10 um particle indicates a larger particle size
(compared for example with the 2 um particle). Fig. 2.18 shows the optical (left) and PA
(middle) images of a single PLGA/PFH-GNP particle loaded with 55 nm GNPs. Its PA signal
(right) was obtained at the center of the particle. The bright pixel intensity in the PA images was
due to the strong PA signal generated by the GNPs inside the PLGA particles.
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Fig. 2.18 Optical (left) and PA (middle) images of a 10 um PLGA/PFH-GNP particle and its PA signal
obtained at the center of the particle. The PA signal intensity (bright pixels) were generated from the
GNPs located inside the PLGA particle.
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Fig. 2.19 The PA signal as function of the laser fluence for three different particle sizes. Error bars

represent the standard deviation of ten measurements on one size of the PLGA particles.
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Fig 2.20 At the low energy level (<200mJ/cm?), the PA signal is linearly proportional to the laser fluence

for three types of PLGA/PHF-GNP particles.
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Fig. 2.19 shows the PA signal as function of laser energy. Each dot in the graph is an
average value of 10 independent measurements of individual PLGA particles of a specific size.
At low energy level (<200 mJ/cm?), the signal amplitudes increase linearly with the laser energy.
These linear fits are plotted in Fig. 2.20 with an average R? value larger than 0.95. The linear
relationship between PA signal and laser fluence was predicted by the theory described in
Equation (9) (page. The slope of each plot is also correlated with the particle size. According to
Equation (9), the slope of the graph is proportional to the GNP absorption coefficient. The larger
particle with greater absorption cross section generates the graph with steeper slope than the
smaller one does. Our results show for example that the 10 um PLGA particles loaded with 55
nm, 35nm, and 14 nm GNPs produced lines with slopes of 0.0259, 0.0168, and 0.010 cm™,
respectively.

In Fig. 2.19, at higher energies, the signal intensity stops increasing, potentially because
of damage to the GNPs and PLGA particles. GNP damage due to the high laser fluence
irradiation has been recorded by Didychuk and his co-workers [136]. The larger the particle size,
the higher the PA signal produced. This is because a) more GNPs were encapsulated inside the
PLGA particles for the large PLGA particle size and b) a particle of larger size produces a
stronger signal. Fig 2.19 also indicates that the larger the GNPs, the stronger the PA signal
generated. This is likely because bigger GNPs have a larger absorption across section which

would result in a stronger PA signal intensity.
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Fig. 2.21 Optical images of PLGA/PFH-GNPs before and after vaporization. The initial particle diameter
was 2, 5 and 10 um (top row from left to right). The bubble diameter slowly increased to 20, 30, and 40
um after 2 seconds (bottom row from left to right). The scale bar is 30 pm.

Droplet vaporization was observed and recorded as video sequences. Fig. 2.21 shows a
vaporization process in which the bubble formed instantaneously with the laser pulse irradiation,
then expanded to approximately 10x the original particle size 2 seconds after vaporization. Then
the bubble diameter slowly increased over time. It was noticed that the PA signal increased as
the laser fluence increased until a peak value was reached before vaporization was triggered. At
the moment of the vaporization event, the PA signal reached a maximum value, and then rapidly
dropped down to a noise level.

The vaporization results were recorded and plotted in Fig. 2.22. Ten particles were

measured for each type of PLGA/PFH-GNP particles. If around 50% of particles were vaporized,
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then the fluence level was recorded as the vaporization threshold. The arrows indicate the
position of the vaporization threshold for each type of PLGA/PFH-GNP particles, which was 850,
690 and 420 mJ/cm? for 5um PLGA/PFH-GNP particles loaded with 14, 35, and 55 nm GNPs
with 20 nm silica shells, respectively. A lower fluence level was required for PLGA particles
with larger GNPs and larger PLGA particles due to the greater absorption cross section of GNPs
and greater amount of GNPs encapsulated in the PLGA particles. The fluence rates are rather
high due to the lower concentration of GNPs used in this experiment (only one third of original
GNP concentration, 2.1x10*, 5.5x10%, and 1.5x10"° GNPs/ml of 14, 35, and 55 nm GNPs,
respectively). This will be optimized in the future work by adjusting the GNP concentration and

shell properties.
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Fig. 2.22 Photoacoustic signal amplitudes and vaporization threshold as functions of laser fluence and
GNP sizes. The arrow positions indicate when more than 50% of the particles vaporized (arrows color

coded to particle size).
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Table 1 Quantities of GNPs Concentration in Each Synthesis Process

. Concentration
Diameter
AAS (mg/L) 1019
(nm)
(GNPs/mL)
m 14 11.23+0.13 6300 1
“ 35 12.21 +0.57 160 0.03
“ 55 13.78 £ 0.42 46 0.01
gld@silica 14 7.61 £0.32 4270 0.68
g35@silica 35 10.51+£0.12 137 0.86
g55@silica 55 10.67 £0.33 36 0.77
PLGA_gl4 14 2.03 £0.15 1140 0.18
PLGA_g35 35 1.40+0.13 18 0.12
PLGA_g55 55 1.65 £ 0.07 6 0.12

The concentrations of GNPs in each synthesis step were calculated according the AAS
results which are shown in Table 1. Because the initial amount of gold salt used for three sizes
GNP synthesis were the same, the smaller the GNPs produced, the larger the concentration of
GNPs in the final solution. The GNP concentration was 6.30x10", 1.60x10", 4.60x10™ NPs/mL
for thel4, 35, and 55 nm GNPs respectively. The yields of GNPs at each step were calculated by
comparing the final GNP concentration with the initial GNP concentration. For the silica-coating
process, the GNP yield was 67.7%, 86.1%, and 77.4% for the 14, 35, 55 nm GNPs, respectively.
The GNP upload efficiency by the PLGA was 18.1%, 11.5%, and 12.0% for the 14, 35, 55 nm

GNPs, respectively.
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In conclusion, PLGA/PFH-GNP particles were designed and synthesized using a
reproducible synthesis method for PA imaging. Their PA response was measured while varying
the GNP size, the PLGA particle size and laser energy. The flexibility of the PLGA/PFH-GNP
platform design allows for easy adaptation to a specific imaging application. In the next chapter,

the therapeutic ability of PLGA/PFH-GNPs will be explored in vitro study.
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Chapter 3 - In Vitro Study

The objective of the research described in this chapter is to determine the effects that
PLGA/PFH-GNP particles will have upon cell uptake. Firstly, the cytotoxicity of the particles as
they are internalized by the cell will be examined. Secondly, the cytotoxicity after localized
vaporization of the PLGA/PFH-GNP particles inside the cells will be examined. In order to
accomplish these goals, several studies were undertaken. Firstly, cells were incubated with
PLGA/PFH-GNP particles for 24 hours to determine if the PLGA/PFH-GNP particles caused
cytotoxic effects. Next, the passive internalization by cancer cells was investigated. Finally, the
effects of the localized vaporization of the PLGA/PFH-GNP particles inside the cells were
studied in terms of effect on cell viability and membrane disruption.

The research described in Chapter 2 has shown PLGA/PFH-GNP particles to be suitable
contrast agents for photoacoustic imaging. Furthermore, these particles allow photoacoustic
imaging via vaporization also, a photoacoustic phenomenon that produces large amplitude signal
as compared to thermal expansion: this occurs only at the time of the rapid expansion during the
initial phase change. However, the vaporization of PLGA/PFH-GNP particles needs to be studied
in vitro to ensure that PLGA/PFH-GNP particles do not induce biological side effects before the
vaporization event. While each component of the PLGA/PFH-GNP particles are thought to be
biologically inert or minimally cytotoxic [137]-[139], the cytotoxicity of these components when
combined into PLGA/PFH-GNP particles needs to be studied.

PLGA/PFH-GNPs are intended to be used for combined imaging and therapy. While they

are introduced to the body to target the diseased tissue (either through the EPR effect or active
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targeting), they will also accumulate within other parts of the body, such as the liver and spleen.
These organs are part of the body’s phagocyte system that endocytoses foreign bacteria and
colloidal particles [140]. PLGA/PFH-GNP particles must not affect healthy cells during the
treatment. One method to quantify any potential cytotoxicity effects through passive interactions
is via cell culture studies using PLGA/PFH-GNPs incubated with cells and reagents that change

properties based on cellular enzymatic activity.

3.1 Methods

Experiments using cells culture were designed to determine the interactions of
PLGA/PFH-GNPs with cells. The two cell culture lines were used in these experiments, MCF7
and MDA-MB-231 (breast adenocarcinoma). MDA-MB-231 cell line was chosen for its high
level of expression of the EGFR (endothelial growth factor receptor) [141]. EGFR is over-
expressed in triple-negative or basal breast cancer, which accounts for approximately up to 15%
of all breast cancers but remains one of the most difficult to treat [142][143]. Human epidermal
growth factor receptor 2 (HER?2) is over-expressed in MCF7 cell line [143]. For the next step of
the experiments in future work, the EGFR and HER2 are going to be selected as targets for the
PLGA/PFH-GNPs. The cells were purchased from Sigma and maintained in a humidified cell
incubator at 37 °C and 5% CO, with Dulbecco’s Modified Eagle Media comprising 4500 mg
glucose/L, L-glutamine, NaHCOg3, and sodium pyruvate with 10% fetal bovine serum, 1%
HEPES buffer, and 1% penicillin-streptomycin. Three experiments were performed including a
cell cytotoxicity assay to determine the particle cytotoxicity without vaporization, a study of the
passive internalization of PLGA/PFH-GNPs by the cells, and a study of the vaporization effects

inside the cells caused by pulsed laser irradiation.
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3.1.1 Passive Cell Internalization of PLGA/PFH-GNP Particles

Human breast carcinoma MDA-MB-231 cells and MCF7 cells were used for the
experiments. Initially, a million cells were seeded in a 75 mL cell culture flask and left in the
incubator for 24 hours. PLGA/PFH-GNP particles (200 uL, 50 pg/mL) were added to the flask.
After 6-hour incubation, the cells were washed with PBS (pH=7.4) to completely dislodge
loosely attached and free particles in the medium. Cell pellets were collected in a 1 mL
polystyrene tube by centrifugation and fixed with 10% formalin and 75% alcohol. The cell
pellets were sliced to 100 nm thick specimens for TEM imaging. For PA imaging experiments,
1x10° cancer cells were placed in a 22 mm diameter glass bottom cell culture dish and incubated
with Dil labeled PLGA/PFH-GNP particles (50 pL, 50 pg/mL) for 6 hours, Then the cells were
washed with PBS (pH=7.4) to completely remove loosely attached and free particles in the
medium. The cells were then used for PA study.

For the confocal laser scanning experiments, 1x10> cancer cells were planted on a
microscope slide in a 60 mm diameter cell culture dish and incubated with the fluorescent dye
FITC (40 puL, 8 pg/mL) in the media for 36 hours. Then Dil labeled PLGA/PFH-GNP particles
(50 pL, 50 pg/mL) were added to the dish and incubated for 6 hours. Fluorescent dye Hoechst
(20 pL, 10 pg/mL) was added to the dish for 15 min. The cells were washed with PBS several
times to completely remove loosely attached and free particles in the medium. The cells then
were fixed with 10% formalin and covered with a glass coverslip. After fixation, the cells with
Dil labeled particles were observed under a confocal laser scanning microscopy (LSM700,
ZEISS, Germany) (Fig. 3.1). The confocal optical sections of cells at different depth were taken

to investigate the PLGA/PFH-GNP internalization by cancer cells.
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Fig. 3.1 A front view of a confocal laser scanning microscope.

3.1.2 PLGA/PFH-GNP Particle Cytotoxicity

The cell cytotoxicity of PLGA/PFH particles was tested using an 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. A 96-well plate was seeded with
approximately 8000 MCF7 or MDA-MB-231 cells per well, and incubated at 37°C and 5% CO,
for 24 hours. The media was aspirated, and the new media containing three concentrations of
PLGA/PFH-GNPs (22, 67, 200 pug/mL) were add to the non-control wells. Each condition was
repeated in six wells to allow for statistical analysis. The plate was incubated for another 24
hours at 37 °C and 5% CO,. 50 pL of bleach was added to the positive control wells. The
solution from each well was aspirated, and MTT solution (100 pL, 0.84 mg/mL) was added into
each well. The plate was returned to the incubator for 45 minutes. Next, the MTT solution was
aspirated, and 100uL of DMSO was added to each well. The absorbance was read at 590 nm on
the 96-well microplate absorbance reader (iMark, BIO-RAD, USA). This experiment was
repeated for three times. The absorbance reading of each MTT measurement in wells containing
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solutions with treated cells was subtracted from the reading without MTT treatment to determine
the relative viability values. A multivariate analysis of variance was used to determine
statistically significant different mean viabilities between the control wells and the wells
incubated with varying concentrations of PLGA/PFH-GNPs. Plots were created showing

viability relative to the control cells that were only incubated with normal cell culture media.

3.1.3 Photoacoustic Measurements

Five thousand MDA cells were seeded in a 22 mm diameter glass-bottom cell culture
dish and incubated for 24 hours. PLGA/PFH-GNP particles labeled with Dil dye were added into
the dish and left in the incubator for 6 hours. Next, 3,3'-dioctadecyloxacarbocyanine perchlorate
(DiO) dye (100 pL, 50 pg/mL) was added to the cell culture dish and left in the incubator for 30
minutes. Then the cells were washed with PBS several times, Fluorescent dye Hoechst (20 uL,
10 pg/mL) was added to the cell culture dish. Then the cell culture dish was placed in the
acoustic microscope. Optical and fluorescence images of MCF7 cells containing Dil labeled
PLGA/PFH-GNP particles were obtained. Next, the cells were irradiated with the 532 nm laser
pulse with energy of 380 nJ while a c-scan image was acquired. All measurements were made at
37°C to simulate physiological conditions within the human body. Then the photoacoustic
images of cells were compared with fluorescence images to ensure that the photoacoustic signal

originated from locations coincident with the locations revealed with fluorescence imaging.
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3.1.4 Mechanical Damage from Vaporization of PLGA Particles on Cells

Five thousand MCF7 cells were seeded in a 22 mm diameter glass bottom cell
culture dish. PLGA/PFH-GNP particles were added into the dish and incubated for 6 hours. After
the cells were washed with PBS several times, 300 uL of 500 nM Propidium iodide (PI) solution
was added to the cell culture dish. Then the cell culture dish was placed in the acoustic
microscope. MCF7 cells containing PLGA/PFH-GNP particles were irradiated with the laser to
examine the vaporization effects of the PLGA/PFH-GNP particles on single cells. All
measurements were made at 37°C to simulate physiological conditions within the human body.
Optical and fluorescence images were obtained before and after the vaporization to examine any

changes in cell morphology and structure and damage due to the vaporization events.

3.2 Results and Discussion

3.2.1 Passive Internalization of PLGA/PFH-GNP Particles

After 6 hours incubation of MCF7 or MDA cells with the PLGA/PFH-GNP particles, the
particles were internalized by the cells. The TEM of an ultrathin section in Fig. 3.2A shows a
PLGA/PFH-GNP adherent to the surface of the cell or in the process of internalization into
vesicles; and Fig. 3.2B displays the PLGA/PFH-GNPs particle internalization inside a
cytoplasmic vesicle. The black dots are the GNPs (white arrow). The white area is the hollow
core of the PLGA formed during the fixation process (orange arrow). The dark area pointed by

the blue arrow is due to the artifact during the fixation process.
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Fig. 3.2 TEM images of a single PLGA/PFH-GNP particle adherent to the surface of the cell and
internalized in a cytoplasmic vesicle. The black dots are the GNPs (solid white arrows). The white area is
the hollow part of the PLGA particle (dash orange arrows). The dark area (curved blue arrow) is the
artifact.

In Fig. 3.3 images of MDA cells (top panel) and MCF7 cells (bottom panel) loaded with
Dil-labeled PLGA/PFH-GNP particles as a result of passive internalization are shown. The
images are the optical section obtained at cell centers using a confocal laser scanning microscope
(section 3.1.1). The cytoplasm is shown in green due to the FITC stain (Fig. 3.3A); nuclei emit
blue due to the Hoechst fluorescence (Fig. 3.3B); and Dil labeled PLGA/PFH-GNP particles are
shown in red fluorescence (Fig. 3.3C). Fig. 3.3D are the composite images of A, B and C. As the
images indicate, a significant amount of Dil-labeled PLGA/PFH-GNP particles were
phagocytized by the cancer cells (Fig. 3.2D), and stayed in the cytoplasm. By examining the
fluorescence images at difference locations on a microscope slide, we estimated that there were

about 25% of the cell population exhibited this phenomenon.
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Fig. 3.3 Confocal fluorescence images of PLGA/PFH-GNP particles uptake by MCF7 cells (top row) and
MDA cells (bottom row). The PLGA/PFH-GNP particles are labeled by Dil dye in red and are localized
in the cell cytoplasm. The nuclei are stained blue by Hoechst. The cytoplasm is stained green by FITC.

3.2.2 PLGA/PFH-GNP Particle Cytotoxicity

The cellular cytotoxicity of PLGA/PFH-GNPs when passively incubated with cells for 24
hours was investigated. The relative viability of the cells as compared to control cells is
presented. The MTT assay measures cell viability by determining the metabolic reduction of
yellow MTT tetrazolium salt to a water insoluble purple formazan. Stronger metabolic activity
will produce a darker purple. After incubation with three concentrations of PLGA/PFH-GNP
particles (22, 67, and 200 pug/mL) for 24 hours, the MTT assay showed that the cell viability is

not affected by the presence of the PLGA/PFH-GNP particles (Fig. 3.4).
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Fig. 3.4 Cytotoxicity test result using the MTT assay. The viability of cells incubated with three
concentrations of PLGA/PFH-GNP particles was similar to the control group. Error bars represent the
standard deviation of 18 duplicates of each group.

3.2.3 Photoacoustic Measurements

MDA cells labeled with DiO and Hoechst were incubated with Dil labeled PLGA/PFH-
GNP particles for 6 hours to investigate the PLGA/PFH-GNP particle distribution inside the cells
and the potential of these particles as PA contrast agents. DiO is suitable for cell membrane and
cytoplasm stain, and Hoechst is widely used cell nucleus stain. Fig. 3.5 shows the representative
images of MDA cells loaded with PLGA/PFH-GNP-Dil particles. In the superposed
fluorescence images, the cell nuclei stained with Hoechst show in blue, and the cytoplasm
labeled with DiO show in green. The PLGA/PFH-GNPs labeled by Dil show in red are located
in the cytoplasm. In the superposed PA images, cells generate strong PA signal (shown in red) at
the location of the PLGA/PFH-GNPs. There is no PA signal at other parts of the cytoplasm,
which is confirmed by the fluorescence images. The PA signal strength was generated by the

GNPs located inside the PLGA particles. The outlines of the cells in the superposed PA image
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were obtained from the scattered acoustic waves by the cell surface and reflected acoustic waves
inside the transduce cavity.

Optical Fluorescence

-.

Fig 3.5 Images of MDA cells (top row) and MCF7 cells (bottom row) loaded with Dil labeled
PLGA/PFH-GNPs. The PLGA/PFH-GNP particles are shown in bright white in the optical image, and in

red in the fluorescence and PA images. In the fluorescence image, cell nuclei are shown in blue due to the

Hoechst stain and cell plasma is shown in green by DiO stain.

Fluorescence and PA images generated by the PLGA-PFH-GNP-Dil particles inside the
cells are shown in Fig. 3.6 (top row). The pixel intensity profiles at the cross lines for both
images are plotted using Matlab software (shown in the bottom row in Fig. 3.6). The plots
indicate that the intensity profiles obtained at the same location inside the cell from two images
are quite coincident. The fluorescence intensity profiles obtained at the PLGA/PFH-GNPs

location show sharper and narrower shapes comparing with the profiles generated from PA
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image. The fluorescence profiles also show greater signal-to-noise ratios than PA profiles do.
This is because the fluorescence signals detected by the fluorescence microscope were based on
the Dil dye located in the PLGA. On the other hand, the signal obtained by the acoustic
microscope was based on the absorption of GNPs located inside the PLGA particles. The size of
the fluorescence intensity of Dil does not depend on the size of the PLGA particle and GNPs, but

the PA signal does.
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Fig. 3.6 Pixel intensity profiles plotted at the cross lines of fluorescence (blue) and PA (red) images of
MDA cells (top row) and MCF7 cell (bottom row).

Fig 3.7 shows two A-scan PA signals recorded at two spots from the PA image. The RF
signal obtained at the yellow cross where the PLGA/PFH-GNPs located shows a significant

signal-to-noise ratio comparing to the RF signal generated at the blue cross where there is no
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PLGA/PFH-GNPs appeared in the image. This is a representative result from multiple

measurements which confirm that the PLGA/PFH-GNP particles can be used as PA contrast

agents.
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Fig 3.7 Bottom left: an A-scan PA signal obtained at the PLGA/PFH-GNPs location (yellow cross) in the
top PA image; bottom right: an A-scan PA signal obtained at the blue cross from the PA image.

3.2.4 Mechanical Damage from Vaporization of PLGA/PFH-GNP Particles on MCF7 Cells
Propidium iodide (PI) is membrane impermeable, and excluded from viable cells. If the
cell membrane is damaged, Pl will bind to the nucleic acids and fluoresce. Upon laser irradiation
at fluence level around 680 mJ/cm?, above 90% microsized PLGA/PFH-GNP particles within the
cell were vaporized, resulting in bubble formation which was observed under the SASAM
microscope. In some cases, the bubble remained trapped within the cell, slowly expanding over
time (Fig. 3.8A). The bubble exerted pressure within the cell, and the cell slowly retracted (white
arrows, Fig. 3.8A). Membrane integrity was lost upon bubble formation, Pl fluorescence was
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observed within 20 seconds (Fig. 3.8B). Some of the cells were eventually lifted off the substrate
by the bubble.

These results suggest that vaporization inside the cancer cells can cause cell membrane
integrity loss, resulting mechanical damage to the cell which further causes cell death (necrosis).
The vaporization alone can serve as therapeutic purpose without drug assistance. This can be
enhanced by adding therapeutic drug payloads into the particles and attaching cell-specific
ligands on the surface of the particles. Future work will be focused on active targeting and

controlled drug delivery in vitro and in vivo.

Optical image before Optical image after Fluorescence image Fluorescence image
vaporization vaporization before vaporization after vaporization

".

Fig. 3.8 (A) The MCF7 cell slowly retracted after vaporization (indicated by the white arrows). (B)
Vaporization caused membrane disintegration evidenced by the PI fluorescence 20 seconds after laser
irradiation. When the cell is not attached to other cells, it was lifted off the substrate by the bubble which

could be seen in the real time microscope imaging.

This chapter’s focus was to investigate the passive interactions that PLGA/PFH-GNPs
have with cells. It was determined that PLGA/PFH-GNPs, in their final product stage, do not
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induce detectable cytotoxic affects in breast cancer cells. Furthermore, passive targeting and
internalization of the PLGA/PFH-GNPs by cancer cells was achieved. Finally, the effect of
localized PLGA/PFH-GNP vaporization inside the cells was studied. It was shown that
vaporization impacts cell viability. Overall, PLGA/PFH-GNPs show promise of usage in
biological settings, with minimal safety concern to the healthy cells prior to any laser triggered

event. They also have potential as therapeutic agents for cancer therapy.
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Chapter 4 - Conclusion and Future Work

4.1 Motivation

Cancer remains one of the most deadly diseases in the world, and the number of new
cases increases each year [144][145]. New methods for detection and treatment have
dramatically improved cancer care. However, improved detection and increasing exposure to
carcinogens has led to higher rates of cancer incidence. Therefore, the overall survival rate from
cancer has not improved substantially over the past 30 years [146]. There is a vital need for
agents that can be used for simultaneous detection, diagnosis and remotely triggered therapy for
selective destruction of diseases tissue.

The main goal of this work was to design, synthesize, characterize, and test a nano- and
micro-scale, dual contrast agent that worked simultaneously for combined ultrasound and
photoacoustic imaging. Beyond its contrast enhancing abilities, the agent therapeutic applications
were explored. Overall, this agent has the potential to be used for a multitude of purposes and

applications due to their flexibility and adaptability for diagnostic and therapeutic applications.

4.2 Phase Change Contrast Agent Synthesis and Characterization

PLGA/PFH-GNPs were synthesized via a “water-oil-water” double emulsion technique
that produces naturally PLGA shelled PFC droplets in which specially capped gold nanoparticles
are suspended. Analysis and characterization through UV-visible spectrophotometry, TEM, SEM,
dynamic light scattering, and AAS verify that PLGA/PFH-GNPs can be synthesized with highly

reproducible properties. The PA properties of PLGA/PFH-GNPs were characterized using an
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acoustic microscope with an ultra-high frequency transducer. The vaporization thresholds were
also determined according to the PLGA particle and GNP sizes. Overall, the synthesis method
provided a simple way to create a dual contrast agent for combined PA and US imaging that is
highly adaptable to specific applications in terms of particle size, the number of nanoparticles
encapsulated, and the addition of surface coatings. In addition, knowing the contrast physical and

PA properties will help us to optimize the experiment parameters for the future study.

4.3 Cellular Interactions and Cytotoxicity

The studies completed in this thesis show that PLGA/PFH-GNPs have no cytotoxic
effects after simple incubation with cells for 24 hours. This is not surprising, considering that
PLGA/PFH-GNPs use materials that are FDA approved for use with other materials that are
currently undergoing rigorous cytotoxicity trials (GNPs). The silica coated or fluorinated GNPs
have had the majority of the initial synthesis ligand. There is some question about the toxicity of
organically coated GNPs expelled from the droplets. These question could be investigated using
further animal studies, but current data suggest that gold is simply retained in the liver and spleen
or excreted in the feces with limited, if any, long term effects [139]. While these studies can only
be broadly generalized with regards to the clinical application of PLGA/PFH-GNPs, initial

studies suggest limited chemical cytotoxicity.

4.4 Contrast Enhancing Abilities of PLGA/PFH-GNPs

The phantom and in vitro studies performed showed the strong PA signal produce with
minimal light energy which indicates the potential of the PLGA/PFH-GNPs as PA contrast agent
in the clinical application for shallow tissue image. If the optical absorbers are replaced by other
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types such as gold nanorods which absorb near infrared light, these agents’ primary uses could
be for relatively deep tissue imaging. Imaging with laser wavelengths at 1064nm minimize
background signal from tissue which further enhances the image contrast. A few of these
applications include breast cancer, pancreatic cancer, and prostate cancer imaging. These organs
are too deep to image using traditional optical modalities, as light delivery is prevented by the

high tissue absorption and scattering.

4.5 Future Work

In this work, PLGA/PFH-GNP particles containing silica-coated gold nanoparticles were
developed as phase-change contrast agents for photoacoustic imaging. In their liquid state, these
agents generate strong photoacoustic signals which can be controlled by adjusting the laser
energy and the particle physical properties. The particle vaporization via laser irradiation results
in mechanical damage to cells. The methods used for imaging are non-destructive and convert
light to acoustic transients with high efficiency.

Further investigation can be focused on several aspects including: 1. Using optical
absorbers such as gold nanorods which can absorb NIR light to help increase image depth; 2.
Making nanosized contrast agents (<200nm) to improve the accumulation efficiency on the
tumor site; 3. Modify the particle surface with molecular ligands to assist specific cell targeting;
4. Encapsulate therapeutics to further improve treatment efficiency. Overall, the continued work
will be focused on optimizing these contrast agents which would image deeper tissue with more
sensitivity and specificity than existing techniques, and offer improved outcomes for disease

diagnostics and treatment.
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