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Abstract

Effect of ultrasound and microbubbles on PEG coated gold nanorod thermal therapy and
microvascular perfusion

Christine Tarapacki
Master of Science, Biomedical Physics
Ryerson University, 2014.

The effectiveness of PEG coated gold nanorod and laser thermal therapy (AuNR+L) depends
on gold nanoparticle delivery. The application of ultrasound and microbubbles (USMB) has been
shown to enhance drug delivery across cell membranes. This study investigated the effect of the
combined treatment of ultrasound and microbubbles with PEG coated gold nanorod thermal
therapy on cancer cells. Cells in suspension were exposed to combinations of AuNR, laser, and
USMB. Following the treatment, cell viability was assessed with propidium iodide marker and
flow cytometry, and with colony assays. Cell death significantly increased when USMB was
combined with AUNR+L during laser treatment compared to either treatment on its own,
whereas, in the absence of AUNR, NIR laser light had a protective effect on cells exposed to
USMB. Generally, USMB induced an additive therapeutic effect on cell viability when

combined with AuUNR+L.
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1. Introduction

1.1 Background and motivation

Clinical thermal cancer treatments aim to increase the temperature of a target area while
minimizing the effect on surrounding normal tissues. Thermal therapy systems include
radiofrequency thermal ablation, microwave ablation, high intensity focused ultrasound and laser
ablation which are all considered minimally invasive. Typically tissue temperatures are elevated
to 40-44°C for over 30 minutes to induce tissue damage (Lagendijk, 2000). Due to heat diffusion
and non-uniform vascularity, one of the main challenges associated with thermal therapies is
creating a localized and homogeneous effect on the target tissue without causing surrounding
tissue damage. Nanoparticles made of noble metals such as gold and silver are currently being
studied for their efficient absorption properties which can localize the thermal effect (Huang et
al., 2006; Link and El-Sayed, 2005; West and Halas, 2003); however, delivering the
nanoparticles to regions of interest is still a challenge. This study investigates the possibility of
using ultrasonically stimulated microbubbles to localize the delivery of gold nanoparticles into
cells through a process called sonoporation which creates transient pores on cell membranes

allowing for nanoparticle uptake.



1.2 Gold nanoparticles and photo-thermal therapy

Gold nanoparticles (AuNP) are nano-sized particles with physical dimensions between 1
and 100 nm. Depending on the AuNP properties, they have resonance frequencies that absorb
electromagnetic energy and can transfer it to heat their environment. AuNP absorb energy
through surface plasmon resonance (SPR) when exposed to light at their resonance frequency
resulting in enhanced extinction (absorption + scattering). The SPR peak extinction wavelength
is highly dependent on the particle shape and size which can be specifically tuned for thermal or

imaging applications.

The main chromophores in the body are melanin, hemoglobin and water (Young, 1997).
Biological tissue has an optical window between 600 to 1300 nm where light has a decreased
absorption and can effectively penetrate between 1 and 2 cm (Anderson and Parrish, 1981;
Chang et al., 1999; Smith et al., 2009). By adjusting the physical properties of the nanoparticles
(i.e. dimensions, coating composition, surrounding media, etc.), AUNP can be optimized to have
SPR peaks within the optical window. This minimizes the absorption in normal tissues and
allows for localized heating around the AuNP. Gold nanorods, nanoshells and nanocages can be
synthesized to have specific SPR peaks in the therapeutic window but per unit volume the gold

nanorods with a peak in the NIR range have the highest absorption efficiency (Jain et al., 2006).

1.2.1 Physics of gold nanorod photo thermal therapy

Gold is a noble metal with conduction band electrons that are free to move within the

atomic lattice of the metal. The coupling between the electromagnetic field and the oscillating



conduction electrons are called surface plasmons which enhance the field at the surface interface.
Surface plasmon resonance (SPR) occurs when the exposure frequency is resonant with the
collective electron oscillations. The electric field of an incoming light wave induces a
polarization of free electrons with respect to the ionic core creating a dipole effect. In gold
nanoparticles, the mean free path of an electron is 50 nm and can be larger than the nanoparticle
size allowing for electrons to oscillate past the surface of the particle (Kittel and McEuen, 1986;
Link et al., 1999)). As seen in Figure 1.1, gold nanorods have 2 resonance frequencies —
transverse and longitudinal. The peak transverse frequency corresponds to a wavelength of
approximately 530 nm for AuNR smaller than 100 nm, while the peak longitudinal wavelength is
red-shifted proportionally to the aspect ratio (length/width) of the rods and can be in the visible

or near infrared (NIR) range (Chang et al., 1999; Link and EI-Sayed, 2005; Yu et al., 1997).

Electricfeld T e e e e - -

Direction of Light S ++

++ -

Figure 1.1 Transverse (A) and longitudinal (B) electron (-) oscillation about the ionic core (+) of

a gold nanorod.



Gold nanorods (AuNR) with an aspect ratio of 4 have an SPR peak near 800 nm which
allows for an enhanced light penetration through the body compared to visible light. AuNR have
absorption cross sections approximately 4 orders of magnitude higher than other absorption
drugs such as Indocyanine Green (Jain et al., 2006), causing fewer nanoparticles to be required
for similar thermal effects. The absorption properties of gold nanoparticles are dependent on the
metal particle’s rigid structure making them less susceptible to photobleaching which is a
common problem for conventional dyes (O’Neal et al., 2004). Adjusting the concentration of

gold nanoparticles and incident light intensity can create biologically relevant thermal effects.

For a single nanoparticle exposed to light, the heat generated (Qnano) IS represented by:

Qnano = Cabs! 1)
where Caps (M?) is the absorption cross section area of the nanoparticle and 1 is the local laser
fluence (W/m?) (Qin and Bischof, 2012). The absorption cross-section area is dependent on
many factors including the particle shape, size, and material, and can be larger than the actual
particle size due to the SPR effect (Kelly et al., 2003). C,s is also a function of the exposure
wavelength. With a specific concentration of nanoparticles, N (number of nanoparticles/m®) the
heat generated per unit mass, or specific absorption rate (SAR) is the sum of the heat generated

from all the nanoparticles and can be represented by:

SAR = NQuano = NCapsI = pgl (2)

where L, is the absorption coefficient (Qin and Bischof, 2012).



1.2.2 Biological effects of thermal therapy

When normal tissues are heated they respond by vasodilation and increasing blood
circulation to dissipate heat (Storm et al., 1979). Temperatures above 42°C have previously been
shown to decrease blood flow within tumors due to faulty microcirculation and a decreased
thermoregulation response compared to normal tissues (Hildebrandt et al., 2002). This causes
tumors to have decreased oxygen and nutrient levels and an increased vulnerability to thermal
shock (Hildebrandt et al., 2002). However, as a defensive mechanism, cells respond to
temperature change by increasing heat shock proteins (Hsp) which protect the cell and sensitive
proteins from denaturing (Rylander et al., 2005). Hsp can protect the cells from subsequent
thermal shock, radiation, or chemotherapy treatments and increase the chance of tumor
recurrence (Rylander et al., 2005). In many cancerous tumors including breast, prostate, colon
and hepatocellular cancers, Hsp is overly expressed and may be partially responsible for the
cells’ survival advantage within the tumor environment (Nylandsted et al., 2000). When thermal
therapy is successful it leads to biological effects such as cell membrane blebbing and necrosis

(Coakley, 1986; Diederich, 2005).

To determine the fate of a tissue exposed to heat, Sapareto and Dewey’s model of
thermal dose is often used which compares the exposure temperature and duration to the
cumulative equivalent minutes at 43°C (CEM43) (Sapareto and Dewey, 1984).

N
CEM43 = Z t;R43-T0 (3)

i=1



In equation (3), R is the constant of proportionality for the process — typically 0.5 for
temperatures above 43°C and 0.25 for temperatures below 43°C. T; is the temperature in Celsius
at the time interval “i”” and t; is the time at T; in minutes. CEM43 is expressed in units of

equivalent minutes at 43°C.

When cells uptake gold nanorods through endocytosis, cell death depends on the number
of AuNR per cluster and the laser exposure energy. Typically the clusters will localize in
endosomes, lysosomes or vacuoles of cells (Chen et al., 2010; Sokolov et al., 2009). Chen et al.
(Chen et al., 2010) showed that for a cell with 10-30 AuNR per cluster, energy fluencies larger
than 93 mJ/cm? led to effective cell death within a very short period of time. A lower energy
level required more AuNR per cluster and led to slower cell deterioration (Chen et al., 2010).
With a high energy laser pulse, heat is generated within the nanoparticle at a faster rate than can
be diffused through tissues. This sudden local heating can create thermal explosions leading to
internal cell cavities and damaged cellular structures (Chen et al., 2010; Lukianova-Hleb et al.,
2012; Sokolov et al., 2009). The damage can compromise cell membrane integrity and increase
permeability. The enhanced permeability due to intercellular AUNR cavitation can be used to
enhance uptake of drugs into cells (Lukianova-Hleb et al., 2012; Sokolov et al., 2009). The
previously mentioned studies used a biocompatible coating such as polystyrenesulfonate (Chen
et al., 2010) or target the cells by coating the nanoparticles with epidermal growth factor or

specific cell antigens to encourage cell uptake (Lukianova-Hleb et al., 2012).



1.2.3 Gold nanoparticle toxicity and clinical trials

The safety of nanoparticles depends highly on their surface coating. Previous studies
have shown that low concentrations of methoxypolyethelyne glycol (mPEG) coated AuNP have
negligible toxicity effects both in vitro and in vivo (Lipka et al., 2010; Niidome et al., 2006;
Zhang et al., 2011). The mPEG coating has a nearly neutral surface (zeta potential of
approximately -0.5 mV) (Niidome et al., 2006) which enhances circulation time in the blood,
limits immune system response and minimizes uptake into normal cells (Niidome et al., 2006;
Zhang et al., 2011). To take advantage of the low toxicity, previous groups have coated the
mMPEG-AuUNP with transferrin (Chithrani and Chan, 2007; Choi et al., 2010); a molecule with a
receptor commonly found in abundance on cancer cell membranes, which triggers endocytosis.
Without additional targeted coating, endocytosis of mMPEG coated AuNP is very limited

(Malugin and Ghandehari, 2010).

Numerous gold nanoparticle toxicity studies have been performed with cells and on
animals (Boisselier and Astruc, 2009; Connor et al., 2005; Dobrovolskaia and McNeil, 2007,
Gad et al., 2012; Murphy et al., 2008; Niidome et al., 2006; Oberdorster et al., 2007). Although
gold is inert and relatively non-toxic, allergic reactions could be caused from long term exposure
along with other unknown effects (Wang and Maibach, 2013). A previous study on mice by Gad
and colleagues (Gad et al., 2012) reported that even a year after being injected with 150 nm PEG
coated gold nanospheres, the total amount of gold inside a mouse was not significantly different
from the initial amount injected. The clearance of nanoparticles is related to their size and charge
and in general particles smaller than 6 nm can easily be filtered through the kidneys (Longmire et

al., 2008).



Currently phase 1 clinical trials are being performed by Nanospectra, a nanoparticle
company in Houston, Texas, USA, using gold nanoshells to treat patients with head, neck, and
lung cancers (Nanospectra Biosciences, Inc., 2013). The studies are using the well-known
enhanced permeability and retention effect present in most solid tumors where the vasculature is
leakier, and allows for the accumulation of nano-sized particles. In contrast, normal vasculature
has tight junctions preventing nanoparticle leakage into the intercellular space. Exposing the
tumor to NIR light either interstitially or extra-corporally, the nanoparticles become activated

and cause thermal damage to the nanoparticle filled tumor area.

Delivering high concentrations of AUNP into only target regions, such as inside cancer
cells, can be a challenge and result in nanoparticles being deposited throughout the body.
Although relatively inert and non-toxic in low concentrations, the long term effects are still
unknown. For this reason, this study focuses on enhancing AuNP laser thermal therapy through
ultrasound-microbubble enhanced cell permeability with the intent of decreasing the gold

concentration required for treatment.



1.3 Ultrasound and Microbubbles

A microbubble is a small gas bubble with a diameter of 1 to 10 micrometers (Ferrara et
al., 2007). Microbubbles respond to pressure waves due to their high compressibility. The gas
compresses under high pressure and expands under low pressure. Naturally, when exposed to an
ultrasonic pulse, a microbubble will expand and contract along with the pressure oscillations.
The oscillations are dependent on the frequency and pressure of the ultrasound wave along with
microbubble size, shell thickness, composition, and surrounding media density (Ferrara et al.,
2007). The contraction and expansion of the microbubble generates a force on the surrounding
fluid leading to micro-streaming that can disturb its surroundings. When microbubbles are
injected into the body, their behavior can induce biological effects including enhanced cell

permeability and drug delivery.

1.3.1 Ultrasound and microbubble physics

Microbubbles were initially used as contrast agents for ultrasound imaging of the
vascular system. Due to the large density difference between blood and gas, microbubbles in the
vasculature generate a higher acoustic backscatter compared to surrounding tissues causing them
to appear bright in a Contrast Enhanced Ultrasound (CEUS) image. Clinically, microbubbles are
considered minimally invasive and are injected into the vasculature to detect perfusion and blood
flow in echocardiography along with other organs of interest. Microbubbles exposed to high

acoustic pressure generate unique backscatter signals with nonlinear harmonics, not present in



normal tissue, enhancing the signal to noise ratio by allowing their signal to be isolated from an
image.

Microbubble behavior in response to ultrasound waves has been categorized as either
linear cavitation, non-linear cavitation, or inertial cavitation. Linear cavitation occurs when there
is an equal expansion and contraction about the bubble’s equilibrium radius. At higher exposure
pressures microbubbles undergo non-linear cavitation where there is an unequal expansion and
contraction. Inertial cavitation is a violent collapse of the bubble due to the inertia of the fluid
displaced by the microbubble during its expansion phase. In general, inertial cavitation occurs
when the microbubble expands past twice its equilibrium radius and the inertia of the
surrounding fluid causes it to implode rapidly. Linear and non-linear cavitation cause
microstreaming around the bubbles and inertial cavitation causes bubble collapse or
fragmentation generating shock waves, sonoluminescence, extreme heat, and can produce free

radicals (Unger et al., 2001).

1.3.2 Ultrasound-microbubbles for targeting drug delivery

First generation microbubbles were made from air and had a very short lifetime in the
blood due to their quick diffusion and efficiency of the lungs to filter them out. Currently,
second generation microbubbles are being used for CEUS which are filled with a heavy inert gas
and have a stabilizing shell made of lipid, albumin or polymer to increase their circulation
lifetime. As an added benefit, the coating allows for the addition of targeting ligands or

antibodies which allow microbubbles to attach to an area of interest in the body. Currently,
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clinically approved microbubbles contain perfluorocarbon gas and include Definity, which has a

lipid shell, and Optison, which has an albumin shell.

In response to ultrasound waves, microbubbles generate shear stress on surrounding
targets such as cell membranes. The shear stress can cause pore formation and provide a
transient passageway for drugs to enter cells (Figure 1.2). Large pore formation can also be
severe enough to cause cell death. The likelihood of membrane disruptions being reversible is
dependent on the acoustic exposure conditions. In general, increased cell permeability is
correlated with increased cell death (Karshafian et al., 2009). Increasing acoustic pressure, duty
cycle, insonation time and decreasing ultrasound frequency have been found to increase cell

permeability and decrease cell viability (Karshafian et al., 2009).
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Figure 1.2. Process of sonoporation. Microbubbles stimulated by ultrasound waves oscillate resulting in

enhanced cell membrane permeability. Drugs can temporarily diffuse across the cell membrane. When the

cell membrane reseals the drugs become trapped inside the cell.
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1.3.3 Ultrasound-microbubble bio-effects in vivo

Ultrasound can be focused to a region the size of few millimeters which creates a
localized enhanced permeability effect. In vivo, microbubbles are injected into the vasculature
and interact mainly with the small vessel and capillary structures (Figure 1.3). Ultrasound causes
the microbubbles to damage the microvasculature allowing for enhanced permeability and
leakage of inter-vascular contents into the interstitial tissues. Early studies by Skyba et al. (Skyba
et al., 1998) on muscle microvasculature in mice have shown capillary rupture and cell damage
that correlate with the acoustic energy delivered. Their results show localized damage to and
around microvasculature < 7um in diameter (Skyba et al., 1998). Micro-vessel ruptures due to
ultrasound and microbubbles can be large enough to allow for red blood cell extravasation
limited to the rupture site (Price et al., 1998). Stieger et al. (Stieger et al., 2007) showed
increased extravasation of material through micron sized openings due to increased ultrasonic

pressure and decreased central frequency.

The USMB effect is not limited to capillaries. Hwang et al. (Hwang et al., 2005) studied
the effect on vessels approximately 1 mm in diameter. Their results showed greater endothelial
cell damage along the distal side (further from the ultrasound transducer) of acoustically exposed
vessels proportional to acoustic pressure. In contrast, the proximal side of the vessel (closer to
the transducer) showed minimal damage to the vessel. A likely explanation for the asymmetry in
results is due to acoustic radiation force pushing microbubbles away from the transducer towards
the vessel wall. In addition, Hwang et al. (Hwang et al., 2005) observed platelet adhesion on the
damaged side of the vessel which is a key step in coagulation. As a response to the trauma

caused by ultrasound and microbubbles, vasoconstriction can occur in the exposed area which
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can lead to a localized reduction in blood flow (Hirokawa et al., 2007; Raymond et al., 2007,

Vykhodtseva et al., 2007).

Ultrasound transducer

N~N~—

Endothelial cell

WQJ@@M
e o "

Mlcrobubblelb —_ ‘ O - o = @ —— 4aAuNR

Cancer cel|=p

Figure 1.3. Ultrasound and microbubble effects on microvasculature. Within the acoustic field
microbubbles oscillate and disrupt the surrounding endothelial cells. This allows for drugs such as gold
nanorods (AuNR) to leak out of the vessel towards the surrounding cancerous cells.
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1.4 Hypothesis and specific objectives

This study addresses the hypothesis that gold nanorod laser thermal therapy combined with
ultrasound and microbubbles enhances cell death in vitro compared to either treatment on its
own. In this study, a suspension of MDA-MB-231 breast cancer cells was exposed to PEGylated
gold nanorods and combinations of ultrasound-microbubble and laser therapy. Throughout laser

irradiation, bulk sample temperature was monitored using a thermal camera.

The specific objectives are:

e To determine whether the combined effect of ultrasound-microbubbles and PEG
coated gold nanorod laser thermal therapy decreases cell viability compared to
either treatment on its own in an in vitro breast cancer cell model (MDA-MB-
231).

e To determine the effect of treatment order on cell viability and whether there is a
synergistic, additive or protective effect.

e To measure sample temperature to determine whether treatment order has an

effect on bulk temperature.
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2. Enhancing laser thermal therapy using PEGylated
gold nanoparticles combined with ultrasound and
microbubbles

C. Tarapacki and R. Karshafian

Abstract

Background: Gold nanorod laser thermal therapy (AuNR+L) is a non-invasive method of
increasing the temperature of a target tissue using near infrared light. In this study, the effects of
ultrasound and microbubbles (USMB) with AuNR and laser therapy were investigated on cell

viability.

Methods: MDA-MB-231 cells in suspension were treated with combinations of (1) USMB at
500 kHz frequency, 16 cycles, 1 kHz pulse repetition frequency and peak negative pressure of
0.6 or 1.0 MPa for one minute in the presence of Definity microbubbles (1.7% v/v), (2) mPEG
coated AUNR with a peak absorption wavelength at 813 nm at a sample concentration of 3x10*
np/mL and (3) laser (L) at 810 nm and 1.9 W/cm? for three minutes. Cells were treated with
three different treatment orders of AuNR, laser and USMB: 1) AUNR+USMB followed by L, 2)
AuNR+L followed by USMB, and 3) USMB followed by AuNR+L. Following the treatment,
cell viability was assessed using propidium iodide fluorescent marker and flow cytometry (Vp)),
and colony assay (Vca). Sample temperature was monitored with a thermal camera during laser
treatment. Cell viabilities were compared using student t-test and synergism was assessed using

the Bliss Independence Model.
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Results and discussion: USMB improved cell death when combined with AUNR+L. Vp, of
17+2% (at 0.6 MPa) and 11+4% (at 1.0 MPa) were observed with combined treatment of AUNR
and USMB followed by L compared to Vp of 22+3% with AUNR+L, Vp of 60+2% with USMB
at 0.6 MPa, and 42+3% with USMB at 1.0 MPa alone. The effect of AUNR+L and USMB
combined treatment was additive regardless of treatment order. Combining AUNR+L and
USMB resulted in predicted additive viabilities of 13+2% for 0.6 MPa and 9+2% for 1.0 MPa
peak negative pressures. Cell viability varied minimally with treatment order. The most
significant therapeutic effect occurred when AuNR+L was performed prior to USMB at 1.0 MPa
which decreased Vp, to 7+1%. Vca results agreed with the additive effect caused by combining
AUNR+L and USMB for all treatment orders. In the absence of AUNR, samples exposed to laser
prior to ultrasound treatment at 0.6 MPa increased Vp, by 13% (p<0.01) showing a protective

effect.

Conclusion: Combining AUNR+L and USMB resulted in an additive effect on cell viability
compared to AUNR+L and USMB on their own. In addition, cells exposed to low intensity NIR

light appear to be protected against ultrasound and microbubble exposure.
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2.1 Introduction

Gold nanorod laser thermal therapy (AuNR+L) can increase the local temperature in target
areas such as solid tumors (Chen et al., 2010; Grossman and McNeil, 2012; Hauck et al., 2008;
Lal et al., 2008; Sokolov et al., 2009). Gold nanoparticles exhibit surface plasmon resonance
(SPR) when exposed to light and transfer the energy to their surroundings. The SPR absorption
peak wavelength depends on the gold nanoparticle shape and size. Gold nanorods (AuNR) with
an aspect ratio (length/width) of 4 have an SPR peak near 800 nm which is within the optical
window of the body (600 to 1300 nm) and allows for minimum energy absorption by body
tissues (Anderson and Parrish, 1981; Chang et al., 1999). AuNR have absorption cross sections
approximately 4 orders of magnitude higher than other absorption agents such as Indocyanine
Green (ICG), causing fewer nanoparticles to be required to induce thermal effects (Jain et al.,
2006). Gad et al. (Gad et al., 2012) performed gold nanoparticle toxicity studies on mice, rats,
and beagle dogs demonstrating that 150 nm gold nanospheres were retained within the body
throughout the 300 days of the study. The gold nanoparticles were filtered out of the
bloodstream; however, they remained inside the organs of the reticuloendothelial system (liver
and spleen). Although the presence of the gold did not appear to affect the animals’ health
within the one year study, decreasing the nanoparticle concentration will decrease the potential
longer term risks associated with the treatment. In addition, increased nanoparticle localization
and concentration within the tumors has potential to improve the effectiveness of thermal

treatment and reduce normal tissue toxicity.

The application of ultrasound and microbubbles (USMB) has been shown to enhance
effectiveness of chemotherapy (Duvshani-Eshet et al., 2007; Goertz et al., 2012; Todorova et al.,

2013) and radiotherapy (Czarnota et al., 2012; Nofiele et al., 2013) in both in vitro and in vivo
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tumor models. USMB induces reversible and irreversible increase in cell membrane permeability
through a process known as sonoporation (Hu et al., 2013; Karshafian et al., 2010, 2009). The
stress can induce a variety of biological pathways that lead to increased endocytosis (Meijering
et al., 2009) or increased ceramide production leading to apoptotic pathways (Al-Mahrouki et al.,
2012). The acoustic mechanism has been associated with biomechanical perturbation of
biological membranes induced by microbubbles undergoing non-linear oscillation and inertial
cavitation, and generating shear stress on biological membranes in its vicinity (Doinikov and
Bouakaz, 2010; Qiu et al., 2010; Wu et al., 2002). Membrane disruptions of 30-150 nm range
with up to 5 um were observed in cells allowing intracellular uptake of nanoparticles and small
molecules (Zhao et al., 2008; Zhou et al., 2009). The resealing of the membrane disruptions
depends on the size of the pore and generally reseals within one minute (Hu et al., 2013). Small

pores (<30 pm?) were able to shrink or reseal successfully.

Our previous study demonstrated a significant increase in cell death of Acute Myeloid
Leukemia cells (AML) following exposure to NIR light and gold nanorods in combination with
USMB compared to 12 hour incubation with gold nanoparticles (Tarapacki et al., 2013) . The
previous experiments were conducted using cetyltrimethylammonium bromide (CTAB) to coat
the gold nanorods which helps stabilize the particles, however, it is toxic to cells (Lau et al.,
2012; Wang et al., 2013, 2008). Clinically approved nanoparticles require a lower toxicity and
are often stabilized with a polyethylene glycol (PEG) coating which increases the particle’s
biocompatibility and circulation time in the blood (Lipka et al., 2010; Simpson et al., 2011).
This study aims to determine the bioeffects of ultrasound and microbubbles in combination with
PEG-coated gold nanoparticle laser thermal therapy on breast cancer cells, and assess the effect

of the treatment order.
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2.2 Methods

2.2.1 In vitro cell model

An epithelial breast cancer cell line, MDA-MB-231, was cultured in RPMI1640 culture
media supplemented with 10% fetal bovine serum (FBS). Cells were grown in a 37°C
hermetically closed incubator with 5% CO,. They were removed from culture flasks through
trypsinization and counted to a sample concentration of 1.5 x 10° cells/mL. Cells were exposed
to ultrasound and microbubbles (USMB), gold nanorods (AuNR) and laser (L) and their
combination with and without centrifuging the samples to remove the AuNR from the
suspension prior to laser treatment. Centrifuged samples were washed twice with 10 mL PBS
through centrifugation at 115 rcf for two minutes and re-suspended in 0.6 mL media prior to
laser treatment to remove AuNR from suspension. In all conditions, cells were exposed to laser
within 15 minutes following the addition of AuNR to the cell suspension. Figure 2.1 shows a

timeline for the combined treatments tested.

23



(AuNR+USMB)c+L
AuNR MB

\

Time (min) 0

(AuNR+USMB)+L

AuNR MB
A%
B

Time (min) 0

(AuNR+L)+USMB
AuNR

Time (min) 0

USMB+(AuNR+L)
MB AuNR

/ N\

|us

Time (min) 0 2

Figure 2.1 Treatment timeline for the varying treatment combinations of gold nanorod thermal
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therapy with ultrasound and microbubbles. The time of gold nanorod (AuNR), microbubble (MB) and
propidium iodide (PI) addition, ultrasound (US), and laser treatment, centrifuging, and flow cytometry

measurements.

2.2.2 Gold nanoparticles

Gold nanorods of 10x41 nm size (aspect ratio of 4.1), conjugated with 5K methyl-

polyethylene glycol (mPEG) and suspended in phosphate buffered saline (PBS) at a

concentration of 5.5x10* nps/mL was purchased (AR12-10-808-5KMPEG-50, Nanopartz™,

Loveland, CO, USA).

The surface plasmon resonance peak of the AUNR was 813 nm.
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2.2.3 Ultrasound-microbubble treatment

A schematic diagram of the ultrasound apparatus is shown in Figure 2.2. Cells were exposed
to ultrasound at 500 kHz center frequency and peak negative pressures (Pneg) of 0.6 and 1.0 MPa.
The ultrasound treatment was delivered using a single element focused transducer (ILO508HP,
Valpey Fisher Inc, Hopkinton, MA) with a -6 dB beam width of 9.2 mm and 50 mm focal length.
The ultrasound treatment sequence consisted of 32 us tone-burst pulse at 1 kHz pulse repetition
frequency (3.2% duty cycle) for a total treatment of 60 seconds. Immediately prior to ultrasound
treatment, a volume of 10 uL (1.7% vol/vol) Definity® microbubbles (Lantheus Medical Imaging
Inc., Saint-Laurent, QC, CA) was added to each cell suspension (0.6 mL). The microbubbles
comprised of Perflutren lipid-coated microspheres filled with octafluoropropane gas and were

activated using a Vialmix for 45 seconds.

Micro-positioning
system >

Signal
amplifier
|
Waveform Ultrasound transducer
Sample chamber
generator / /

Acoustic membrane windows

Magnetic stirrer

Degassed water

Figure 2.2 Ultrasound treatment setup. A signal is generated on a waveform generator, amplified and sent
to the ultrasound transducer which is connected to and controlled by a micro-positioning system. The
sample chamber has 4 acoustic windows and rests on a magnetic stirrer. Cell suspensions are placed
inside and covered with Parafilm.
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2.2.4 Thermal treatment and monitoring

A schematic diagram of the laser therapy setup is shown in Figure 2.3. Cell samples of 0.6
mL, suspended in RPMI11640 media with 10% FBS, were treated with NIR light with an 810 nm,
continuous wave Diomed-60 laser (Diomed Ltd., Cambridge, UK) at 4 W for 3 min. A 0.37 NA
flat tip laser fiber, core diameter of 1000 pum (x2%, BFL37-1000, Thorlabs, Newton, NJ, USA ),
was positioned 19 mm away from the bottom of a single well of a 24-well flat bottom plate
(83.1836, Starstedt Inc, Montreal, QC, CA) inside a 37°C (x2°C) incubator. The laser intensity at
the bottom of the well during treatment was 1.9 W/cm?. Throughout the laser treatment, a FLIR
Thermovision A40 thermal camera (Burlington, ON, CA) was focused on the sample to monitor
the temperature. The average temperature of the sample prior to laser treatment was ~35°C. The
average temperature in the center of the sample was calculated using ThermaCAM Researcher
2.10 Pro (FLIR Systems Inc.). The thermal dose was calculated in terms of the cumulative

equivalent minutes at 43°C (CEM43) using a time step of 5 seconds:

N
CEM43 = Z Repns ™30, (2.1)

=1

where Rcewm i the constant of proportionality for the process — 0.5 for temperatures above 43°C
and 0.25 for temperatures below 43°C. T; is the temperature of the time interval “i” in Celsius

and t; is the time at T; in minutes.
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Figure 2.3 Laser therapy setup. Cell suspensions were placed in a corner well of a 24-well plate and
positioned above a laser fiber connected to an 810 nm continuous wave (CW) diode laser. A thermal
camera was positioned perpendicular to the laser fiber with a view shown in the insert on the top right
corner. The region of interest (ROI) selected was on the bottom of the well and shown in the insert.

2.2.5 Viability analysis

Cell viability was assessed using propidium iodide (Pl, P3566, Invitrogen, Carlsbad, CA,
USA) fluorescent molecule with flow cytometry (BD FACSCalibur, BD Biosciences,
Mississauga, ON, CA) and clonogenic assay. Pl fluoresces when bound to nucleic acids, causing
flow cytometry to label PI positive cells as dead and Pl negative cells as alive (Sasaki et al.,
1987). Cell viability using Pl was assessed three hours after the treatment. Following
centrifugation to remove excess nanoparticles from solution, a volume of 1 pL of 1.0 mg/mL PI

was added to each 0.6 mL cell suspension approximately 15 minutes before analysis. Cell
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viability was normalized to the untreated control (>97% viability) and propidium iodide viability
(Vp1) was reported as meanzstandard error of the mean. In addition, colony assays were
performed to measure the cells’ ability to proliferate and form colonies. Cells were plated in
polystyrene disposable petri dishes (25384-092, VWR International, Mississauga, ON, CA) with
5 mL RPMI1640 and 10% FBS and placed in a cell culture incubator at 37°C. After 10 days the
media was removed and the cells were stained using methylene blue dye for 15 minutes.
Methylene blue dye was made by mixing 3 g/L of methyl-blue powder (m4159, Sigma-Aldrich,
Oakville, ON, CA) with a 50% methanol (179957, Sigma-Aldrich, Oakville, ON, CA) and 50%
distilled water solution.  For each treatment condition, 6-12 dishes were plated and stained.
Following staining, the number of colonies per dish were counted manually and normalized to
the untreated control samples. The clonogenic assay viability (Vca) is shown as meanzstandard

error of the mean.

Statistical differences were analyzed using Student t-test and viability differences were
considered statistically significant with a p-value less than 0.05. In addition, the BIiss
Independence Criteria was used to analyze synergism between treatment conditions (Bliss, 1939;

Goldoni and Johansson, 2007).
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2.3 Results

2.3.1 Cells centrifuged before laser

Cell viability assessed with P1 (Vp) and colony assay (Vca) following treatment with laser,
AUNR, USMB (Pyey = 0.6 MPa), AUNR+USMB, (AuNR)c+L and (AUNR+USMB)+L, where
the subscript ¢ represents centrifugation prior to laser treatment, are shown in Figure 2.4A and
4B, respectively. No statistical differences were observed in Vp, of cells treated with (AUNR)+L
compared to laser alone or AUNR alone (Figure 2.4A). A decrease in viability was achieved with
USMB (74%£4%), AuUNR+USMB (75+2%), and (AUNR+USMB)+L (69+3%) compared to the
untreated control, however, the differences between the ultrasonically treated conditions were
not statistically significant. The clonogenic viability (Vca) with the combined treatment of
(AUNR+USMB)+L (Vca= 38+3%) was statistically lower than USMB (Vca=50+3%) and
AUNR+USMB (Vca=48+3%) (p<0.05) (Figure 2.4B). The combined treatment induced an
additive effect on the clonogenic viability of cells. The expected additive effect of the combined
treatments (AUNR)c+L (Vca = 64+4%) and USMB (Vca = 50£3%) on cell viability was 32+3%
which was comparable to the experimental (AuUNR+USMB)c+L viability of 38£3%. In addition,
the expected additive effect from Vca of laser and AuNR was calculated to be 61+11% which
was similar to the experimental viability of (AuNR).+L (Vca = 64+4%) indicating an additive

effect.
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Figure 2.4 (A) Immediate viability (Vp;; n=3) of centrifuged cells prior to laser irradiation assessed
through flow cytometry and (B) clonogenic viability (Vca; n=9). (AuNR)c+L represents 3x10™ np/mL of
gold nanorods centrifuged prior to laser exposure for 3 minutes at 1.9 W/cm?, USMB represents
ultrasound and microbubbles at 0.6 MPa, AUNR+USMB represents 3x10™ np/mL of gold nanorods
present during USMB and (AuNR+USMB)c+L represents samples exposed to AUNR+USMB and
centrifuged prior to laser irradiation. A star (*) represents a student t-test significant difference with a
p<0.05 and 3 stars (***) represents p<0.001.
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2.3.2 AuNR in suspension during laser

Cell viability — Vpjand Vca — following laser, AUNR, USMB (Pyeg = 0.6 MPa),
AUNR+USMB, (AuNR)+L and (AuNR+USMB)+L where samples were not centrifuged prior to
laser treatment are shown in Figure 2.5A and 2.5B, respectively. A Vp, of 22+3% was observed
with AuUNR+L where AuNR were in suspension compared to 98+2% with (AuNR)+L
(centrifuged). The combined treatment of (AuNR+L)+USMB showed a significantly lower Vp,
of 12+1% compared to AUNR+L (p<0.05). In addition, a statistically significant difference
(p<0.05) was observed between (AuNR+L)+USMB and (AuUNR+USMB)+L. However, the
combined treatment of AUNR, USMB and L for all treatment orders showed no significant
difference compared to the expected additive viability of 13+2% when combining AUNR+L
(Vpi=22+3%) and USMB (Vpi=60£2%; Pneq = 0.6 MPa) which indicates an additive effect.
Compared to Vca of AUNR+L (Figure 2.5B), a statistically significant difference was observed
between the combined treatment of AUNR, USMB and L for all treatment orders. Vca with
AUNR+L was 3+2% and with USMB alone (Pneg=0.6 MPa) was 24+2%. Similar to Vp results,
Vca experimental results for (AUNR+USMB)+L, USMB+(AuNR+L), and (AuNR+L)+USMB
showed no significant difference compared to the calculated additive value for any of the three

treatment orders.
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Figure 2.5 (A) Immediate viability (Vp;; n=9) and (B) Clonogenic Viability (Vca; n=12) of cells exposed
to USMB at 0.6 MPa in combination with AuNR and laser. AuNR represents 3x10** np/mL of gold
nanorods present in solution with the cells. One star (*) represents a student t-test significant difference
with a p<0.05, two stars (**) represent p<0.001 and three stars (***) represent p<0.0001.
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The Vp and Vca of cells treated with AuNR, laser, USMB and their combination at a higher
acoustic pressure of 1.0 MPa are shown in Figure 2.6A and 2.6B, respectively. As expected,
cells exposed to 1.0 MPa had a significantly lower viability than cells exposed to 0.6 MPa; a Vp,
of 60+2% and 42+3% were achieved at 0.6 MPa and 1.0 MPa (p<0.001), respectively, and Vca
of 5+1% was observed at 1.0 MPa which is 19% lower than the Vca of USMB at 0.6 MPa
(p<0.0001). The Vp, achieved with the combined treatment of AuNR, laser and USMB in
different permutations was statistically different compared to AUNR+L (Vp=22+3%) and USMB
(Vpi=42+3%; Pneg=1.0 MPa) individually (Figure 2.6A). USMB at Pneg 0f 1.0 MPa induced an
additive effect when combined with AUNR+L. The expected Vp, of USMB combined with
AUNR+L was 9+2% and for Vca was 0.2+0.2% which was statistically similar to all treatment

combinations indicating an additive effect at a Pyeq 0f 1.0 MPa.
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Figure 2.6 (A) Immediate viability (Vp; n=9) and (B) Clonogenic Viability (Vca; N=12) of cells exposed
to USMB at 1.0 MPa in combination with AuNR and laser. AuNR represents 3x10™ np/mL of gold
nanorods present in solution with the cells. One star (*) represents a student t-test significant difference
with a p<0.05 and two stars (**) represent p<0.001.
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2.3.3 USMB and Laser

The Vp; and Vca of cells treated with NIR laser and USMB (Pyeg = 0.6 and 1.0 MPa) are
shown in Figure 2.7A and 2.7B, respectively. Generally, cell viability increased with the
combined treatment of USMB and laser compared to USMB alone at lower acoustic pressures.
A Vp, of 60£2% and 73+2% were achieved with USMB alone (Pneg = 0.6 MPa) and L+USMB,
respectively; a statistically significant increase of 13% was observed in cell viability (p<0.01)
(Figure 2.7A). Similarly, a higher cell Vca of 34+4% was achieved with USMB+L compared to
24+2% with USMB alone (Pneg= 0.6 MPa). However, at higher ultrasound pressure (Pneg = 1.0
MPa) no significant differences were observed in Vp, and Vca of cells between USMB,

L+USMB and USMB+L.

35



A 100 -

[ i M 06 MPa
80+ wokee D 1.0 MPa
—
— 60+
E"’ -
a
= -1
4“-
2“-
ﬂ' T T
USMB L+USMB USMB+L
B = B 0.6 MPa
[ 1.0 MPa
40- : - !
30 —
&
3
> 20+
101 I I
0
ﬂ' T T T
UsMB L+uUsmB USMB+L

Figure 2.7 (A) Immediate viability (Vp;; n=9) and (B) Clonogenic Viability (Vca; n=12) of cells exposed
to USMB at 0.6 and 1.0 MPa in combination with laser before or after acoustic exposure. One star (*)
represents a student t-test significant difference with a p<0.05, two stars (**) represent p<0.001 and three
stars (***) represent p<0.0001.
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2.3.4 Thermal Dose

The maximum temperature of the cell suspension during the laser treatment, which occurred
at the 3 minute time point, and CEM43 of the combined treatments with AUNR and USMB are
shown in Figure 2.8A and 2.8B, respectively. The maximum temperature ranged from 50°C to
53°C with the combined treatment of AUNR, USMB and L. A statistically lower temperature of
50£1°C was achieved with (AuNR+USMB)+L compared to 53+1°C with USMB+(AuNR+L) at
Pneg Of 1.0 MPa. The maximum temperature achieved with AUNR+L was 51.5+1°C, whereas
cells exposed to laser without AUNR had a maximum temperature below 39°C (data not shown).
The cumulative equivalent minutes at 43°C (CEM43) — shown in a box plot with the median and
interquartile range of the sample, and error bars representing the 10" and 90™ percentile — ranged
from a median CEM43 of 60 for samples treated with (AuNR+USMB)+L at 1.0 MPato a
CEMA43 of 349 for samples treated with USMB+(AuNR+L) at 1.0 MPa (Figure 2.8B). No
statistical differences were observed between the maximum temperature of the combined
treatments (AuNR, USMB and L) and AuNR+L with a median CEM43 of 135 and an
interquartile range between 86 and 361 (Figure 2.8B). Scatter plots of median CEM43 with Vp,
and Vca for the different treatment conditions are shown in Figure 2.9A and 2.9B, respectively
with error bars representing interquartile range. Although, viability decreased with increasing
thermal dose (CEM43), Spearman’s rank correlation coefficient showed no significant

correlation for Vp; or Vca at either ultrasound pressure with thermal dose.
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Figure 2.8 (A). Maximum sample temperature measured with a thermal camera after 3 minutes of laser
therapy at 1.9W/cm?. (B) Cumulative equivalent minutes at 43°C (CEM43) during laser exposure.
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2.4 Discussion

Ultrasound and microbubbles induced an additive effect on cell viability when combined
with PEGylated AuNR laser therapy. In general, the effect on cell viability was independent of
treatment order. The thermal dose did not appear to be an indicator of cell death for combined
treatments with AuUNR in suspension during laser therapy. However, when the AUNR were
centrifuged out of suspension, the thermal dose was comparable to laser alone; the temperature
remained below 39°C throughout laser treatment. This is the first study to show that in the
absence of AUNR, NIR energy caused a protective effect on cell viability from ultrasound and
microbubble exposure. Centrifuged cells that were exposed to AuUNR also experienced a

negligible thermal increase; however, they did not show the same protective effect.

The combined treatment of ultrasound-and-microbubble and laser therapy with gold
nanoparticles, under the conditions studied, induced an additive effect on cell death suggesting
independent mechanisms of killing cells. USMB causes mainly biomechanical effects on cells
due to microbubble activity such as creating membrane pores that can either be transient or lead
to cell death (Hu et al., 2013; Karshafian et al., 2010, 2009). The pores caused by USMB can
recover within the order of minutes (Hu et al., 2013) showing that cellular recovery from
physical damage begins to occur quickly. USMB also triggers biological effects such as
apoptosis (Korosoglou et al., 2006; Zhang et al., 2008) and enhanced endocytosis (Meijering et
al., 2009). Although acoustically induced membrane pores can be physically large enough to
allow for the particles to pass through (Zhao et al., 2008; Zhou et al., 2009), larger membrane
pores also correlate with increased cell death due to USMB alone (Hu et al., 2013) limiting the

potential for an enhancement due to nanoparticle uptake.
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In contrast, AUNR+L cause mainly thermal effects that can lead to protein denaturation,
coagulation and necrosis (Despa et al., 2005). The thermal dose, or CEM43, is often used to
approximate the treatment severity showing an exponential relationship with temperature and
linear relationship with time (Pearce and Thomsen, 1995; Sherar et al., 2000). Thermal therapy
can also induce bioeffects such as increased heat shock proteins to protect vital cellular proteins
(Jakob et al., 1993; Moloney et al., 2012) and can trigger apoptosis (Schroder and Kaufman,
2005). Protective biological pathways that involve more sophisticated protein cascades such as
heat-shock protein up-regulation, require a longer time on the order of hours, to induce their
effect (Moloney et al., 2012). Changing the time delay between ultrasound and laser treatments
may affect the cell viability due to possible protective effects of chaperone proteins (Jakob et al.,
1993; Maglara et al., 2003). Considering there was an additive effect for both acoustic pressures
tested, cells appear to be independently sensitive to thermal damage and mechanical damage
under the treated conditions so combining the two treatments creates an enhanced, additive

effect.

A previous study of ours showed a synergistic enhancement in cell death when AuNR laser
thermal therapy was combined with ultrasound and microbubbles using CTAB coated gold
nanorods (Tarapacki et al., 2013). It is likely that variations in the cell viability between the two
studies could be attributed to the toxicity difference between the nanoparticle coatings. CTAB is
positively charged and highly cytotoxic so it cannot safely be utilized in in vivo applications
(Alkilany and Murphy, 2010). The PEG coating used in this study is biocompatible which limits
uptake of AuNR through endocytosis but highly decreases cytotoxicity (Malugin and

Ghandehari, 2010; Niidome et al., 2006). Other than the nanoparticle coating, another possible
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reason for differences between the two studies is a difference in cell lines used which can affect

the bioeffects of USMB and intrinsic thermal resistance.

Variation of ~3°C was observed in the temperature of the cell sample for the different
treatment conditions. This may be due to the interaction of AUNR with the surrounding medium
causing changes in the nanoparticles’ optical properties (Alkilany and Murphy, 2010). Previous
studies have shown that the optical absorption of gold nanoparticles in a solution changes with
the dielectric properties of the medium and the interaction of the PEG coating with proteins and
charges in the solution (Alkilany and Murphy, 2010; Maiorano et al., 2010). In addition, the size
of the nanoparticle coating, has previously been found to change through time due to the
interaction of the media (Maiorano et al., 2010; Nel et al., 2009). Following USMB,
microbubble shell fragments in the media increase the lipid concentration and may affect the
nanoparticle coating leading to changes in absorption properties and thermal dose. The Vg, and
Vca Of the combined treatments showed no significant relationship with thermal dose, indicating
that the CEM43 differences during the three minutes laser treatment did not appear to

significantly affect cell viability.

The application of laser therapy enhanced cell viability following exposure to ultrasound-
and-microbubbles. At a low intensity, NIR light has been found to stimulate cytochrome c
oxidase and other mitochondrial chromophores resulting in increased metabolic activity leading
to a protective effect on cells (Desmet et al., 2006). Low intensity NIR light has previously been
used for photobiomodulation to precondition tissues for recovery prior to the application of
severe treatments or surgeries (Wilmink et al., 2009). It is hypothesized that with an increased
metabolic activity, cells may be able to repair membrane damage induced by ultrasound-and-

microbubbles. However, the protective effect of laser and USMB may limit the treatment
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efficacy of the combined treatment of AUNR, USMB and L. The failure to deliver a sufficient
nanoparticle concentration may cause protective effects on cancer cells. However, gold
nanoparticles can be monitored using photoacoustic and optical modalities prior to laser
treatment (Huang et al., 2006; Jain et al., 2007; West and Halas, 2003). Although a protective
effect of laser and USMB is not desirable in cancer therapy, the NIR light could be beneficial for
gene therapy with ultrasound-microbubbles that aim to increase intracellular uptake while

minimizing cell death.

2.5 Conclusion

The therapeutic effect of ultrasound-microbubbles with mPEG coated gold nanorod laser
thermal therapy is additive with and without gold nanoparticles present in the solution. Thermal
dose appeared not to be a predictor of cell death with the combined treatment of gold nanorod,
ultrasound-microbubble and laser. In the absence of gold nanoparticles, NIR light can lead to

protective effects on cells minimizing the damage caused by ultrasound and microbubbles.
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3. Summary

The purpose of this study was to investigate the effect of biologically compatible PEG coated
AUNR laser thermal therapy with ultrasound and microbubbles in vitro. It was expected that
exposing cells to USMB with AuNR present in solution prior to laser irradiation would yield an
improved therapeutic effect compared to other treatment combinations due to AuNR uptake into

cells allowing for heat to be emitted closer to the nucleus and vital cell organelles.

In the study MDA-MB-231 cells in suspension were exposed to PEG coated AuNR and an
810 nm laser. The bulk temperature during laser treatment was monitored using a thermal
camera. Cells were exposed to 500 kHz pulsed ultrasound at 2 different acoustic pressures; 0.6
and 1.0 MPa peak negative pressure. In addition, cells were either treated with AUNR
centrifuged out of solution prior to laser treatment or left in suspension. After treatment, cell
viability was monitored using propium iodide with flow cytometry (Vg)) and through colony

assays (Vca).

Vp and Vca results both show an additive effect between USMB and AuNR+L for
centrifuged and non-centrifuged cells with only minor differences due to treatment order. Under
the conditions studied, the results show the effect of USMB and AuNR+L are independent. As
expected, increased ultrasound pressure resulted in lower cell viability for all treatment
conditions. A protective effect causing an increase in cell viability by approximately 10% was
observed for cells exposed to laser and USMB without any AuNR interaction. However, this
protective effect was only seen in the absence of AuNR and not observed for centrifuged

samples exposed to AuNR and laser. Sample temperature due to laser exposure with AUNR in
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suspension was statistically similar to the temperature of cells exposed to only AuNR+L for all
combined treatment samples. However, there was a statistically significant difference between

samples exposed to AUNR with USMB prior to laser (50+1°C) compared to USMB followed by

AUNR+L (53+1°C) at a Ppeg of 1.0 MPa.

The hypothesis that gold nanorod laser thermal therapy combined with ultrasound and
microbubbles enhances cell death in vitro compared to either treatment on its own was proven
correct. Overall, there was an additive therapeutic effect on cells exposed to the combined
treatment of AUNR+L and USMB regardless of treatment order and whether AUNR was

centrifuged or remained in suspension.
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4. Future work

4.1 In vitro: Heat shock protein 70

Introduction

Ultrasound and microbubbles in combination with PEG coated gold nanorod thermal therapy
have additive, independent effects on cell viability. Understanding how the combined treatment
affects the cellular response can provide further insight into cellular behavior and mechanism of
cell death. Considering both mechanical and thermal damage can trigger heat shock protein
(Hsp) production to protect cells from subsequent damage (Nylandsted et al., 2000; Rylander et
al., 2005), it is possible that USMB and AuNR+L both trigger Hsp production which is
important to consider during treatment planning. Heat shock protein 70 (Hsp70) is an anti-
apoptotic, ATP-dependent chaperone protein that is mainly stress induced in normal cells
(Nylandsted et al., 2000; Rylander et al., 2005). In many cancerous tumors including breast,
prostate, colon and hepatocellular cancers, cells have a higher Hsp70 baseline which may be
partially responsible for the cells’ survival advantage (Nylandsted et al., 2000). Monitoring the
Hsp70 after treatment can provide insight into the cellular response after ultrasound and
microbubble assisted gold nanorod thermal therapy. Preliminary studies with Hsp have been
performed that monitor Hsp70 levels of USMB, AuNR+L and the combined treatment

AUNR+USMB-+L through time for centrifuged samples.
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Methodology

The heat shock proteins (HSP70) in cells treated with USMB (P of 0.6 MPa),
(AuNR)c+L and (AuNR+USMB)c+L was assessed immediately and 3 hours after the treatment.
Heated positive control samples were placed in a 42°C water bath for 90 minutes with 90
minutes recovery at 37°C which according to previous studies by Wang et al. (Wang et al., 2003)
result in significant Hsp70 activation. Following treatment, cells were fixed with 4%
paraformaldehyde (28906, VWR International) and incubated at 37°C for 10 minutes followed by
1 minute on ice. Cells were permeabilized by centrifuging and re-suspending cells in 90%
methanol followed by 30 minute incubation on ice. An incubation buffer was prepared by
diluting 0.5 g bovine serum albumin (BSA, A9418, Sigma-Aldrich) with 100 mL PBS. Cells
were washed with 3 mL incubation buffer twice and blocked with 100 pL incubation buffer for
10 minutes. A volume of 2 pL HSP70 antibody (Alexa Fluor® 488 conjugate, Cell Signaling
Technology, Whitby, ON, CA) was added to each sample and incubated at room temperature for
1 hour in the dark. After incubation, cells were washed and resuspended in 0.5 mL PBS.
Samples were individually analyzed with flow cytometry measuring fluorescence of at least 5000

cells per sample.
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Preliminary results and discussion

Intracellular heat shock protein 70 (Hsp70) was assessed in this study using flow cytometry.
Figure 4.1 shows intracellular Hsp70 antibody intensity histograms at 0 and 3 hours after
treatment with USMB, (AuNR)c+L and (AuNR+USMB)c+L. As expected the heated control
(red line) which showed cells heated for 90 minutes at 42°C with 90 minutes recovery at 37°C

had an increased Hsp70 intensity compared to the untreated control (black line).

0 hours 3 hours

M Control

M Heated control
USMB

M (AuNR)c+L

B (AuNR+USMB)c+L

Normalized Count

0 10 100 0 10 100
Hsp70 fluorescent intensity Hsp70 fluorescent intensity

Figure 4.1 (A) Hsp70 for centrifuged samples immediately after treatment and (B) 3 hours after
treatment.

Immediately after treatment, (AuNR)c+L and (AuNR+USMB)c+L populations showed a
decrease in intensity. Three hours after treatment, USMB samples (light blue) also showed a
decreased intensity compared to the untreated control that was similar to the
(AuNR+USMB)c+L (purple) samples. The largest decrease in Hsp70 was observed for

(AuNR)c+L samples compared to USMB and (AuNR+USMB)c+L.
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Intracellular Hsp70 levels were measured in this study to determine whether they contribute
to the mechanism behind cell death after USMB or AUNR+L treatments. The Hsp70 levels in the
heated control increased compared to the untreated control which confirms previous studies that
Hsp70 is up-regulated from hyperthermia (Gourgou et al., 2010; Lang et al., 2000; Wang et al.,
2003). The changes in Hsp70 for all treated samples decreased compared to the control showing
clear difference between the USMB and laser treatments compared to cell heating in a water

bath.

The decreased levels of Hsp70 in the treated conditions shows the response is different from
the hyperthermic Hsp70 up-regulation response. The depletion of intracellular Hsp70 detected
after ultrasonically stimulated microbubble treatment and thermal therapy may be due to protein
release from the cell or translocating to the cell membrane to stabilize the effected membrane
proteins (Zhou et al., 2008). The method of cell membrane permeabilization chosen in this study
used the organic solvent methanol which causes cell membrane protein coagulation. For this
reason the detected Hsp70 intensity was only intracellular and did not include membrane bound

proteins.

A possible explanation for the decrease in Hsp70 from USMB treatment may be due to
leakage out of membrane pores. Similarly sized 70 kDa-FITC dextran can be used as a cell
permeability marker for USMB showing that the pores created are large enough for 70 kDa
molecules to enter cells (Karshafian et al., 2009). Theoretically, 70 kDa heat shock proteins
could also fit through the pores causing an overall decrease in cellular Hsp70. However,
considering the pores for surviving cells only remain open on the order of minutes (Hu et al.,
2013), enhanced Hsp70 leakage would help explain the decrease in Hsp70 intensity only at the 0

hour time point.
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For AUNR+L samples Hsp70 decreased after treatment. Since the AuUNR from the solution
were removed prior to laser treatment the sample temperature remained below 39°C which is not
within the hyperthermic range; 40-45°C (Habash et al., 2006). The NIR laser or nanoparticles
that remained around the cells could have caused localized cell membrane damage which was
not enough to trigger Hsp70 up-regulation, but enough to signify a response for Hsp70 to protect

the plasma membrane in a similar way to photodynamic therapy treatment (Zhou et al., 2008).

Previous studies have indicated that cancerous cells typically express overabundance of
Hsp70 and heat shock protein depletion can be lethal to them (Nylandsted et al., 2000) . Hsp70
has been found to bind to apoptosis protease activating factor-1 (Apaf-1) in cancer cells which
prevents the formation of an apoptosome and subsequently apoptosis (Ravagnan et al., 2001;
Ruchalski et al., 2006) . The observed decrease in intracellular Hsp70 may contribute to
apoptosis which has been found to increase after USMB (Zhong et al., 2011). However, further
studies are required to determine whether the Hsp70 are being released from the cells or

translocate to cell membranes.
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4.2 In vivo: Microvascular perfusion

Introduction

Ultrasound in combination with microbubbles (USMB) has been found to enhance drug
delivery and effectiveness in vivo (Ferrara et al., 2007; Sheikov et al., 2004). Ultrasound waves
can be focused to within a few millimeters which can be used to target a tumor. Although the
effect of USMB has been observed in previous studies (Ferrara et al., 2007; Hernot and
Klibanov, 2008; Unger et al., 2004), a thorough understanding of the mechanism on a
microvascular level is still unknown. Considering microbubbles are typically injected into the
vasculature, they interact primarily with the endothelial cells of small vessels, capillary
structures, and red blood cells. Previous studies have shown that USMB causes capillary rupture
(Skyba et al., 1998) and enhanced local drug delivery (Li et al., 2004; Price et al., 1998; Sheikov
et al., 2004; Stieger et al., 2007). In response to USMB, vasoconstriction can occur in the
exposed area which can lead to a localized reduction in blood flow (Hirokawa et al., 2007;
Raymond et al., 2007; Vykhodtseva et al., 2007). The vascular effects caused by USMB can be
transient under controlled treatment conditions allowing for recovery (Hirokawa et al., 2007). In
addition, USMB cause biological effects such as increasing the radiosensitivity (Tran et al.,

2012) and chemosensitivity (Tomizawa et al., 2001) of a treatment area.

Typically tumors have weak, dilated, tortuous, microvasculature that supplies the rapidly
dividing cancer cells with nourishment and oxygen (Carmeliet and Jain, 2000). Changes in
microvasculature can affect tumor health and behavior. Correlating microbubble behavior with
microvascular perfusion and damage may help develop treatment planning which is important

for combinational therapies with drugs or radiation. Preliminary work has been completed
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investigating the microvascular perfusion changes due to varying acoustic pressure on a fertilized

chicken egg membrane (Chorioallantoic memberane, CAM).
Methodology

All chicken embryos were handled in accordance with the institutional Animal Care and Use
Committee approval. Fertilized White Leghorn chicken embryos were purchased from Fleming
Chicks Limited (Beamsville, Ontario, CA) and incubated horizontally in an Octagon®40
(Brinsea, C. Botkin Enterprises Ltd., CA) rocking egg incubator at 37.5°C with 60% relative
humidity. After 72 hours of incubation the eggs were cracked and the embryos were transferred
into sterile, 10 cm, extra-deep petri dishes (Fisher Scientific, #08-757-11). Squares of
approximately 15 x 15 cm of low-density polyethylene (LDPE, 0.025 mm, Goodfellow,
Cambridge limited) membrane were cut, sterilized with 70% ethanol and placed inside the dishes
prior to embryo addition to allow for easy embryo removal and transfer into the ultrasound setup
(Figure 4.2). Approximately 15 mL of Alpha MEM media was added to each dish to provide a
source of calcium during bone mineralization to increase embryonic survival rate (Schomann et
al., 2013). A 2 mm hole was soldered into each Petri dish lid approximately 1 cm away from the
edge to allow for gas circulation and prevent suffocation. After cracking, the embryos were
placed inside a 37°C humidified incubator to grow and mature. At day 12 after fertilization,
Hamburger-Hamilton stage 38-40, embryos were removed from the incubator and treated. Post

treatment and imaging all embryos were sacrificed.

Prior to each CAM injection, a 1:1 mixture of 70 kDa fluorescein isothiocyanate-dextran (5
pg/mL, FITC) and Definity microbubbles was created. A 100 pL bolus injection of the mixture

was injected into a large anterior vein of the CAM using a 30 gauge bent needle. When the
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needle tip was removed, sterile gauze was placed over the injection site to limit leakage. After
injection, the embryo was removed from the petri dish with the LDPE membrane and transferred

into the ultrasound treatment chamber.

Figure 4.2 shows the ultrasound treatment setup. The CAM was placed on a dish with an
acoustically permeable LDPE membrane along the bottom and was secured on top of a 37°C
distilled water tank. The setup was placed on a computer-controlled stage and under an upright
microscope (Axiotechvario 100HD; Zeiss, Germany). FITC dextran allowed for clear
visualization of the vasculature and the focal level was adjusted to the capillary plexus. FITC
was excited at 495 nm by monochromatic light (Polychrome IV; T.1.L.L. Photonics, Germany)
and filtered through dichroic and emission filters (FT 510, LP520; Zeiss). Videos were recorded
using a silicone intensified tube camera (CF 8/4 FMC; Germany) and recorded on digital

videotape.

A 500 kHz ultrasound transducer (IL0.510HP, Valpey Fisher Inc, Hopkinton, MA) and 20x
objective lens were confocally aligned to allow for simultaneous treatment and imaging in the
focal area. The ultrasound treatment sequence was generated by a waveform generator and
consisted of an 8 cycle pulse, 1 kHz pulse repetition frequency and was alternated between on
and off every 5 seconds for 2 minutes treatment duration. The CAM were treated at varying
pressures of 160, 240 or 320 kPa and fluorescent videos and images were taken before, during

ultrasound exposure and up to 15 minutes after treatment.
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Figure 4.2. CAM treatment setup. An ultrasound transducer and objective lens of a fluorescent
microscope were confocally aligned and focused on a microvascular region of interest on the CAM. The
transducer and bottom of the CAM dish were submerged in a 37°C deionized water bath.

Throughout this study perfusion was monitored by looking at the flow of red blood cells
within the microvasculature. With FITC-dextran illuminating the inter-vascular fluid, blood flow
was observed by the movement of dark objects within the vasculature. The black objects were
assumed to be red blood cells; impermeable to the FITC dextran dye. Their circulation within the

blood and their motion signified perfused vasculature.

Video screen shots for different times after treatment were overlaid on top of each other
using Adobe Illustrator and a consistent region of interest (ROI) was chosen. The total capillary
path length was measured manually for individual snapshots through time to determine perfusion

changes.
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Preliminary results

The results show vascular perfusion for CAM exposed to 160, 240 and 320 kPa for 2 minutes
treatment time. Time O refers to immediately before treatment and time 2 minutes refers to
immediately after the treatment. Figure 4.3 shows CAM treated at 160 kPa with a region of
interest (ROI) of 0.034 mm?. By visual inspection of the ROI through time, no significant
changes to perfusion were visible. The capillary length and capillary length per area are shown in
Table 4.1. At time points 0, 1, 2, 5 and 15 minutes after the start of a 2 minute treatment the

variations in capillary length/ area were less than 0.01 pm™.

Table 4.1 Capillary length of CAM treated at 160 kPa

Time (min) Capillary length (mm) Capillary length/ area (um™)
0 3.78 0.11
1 3.66 0.11
2 3.53 0.10
5 3.84 0.11
15 3.52 0.10
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Figure 4.3 Vascular perfusion of CAM exposed to 160 kPa for 2 minutes at time 0, 1, 2, 5, and
15 minutes after the start of treatment. ROl is 0.034 mm?.
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Figure 4.4 shows CAM treated at 240 kPa through time and Table 4.2 shows the capillary
length and capillary length/area. The 0 time point is missing due to unstable embryo motion at
the start of treatment. A decrease in vascular perfusion was observed from 1 to 10 minutes after
the start of treatment however, at the 15 minute time point perfusion increased. Capillaries began
to regained perfusion close to the venules above and to the left of the ROI. Another example of a
temporal perfusion change throughout ultrasound treatment at 240 kPa is shown in Figure 4.5.
Clusters of blood cells appeared to obstruct blood flow in an arteriole with a 17 um diameter
(bottom middle of each frame; directly below the arrow) and connecting capillaries. Black
arrows point towards clusters that are obstructing blood flow and are visible after 10 seconds of

ultrasound exposure.
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Figure 4.4 Vascular perfusion of CAM exposed to 240 kPa for 2 minutes at time 1,2,10, and 15
minutes after the start of treatment. ROI is 0.030 mm?.
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Table 4.2 Capillary length of CAM treated at 240 kPa

Time (min) Capillary length (mm) Capillary length / area (um™)
1 2.02 0.068
2 1.97 0.066
10 1.04 0.035
15 1.84 0.062

Figure 4.5 Micrographs through time after ultrasound and microbubble exposure at 240 kPa.
Arrows point to vascular blockage which is visible after 10 seconds of ultrasound exposure.

White scale bar represents 100 pum.
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Figure 4.6 shows vascular perfusion due to 320 kPa ultrasound exposure pressure with
capillary length through time recorded in Table 4.3. Within the ROI perfusion remained fairly
constant during the 2 minute treatment but decreased considerably at the 15 minute time point. In
addition, the distance between the surrounding vessels was measured along the top-right border
of the ROI and decreased 76% from 270 um to 206 um from the 0 to 15" time points. This

shows a local tissue contraction within the ROI.

Figure 4.7 compares the effect of pressure on capillary length per area through time. It shows
a minimal effect on vasculature treated at 160 kPa, a clear decrease in perfusion through time at

320 kPa and a temporary decrease in perfusion for vasculature treated at 240 kPa.

64



Perfused vasculature Perfusion map

0 min

1 min

2 min

15 min

Figure 4.6 Vascular perfusion of CAM exposed to 320 kPa for 2 minutes at time 0, 1, 2, and 15
minutes after the start of treatment. ROl is 0.031 mm?.
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Table 4.3 Capillary length of CAM treated at 320 kPa

Time (min) Capillary length (mm) Capillary length/ area (um™)
0 3.18 0.100
1 3.12 0.097
2 3.06 0.096
15 0.13 0.004
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Figure 4.7 Capillary perfusion through time due to ultrasound treatment at varying exposure
pressure
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Discussion

This case study showed microvascular perfusion effects caused by ultrasound and
microbubbles in vivo. The perfusion effects observed throughout this study include no visible
perfusion change, a temporary perfusion decrease, and a complete vascular shutdown. As

expected, the effects became more severe as the acoustic pressure increased.

It was observed that occasionally the blood in the treated area appeared clumped and got
stuck at a bifurcation within the vasculature which limited perfusion in adjacent areas (Figure
4.5). One of the well-known bioeffects of ultrasound which have been studied since Harvey
(Harvey, 1930) is red blood cell lysis. Further studies of ultrasound bioeffects include thrombus
formation which was observed by Williams (Williams, 1977) using an 85 kHz horn tip to
generate the ultrasound wave in a mouse mesentery. Ultrasound contrast agents lower the
threshold for bioeffects allowing damage to occur at lower exposure pressures (Dalecki, 2004;

Miller and Gies, 2000; Ter Haar, 2002).

In vivo, microbubbles are typically injected intravenously allowing them to interact
primarily with the endothelial cells of the microvasculature. Considering microbubble behavior
is highly dependent on their environment, the vessels and capillaries create a physical barrier that
dampens microbubble oscillations (Thomas et al., 2013). Due to the microbubble behavior
dependence on its surroundings, acoustic parameters need to be adjusted to account for the
structural rigidity and the target vessel size. After microbubbles are ultrasonically destroyed in a
region of interest, the blood flow allows for microbubbles to re-circulate into perfused treatment
areas. If the perfusion is compromised early in the treatment, drug delivery or subsequent

ultrasound treatments will also be limited.
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At the lowest pressure used, 160 kPa, there was no perfusion change detected within the 15
minute observation time. Although it is possible for the effect to be delayed more than 15
minutes, it is more likely that the lack of perfusion change is due to an insufficient pressure or
insufficient microbubble concentration within the treatment area. Other bioeffects such as minor
vascular leakage may have occurred without causing noticeable perfusion changes (Li et al.,

2004; Price et al., 1998; Sheikov et al., 2004; Skyba et al., 1998; Stieger et al., 2007).

The highest pressure used, 320 kPa, caused microvascular damage that did not recover within
the 15 minute observation period. In addition, the treated area appeared to decrease in size as
seen by the larger microvasculature surrounding the region of interest coming closer together
(Figure 4.6). This could be due to the high mechanical damage caused by the microbubble
cavitation leading to physical damage of the capillaries; compromising their structure and
preventing blood cells from flowing. Visually, non-perfused areas appeared dark causing
vascular integrity to be difficult to assess. The results from this study agree with previous
studies that have reported USMB induced vascular damage including capillary ruptures,
hemorrhage and erythrocyte extravasation that increase in severity along with the acoustic power

(Ay et al., 2001; Wible Jr et al., 2002).

Reversible capillary perfusion was seen at 240 kPa where blood flow decreased but partially
recovered within 15 minutes. Similar transient vascular damage has previously been reported for
blood brain barrier vasculature resulting in erythrocyte extravasation (McDannold et al., 2012;
Shang et al., 2011; Sheikov et al., 2008). The results shown in this study suggest one mechanism
of blood flow restriction is through a temporary vascular blockage. This could be due to

temporary red blood cell aggregation. Acoustic research is currently in progress to use USMB
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for thrombolysis (Frenkel et al., 2006; Porter and Xie, 2001) however the results from this study

indicate that USMB may also cause temporary thrombus formation.

Differences in bioeffects between the CAM tested can be due to multiple reasons including
intravascular pressure, vessel diameter, blood flow rate, vascular integrity and vascular structure.
Blood flow changes can potentially alter the microbubble concentration and behavior within the
acoustic field which in turn modifies the bioeffects (McDannold et al., 2011). In addition, the
capillary elasticity can affect the microbubble response and the inertial cavitation threshold

(Martynov et al., 2009; Sassaroli and Hynynen, 2005).

The CAM model is not without its limitations. The capillary bed is a two dimensional model
and simplifies the microbubble interaction to primarily the blood and endothelial cells of the
vasculature. Rather than cells and tissue surrounding the vasculature, the CAM is held together
with a collagenous matrix. This simplified model of microbubble interaction with endothelial
cells has a clear advantage in vascular visualization. In future studies a tumor can be grown and

treated on the CAM to further study blood flow changes in tumor vasculature.

The preliminary results indicate that microvascular exposure to ultrasound and microbubbles
using the CAM model can affect microvascular perfusion and result in a permanent change, a
transient change that recovers within minutes, or no visible difference. The effect becomes more
severe as ultrasound exposure pressure increases. Additional studies are needed to correlate the

microbubble response with microvascular perfusion to determine the effect on drug delivery.
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