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Abstract

IN VIVO ULTRASOUND-SWITCHABLE FLUORESCENCE IMAGING AND ITS APPLICATIONS

Tingfeng Yao, PhD

The University of Texas at Arlington, 2020

Supervising Professor: Baohong Yuan

The conventional fluorescence imaging has limited spatial resolution in centimeters-deep tissue because of
the tissue’s high scattering property. Ultrasound-switchable fluorescence (USF) imaging, a new imaging technique,
was recently proposed to realize high-resolution fluorescence imaging in centimeters-deep tissue. Although promising
results were achieved in tissue-mimic phantoms or tissue samples, the in vivo USF imaging had not been realized so
far. There were two major challenges in realizing in vivo USF imaging. First, the lack of stable near-infrared (NIR)
USF contrast agents in a biological environment and the lack of data about their biodistributions. Second, the previous
USF imaging systems adopted a fiber bundle to collect the emitted fluorescence photons, which led to a few
limitations, such as (1) low photon-collection efficiency; (2) low efficiency for scanning a sample with an uneven
surface (such as a mouse); (3) low imaging speed, because of the adoption of a raster scan and the long wait time for
the tissue to cool down before starting the data acquisition at the next location. This work focuses on two parts: (1)
investigating the biodistribution of the NIR USF contrast agents in mice and demonstrating their feasibility of in vivo
USF imaging; (2) developing camera-based USF imaging systems and a faster scan method.

First, the biodistribution of the Indocyanine green (ICG)-encapsulated poly(N-isopropylacrylamide)
(PNIPAM) nanoparticle (ICG-PNIPAM NP) in mice was studied. The ICG-PNIPAM NP (with an average diameter
of ~335 nm) was mainly accumulated into the spleen of the mice. /n vivo and ex vivo USF imaging of the mouse
spleen via intravenous injections using frequency-domain USF imaging system were successfully achieved. The
accuracy of the USF imaging was validated by a commercial micro-CT system. Second, an electron-multiplying
charge-coupled device (EMCCD) camera-based USF imaging system was proposed to overcome the limitations of
the previous fiber bundle-based USF imaging systems. Thanks to the spatial information provided by the camera, a
new scan method, Z-scan, was developed, and the imaging speed was improved four times over the raster scan. Third,

the biodistribution of B-cyclodextrin/ICG complex-encapsulated PNIPAM nanogel (PNIPAM/B-CD/ICG nanogel) in
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mice was investigated. The PNIPAM/B-CD/ICG nanogel (with an average diameter of ~32 nm) could quickly
accumulate into the liver tissue and then degrade fast in a short period. Animal experiments also showed that the
present nanogels were able to be effectively accumulated into U87 tumor of a live mouse via the enhanced
permeability and retention effect. The ex vivo USF imaging of the mouse liver and in vivo USF imaging in mouse
tumor using the EMCCD camera-based USF imaging system were successfully obtained. Fourth, an improved
EMCCD camera-based USF imaging system via a software trigger mode was proposed. The USF imaging of a sub-
millimeter silicone tube with an inner diameter of 0.76 mm and an outer diameter of 1.65 mm in 5.5 cm-thick chicken
breast tissue using 808 nm excitation light with a low intensity of 28.35 mW/cm? was successfully achieved.

In summary, the results provided in this work demonstrated for the first time the feasibility of USF imaging
in living mice. Both ICG-PNIPAM NP and PNIPAM/B-CD/ICG nanogel showed great stability in a biological
environment. Their biodistributions were different due to the various sizes. Camera-based USF imaging systems could
improve the photon collection efficiency and increase the imaging speed by adopting a Z-scan method. The USF
imaging of submillimeter objects in centimeters-deep tissue could be achieved by optimizing the gain of the EMCCD
camera. This work has paved the way for adopting USF imaging technique in many potential biomedical applications

in future.
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Chapter 1
INTRODUCTION
1.1 Motivation of Ultrasound-Switchable Fluorescence Technique

Biomedical optical imaging based on fluorescence has been intensively developed during the past decades
and is playing important roles in many applications, such as fluorescence microscopy [1, 2], two-dimensional (2D)
fluorescence planar imaging [3, 4], and three-dimensional (3D) fluorescence diffuse optical tomography [5, 6]. It has
high sensitivity and specificity with benefits of low cost, use of non-ionizing radiation and capability of multicolor
imaging. Besides fluorescence microscopy, imaging based on fluorescence contrast in deep tissues (such as
centimeters) attracts a lot of interests too because it has many unique advantages compared with other modalities, such
as x-ray, magnetic resonance imaging (MRI), and positron-emission tomography (PET). For example, it can provide
unique opportunities to simultaneously image multiple biological targets via multiple colors and therefore make it
possible to investigate the interactions among these targets [7, 8]. This may include examples such as monitoring
migration of cancer cells or cell clusters into blood vessels in metastasis in deep tissues by differentiating the cells
from the vessels via labeling them with different colored fluorophores. Also, it may be used to increase the imaging
specificity to a biological target in deep tissues (such as cancer stem cells or cell clusters) by simultaneously
identifying the multiple biomarkers of the target via multicolored fluorophores.

However, fluorescence imaging in deep tissues has been facing several dilemmas since its invention because
of the tissue’s high scattering property [9]. First, its spatial resolution significantly degrades with the increase of tissue
thickness, such as from submicrons for microscopy in a tissue sample with a thickness of a few hundred microns to a
few millimeters in a tissue with a thickness of a few centimeters. The low resolution will lead to unwanted spatial
overlap of different fluorescence signals and difficulty differentiating them. Second, to achieve high spatial resolution
in deep tissue, the sensitivity can be an issue since the detectable photons become limited due to the improvement of
spatial resolution. Third, nonspecific photons, which may come from tissue autofluorescence, laser leakage, or stray
light in the environment, are always noises and reduce the specificity and sensitivity of signal to its contrast agents in
deep tissues.

Ultrasound imaging is another imaging modality widely used in biomedical applications [10]. It has the
advantages of low cost, use of non-ionizing radiation, real-time imaging capability, and ability to characterize tissues.

Ultrasound imaging can achieve high spatial resolution while maintaining large penetration depth, because the



ultrasonic wave with a frequency of megahertz is scattered two to three magnitudes smaller than of photons in biology
tissues [11]. However, ultrasound imaging does not have sensitivity to fluorescent molecules. Thus, it makes sense to
combine the high resolution and large penetration depth from ultrasound imaging, including strong contrast from
fluorescence imaging, in order to achieve high resolution fluorescence imaging in centimeters-deep tissue. Several
hybrid imaging modalities combining fluorescence and ultrasound have been proposed and demonstrated, such as
ultrasound-modulated fluorescence [12-15], ultrasound-induced temperature-controlled fluorescence [16-18], and
time-reversed ultrasonically encoded optical focusing [19-23]. These technologies have been shown to be able to
achieve high acoustic resolution and retain fluorescence contrast in deep scattering media.

During the past years, a new hybrid imaging technique, ultrasound-switchable fluorescence (USF), has been
developed to realize fluorescence imaging with high spatial resolution in centimeters-deep tissue [18, 24-28]. What
makes USF different from others is the unique contrast agent that can be switched on via ultrasound-induced thermal
energy (or temperature rise) only in the ultrasound focal volume. By scanning the ultrasound focus, a 3D USF image
can be acquired with fluorescence contrast and ultrasound resolution. Unlike MRI, ultrasound, x-ray based computed
tomography (CT) and photoacoustic imaging [29], USF signal has extremely high specificity to its contrast agent,
which means the detected USF signal can only come from its contrast agent. This feature is similar to PET imaging
in which the detected y photons only come from the positrons emitted by the injected radioactive isotope [30]. In
addition, USF signal strength and dynamic pattern can be externally manipulated by controlling the ultrasound
exposure, which makes the USF signal uniquely differentiated from the noise to achieve high signal-to-noise ratio
(SNR) or sensitivity. Besides structural, functional and molecular imaging, USF can be seamlessly combined with
high-intensity focused ultrasound (HIFU) treatment as a tool predicting pre-treatment, monitoring intro-treatment and

evaluating post-treatment.

1.2 Principle of USF Imaging Technique

The basic mechanism of USF imaging is shown in Figure 1-1. Briefly, the principle of USF is to use a HIFU
beam to control the fluorescence emission of the fluorophores in the ultrasound focal zone. The USF imaging
technique contains two main parts: the USF contrast agent and an acoustic-optical imaging system. The USF contrast
agents are synthesized by encapsulating environment-sensitive fluorophores into thermal-sensitive nanoparticles [24,
31]. The fluorophores emit weak fluorescence (i.e., the ‘OFF’ state) when the temperature is below a threshold. By

applying a HIFU transducer to illuminate the tissue, the temperature quickly rises at the focal zone by a few degrees



Celsius and reaches the threshold to change the micro-environment inside the nanoparticles. The intensity of the
emitted fluorescence becomes stronger due to the increased quantum yield of the fluorophores (i.e., the ‘ON’ state).
The increased fluorescence (i.e., the USF signal) is then detected by a sensitive optical imaging system. Because the
USF photons only come from the thermal focal zone, a fluorescence image with ultrasound resolution can be achieved

by scanning the HIFU focus inside the tissue.
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Figure 1-1 Schematic diagram of USF principle.

1.3 SNR and Resolution
The SNR and the resolution are usually used to evaluate the performance of an imaging system. Herein, these

two parameters of the USF technique are discussed.

1.3.1 SNR

The USF signal is defined as the increased fluorescence from the thermal focal zone induced by the HIFU
heating (i.e., the increased output signal of the system). Ideally, the output signal of the USF imaging system should
be zero or a constant value when the HIFU is off. However, in real case, it is variant in absence of ultrasonic energy.
This variation is considered as the noise of the USF system. The noise sources can be characterized into two types:

(a) The variation of the incident light illuminated on the detector. One source of this kind of noise is the
instability of the excitation laser which is environment depended. If the laser output changes in a timescale of second
or hundreds of milliseconds, it would affect the USF signal whose duration time is in the same time scale. Another
source of this noise often appears in living animal experiments. The breath of the anesthetized animal which is usually
periodical with a frequency of sub Hertz or a few Hertz may affect the system’s output. Especially, the noise caused

by breathing is significant when the scan area of USF imaging is at or closed to the chest.



(b) The electronic noises of the USF system. The main electronic noises are the shot noise and the instability
of the system’s gain. The shot noise is depended on the received photons. When the ultrasound is not applied, the
received photons (i.e., the background photons) are composed of the tissue’s autofluorescence, laser leakage and the
fluorescence from non-100%-off contrast agents. Moreover, the received photons are usually needed to be
significantly amplified. If the gain of the detector is instable, additional noise will be introduced to the output signal.
Thus, it is crucial to improve the SNR by reducing the background photons, so that USF photons can stand out of the
noise.

Several methods have been proposed to improve the SNR based on the unique pattern of the USF signal [25,
27]. In the frequency-domain (FD) USF system, the detected USF signal usually has a sharp rising edge and a relative
long falling edge. Therefore, the SNR of the USF image can be improved by adopting a correlation method [25]. To
make the USF signal pattern more unique than the noise, collected USF signal can be encoded by modulating the
temperature within the tissue sample. Modulation of the temperature is achieved by modulating the ultrasound pressure

wave via controlled switching of the HIFU transducer [27].

1.3.2 Resolution

The spatial resolution of an imaging system is commonly defined as the minimum separation distance at
which two objects are individually resolved. In USF imaging, it is depended on the size of the thermal focal volume
induced by the HIFU heating. The thermal focal volume can be controlled by changing the exposure time and the
intensity of the ultrasound or the optical detection time [32]. In order to confine the enhanced fluorescence emission
into the ultrasound focal zone, thermal confinement should be met by adopting a short HIFU exposure time (e.g., few
hundreds of milliseconds). It should be noted that the lateral resolution of the USF imaging system is usually much
better than the axial resolution because of the inherent nonuniform shape of the ultrasound focus [33].

There are several ways to improve the spatial resolution of the USF imaging. First, nonlinearity of the HIFU
heating can be used by adopting a shorter exposure time with a higher intensity. Thus, the size of thermal focal zone
can be even smaller than that of the ultrasound focus, which means the USF technique has the ability to break the
acoustic diffraction [33]. It should be careful to increase the HIFU intensity to avoid causing any mechanical damage
to the tissue [34]. Second, a HIFU transducer with a higher frequency can be used because the size of the ultrasound
focus is depended on its frequency. However, the absorption of ultrasound in biological tissue rises with the increase

of ultrasound frequency [35]. Thus, the penetration depth will be reduced when using a transducer with a higher



frequency. Third, the axial resolution of USF imaging can be improved by using dual HIFU transducers placed
perpendicular to each other. This could contribute to a more uniform thermal distribution in its lateral and axial
direction [26].

Obviously, there is a tradeoff between the SNR and the resolution. The resolution is improved by reducing
the size of the thermal focal volume. Therefore, the amount of USF contrast agent in the focal volume will be
correspondingly less (i.e., less fluorophores can be switched on). Meanwhile, the noise which is not related to the focal

size will keep stable. Hence, the SNR rapidly reduces as the resolution increases.

1.4 USF Contrast Agents

As shown in Figure 1-2, the fluorescence of the USF contrast agent changes as a step function of the
temperature. The USF contrast agents are usually characterized via the following parameters: (1) the wavelengths of
peak excitation and emission (Aex and Aem); (2) the fluorescence intensity ratio between on and off states
(Rowot=lon/los); (3) the temperature threshold to switch on fluorophores (Tw); and (4) the temperature transition

bandwidth (TBW).
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Figure 1-2 Fluorescence intensity changes as a function of temperature.

As mentioned in the previous section, it is important to reduce the background photons to improve the SNR.
The autofluorescence of the tissue can be minimized by adopting Aex and Aem in near-infrared (NIR) region. To reduce
the non-100%-off fluorescence, a USF contrast agent with a large Ron/orris desired. An important consideration during
USF imaging is to avoid tissue damage due to thermal ablation. Therefore, the USF contrast agent should exhibit a

narrow TBW (e.g., a few degree Celsius). Also, the USF contrast agents with different T, or the lower critical solution



temperature (LCST) are required depending on the application. For example, phantom studies require LCST around
~24-26 °C (i.e., the room temperature) while the in vivo studies require LCST above ~37 °C (i.e., physiological body
temperature) [36].

Several USF contrast agents have been proposed so far [24, 25, 31, 37, 38]. Although 4,4-difluoro-4-bora-
3a,4a-diaza-sindacene (aza-BODIPY) dyes encapsulated Pluronic micelles showed splendid performance in phantom
studies, they are difficult to be used for USF imaging in living tissues because of the instability of these contrast agents
in biological environments [25, 37]. Therefore, the Indocyanine green (ICG)-encapsulated poly(N-
isopropylacrylamide) (PNIPAM) nanoparticle (ICG-PNIPAM NP) is used in this study to demonstrate the feasibility
of in vivo USF imaging [31]. ICG is a U.S. Food and Drug Administration (FDA) approved NIR dye with a peak
excitation at 780 nm and a peak emission at 830 nm [39]. It demonstrates an increased fluorescence intensity upon
decreasing solvent’s polarity [24]. The PNIPAM nanoparticles will shrink to expel the water molecules from the
nanoparticles when the temperature is increased above the LCST. Hence, the fluorescence emission of the ICG
molecules inside the nanoparticle is enhanced due to less polarized microenvironment. One of the drawbacks of ICG-
PNIPAM NP is that its emission peak is significantly blue shifted compared to that of free ICG in water. Recently, a
B-cyclodextrin/ICG complex-encapsulated PNIPAM nanogel (PNIPAM/B-CD/ICG nanogel) was proposed to
overcome this limitation [38]. The excitation/emission characteristics of the ICG itself in PNIPAM/B-CD/ICG nanogel
were almost completely retained. Additionally, the average diameter of the nanogels was significantly decreased to
~32 nm from ~335 nm compared to the ICG-PNIPAM nanoparticles. In this study, in vivo USF imaging using

PNIPAM/B-CD/ICG nanogel was also carried out.

1.5 Fiber-Bundle Based USF Imaging Systems

The schematic diagram of a typical fiber-bundle based USF imaging system is shown in Figure 1-3 [24]. The
USF system is composed of three main subsystems: (1) an optical system to deliver the excitation light and collect the
emitted fluorescence, (2) an ultrasonic system to induce temperature rise, and (3) an electronic system to control the
laser excitation, data acquisition and HIFU scanning. The excitation light passes through an emission filter (F1), a
shutter and illuminates the sample. The emitted fluorescence from the sample is collected by a fiber bundle and filtered
by a set of emission filters (F2—F5). It is finally focused on a cooled photomultiplier tube (PMT) and converted into
an electronic signal. This signal is further amplified and acquired by an oscilloscope. A HIFU transducer driven by a

function generator is used to switch on/off the USF contrast agent. The driving signal is amplified by a radio frequency



power amplifier (RF-AMP). The amplified signal is delivered to a matching network (MNW) and then the HIFU
transducer to generate an ultrasonic wave. A pulse delay generator (PDG) is used to synchronize the laser excitation
by controlling the shutter, the HIFU exposure and the data acquisition. A motorized translation stage controls the

HIFU transducer to realize the sample scanning.
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Figure 1-3 The schematic diagram of the fiber-bundle based USF imaging system. FG: function generator; RF-Amp:
radio-frequency power amplifier; MNW: matching network; HIFU: high intensity focused ultrasound; PMT:

photomultiplier tube; F1: excitation filter; F2—F5: emission filters; SC: shutter controller; PDG: pulse delay generator.

To improve the sensitivity of the above USF system, an FD-USF imaging system using modulated excitation
light and a lock-in amplifier (LIA) to further amplify the detected signal was proposed [25]. Although promising
results have been achieved in tissue phantoms via these fiber-bundle based USF systems, these systems suffer from a
low photon collection efficiency. Additionally, attention must be paid when scanning tissue with an uneven surface
(such as a mouse). Moreover, the imaging speed is limited by the time required to cool the tissue to minimize the
thermal diffusion effect between the two adjacent locations in the scanning sequence. Therefore, in this study, camera-

based USF imaging systems were developed to overcome these limitations.

1.6 Dissertation Outline
The motivation of the thesis is to demonstrate the feasibility of in vivo USF imaging in mice and improve the

USF imaging systems. The approach is to investigate the biodistribution of the NIR USF contrast agents in mice and



perform the USF imaging of the organs in which the contrast agents are accumulated. Novel camera-based USF
imaging systems suitable for animal study were proposed and a faster scan method was developed.

In chapter 2, the biodistribution of the ICG-PNIPAM NP in mice was investigated. The USF imaging in
porcine heart tissue and mouse breast tumor via local injections were studied and demonstrated. /n vivo and ex vivo
USF imaging of the mouse spleen via intravenous injections were also successfully achieved. By comparing the results
of CT imaging and the results of USF imaging, the accuracy of USF imaging was proved.

In chapter 3, an electron-multiplying charge-coupled device (EMCCD)-camera based USF imaging system
was developed to overcome the limitations of the previous fiber-bundle based USF imaging systems. A new scan
method, Z-scan, was developed to significantly improve the imaging speed compared to the conventional raster scan.
The USF imaging using the Z-scan for tissue samples was realized and the results were validated by a commercial
micro-CT system.

In chapter 4, the feasibility of in vivo USF imaging using PNIPAM/B-CD/ICG nanogel and the camera-based
USF imaging system was investigated. The USF performances of the ICG-PNIPAM NP and PNIPAM/B-CD/ICG
nanogel were compared in centimeters-thick chicken breast tissue. The biodistribution of the PNIPAM/B-CD/ICG
nanogel in mice was studied. The ex vivo USF imaging of the mouse liver was obtained. The in vivo USF imaging in
mouse tumor was also successfully achieved.

In chapter 5, an improved EMCCD camera-based USF imaging system using software trigger was developed.
The stability of the EM gain of the EMCCD camera was compared between two trigger modes: the MATLAB trigger
mode and the external hardware trigger mode. The SNR of the USF imaging with different EM gain in various thick
tissues using a modified ICG-liposome was studied. The USF performances of the modified ICG-liposome and
PNIPAM/B-CD/ICG nanogel were also compared.

The last chapter summarizes all the results and concludes this dissertation. Potential problems and future

solutions are discussed.



Chapter 2
IN vivo USF IMAGING USING ICG-PNIPAM NP
2.1 Introduction

Fluorescence imaging has been widely used in many biomedical applications because it can provide tissue
functional and molecular information [40, 41]. It has high sensitivity and specificity with benefits of low cost, use of
non-ionizing radiation and capability of multicolor imaging. However, fluorescence imaging suffers from limitations
caused by the high scattering property of tissues in different applications [40-43]. For example, fluorescence
microscopy has a high spatial resolution (sub-microns) but is limited in imaging depth (<1 mm). Fluorescence diffuse
optical tomography can image tissue as deep as several centimeters but is limited by poor spatial resolution (a few
millimeters).

To address these challenges, several technologies have been or are being investigated, such as ultrasound-
modulated fluorescence [12, 13] or luminescence [44], ultrasound-induced temperature-controlled fluorescence [16-
18] or luminescence [45], and time-reversed ultrasonically encoded optical focusing [19-23]. During the past years,
we have developed a new hybrid imaging technique, USF imaging, to achieve high resolution fluorescence imaging
in centimeters-deep tissue [18, 24-27].

Although the results are promising from the technologies mentioned above, all of them are still in their early
or concept development stage, and all the results are demonstrated in tissue-mimic phantoms (such as highly optical
scattering intralipid solution or gels) or tissue samples (such as chicken breast tissues or porcine muscle tissues).
Significant technical challenges hinder their use in real in vivo applications. To achieve those potential biomedical
applications via fluorescence contrast, it is important to demonstrate the in vivo imaging feasibility and validate the
accuracy. In this study, overcoming the technical barriers, we, for the first time, successfully demonstrate in vivo USF
imaging in mice and validate the results by micro-CT imaging. The success of in vivo USF imaging is an important

step to push this technology for future applications.

2.2 Materials and Methods
2.2.1 Characterization of the ICG-PNIPAM NPs

The ICG-PNIPAM NPs used in this study were synthesized according to the previously proposed protocol
[31]. The method measuring the fluorescence intensity of the ICG-PNIPAM NPs as a function of temperature was

described in our previous study [36]. To measure the size of the ICG-PNIPAM NP, a 50 uL ICG-PNIPAM NP sample



was diluted with 3 mL deionized water. A dynamic light scattering system (ZetaPALS, Brookhaven Instruments
Corporation, NY, USA) was used to measure the hydrodynamic size of nanoparticles at 25 °C.

To measure the concentration of the ICG-PNIPAM NP, a freeze dryer (FreeZone, Labconco, Kansas City,
MO, USA) was used to freeze dry 15 mL nanoparticles solution with a vacuum at 0.01 mBar and a temperature of -
50 °C. Afterwards, the obtained sample was weighed. The concentration of the nanoparticles was calculated by using
the following equation:

Mass of the sample after freeze dry (mg)

N ticle C trati 9y _
gnoparticte Loncentration (ml) "~ Volume of the sample used to freeze dry (ml)

which gave a result of 24.60 mg/mL.

2.2.2 USF Imaging System

The USF imaging system was similar to the one described in our previous study [25]. A function generator
(FG, 33220A, Agilent, Santa Clara, CA, USA) was used to modulate the intensity of the excitation laser (808 nm,
MGL-II-808-2W, Dragon lasers, JL, China) into a 1 kHz sinusoidal wave and also provided a synchronized 1 kHz
reference signal for the LIA (SR830, Stanford Research Systems, Sunnyvale, CA, USA). The modulated light passed
through a band-pass filter (FF01-785/62-25, Semrock Inc., Rochester, NY, USA) and illuminated the sample. The
light intensity reached on the tissue’s surface was 3.13 mW/cm? for porcine muscle tissue phantom, 1.48 mW/cm? for
the porcine heart tissue phantom, 3.16 mW/cm? for the mouse leg, 4.87 mW/cm? for the mouse tumor, 2.87 mW/cm?
for the spleen in the living mouse, and 3.67 mW/cm? for the ex vivo spleen in the porcine heart tissue phantom. These
numbers are calculated based on the illumination area and the measured optical power (via a power and energy meter,
PM100D, Thorlabs Inc. Newton, NJ, USA). The emitted fluorescence from the sample was collected by a fiber bundle
and filtered by a set of emission filters, two long-pass filters (BLP01-830R, Semrock Inc., Rochester, NY, USA) and
two absorptive filters (FSR-RG830, Newport Corporation, Irvine, CA, USA). It was finally focused on a cooled PMT
(H7422-20 driven by a high-voltage source C8137-02, Hamamatsu, Japan) and converted into an electronic signal
with a 1 kHz frequency. This 1 kHz signal was then amplified by a low-noise current preamplifier (SR570, Stanford
Research Systems, Sunnyvale, CA, USA) and sent into the LIA. A HIFU transducer (2.5 MHz, H-108, Sonic Concepts
Inc., Bothell, Washington, USA) driven by another function generator (33500B, Keysight Technologies, Santa Rosa,
CA, USA) was used to switch on/off the USF contrast agent. The driving signal was amplified by a RF-AMP (325LA,

E&I, Rochester, NY, USA). The amplified signal was delivered to an MNW and then the HIFU transducer to generate

10



an ultrasonic wave. The triggers from this function generator, which was working in burst mode, were used to control
a multifunctional input/output device (I/O, PCle-6363, National Instruments, Austin, TX, USA) to sample the output
signals from the LIA and the preamplifier. A three-axis motorized translation stage (XSlide™ and VXM™, Velmex
Inc. Bloomfield, NY, USA) was used to realize the sample scanning. The temperature of the water was controlled by
a temperature controller (PTC10, Stanford Research Systems, Sunnyvale, CA, USA) with a heater and a temperature
sensor. A magnetic stirrer (11-100-16S, Fisher Scientific, USA) along with a long magnetic bar was used to make the

water temperature uniform.

 F5 F3 F4 F2
F1

\
X

Figure 2-1 The schematic diagram of the USF imaging system. FG: function generator; RF-Amp: radio-frequency
power amplifier; MNW: matching network; HIFU: high intensity focused ultrasound; PMT: photomultiplier tube;
LIA: lock-in amplifier; F1: excitation filter (785/62 BP); F2—F3: emission filters (830 LP); F4-F5: emission filters

(RG 830); I/0: multifunctional input/output device.

2.2.3 Fluorescence Imaging System

The excitation light from a laser (808 nm, MGL-II-808-2W, Dragon lasers, JL, China) driven by a function
generator (33220A, Agilent, Santa Clara, CA, USA) passed through an excitation filter (FF01-785/62-25, Semrock
Inc., Rochester, NY, USA) to illuminate the sample. The emitted fluorescence signal from the sample was filtered by

a set of emission filters (four long-pass filters (two BLP01-830R-50 and two BLP01-830R-25, Semrock Inc.,
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Rochester, NY, USA) and an absorptive filter (FSRRG830, Newport Corporation, Irvine, CA, USA)), passed through
a camera lens (35mm fixed-focal-length lens, Edmund Optics Inc., Barrington, NJ, USA) and was received by an

EMCCD camera (ProEM®-HS:1024BX3, Princeton Instruments, Trenton, NJ, USA).

2.2.4 Sample Configuration Protocol of the Silicone Tube-Embedded Porcine Muscle Tissue and the Heart Tissue

A silicone tube (ST 60-011-01, Helix Medical, Carpinteria, CA, USA) was inserted into a piece of porcine
muscular tissue with a thickness of 1 cm at a depth of 5 mm from the bottom. To prepare the heart tissue, the USF
contrast agent (ICG-PNIPAM NP) with an LCST of ~24-25 °C was mixed a commercial CT contrast agent
(ExiTronTM nano 12000, Miltenyi Biotec, Bergisch Gladbach, Germany) with a ratio of 3:1 first. The 50uL mixed
contrast agents were then locally injected into the heart tissue with a thickness of 1 ¢cm to form a single point. The
tissue (heart tissue or porcine muscle tissue) was placed on the transparent parafilm (PM-992, BEMIS Company Inc.
Neenah, WI, USA), which sealed the rectangular window of a small tank. The gap between the bottom side of the
tissue and the parafilm was filled with ultrasound gel (01-08, Aquasonic 100, Parker Laboratories Inc., Fairfield, NJ,
USA) to maintain appropriate ultrasound coupling. The surface of the tissue was also covered with the ultrasound

conductive gel and of the transparent parafilm to prevent it from drying during the experiment.

Figure 2-2 Sample configuration of tissues. (a) Tube embedded porcine muscle tissue and (b) porcine heart tissue.

2.2.5 Measuring the Temperature Increase in Silicone Phantom and Porcine Heart Tissue.

Both the silicone phantom and porcine heart tissue had a thickness of 7 mm and were placed on the parafilm.
The gap between the lower surface and parafilm was filled with ultrasound gel, while the phantom’s upper surface
was exposed to air. The HIFU with a center frequency of 2.5 MHz was positioned under the phantom, but the
ultrasound wave was focused on the upper surface of the phantom. An infrared (IR) camera (FLIR A300, FLIR

Systems, Wilsonville, Oregon, USA) with a frame rate of 20 Hz was positioned on the top of the phantom and was
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used to record the temperature distribution on the upper surface of the phantom. The ultrasound exposure time was

400 ms under a driving voltage of 200 mV (~4.82W ultrasound power).

2.2.6 In vivo USF Imaging in Mouse Tumor

The mouse (female, 55 weeks) of strain FVB/N-Tg (MMT Vneu) 202Mul/J purchased from Jackson Lab (Bar
Harbor, ME, USA) was used for this experiment. The mouse was initially anesthetized with a concentration of 2.5%
isoflurane (ISOSOL ISOFLURANE, Miller Veterinary Supply, Ft. Worth, TX, USA) at a flow rate of 1 liter/min for
animal preparation. The hair on the tumor surface was removed. A temperature image of the whole mouse body was
taken by an IR camera. Afterwards, the 120 uL mixed contrast agents (90 uL ICG-PNIPAM NP with an LCST of
~35-36 °C and 30 pL ExiTron nano 12000) were locally injected into the mouse’s breast tumor. The mouse then
underwent USF imaging via the FD-USF imaging system. The mouse tumor was placed on the parafilm, which was
covered by ultrasound gel (Figure 2-3(a)). To realize long time anesthesia of the mouse, the concentration and the
flow rate were reduced to 1.8% and 0.8 liters/min during USF imaging, respectively. To maintain the mouse body
temperature, the water temperature in the large tank was kept at 38°C. To determine the scan area, the rough location
of the contrast agent was scanned by the USF system quickly without ultrasound exposure. The scan area was selected
based on the fluorescence distribution. After USF imaging was completed, the mouse was sacrificed. A 2D planar
fluorescence image (excitation/emission: 808/830 nm) was immediately acquired after the mouse’s death because the
body posture had not been changed at that time. The dead mouse was then scanned by a commercial micro-CT system

(Skyscan 1178, Bruker, Kontich, Belgium).

2.2.7 Comparison of USF Imaging in Living and Dead Mouse.

A mouse (female, 9 weeks) of strain BALB/C purchased from Jackson Laboratory (Bar Harbor, ME, USA)
was used for this experiment. The hair on the mouse’s right hind leg was removed. A temperature image of the whole
mouse body was taken by an IR camera. The 70 uL mixed contrast agents (52.5 uL ICG-PNIPAM NP with an LCST
0of ~35-36 °C and 17.5 pL ExiTron nano 12000) were locally injected into the mouse’s right hind leg. An area of 5.08
x 5.08 mm? was raster scanned by the HIFU transducer with a driving voltage of 120 mV (~1.74 W of ultrasound
power) and an exposure time of 400 ms. The lateral step size was 0.508 mm, and the axial step size was 1.27 mm. The

light intensity illuminating the tissue was 1.39 mW/cm?. Two USF scans were conducted at the same location in a
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mouse before and after its death (Figure 2-3(b)). After USF imaging, a temperature image of the dead mouse was then

taken by an IR camera.

2.2.8 The Biodistribution of the ICG-PNIPAM NP in Mice.

Mice (female, 7-8 weeks, 17g) of strain BALB/C purchased from Jackson Laboratory (Bar Harbor, ME,
USA) were used for this experiment. The mouse was anesthetized with 2.5% isoflurane at a flow rate of 1 liter/min
initially, and the hair on the whole-body surface was removed. 120 pL ICG-PNIPAM NP with an LCST of ~35-36°C
was injected into mouse body via the tail vein, which corresponded to a 173.65 mg/kg dose of ICG-PINPAM NP.
Fluorescence imaging (excitation/emission: 808/830 nm) was carried out at various time points—i.e., 0, 1,2, 4, 6, 8,

10, 24, 48, 72, 96, 144, 216, 336, 672 hours (h) after the intravenous injection.

2.2.9 In vivo and Ex vivo USF Imaging of Mouse Spleen

A BALB/c mouse (female, 7 weeks, 16g) purchased from Jackson Laboratory (Bar Harbor, ME, USA) was
used for this experiment. ICG-PINPAM NP with an LCST of ~35-36 °C and ExiTron nano 12000 were mixed together
with a volume ratio of 2:1. The mouse was injected with 150 pL mixed contrast agents via the tail vein, which
corresponded to a 153.75 mg/kg dose of ICG-PINPAM NP. The 2D planar fluorescence images of the whole mouse
body were taken at 0 and 3 h after the injection. Afterwards, the mouse was placed on the transparent parafilm covered
by ultrasound gel with the left side of the body upward for USF imaging (Figure 2-3(c)). The USF imaging was started
at 4 h after the intravenous injection since it took about one hour to prepare the experiment. After the USF imaging
and sacrifice of the animal, another 2D planar fluorescence image of the dead mouse was taken at about 9 h after the
intravenous injection. The dead mouse was then scanned by the micro-CT system. After CT imaging, the main organs
(heart, liver, spleen, kidney, stomach, small intestine, and large intestine) were dissected and put on a parafilm. These
ex vivo organs were immediately imaged using the 2D planar fluorescence imaging system and the CT imaging system.
The spleen was then inserted into a piece of porcine heart tissue with a thickness of 1 cm for ex vivo USF imaging.
The spleen was placed near the top of the heart tissue to simulate the situation when the spleen was in the mouse body.
The 2D planar fluorescence imaging, USF imaging, and CT imaging of the heart tissue with spleen inside were carried

out in sequence. To realize ex vivo USF imaging, the water temperature was kept at 37 °C.
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Figure 2-3 Photos to show the animal setup in the in vivo USF imaging experiments: (a) in the experiment of imaging
mouse tumor; (b) in the experiment of imaging mouse leg; (c) in the experiment of imaging in vivo spleen after

intravenous injection.

2.2.10 USF Image Processing

Figure 2-4 shown here is based on the experimental data of the in vivo USF imaging of the mouse spleen.
Figure 2-4(a) shows the raw USF signal output from the lock-in amplifier (the blue line). The oscillation is caused by
the mouse breathing. By fitting the raw USF signal via a polynomial fitting, the USF signal is smoothed (the red line).
After fitting, the USF signal strength, defined as the maximum value of the fitted signal in the range of 2 to 5 s, can
be acquired for each location. A USF image can be formed after a 2D or 3D scanning. As an example, Figure 2-4(c)
shows a 2D image representing the USF signal strength distribution and therefore the distribution of the USF contrast
agents on the XY plane.

To remove some obvious noises or artifacts, in each experiment, the shapes of all the fitted USF data were
evaluated, and three typical fitted USF signals were selected as the references (Figure 2-4(b)). Thus, each fitted USF

signal was correlated with the three references, and three correlation coefficients were calculated for each fitted USF
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signal at each location. In this study, based on our experience and observation, we defined noise as none of the three
correlation coefficients being greater than 0.8. In other words, to consider a signal as a USF signal, at least one of the
three correlation coefficients had to be greater than 0.8. The data in Figure 2-4(c) were processed using this correlation
method, and the result is shown in Figure 2-4(d). Clearly, some artifacts caused by noise and mouse breathing were
removed by using this correlation method.

After correlation, a 3D USF image could be obtained by combining the multiple layers of the 2D USF images
(XY plane). By 3D interpolation, the pixel size of the USF image was reduced to 50.8 pm instead of 762 pm (Figure
2-4(e)). Afterwards, the interpolated 3D USF image was divided into 2D images (YZ plane) used for image
segmentation. By segmenting the 2D image that had the maximum intensity value among all the images (YZ plane)
using 2D Otsu method [46], a threshold was obtained. All the 2D USF images (YZ plane) were then segmented by
applying this threshold. As shown in Figure 2-4(f), some background signals shown in Figure 2-4(e) were removed
after the segmentation.

Strictly speaking, the USF signal strength is not in direct proportion to the quantity of contrast agents along
the axial direction because of the optical and acoustic attenuation. To compensate for this attenuation, the models
describing photon diffusion and acoustic attenuation may be adopted. However, we did not consider these methods
for the following reasons: (1) in order to adopt those models many background parameters of the tissue will be needed,
such as optical absorption and scattering coefficients and the acoustic attenuation coefficient, which are usually
unknown and will make the imaging too complicated; (2) similar to fluorescence confocal or 2-photon microscopy,
the current USF system adopts a point-by-point scanning method so that the USF signal strength is directly correlated
to the distribution of the contrast agent, although it is not directly equal; (3) the maximum scanning range along the
depth direction in this study is 8.128 mm, which is relatively small and the errors caused by natural attenuation along
the depth direction may be tolerable; (4) because USF imaging is still in the early development stage, adopting the
current method is an efficient way to avoid complicating the methods and results, and more strict methods can be

developed in future.
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Figure 2-4 USF image processing. (a) Original (blue line) and fitted (red line) USF signal. (b)Three USF fitted curves
used as three reference signals for correlation. USF images: (c) before correlation, (d) after correlation, (e) after

interpolation based on (d), (f) after image segmentation based on (e).

2.2.11 Co-Registration of USF Image and CT Image

The CT image was reconstructed and processed via the software provided by the micro-CT manufacturer
(NRecon and CTAn). The scanning volume in USF imaging was extracted from the reconstructed CT image by
comparing the 2D planar fluorescence image with the X-ray projection image of the phantom or the mouse. The 3D

CT image and the 3D USF image were co-registered in the software provided by the micro-CT manufacturer
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(DataViewer). Because the rough locations of the contrast distribution shown in both imaging modalities were very
close to each other, the co-registration was realized by slightly adjusting the angle and location of the objects. The
visualization of the 3D images was realized via ParaView (Sandia National Laboratory, Kitware Inc, Los Alamos

National Laboratory).

2.3 Results
2.3.1 Characterization of the ICG-PNIPAM NPs

As shown in Figure 2-5(a), the LCST of the ICG-PINPAM NP used for tissue phantom experiments is ~24—
25 °C, and for in vivo experiments, it is ~35-36 °C. As shown in Figure 2-5(b), the mean and median hydrodynamic

diameters of the nanoparticles are 359.2 nm and 334.8 nm, respectively. The polydispersity is 0.151.
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Figure 2-5 (a) Normalized fluorescence intensity of the ICG-PINPAM NP as a function of temperature. (ICG-
PINPAM NP with an LCST of ~24-25 °C: blue solid line with square; ICG-PINPAM NP with an LCST of ~35-36

°C: red solid line with circle). (b) Dynamic light scattering of the synthesized ICG-PINPAM NP.

2.3.2 Quantification of the Effect of the Driving Voltage on the Spatial Resolution of USF Imaging in a Silicone Tube-
Based Tissue Phantom

To quantify the effect of the driving voltage of HIFU on the spatial resolution of the FD-USF system, we
carried out USF imaging using a silicone tube-based tissue phantom. As shown in Figure 2-6(a), a silicone tube (with
an inner diameter of 0.31 mm and outer diameter of 0.64 mm) was inserted into a piece of porcine muscular tissue
(with a thickness of ~10 mm) at a depth of ~5 mm to simulate a blood vessel. Before USF imaging, the silicone tube

was filled with ICG-PINPAM NP with an LCST of ~24-25 °C. To obtain the lateral and axial one-dimensional (1D)
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profiles of the tube, a HIFU transducer was used to scan the tube laterally (with a scan range of 6.604 mm and a step
size of 127 pm) and axially (with a scan range of 10.16 mm and a step size of 635 um).

Figure 2-6(b) shows the lateral (i.e., Y direction) 1D USF profiles of the silicone tube using two different
HIFU driving voltages of 80 mV and 140 mV from the function generator (i.e., peak-to-peak, Vpp). The peak values
of the 1D USF profiles under the two driving voltages of 80 mV and 140 mV are about 267 mV and 626 mV,
respectively. The higher driving voltage induces stronger USF signal strength because of the higher HIFU-induced
temperature rise. As shown in Figure 2-6(c), the full width at half maximum (FWHM) of the lateral profiles under the
two driving voltages are 1.08 mm and 1.39 mm, respectively. Figure 2-6(d) shows that the lateral FWHM of the USF
profile of the tube increases with the rising of the HIFU driving voltage (60, 80, 100, 120, 140, 160, and 180 mV and
the estimated ultrasound power: 0.43, 0.77, 1.21, 1.74, 2.36, 3.09, 3.90 W). This is because a higher driving voltage
can induce a larger thermal focal volume, switch on more contrast agents, and lead to a stronger USF signal and a
larger FWHM (i.e., a lower spatial resolution of USF imaging).

As shown in Figure 2-6(e), the peak values of the axial USF profiles (i.e., Z direction) under the two driving
voltages of 80 mv and 140 mV are about 207 mV and 661 mV, respectively. As shown in Figure 2-6(f), the FWHM
of axial USF profiles under the two driving voltages are 3.31 mm and 5.37 mm, respectively. Figure 2-6(g) shows that
the axial FWHM of the USF profile of the silicone tube increases with the rising of the HIFU driving voltage. It should
be noted that the axial FWHM is much larger than the lateral FWHM, which is due to the focal zone shape of the
HIFU transducer. The axial and lateral FWHMs of the acoustic intensity focus was measured as 2.8 mm and 0.55 mm
[33], respectively.

Figure 2-6(h) shows the lateral USF profile of the silicone tube using a driving voltage of 180 mV, and Figure
2-6(1) is the corresponding normalized USF signals as a function of time at different positions of the tube (right). It
should be noted that the shapes of the USF signals are different when the HIFU is scanning across the tube (i.c., along
the Y direction). The USF signal at the edge of the tube decays more slowly than that at the center of the tube. Due to
the thermal diffusion, the USF signal will have a longer duration time than in the focus. Three reference signals chosen
for correlation in image processing are based on this observation. It should be noted that the three peak times in Figure
2-4(b) are slightly shifted, which are not in Figure 2-6(i). This is because the ICG-PINPAM NP may be well spread
in the spleen, rather than only being confined in the silicone tube in which situation thermal diffusion would affect the

shape of the USF signal less significantly.
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Figure 2-6 (a) The sample configuration, including the porcine muscular tissue, the silicone tube, the excitation and
detection fiber bundles, and the HIFU transducer. (b) and (c) are the original and normalized lateral (i.e., Y direction)
1D profiles of the silicone tube using a driving voltage of 80 mV (the red solid line with circles) and 140 mV (the blue
solid line with squares), respectively. (d) The lateral FWHMs at different driving voltages. (¢) and (f) are the original

and normalized axial (i.e., Z direction) 1D profiles of the silicone tube using a driving voltage of 80 mV (the red solid
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line with circles) and 140 mV (the blue solid line with squares), respectively. (g) The axial FWHMs at different driving
voltages. (h) The lateral 1D profile of the silicone tube using a driving voltage of 180 mV, and (i) the corresponding
USF signals as a function of time at the position A (the red line), the position B (the green line) and the position C

(the blue line).

2.3.3 USF Imaging of the Contrast Agent Distribution in the Porcine Heart Tissue via a Local Injection

Figure 2-7(a) is a white-light photo of the porcine heart tissue (with a thickness of 10 mm). The USF contrast
agent (37.5 uL) was mixed with the contrast agent of the CT (12.5 uL), and the mixed solution was locally injected
into the heart tissue to form a single spot. Figure 2-7(b) shows the normalized 2D fluorescence intensity distribution
on the tissue top surface (i.e., on the XY plane). The image was acquired via an EMCCD camera, the excitation light
has a central wavelength of 808 nm, and the emission detection is >830 nm. The red box shows the scan area of USF
imaging on the XY plane. A volume of 9.144 x 9.144 x 7.620 mm?® was raster scanned by the HIFU transducer using
a driving voltage of 120 mV. The lateral step size was 0.762 mm, and the axial step size was 1.524 mm. The 2D USF
images shown in Figures 2-7(c1—c6) indicate the distribution of USF contrast agent on XY plane at different depths
(i.e., Z direction). Figures 2-7(d1-d3) show the top view (XY plane), right view (YZ plane), and front view (XZ plane)
of the reconstructed 3D CT image indicating the CT contrast agent distribution, respectively. Similarly, Figures 2-
7(el—e3) show the top view, right view, and front view of the 3D USF image indicating the USF contrast agent
distribution, respectively. Figure 2-7(f1) shows the co-registered 3D image of the two modalities, and Figures 2-7(f2—
f5) are the 2D cross-section images on the XY plane at different depths. The blue volumes or areas show the CT
contrast agent distribution only, and the green ones indicate the USF contrast agent distribution only. The red ones

represent the overlap parts between the two contrast agent distributions.
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Figure 2-7 (a) A white-light photo of the porcine heart tissue. (b) The fluorescence image (Ex/Em=808/830 nm) of

the mixed contrast agents distribution in the tissue. The red square represents the scan area of USF imaging on the XY
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plane. (c1—c6) 2D USF images on the transverse (XY) plane at different depths. (d1-d3) The top view (XY), right
view (YZ), and front view (XZ) of the reconstructed 3D CT image. (e1—e3) The top view (XY), right view (YZ), and
front view (XZ) of the 3D USF image. (f1) The 3D view of the co-registered image of the two modalities, and (f2—£5)

the 2D cross-section images on XY plane at different depths.

2.3.4 Measuring the Temperature Increase in Silicone Phantom and Porcine Heart Tissue
The left panel of Figure 2-8(a) shows the temperature dynamic variation after HIFU exposure at the central
position where temperature is spatially maximum. The right panel of Figure 2-8(a) shows the 2D temperature

distribution on the silicone phantom’s upper surface at the time when the peak temperature was reached.
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Figure 2-8 Comparison of the temperature rise with 200 mV driving voltage in (a) a silicone phantom and (b) a porcine

heart tissue. (c) Temperature rise in the porcine heart tissue as a function of driving voltage.
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Figure 2-8(b) shows the corresponding results in the porcine heart tissue. The temperature increases quickly during
the ultrasound exposure and decays slowly after the exposure. The absolute values of the peak temperature in the two
phantoms are ~68.64 and ~29.84 °C, respectively. The HIFU-induced temperature rise is much more in the silicone
phantom (~43.30 °C,) than in the heart tissue (~5.30 °C) with the same driving voltage. This is due to the larger
ultrasound absorption coefficient of the silicone. Figure 2-8(c) shows the HIFU-induced temperature rise in the porcine
heart tissue as a function of the driving voltage. Obviously, raising the driving voltage increases the temperature rise.
A super linear relationship between the driving voltage and the temperature rise can be observed. During USF imaging,
it will be difficult to quantify the temperature rise because the IR camera cannot detect temperature inside the tissue.
However, the above method and results can provide a rough guideline about the relationship. In this study, to avoid
potential thermal damage to the tissue, the temperature rise was limited to a few Celsius degrees by controlling the

driving voltage.

2.3.5 Comparison of USF Imaging in Living and Dead Mouse.

Figure 2-9(a) shows the fluorescence 2D planar image (Ex/Em:808/830 nm) in the right hind leg where the
contrast agent was injected, and a white-light photo of the mouse is shown on the top right corner. The red box
indicates the scan area of the USF imaging on the horizontal plane. Figure 2-9(b) and 2-9(c) show the images of the
body temperature before and after the death, respectively. The shell temperature of the living mouse’s leg is ~34-35
°C while that of the dead mouse’s leg is ~24-25 °C, which is far below the LCST of the ICG-PINPAM NP (~35-36
°C) used in this experiment. Thus, by using the same experimental parameters, a USF image was successfully acquired
when the mouse was living (Figure 2-9(d)). In contrast, almost no USF signal was observed from the dead mouse
(Figure 2-9(e)). This result shows the importance of matching the background temperature close to the temperature

switching threshold (i.e., LCST of the contrast agent).
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Figure 2-9 Comparison of USF imaging before and after the dead of a mouse. (a) A 2D planar fluorescence image
(Ex/Em=808/830 nm) at the location of the injection on the mouse’s right hind leg overlapped on a black-and-white
photo. The USF scan area on the horizontal plane is indicated by a red square. A white-light photo of the mouse is
shown on the upper right corner. The mouse body temperature images: (b) before and (c) after the death. 2D USF

images (d) before and (e) after the death.

2.3.6 In vivo USF Imaging of the Contrast Agent Distribution in a Breast Tumor on a Mouse via a Local Injection
Figure 2-10(a) shows the 2D fluorescence planar image (Ex/Em:808/830 nm) of the injected contrast agents
in a mouse’s breast tumor, and a white-light photo of the mouse is shown on the top right corner. The red box overlaid
on the fluorescence image shows the scan area of USF imaging on the XY plane. A volume of 7.112 x 7.112 x 7.620
mm? was raster scanned by the HIFU transducer using a driving voltage of 250 mV. The lateral step size was 0.508
mm, and the axial step size was 2.54 mm. Figure 2-10(b) shows the shell temperature of the mouse acquired using an
IR camera. Because the shell temperature of the mouse tumor is ~35 °C, the LCST of the USF contrast agent used for
this in vivo experiment is ~35-36 °C rather than ~24-25 °C, which is suitable for phantom experiments at room
temperature. The 2D USF images shown in Figures 2-10(c1—c4) indicate the distribution of the USF contrast agent on
XY plane at different depths (i.e., Z direction). Figures 2-10(d1-d3) show the top view (XY), right view (YZ), and
front view (XZ) of the reconstructed 3D CT image indicating the CT contrast agent distribution, respectively.

Similarly, Figures 2-10(e1—e3) show the top view, right view, and front view of the 3D USF image indicating the USF
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Figure 2-10 (a) A white-light photo of the mouse with a breast tumor (top-right) and the fluorescence image
(Ex/Em=808/830 nm) of the mixed contrast agents locally injected in the tumor. The USF scan area is indicated via a
red square on the XY plane. (b) An image of the shell temperature of the mouse acquired via an infrared camera. (c1—
c4) 2D USF images on the transverse (XY) plane at different depths. (d1-d3) The top view (XY), right view (YZ),
and front view (XZ) of the reconstructed 3D CT image. (el—e3) The top view (XY), right view (YZ), and front view
(XZ) of the 3D USF image. (f1) The 3D view of the co-registered image of the two imaging modalities, and (f2—£5)

the 2D cross-section images on the XY plane at different depths.

contrast agent distribution, respectively. Figure 2-10(f1) shows the 3D co-registered USF and CT image, and Figures

2-10(f2—15) are the cross-section images on the XY plane at different depths.

2.3.7 The Biodistribution of the ICG-PINPAM NP in Mice

Figure 2-11(a) shows the left side of the mouse body. The region where the spleen was located emitted a
strong fluorescence signal and reached the highest value at 4 h after the injection. The signal intensity decayed slowly
from 6 to 72 h and was below the threshold (0.2) at 216 h. Figure 2-11(b) shows the right side of the mouse body. The
region where the kidney and liver were located emitted a moderate fluorescence signal. The intensity stayed near the
maximum value between 6 and 72 h and slowly decayed from 72 to 672 h at which time the intensity was below the
threshold (0.125). Figure 2-11(c) shows the ventral side of the mouse body. The region where the liver was located
emitted a moderate fluorescence signal. The intensity kept increasing slowly from 0 to 72 h and remained stable from
72 to 144 h. After that, the intensity decreased slowly and eventually reached the threshold (0.125) at 672 h. The
signals emitted from the region of the liver and kidney had similar intensity but were much weaker than the signal

from the spleen region.
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Figure 2-11 Fluorescence images of mouse body at different time points after intravenous injection of ICG-PINPAM

NP (Ex/Em=808/830 nm) (a) left side; (b) right side; (c) ventral side.
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2.3.8 In vivo USF Imaging of the Contrast Agent Distribution in a Mouse’s Spleen via an Intravenous Injection
Figures 2-12(al—a3) show the fluorescence images (Ex/Em:808/830 nm) of the mouse body at 0, 3 and 9
hours after the intravenous injection of 150 pL. mixed contrast agents via the tail vein (100 pL ICG-PINPAM NP with
an LCST of ~35-36 °C as USF contrast agent and 50 pL ExiTron nano 12000 as CT contrast agent). The ICG-
PINPAM NP were found to be accumulated in the region of the mouse spleen and the fluorescence signal reached to
a peak at ~3—4 hours after the intravenous injection. The red box on Figure 2-12(a3) indicates the USF scan area on
the XY plane. A volume of 9.144 x 12.192 x 6.096 mm?® was raster scanned by the HIFU transducer using a driving
voltage of 200 mV. The lateral step size was 0.762 mm, and the axial step size was 2.032 mm. The 2D USF images
shown in Figures 2-12(b1-b4) indicate the distribution of USF contrast agent on XY plane at different depths (i.e., Z
direction). Figures 2-12(c1—c3) show the top view (XY), right view (YZ), and front view (XZ) of the reconstructed
3D CT image indicating the CT contrast agent distribution, respectively. The white dashed lines represent the contours
of these spleen CT images. Similarly, Figures 2-12(d1-d3) show the top view, right view, and front view of the 3D
USF image indicating the USF contrast agent distribution, respectively. For direct comparison, the same white dashed
lines as shown in Figures 2-12(c1—c3) indicating the contours of the spleen CT images were also overlaid on these
USF images. Figure 2-12(el) shows the 3D co-registered USF and CT image, and Figures 2-12(e2—e5) are the cross-

section images on XY plane at different depths.
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Figure 2-12 (al—a3) 2D planar fluorescence images of the mouse at different time points after intravenous injection
of the mixed contrast agents (Ex/Em=808/830 nm). The red box on the Figure (a3) indicates the USF scan area on the

XY plane. (b1-b4) 2D USF images on the transverse (XY) plane at different depths. (c1—c3) The top view (XY), right
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view (YZ), and front view (XZ) of the reconstructed 3D CT image. (d1-d3) The top view (XY), right view (YZ), and
front view (XZ) of the 3D USF image. (el) The 3D view of the co-registered image of the two imaging modalities,

and (e2—e5) the 2D cross-section images on XY plane at different depths.

2.3.9 Ex vivo USF Imaging of the Mouse’s Spleen

To further validate the results of the in vivo USF imaging of the mouse spleen, ex vivo USF imaging of the
mouse spleen was carried out. Figures 2-13(a) is a white-light photo of the major organs of the mouse dissected after
the USF imaging. Figures 2-13(b) is the fluorescence image overlaid on the black-and-white image of the organs. As
shown in Figures 2-13(b), the fluorescence image (Ex/Em:808/830 nm) of the organs confirmed that most of the ICG-
PINPAM NP were accumulated into the spleen as it emitted the strongest fluorescence signal. Also, this figure
indicates that the distribution of ICG-PINPAM NP in this spleen may not be uniform because the lower left part of
the spleen on this image emits a stronger fluorescence signal than does the upper right part. The stomach, liver, and
kidney emit relatively low fluorescence signals. The heart and intestine show no or very weak signals. Figures 2-13(c)
shows the reconstructed CT image of the same organs. Similar to the fluorescence image, the spleen also shows the
strongest CT signal, and the distribution of the CT contrast agent in the spleen is also not uniform. The liver and some
parts of the large intestine show moderate CT signal, and the kidney, heart, stomach, and small intestine all show

much weaker CT signals.

Large intestine

(c)
Figure 2-13 Bio-distribution of ICG-PINPAM NP (USF contrast agent) and ExiTron nano 12000 (CT contrast agent)
in mice. (a) A white-light photo of the major organs dissected after USF imaging. (b) A 2D planar fluorescence image

(Ex/Em=808/830 nm) of the organs. (c) A reconstructed CT image of the organs.
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Figure 2-14 (a) A white-light photo of the porcine heart tissue in which the spleen is embedded. (b) The fluorescence

image (Ex/Em=808/830 nm) of the tissue and the USF scan area indicated as a red box on the horizontal XY plane.
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(c1—c5) 2D USF images on the transverse (XY) plane at different depths. (d1—d3) The top view (XY), right view
(YZ), and front view (XZ) of the reconstructed 3D CT image. (e1—e3) The top view (XY), right view (YZ), and front
view (XZ) of the 3D USF image. (f1) The 3D view of the co-registered image of the two imaging modalities, and (f2—

f5) the 2D cross-section images on XY plane at different depths.

As shown in Figure 2-14(a), to simulate the situation of the spleen inside the mouse body, the spleen was
inserted into a piece of porcine heart tissue (with a thickness of 1 cm) in which the spleen was close to the surface.
Figure 2-14(b) shows the 2D fluorescence image of the tissue overlaid on a black-white background image. The red
box represents the scan area of USF imaging on the XY plane. A volume of 13.716 x 7.620 x 8.128 mm? was raster
scanned by the HIFU transducer using a driving voltage of 140 mV. The lateral step size was 0.762 mm, and the axial
step size was 2.032 mm. The 2D USF images shown in Figures 2-14(c1-c5) indicate the distribution of USF contrast
agent on XY plane at different depths (i.e., Z direction). Figures 2-14(d1-d3) show the top view (XY), right view
(YZ), and front view (XZ) of the reconstructed 3D CT image indicating the CT contrast agent distribution,
respectively. The white dashed lines indicate the contours of the spleen CT images. Similarly, Figures 2-14(el1—e3)
show the top view, right view, and front view of the 3D USF image indicating the USF contrast agent distribution,
respectively. For direct comparison, the same white dashed lines as shown in Figures 2-14(d1-d3) indicating the
contours of the spleen CT images were also overlaid on these USF images. Figure 2-14(f1) shows the 3D co-registered
USF and CT image, and Figures 2-14(f2—5) are the corresponding cross-section images on XY plane at different

depths.

2.4 Discussion
2.4.1 HIFU Driving Voltage

Figure 2-6 indicates that raising the HIFU driving voltage will increase the USF signal strength and therefore
SNR (Figures 2-6(b) and 2-6(e)) but decrease the spatial resolution (Figures 2-6(d) and 2-6(g)). This is because the
higher driving voltage leads to the higher ultrasound power, higher temperature rise, larger thermal focal volume, and
therefore more switched-on contrast agents. The driving voltage also varies in different types of tissues due to their
different ultrasound absorption abilities. In this study, a total of five different types of tissues were used: (1) tube-
embedded porcine muscle tissue, (2) porcine heart tissue, (3) breast tumor in a live mouse, (4) live mouse spleen, and

(5) dead mouse spleen. For convenience, the driving voltages applied to these tissues are reorganized in Table 2-1.
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Generally, high driving voltage was adopted in live tissues, such as 200 mV in the live spleen and 250 mV in the live
tumor; and relatively low driving voltages in dead tissues, such as 140 mV in the dead spleen, 120 mV in the porcine
heart tissue, and as low as 60 mV in the tube-embedded porcine muscle tissue. The live tissues usually contain much
more fluids, such as water and blood, while the dead tissues usually have much less. Water and blood usually have
much smaller ultrasound absorption coefficients than the tissues mentioned above (water: 0.002; blood: 0.2; muscle:
1.1, breast: 0.75; fat: 0.48; liver: 0.5 db/MHz/cm) [47]. In addition, flowing blood may partially function as a cooling
system. Accordingly, live tissues are more difficult to heat via HIFU than dead tissue. This fact can explain why we
adopted 200 mV for the in vivo and 140 mV for the ex vivo spleen imaging when intravenous injection was applied to
both, and 250 mV in live tumor and 120 mV in dead porcine heart tissue when local injections were applied to both.
Lastly, comparing the tube-embedded porcine muscle tissue with the porcine heart tissue with local injections, even
lower voltage can be used for the former. This could be for two possible reasons. (1) The adopted silicone tube has a
much larger ultrasound absorption coefficient than that of biological tissues discussed in this study (Figure 2-8). (2)
Another factor that should be considered is the agent dilution due to either the local or intravenous injection. In the
tube-based phantom, the stock solution of the USF contrast agent was injected into the tube so no dilution is applied.
For local injection, the contrast agent concentration is usually diluted due to natural diffusion of agents in tissue,
whereas for intravenous injection, the dilution is due to the relatively large blood or body volume. In addition, to avoid
HIFU-induced tissue damage, the temperature increases in real tissue are limited to only a few Celsius degrees under
the driving voltages used in this study (Figure 2-8).

Table 2-1 A summary of HIFU driving voltage Vpp in this study.

Tissue status Applied HIFU driving voltage
(dead or live) Vpp (mV)
Tube embedded
porcine muscle tissue Dead As low as 60 mV
(Figure 2-6) (60, 80, 100, 120, 140, 160, 180)

Porcine heart tissue

(Figure 2-7) Dead 120
In vivo tumor .
(Figure 2-10) Live 250
In vivo spleen .
(Figure 2-12) Live 200
Ex vivo spleen Dead 140

(Figure 2-14)

2.4.2 Lateral vs. Axial Resolution
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The lateral resolution of the USF imaging system is ~3.3—4.5 times better than the axial resolution, which is
due to the inherent nonuniform shape of the ultrasound focus (Figure 2-6(d) vs. 2-6(g)). As shown in all the 3D co-
registered images, the sizes of the USF images are larger than CT images along the Z direction, which is the
transmission direction of the ultrasound (i.e., the axial direction of the HIFU transducer). However, the USF images
match well with CT images on the horizontal XY plane, which is the plane orthogonal to the ultrasound transmission

direction as shown in the cross-section images of the XY plane (i.e., the lateral direction of the HIFU transducer).

2.4.3 Biodistribution

The biodistribution data indicates that the USF contrast agents are mainly distributed in the spleen and liver.
This is because the median hydrodynamic diameter of the nanoparticles is ~335 nm, and the large-sized nanoparticles
are more likely to be accumulated in the spleen and liver due to the uptake of macrophages [48]. The two kidneys also
show some fluorescence signal, which may be due to the existence of either very small nanoparticles or the residue of
free ICG molecules. Currently, it is unclear why the stomach also shows certain fluorescence signal. Similar to the
USF contrast agent, the CT contrast agent (ExiTron nano 12000) was mainly found in the spleen and liver. The mean
hydrodynamic diameter of the CT contrast agent is ~110 nm, and it mainly accumulates in the liver and spleen due to
uptake by macrophages of the liver [49]. The similar biodistribution in the spleen of both contrast agents makes it
possible to image this organ via both modalities for comparison.

In this study, we selected the spleen as the target organ because (1) it can accumulate enough contrast agents
of both modalities, has a relatively small volume (therefore a relatively high contrast agent concentration), and is close
to the skin, which are all helpful to achieve a high SNR. And (2) it has a unique shape and location, which make it
easy to be roughly identified and located with a 2D camera. To achieve this goal, we controlled the nanoparticles size

relatively large (~335 nm) because large-sized nanoparticles have a better chance of accumulating in the spleen.

2.4.4 The Key Factor to Successfully Achieve In vivo USF Imaging—Stability of USF Contrast Agents in Biological
Environments

This is the first time that USF has been demonstrated to successfully image living biological tissues via both
local and intravenous injections. It is important to point out that the success of in vivo imaging is highly dependent
upon the stability of contrast agents in biological environments. The adopted USF contrast agent in this study is ICG-

encapsulated PNIPAM-based nanoparticles. The shelf life of the stock solution can be as long as a year or longer
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without loss of the switching performance [31]. More importantly, the USF contrast agent adopted in this study shows
high stability in biological environments. As described in Methods, the in vivo USF imaging of the spleen was
conducted between 4 and 9 hours after the intravenous injection, and the ex vivo USF imaging was conducted 1 day
after the intravenous injection. These data clearly indicated that the switching property of the contrast agents was well
maintained no matter whether in living or dead tissue. In addition, we believe that the temperature-switching threshold
of the adopted contrast agent was maintained the same in both living and dead spleen as the value measured in vitro
(such as in a cuvette). This conclusion is drawn based on the following two facts: (1) to be able to observe a similar
USF signal in the dead tissue to that in living tissue, the background temperature of the dead tissue needs to be raised
up to around 37 °C (similar to the living mouse body temperature) via a water bath; (2) without heating the dead tissue,

almost no USF signal can be observed from the dead tissue (Figure 2-9).

2.4.5 Current Technical Limitations and Future Directions

Currently the on-to-off ratio of the adopted ICG-PINPAM NP is ~5, which is enough for in vivo USF imaging
in this study and may be able to further improve in future by optimizing the synthesis protocols. Using a contrast agent
with a higher on-to-off ratio may improve the SNR and therefore possibly reduce the required driving voltage or
ultrasound power.

The contrast agent distribution appears discrete in the XY plane and stretched along the Z axis. The factors
causing this issue are as follows. First, the SNR of the in vivo USF imaging was not as high as that in phantoms. This
is because the contrast agent is highly diluted by the blood, and there are some motion artifacts caused by the mouse
breathing. Second, the ultrasound might be blocked by other organs and ribs during the propagation towards spleen.
Third, the axial resolution is worse than the lateral resolution, which causes that some USF signals are shown in the
bottom layers below the spleen.

The non-uniform spatial resolutions have been partially addressed in our recent work by using two 90°-
crossed confocal HIFU transducers [26]. Further development and implementation need to be conducted in future.
Another technical limitation of current USF imaging systems is the speed. Because it is a point-by-point scanning
imaging technology and adopts the HIFU-induced temperature to switch on fluorescence, it usually takes a few hours
to finish a 3D image acquisition. Currently, we are developing and testing several strategies to increase the imaging
speed, such as via camera-based fast scanning techniques, and we expect the imaging speed to increase significantly

if successful. It is highly desirable to develop new USF contrast agents that have better switching performance (such
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as high on-to-off ratio, narrow-switching bandwidth, in near-infrared region, etc.), are feasible for molecular targeting
and multicolor imaging, and are biocompatible and biodegradable. Currently, because of the use of the large sized and
non-targeting nanoparticles, the accumulation of ICG-PINPAM NP in the mouse tumor after intravenous injection via
the conventional enhanced permeability and retention (EPR) effect is weak and not enough for USF imaging. Using
smaller sized and/or functionalized nanoparticles may increase the accumulation of nanoparticles in a tumor [50].
With the success of addressing these technical challenges and approvals of various regulations in the future, we expect
that USF imaging technique will be a promising, unique, and powerful technology for preclinical and clinical

applications to complement the existing imaging technologies.

2.5 Conclusion

For the first time, we successfully achieved the goal of in vivo USF imaging via both local and intravenous
injections in mice. The USF contrast agent adopted in this study, ICG-encapsulated PNIPAM nanoparticles, was
proved to be stable in biological environments (such as in breast tumor and spleen). Biodistribution studies showed
that the contrast agent was mainly accumulated in the spleen of mice. It provided a good opportunity to conduct in
vivo USF imaging. All the USF images were compared with CT images. The results showed that USF achieved similar
accuracy to CT on the lateral plane (i.e., the horizontal XY plane orthogonal to the direction of the ultrasound wave
propagation), and lower accuracy than CT in the axial direction (i.e., the direction of the ultrasound wave propagation).
In addition, USF maintained high sensitivity and specificity to its contrast agents in deep tissues because the signals
could be generated only from the contrast agents, and therefore USF was insensitive to non-specific background
photons (or noises). With the success of in vivo USF imaging, we believe that many potential biomedical applications

can be explored in future. The work in this chapter has been published in Scientific Reports [51].
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Chapter 3
USF IMAGING VIA AN EMCCD CAMERA AND A Z-SCAN METHOD
3.1 Introduction

To achieve high resolution fluorescence imaging in centimeter-deep tissue, many techniques based on
ultrasound mediated fluorescence emission have been investigated recently [16, 18, 24-27, 31, 52-56]. In general, the
basis for improving spatial resolution in these approaches is to confine the fluorescence emission to a small volume,
the size of which depends on the ultrasound frequency. However, the volume where the desired signal comes from is
relatively small compared to the total fluorophore distribution, which not only requires high fluorescence emission
efficiency of the contrast agent and sensitivity of the imaging system, but also needs to increase the detection
specificity and reduce the noise which means the signal photons should be exclusively differentiated from other
background photons.

Recently, we developed a new hybrid imaging modality, USF imaging, to address above challenges [18, 24-
27, 31]. USF has a much higher signal-to-noise ratio than ultrasound-modulated fluorescence methods, which were
restricted by the low ultrasound modulation efficiency [54-56]. The unique USF contrast agent and the sensitive USF
imaging system were critical. We had developed several USF imaging systems before [18, 24-27]. Thanks to the use
of modulated excitation light and lock-in amplifier, the sensitivity of the FD-USF imaging system [25] was
significantly improved compared to the continuous-wave USF imaging system [24]. However, all the systems used a
fiber bundle to collect the emitted fluorescence photons from the sample, which suffered from a low photon collection
efficiency. Additionally, attention must be paid when scanning tissue with an uneven surface (such as a mouse).
Moreover, the imaging speed was limited by the time required to cool the tissue to minimize the thermal diffusion
effect between the two adjacent locations in the scanning sequence.

In this study, we developed a camera-based USF imaging system to overcome the above limitations. An
EMCCD camera was used to receive the emitted photons instead of the fiber bundle, which improved the collection
efficiency and left enough space between the sample and the detector. Because the spatial information for the
fluorescence distribution at the tissue surface was acquired in this system (i.e., as a conventional 2D planar
fluorescence imaging system), the desired scan area could be precisely selected. With the camera as the detector, a
smart scan method, Z-scan, was developed, which improved the imaging speed by four times over the raster scan

method adopted by the previous systems. Two temporally adjacent scan positions were spatially well separated, which
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significantly reduce the effect of thermal diffusion and signal crosstalk. We studied the resolution of the proposed
imaging system by using a piece of porcine muscle tissue with a silicone tube, and we imaged the contrast agent

distribution in the porcine tongue tissues. The USF images were validated by a commercial CT imaging system.

3.2 Materials and Methods
3.2.1 Camera-Based USF Imaging System

The schematic diagram of the proposed camera-based USF imaging system is shown in Figure 3-1. The first
function generator (FG1, 33500B, Agilent, Santa Clara, CA, USA) was used to drive the excitation laser (808 nm,
MGL-II-808-2W, Dragon lasers, JL, China). The excitation light passed through a band pass filter (FF01-785/62-25,
Semrock Inc., Rochester, NY, USA), divided by a dual branch light guide (*4" x 72", Edmund Optics Inc., Barrington,
NJ, USA) into two equal parts and illuminated the tissue sample that was placed in a water tank from two opposite
directions to ensure uniform illumination. The emitted fluorescence signal was filtered by two 2-inch (BLP01-830R-
50, Semrock Inc., Rochester, NY, USA) and one 1-inch emission filters (BLP01-830R-25, Semrock Inc., Rochester,
NY, USA) that were placed before and after a camera lens (AF NIKKOR 50mm {/1.8D Lens, Nikon, Shinagawa,
Tokyo, Japan), respectively, and received by an EMCCD camera (ProEM®-HS:1024BX3, Princeton Instruments,
Trenton, NJ, USA). A HIFU transducer (2.5 MHz, H-108, Sonic Concepts Inc., Bothell, Washington, USA) driven by
the second function generator (FG2, 33500B, Keysight Technologies, Santa Rosa, CA, USA) was used to switch
on/off the USF contrast agent in its focus. The driving signal generated from the FG2 was amplified by a RF-AMP
(A075, E&I, Rochester, NY, USA) with 50-dB gain. The amplified driving signal was then delivered to an MN'W and
then to a HIFU transducer to generate an ultrasonic wave. To scan the sample, the HIFU transducer was controlled by
a motorized translation stage (Velmex Inc. Bloomfield, NY, USA) which received commands from the computer. The
computer received the triggers via a multifunctional input/output device (I/O, PCle-6363, National Instruments,
Austin, TX, USA) from the third function generator (FG3, AFG3252, Tektronix, Beaverton, OR, USA) which was
used to synchronize the camera exposure, ultrasound heating and translation stage movement. In the proposed imaging
system, the XY plane represents the horizontal plane, which is perpendicular to the transmission direction of the

ultrasound. The Z direction is the axial direction, which is parallel to the transmission direction of the ultrasound.
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Figure 3-1 Schematic diagram of the proposed camera-based USF imaging system. FG: function generator; RF-Amp:
radio-frequency power amplifier; MNW: matching network; HIFU: high intensity focused ultrasound; I/O:

multifunctional input/output device; F1: excitation filter (785/62 BP); F2—F4: emission filters (830 LP).

3.2.2 Z-Scan Method

The proposed USF imaging system had two scan modes: raster scan and Z-scan. As shown in Figure 3-2(a),
in the raster scan mode, the HIFU transducer was scanned from the first point to the fourth point along the x-axis
positive direction, moved to the fifth point along the y-axis positive direction, and scanned the second line along the
x-axis negative direction. By repeating this process, a 2D scan was achieved. This scan method was adopted in the
previous FD-USF imaging system. The transducer did not move to the next adjacent position until the tissue cooled
down and the USF signal vanished, which was time consuming.

To overcome this limitation, a new scan strategy named Z-scan was adopted in this camera-based USF
imaging system. As shown in Figure 3-2(bl), in the Z-scan mode, the entire scan region was divided into four equal
subregions, which meant the scan points in the x and y directions should be even number. The scanning sequence of
the points was indicated by the numbers. As shown in Figure 3-2(b2), the HIFU transducer scanned all the first points

in all subregions first. The moving trajectory of the transducer looked like a ‘Z’. As shown in Figure 3-2(b3), the
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HIFU transducer moved to the fifth point in the scan sequence, which was the second point in region I, and scanned
all the second points in all subregions. In Figure 3-2(b4-b5), all the points were scanned by repeating this process.
The two adjacent points in the scanning sequence were separated in space, which meant the rising temperature of the
tissue in the former scan position would not affect the current position significantly. By adopting this new scan method,
the imaging speed of the proposed camera-based USF imaging system was four times faster than the speed achieved
by the raster scan. Figure 3-2(c) shows the time sequence diagram of this USF imaging system. The EMCCD camera
took two fluorescence images at each scan position and the exposure was controlled by the FG3. The first 1.5 s
exposure of the camera was used to record the fluorescence image before the ultrasound heating which was a
background used for the USF signal calculation. The FG3 sent triggers to the FG2 and the I/O at the same time as the
first camera exposure. The FG2 delayed the trigger for 1.6 s and sent a driving signal with a duration of 0.4 s to the
HIFU transducer. Directly after the ultrasound exposure, the second fluorescence image was taken with the same
exposure time of 1.5 s as the previous background image. The increase in fluorescence intensity between the two
frame images was caused by the HIFU-induced temperature rising and could be obtained by subtracting the first
fluorescence image from the second fluorescence image. The computer received the trigger from FG3 via DAC and
then sent the command to move the translation stage after 3 s. Because the HIFU transducer was below the sample,
the movement of the transducer did not affect the collection of emitted fluorescence. The time intervals between the
two adjacent scanning locations in the sequence were 20 s in raster scan mode and 5 s in Z-scan mode. The 20 s
interval in the former was mainly to wait for tissue to cool down; therefore, avoiding fluorescence cross talk between
the adjacent locations.

The focus of the HIFU transducer was initially positioned on the bottom surface of a small tank used to hold
the sample. The position of the focus was also identified and calibrated in the field of view of the camera by positioning
the ultrasound focus on a silicone tube inserted at the surface of a transparent silicone phantom and by calculating the

geometric center of the obtained USF signal pattern.
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Figure 3-2 Schematic diagram of (a) raster scan and (b1-b5) Z-scan; (¢) time sequence diagram of the USF imaging

system.

3.2.3 Resolution Measurement of the USF Imaging System

A silicone tube (ST 60-011-01, Helix Medical, Carpinteria, CA, USA) with an inner diameter of 0.31 mm
and an outer diameter of 0.64 mm was inserted into a porcine muscle tissue with a thickness of ~10 mm at a depth of
~5 mm. The tissue was placed on a piece of transparent parafilm (PM-992, BEMIS Company Inc. Neenah, WI, USA)
that sealed the rectangle window of a small plastic tank. The gap between the parafilm and the bottom side of the
tissue was filled with ultrasound gel (01-08, Aquasonic 100, Parker Laboratories Inc., Fairfield, NJ, USA) to maintain

the appropriate ultrasound coupling. To prevent the tissue from drying during the experiment, the surface of the tissue
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was covered by ultrasound gel and a piece of transparent parafilm. Before USF imaging, the ultrasound focus was
positioned on the silicon tube which was then filled with ICG-PINIPAM NP with an LCST of ~24-25 °C. The
intensity of the excitation light illuminated on the tissue was 6.16 mW/cm? (Power: 4.367 mW, sensor’s area: 0.709
cm?), which was measured by a power and energy meter (PM 100D, Thorlabs Inc. Newton, NJ, USA). To obtain the
lateral and axial 1D profiles of the silicone tube in the USF imaging, the HIFU transducer scanned the tube in the Y
direction (with a step size of 127 um and a scanning range of 7.112 mm) and in the Z direction (with a step size of

508 um and a range of 10.16 mm), respectively.

3.2.4 USF Image Processing and Co-Registration

As mentioned above, the increase in fluorescence can be extracted by subtracting the first fluorescence image
(i.e., the background fluorescence image) from the second fluorescence image (i.e., the fluorescence image acquired
after HIFU exposure). To convert this subtracted image into a single value of the signal strength to represent the HIFU-
induced fluorescence increase at each scan location, a 7 x 7 pixel moving average filter was applied to the subtracted
image. A threshold of 100 counts was set to remove obvious noise. Then, a square with a side length of 1 mm was
drawn at the center of the scan position on the processed image. Finally, the photon counts of all the pixels within this
square were averaged and used to represent the strength of the HIFU-induced fluorescence increase at the current
location. Accordingly, a single number could be calculated for each scanning point, and a 3D USF image could be
formed by scanning a 3D volume. Note that the specific threshold and side length might be varied in different samples
for better USF image quality.

The 2D USF images of the contrast agent distribution on the XY plane at different depths were obtained by
performing 2D USF imaging along the Z direction. Because of the excitation light and the emitted fluorescence
attenuated with the depth of the tissue, the intensity of the USF signals from different layers were not comparable.
Thus, the signal intensity was normalized at each layer. The pixel size of these USF images was interpolated to 50.8
pum, and the target (i.e., contrast agent distribution at that depth) was differentiated from the background via the 2D
Otsu method [46]. By combining all the 2D USF images, a 3D USF image was obtained. The 2D X-ray projections
were reconstructed into a 3D CT image using the software provided by the manufacturer of the micro-CT system
(NRecon). Because the exact scan area of the USF imaging was known, the 3D CT image of the contrast agent
distribution could be extracted from the reconstructed CT image using the software provided by the manufacturer

(CTAn). The 3D USF image and the 3D CT image were co-registered in the software provided by the manufacturer

43



(DataViewer). The co-registration was realized by slightly moving and rotating the USF image compared to the CT
image, which may not be accurate because no markers could be detected by the two modalities. The visualization of
the 3D images was realized using ParaView (Sandia National Laboratory, Kitware Inc, Los Alamos National

Laboratory).

3.3 Results and Discussion
3.3.1 Resolution Measurement of the USF Imaging System

To measure the resolution of the proposed camera-based USF imaging system and the effect of the driving
voltage on the resolution, we carried out USF imaging on a piece of porcine muscle tissue in which a silicone tube
was inserted to mimic a blood vessel. Figure 3-3(a) shows a white-light photo of the silicone tube embedded tissue.
As shown in Figure 3-3(b), the size of the tube shown by fluorescence imaging on the tissue surface is quite large
because of the high scattering property of the tissue (a threshold of 0.3 is applied). Figure 3-3(c) shows the lateral (i.e.,
Y direction) 1D USF profiles of the silicone tube with two various HIFU driving voltages of 60 mV and 80 mV (i.e.,
the Vpp from FG2, estimated ultrasound power: 0.43 W and 0.77 W). The peak values of the USF profiles for the two
driving voltages of 60 and 80 mV are 138 and 319 counts, respectively. As shown in Figure 3-3(d), the FWHM of the
lateral profiles for the two driving voltages are 0.85 and 1.11 mm, respectively. As shown in Figure 3-3(e), the peak
values of the USF profiles for the two driving voltages of 60 and 80 mV are 136 and 359 counts, respectively. As
shown in Figure 3-3(f), the FWHM of the axial profiles for the two driving voltages are 2.46 and 4.19 mm,
respectively. The USF signal strength is higher under the larger driving voltage (i.e., higher ultrasound power), which
means a better SNR. However, the increase of FWHM means a worse resolution. This is because the higher
temperature rise leads to the larger size of the thermal focal zone and results in more USF contrast agents are switched
on. It should be noted that the axial FWHM is about 3~4 times larger than the lateral FWHM which is due to the
nonuniform shape of the HIFU transducer focus. The lateral and axial FWHMs of the acoustic intensity focus were
measured as 0.55 mm and 2.8 mm [33], respectively. As shown in Figure 3-3(g), the FWHM of the 1D profile obtained
by fluorescence imaging (same position on the x-axis as USF imaging) is 9.59 mm. Compared to the fluorescence

imaging, the USF imaging improved the resolution by ~11 times (using a 60-mV driving voltage).
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Figure 3-3 (a) A white-light photo of the porcine muscle tissue inserted with a silicone tube. (b) The fluorescence
image of the silicone tube filled with ICG-PINIPAM NP inside the tissue (threshold = 0.3). (c) and (d) are the original
and normalized lateral (i.e., Y direction) 1D profiles of the silicone tube with a driving voltage of 60 mV (the blue

solid line with squares) and a driving voltage of 80 mV (the red solid line with circles), respectively. (e) and (f) are
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the original and normalized axial (i.e., Z direction) 1D profiles of the silicone tube with a driving voltage of 60 mV
(the blue solid line with squares) and a driving voltage of 80 mV (the red solid line with circles), respectively. (g)

Normalized 1D profile of the silicone tube via fluorescence imaging.

3.3.2 Comparison of the Raster Scan and Z-Scan

Figure 3-4(a) shows a white-light photo of the porcine tongue tissue. Because the porcine tongue tissue was
relatively dense compared to other available porcine muscle tissues, the contrast agents were less diffused after a local
injection. The USF contrast agent (30 pL ICG-PINIPAM NP) with an LCST of ~24-25 °C mixed with the commercial
CT contrast agent (10 pL ExiTronTM nano 12000, Miltenyi Biotec, Bergisch Gladbach, Germany) was locally
injected into the tissue with a thickness of 1.3 cm to form a single spot. Figure 3-4(b) shows the 2D and normalized
fluorescence intensity distribution on the top surface of the tissue. The red box indicates the horizontal scan plane
(XY) of the USF imaging. To avoid optical cross talk, the separation distance between the two adjacent scan points in
Z-scan mode, such as the distance between point number 1 and number 2, should be examined. To achieve this goal,
the USF signal pattern’s change in space and time at a scan point was investigated. Specifically, an ultrasound pulse
with a 60-mV driving voltage and 400 ms duration was applied to the position indicated by the white spot in Figure
3-4(b). The depth of this scan position was 7.62 mm from the bottom of the tissue. It took 615.82 ms (500 ms exposure
time and 115.82 ms readout time) to record a single fluorescence image. A total of 60 frames was recorded (3 frames
before the ultrasound exposure and 57 frames after the ultrasound exposure). The background image was obtained by
averaging the three frames before the ultrasound exposure. Thus, the dynamic pattern of the USF signal was obtained
from the fourth frame to the last one. To analyze the data, the spatial distribution of USF photons on the fifth frame
(after it was subtracted by the background image) is shown in Figure 3-4(c). A white bar is drawn on the image. One
end is located at the center of the pattern and indicates the location of the HIFU focus (i.e., heating position). The
other end of the bar is far away from the center and well beyond the HIFU heating zone. By extracting the data along
this white bar at all the different time points, Figure 3-4(d) shows a 2D representation of the HIFU-induced USF
photons in space and time. The origin of this image indicates the position where this was illuminated by the ultrasound.
The USF photons near the heating center decays slowly, which is why the time interval between the two adjacent scan
positions in raster scan mode is long and the imaging speed is low. On the other hand, the USF photons are very weak
at the location that is 5 mm away from the heating center after 3 s. Thus, if the next scan location is positioned at 5

mm away from the previous scan location and the next background is taken 3 s after the previous HIFU exposure, the
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interference (i.e., cross talk) of the USF photons between these two temporally adjacent scan locations can be avoided.
Obviously, it is also true that if the separation distance between two scan points can be increased to 6 mm or above,
the waiting time can be avoided. Thanks to the size of the USF signal pattern was limited in space and shrank with
time, the Z-scan can significantly improve the imaging speed without suffering the effect of thermal diffusion. Figure
3-4(e) and 3-4(f) show the 2D USF images on the XY plane at Z=7.62 mm using the raster scan and Z-scan,
respectively. The patterns of these two images were similar, but the imaging speed of the Z-scan was four times faster

than that of the raster scan.
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Figure 3-4 (a) A white-light photo of the porcine tongue tissue. (b) The fluorescence image of the mixed contrast
agents distribution in the tissue and the red square indicates the scan area of the USF imaging on the horizontal (XY)
plane. The white spot indicates the position measuring the USF signal. (c) The pattern of USF signal and the white

bar indicates the positions for studying USF signal intensity change with time. (d) The USF signal intensity’s change
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in space and time. (¢) The USF image on the XY plane using the raster scan. (f) The USF image on the XY plane

using the Z-scan.

3.3.3 The USF Imaging of the Contrast Agent Distribution in Tissue

To obtain the 3D contrast agent distribution in the porcine tongue tissue shown in Figure 3-4(a), a volume of
9.906 x 9.906 x 10.16 mm?® was scanned by the HIFU transducer with a driving voltage of 60 mV using the Z-scan
method. The lateral step size was 0.762 mm, and the axial step size was 2.032 mm. After the USF imaging, the tissue
was scanned by a commercial micro-CT system (Skyscan 1178, Bruker, Kontich, Belgium). Figure 3-5 shows the 2D
USF images of the contrast agent distribution on the XY plane at different depths (i.e., Z direction).
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Figure 3-5 2D USF images on XY plane at different depths.
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Figure 3-6 (al—a3) The top view (XY), front view (XZ) and right view (YZ) of the 3D USF images. (b1-b3) The top

view (XY), front view (XZ) and right view (YZ) of the reconstructed 3D CT images. (c1) The 3D view of the co-
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registered image of the two modalities and (c2—c4) the corresponding 2D cross-section images at X=5.49 mm, Y=5.23

mm and Z=6.50 mm, respectively. (d1—d4) 2D cross-section images of the 3D co-registered image at different depths.

Figure 3-6(al—a3) show the top view (XY), front view (XZ), and right view (YZ) of the 3D USF images of
the USF contrast agent distribution, respectively. Figure 3-6(b1-b3) show the top view (XY), front view (XZ), and
right view (YZ) of the 3D CT images of the CT contrast agent distribution, respectively. Figure 3-6(c1) shows the 3D
co-registered USF and CT images and Figure 3-6(c2—c4) are the corresponding cross-section images on different
planes. The blue volumes or areas indicate the distribution of the CT contrast agent while the green ones show the
distribution of the USF contrast agent. The red ones indicate the contrast agent distributions detected by both imaging
modalities. In the 3D view image (i.e., Figure 3-6(c1)), the common volume accounts for 48.04% of the total volume
of the USF image and 72.49% of the total volume of the CT image, respectively. On the YZ plane at X=5.49 mm (i.e.,
Figure 3-6(c2)), the common area accounts for 54.32% of the USF image area and 88.65% of the CT image area. On
the XZ plane at Y=5.23 mm (i.e., Figure 3-6(c3)), the common area accounts for 68.30% of the USF image area and
88.58% of the CT image area. On the XY plane at Z=6.50 mm (i.e., Figure 3-6(c4)), the common area accounts for
58.26% of the USF image area and 100% of the CT image area. The comparisons at different cross-sections are
summarized in Table 3-1. Figure 3-6(d1-d4) show the 2D cross-section images of the 3D co-registered image at

different depths (along the Z direction).

Table 3-1 The comparison of USF image and CT image with a single target.

Planc The proportion of overlap part in The proportion of overlap
USF image part in CT image
Total volume 48.04% 72.49%
YZ plane at X=5.49 mm 54.32% 88.65%
XZ plane at Y=5.23 mm 68.30% 88.58%
XY plane at Z=6.50 mm 58.26% 100%

To investigate the capability of the USF imaging with a more complicated contrast agent distribution pattern,
as shown in Figure 3-7(a), 45 uL USF contrast agent mixed with 15 L. CT contrast agent was locally injected into a
porcine tongue tissue with a thickness of 1.3 cm in three different locations to form three spots (20 puL each). Figure
3-7(b) shows the 2D and normalized fluorescence intensity distribution on the top surface of the tissue. The red box

indicates the scan area of the USF imaging on the horizontal plane. A volume of 12.954 x 12.954 x 10.16 mm? was
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scanned by the HIFU transducer with a driving voltage of 60 mV using the Z-scan method. The lateral step size was
0.762 mm, and axial step size was 2.032 mm. Figure 3-7 (c—h) show the 2D USF images of the contrast agent
distribution on the XY plane at different depths. The three spots can be seen clearly in these USF images at some
depths while are not observable in the regular fluorescence image (i.e., Figure 3-7(b)) that is the only image acquired

on the tissue surface.

(a)

Figure 3-7 (a) A white-light photo of the porcine tongue tissue. (b) The fluorescence image of the mixed contrast
agents distribution in the tissue and the red square indicates the scan area of the USF imaging on the horizontal (XY)

plane. (c) to (h) are the 2D USF images on XY plane at different depths.
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52



registered images of the two modalities and (c2—c4) the corresponding 2D cross-section images at X=9.60 mm,
Y=4.78 mm and Z=7.98 mm, respectively. (d1-d4) 2D cross-section images of the 3D co-registered image at different

depths.

Figure 3-8(al—a3) show the top view (XY), front view (XZ), and right view (YZ) of the 3D USF images of
the USF contrast agent distribution, respectively. Figure 3-8(b1-b3) show the top view (XY), front view (XZ), and
right view (YZ) of the 3D CT images of the CT contrast agent distribution, respectively. Figure 3-8(c1) shows the 3D
co-registered USF and CT images and Figure 3-8(c2—c4) are the corresponding cross-section images on different
planes. In the 3D view image (i.e., Figure 3-8(c1)), the common volume accounts for 32.16% of the total volume of
the USF image and 54.40% of the total volume of the CT image, respectively. On the YZ plane at X=9.60 mm (i.c.,
Figure 3-8(c2)), the common area accounts for 42.93% of the USF image area and 90.40% of the CT image area. On
the XZ plane at Y=4.78 mm (i.e., Figure 3-8(c3)), the common area accounts for 45.91% of the USF image area and
94.14% of the CT image area. On the XY plane at Z=7.98 mm (i.e., Figure 3-8(c4)), the common area accounts for
32.58% of the USF image area and 80.86% of the CT image arca. The comparisons at different cross-sections are
summarized in Table 3-2. Figure 3-8(d1-d4) show the 2D cross-section images of the 3D co-registered image at

different depths (along the Z direction).

Table 3-2 The comparison of USF image and CT image with multiple targets.

Plane The proportion of overlap part in The proportion of overlap
USF image part in CT image
Total volume 32.16% 54.40%
YZ plane at X=9.60 mm 42.93% 90.40%
XZ plane at Y=4.78 mm 45.91% 94.14%
XY plane at Z=7.98 mm 32.58% 80.86%

3.4 Conclusion

In this study, we developed a camera-based USF imaging system to overcome the limitations faced by the
previous USF systems that adopted a fiber bundle to collect the photons. By using the Z-scan method, the imaging
speed was significantly improved compared to the former raster scan method. The USF imaging of the contrast agent
distribution inside the porcine tongue tissue was investigated. All the results of the USF imaging were validated by

the micro-CT imaging. In this study, the scan region was only divided into four subregions and was limited by the
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speed of translation. This limitation can be solved in the future by optimizing the exposure time and improving the
speed of scanning the HIFU focus. Therefore, the imaging speed can be further improved. The work in this chapter

has been published in IEEE Journal of Selected Topics in Quantum Electronics [57].
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Chapter 4
IN vivo USF IMAGING USING PNIPAM/B-CD/ICG NANOGEL AND CAMERA-BASED USF IMAGING SYSTEM
4.1 Introduction

In the NIR spectral range, the penetration depth of light becomes larger due to the smaller optical absorption
and scattering coefficients of biological tissue. Thus, the fluorescence imaging in NIR region has attracted tremendous
attention [58]. In particular, NIR fluorescence imaging between 700 and 900 nm has enabled new technologies for a
variety of preclinical and clinical applications [59]. Compared with conventional diagnostic imaging, such as CT,
MRI, or PET, NIR fluorescence imaging provides a cost-efficient and high-sensitivity method for real-time molecular
imaging [60]. Currently, a serious problem obstructing the applications of the NIR fluorescence technique is the poor
resolution in deep tissue [9, 61]. The spatial resolution dramatically declines with the increase of tissue thickness. To
address this challenge, USF imaging as a new hybrid imaging modality was developed by our group in the past years
[24, 32,51, 53, 57]. USF imaging employs a unique imaging probe that can be sensitively switched on via ultrasound-
induced temperature increase only in the ultrasound focal volume. This indicates that the trapped USF signal only
comes from the signal changes of the contrast agent itself, and its signal dynamic pattern can be expediently
manipulated by externally controlling the ultrasound exposure, implying that the USF method has high specificity
with regard to the contrast agent. These advantages greatly encourage us to explore the USF imaging in vivo.

ICG-PNIPAM NP, a type of temperature-responsive USF probe, is one of the most successful NIR-USF
contrast agents, which is sensitive to the ultrasound-induced temperature change in focal volume [31]. As shown in
chapter 2, in vivo USF imaging was successfully achieved using ICG-PNIPAM NP. However, one of the drawbacks
of this type of the probe is that its emission peak is blue shifted compared to that of free ICG in water. To remain
ICG’s NIR emission peak, minimize tissue autofluorescence, achieve better SNR and increase in vivo circulation time
of this type of contrast agent, there is an urgent need to upgrade the previous ICG-PNIPAM probe to accelerate the
utilization of USF imaging in biomedical applications.

Recently, we developed a new ICG-based USF contrast agent, ICG/B-CD complex-encapsulated PNIPAM
nanogel (PNIPAM/B-CD/ICG nanogel), to overcome the limitations of the ICG-PNIPAM NP [38]. The average
diameter of the PNIPAM/B-CD/ICG nanogel was significantly decreased to ~32 nm from ~335 nm compared to the
reported ICG-PNIPAM NP. Additionally, the excitation/emission characteristics of the ICG itself in PNIPAM/p-

CD/ICG nanogel were almost completely retained. In this study, the USF performance of the PNIPAM/B-CD/ICG
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nanogel was compared with that of the ICG-PNIPAM NP in centimeters-deep chicken breast tissue. The feasibility of
in vivo USF imaging using PNIPAM/B-CD/ICG nanogel and the camera-based USF imaging system (developed in

the previous chapter) was also studied.

4.2 Materials and Methods
4.2.1 Camera-Based USF Imaging System

The details of the camera-based USF imaging system are descried in the Chapter 3. Briefly, we applied a
HIFU transducer with a center frequency of 2.5 MHz to heat the sample and switch on the temperature-sensitive probe
in the focus. In this study, the ultrasound exposure time was kept at 400 ms and the driving voltage was changed with
the different samples. The emitted USF signal was collected through a camera-based fluorescence imaging system.
The wavelength of the excitation light was set as 808 nm and the emitted fluorescence signal was filtered by a set of
830 long-pass filters. The background temperature of the sample was controlled by a water bath via an integrated

programmed temperature controller system and a magnetic stirrer inside the water bath.

4.2.2 NIR-USF Imaging in the Silicone Tube Embedded Chicken Breast Tissue

A silicone tube with an inner diameter of 0.76 mm and an outer diameter of 1.65 mm was inserted into a
piece of chicken breast tissue with a thickness of ~1.5 cm or ~3.5 cm at a height of ~5 mm from the bottom surface to
simulate a blood vessel. The tissue sample was placed in a small plastic cell and covered it with a transparent parafilm
(PM-992, BEMIS Company Inc., USA). The space between the bottom surface of the tissue and the parafilm was
filled with ultrasound transmission gel (Aquasonic 100, Parker Laboratories Inc., USA) to provide efficient ultrasound
coupling. The top surface of the tissue sample was also covered by the ultrasound gel and the parafilm to prevent the
tissue from drying during the experiment. The ICG-PNIPAM NP and PNIPAM/B-CD/ICG nanogel were injected into
the silicone tube via a microsyringe, respectively. The bottom of the small tank was further immersed into a 37 °C
water bath to ensure the temperature of the tissue sample close to normal body temperature. An area of 10.16 (X) x
2.54 (Y) mm? (step size in X direction: 0.2032 mm; Y direction: 1.27 mm) was scanned by the HIFU transducer with
an estimated ultrasound power of 2.36 W. The intensity of the excitation light at 808 nm was measured as 29.25

mW/cm? by using a power and energy meter (PM100D, Thorlabs Inc., USA).

4.2.3 Metabolism and In vivo Biodistribution of the PNIPAM/B-CD/ICG Nanogel in BALB/c Mice
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Three healthy BALB/c mice (female, 8-10 weeks) were purchased from Jackson Laboratory (Maine, USA)
in this study. To explore the metabolism of the PNIPAM/B-CD/ICG nanogel, the mouse (20.6 g) was firstly
anesthetized with 2.5% isoflurane at a flow rate of 1 L/min, and the hair on the whole body surface was removed using
depilatory cream. Next, 200 pLL of PBS dispersion of PNIPAM/B-CD/ICG (~8.0 mg/mL) was administrated via a tail
vein injection, where the maximum intravenous dose was 77.6 mg/kg. The 2D fluorescence images of the whole
mouse body were collected before the tail vein injection and at different time points (0, 1, 2, 4, 6, 24 , 48, 120 h) after
the tail vein injection via a home-made NIR fluorescence imaging system (Aex = 808 nm, Aem = 830 nm). To evaluate
the in vivo biodistribution of PNIPAM/B-CD/ICG nanogel, 200 pL of PBS dispersion of PNIPAM/B-CD/ICG (~8.0
mg/mL) was intravenously injected into the mice. The mouse (with a weight of 20.7 g and a corresponding dose of
77.6 mg/kg) and the another one (with a weight of 21.6 g and a corresponding dose of 74.08 mg/kg) were sacrificed
at 15 and 90 min after the injection, respectively. Their major organs (heart, kidney, liver, lung, spleen, stomach, large

intestine and small intestine) were then harvested and imaged using the same imaging system.

4.2.4 Ex vivo NIR-USF Imaging of Mouse Liver via a Tail Vein Injection

The healthy BALB/c mouse (female, 14 weeks, 27.3 g) was firstly anesthetized with 2.5% isoflurane, and
then 200 pL of a PBS dispersion of PNIPAM/B-CD/ICG (~8.0 mg/mL) was injected into the mouse body via a tail
vein (the corresponding dose is 58.64 mg/kg). The mouse was sacrificed at 5 min after the injection and the liver was
harvested. Part of the liver was then inserted into a piece of porcine heart tissue with a thickness of 1 cm for ex vivo
USF imaging. The intensity of the as-used excitation light at 808 nm was 26.12 mW/cm?. A volume of 15.240 (X) x
15.240 (Y) x 6.096 (Z) mm?® (step size in X&Y direction: 1.016 mm,; Z direction: 2.032 mm) was scanned by a HIFU

transducer with an estimated ultrasonic power of 4.82 W.

4.2.5 In vivo Biodistribution of the PNIPAM/B-CD/ICG Nanogel in U87 Brain Tumor-Bearing Mice

The healthy NU/J nude mice (female, 6 weeks) were purchased from Jackson Laboratory to establish
subcutaneous brain tumor models. Suspension of U87 brain cancer cells (ATTC, USA) was subcutaneously injected
into the right hind legs of mice to build the subcutaneous tumor models. The mice were then housed there under
pathogen-free conditions. A nude mouse (female, 11 weeks, 22.63 g) was used for this experiment. 200 uL of PBS
dispersion of PNIPAM/B-CD/ICG (~8.0 mg/mL) was administrated by tail vein injection (corresponding dose: 70.7

mg/kg). The 2D fluorescence images of the whole mouse body were collected before the intravenous injection and at

57



different time points (0, 1, 2, 4, 6, 8, 10, 24 h) after the intravenous injection via a home-made NIR fluorescence

imaging system.

4.2.6 In vivo NIR-USF Imaging in U87 Brain Tumor Bearing Mice

The U87 tumor bearing nude mouse (13 weeks, 22.58 g) with a tumor size of ~2 cm was used for this
experiment. The 35 uLL and 20 uL PBS dispersions of PNIPAM/B-CD/ICG were injected into the tumor at two different
positions, respectively. During the experiment, the mouse was anesthetized with 2.0 % isoflurane at a flow rate of 0.8
L/min. The temperature of the water bath was kept at 38 °C to sustain the mouse body temperature. The intensity of
the excitation light at 808 nm was 0.37 mW/cm?. A volume of 12.954 (X) x 12.954 (Y) x 8.128 (Z) mm? (step size in
X&Y direction: 0.762 mm; Z direction: 2.032 mm) was scanned by the HIFU transducer with an estimated ultrasonic

power of 3.90 W.

4.2.7. Calculation of SNR

The 2D USF image of the silicone tube was normalized line-by-line (i.e., along the x direction). Each line of
the USF image corresponds to a SNR value, and the SNR of the integral USF image was defined as the mean SNR
value of all the lines. The SNR was calculated by the following equation:

signal
SNR =20 10g10

noise

where the signal was defined as the root-mean-square of all the values larger than 0.5 in each line, and the noise was

defined as the standard deviation of the 10 scan points at the edge of the line (5 points each side).

4.3 Results and Discussion
4.3.1 Comparison of the Two Types of ICG-Based PNIPAM Probes for NIR-USF Imaging

The detectable photons in the USF imaging decrease rapidly with the increase of the tissue thickness, which
results in a fast deterioration of SNR [25]. Therefore, high performance USF contrast agents are highly desirable for
deep tissue imaging. The USF performance of PNIPAM/B-CD/ICG nanogel and ICG-PNIPAM NP were compared in
chicken breast tissues with different thicknesses. The 2D USF images of a silicone tube filled with PNIPAM/B-
CD/ICG nanogel (or ICG-PNIPAM NP) in 1.5-cm (or 3.5-cm) thick chicken breast tissue are shown in Figure 4-1.
SNR is used to evaluate the USF performance, so we further calculated and analyzed the SNR of the USF image. As
shown in Figure 4-1(b) and 4-1(c), results reveals that the SNR of the USF image for PNIPAM/B-CD/ICG nanogel

(33.01 + 2.42 dB) is obviously higher than that of the ICG-PNIPAM NP (18.73 + 0.33 dB) in 1.5 cm-thick chicken
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breast tissue. For further testing, both contrast agents were reevaluated using the same protocol in a 3.5 cm-thick
chicken breast tissue. As shown in Figure 4-1(d) and 4-1(e), the SNR of the USF image for PNIPAM/B-CD/ICG
nanogel is calculated as 19.57 + 1.68 dB. Nevertheless, the same silicone tube cannot be differentiated from the
background when using ICG-PNIPAM NP. This is understandable based on the following discussion. Compared with
ICG-PNIPAM NP, the characteristic of the fluorescence emission of the PNIPAM/B-CD/ICG nanogel is more like
that of the ICG [38]. This indicates that the fluorescence emission in the NIR region is enhanced when using the
PNIPAM/B-CD/ICG nanogel, which leads to the enhancement of the USF signal and thereby the improvement of the

SNR under the similar on-to-off ratio and other test conditions.

(@)

X mm

Figure 4-1 (a) Photographs of the silicone tube embedded chicken breast tissue with a thickness of ~1.5 cm and ~3.5
cm, and photo of the as-used real silicone tube in this study. (b, d) 2D USF images of the silicone tube filled with
PNIPAM/B-CD/ICG nanogel and (c, ) ICG-PNIPAM nanoparticles in different thickness chicken breast tissue (b,c

and d,e represent the tissue thickness of 1.5 cm and 3.5 cm, respectively).
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The NIR-USF imaging that uses PNIPAM/B-CD/ICG nanogel to detect light penetrating through ~3.5 cm of
chicken breast tissue was significantly improved in comparison with the previously reported NIR-I [62-64] and NIR-
IT [58, 61, 65-67] imaging results, which even surpassed the maximum depth of detection of ~3.2 cm in pork tissue,
using the core/shell a-(NaYbF4: 0.5% Tm3+)/CaF2 nanoparticles as NIR-I imaging probes [68]. Yet for all that, the
penetration depth of NIR-USF imaging could be further improved with a USF contrast agent with a larger on-to-off
ratio, stronger fluorescence emission, and a narrower transition bandwidth. In short, the PNIPAM/B-CD/ICG nanogel

with superior performance will vastly drive the biomedical applications of deep-tissue NIR-USF in vivo imaging.

4.3.2 Metabolism and In vivo Biodistribution of the PNIPAM/B-CD/ICG Nanogel

To meet the requirements of the U.S. FDA, all injected contrast agents need to be cleared from the body
completely within a reasonable time period [69]. Therefore, an essential understanding of how contrast agents are
eliminated from the normal organs/tissues but retained in the tumors is immensely important for their future clinical
applications. In light of this necessity, the metabolism of the PNIPAM/B-CD/ICG nanogel (~32 nm) in healthy
BALB/c mice was evaluated through tail vein injection. As shown in Figure 4-2(a—c), the fluorescence intensity of
the location of the liver reaches peak right after the injection and rapidly decreases within 1 h, indicating that the
nanogels can quickly accumulate into the liver tissue through reticuloendothelial system uptake [69] and then
decompose fast in a short period. We conjectured that the decomposed PNIPAM/B-CD/ICG nanogel with smaller size
in the liver tissue might be principally expelled from the mouse’s body through the urinary system. This inference is
mainly based on the observation that the bladder region displays a brilliant or saturated fluorescence intensity at 1 h
but gradually diminished after 1 h (Figure 4-2(a)), and the locations of the kidney always exhibit strong fluorescence
signals after the tail vein injection (Figure 4-2(b) and 4-2(c)). In fact, studies have proved that most small molecular
probes are small enough to pass the glomerular capillary walls and enter into the urine if they have no interactions
with serum proteins during circulation [69]. This means that the present PNIPAM/B-CD/ICG nanogel are chiefly
eliminated from the body through the synergistic pathways of the hepatic route (liver metabolism, bile excretion and
feces elimination are involved) and renal clearance. Note that the PNIPAM/B-CD/ICG nanogel almost completely
excretes out of the body after 120 h, which is vital for future clinical use. The ex vivo biodistribution of PNIPAM/B-
CD/ICG nanogel was also examined by recording the fluorescence intensity of major organs dissected from euthanized
mice at 15 and 90 min post-injection (Figure 4-2(d)), which further verified the preferential elimination of the nanogels

from a normal mouse body mediated by combing the renal (urine) and hepatic (bile to feces) pathways. Moreover, we
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observed strong fluorescence signals from mouse hearts and lungs after injection of the as-used nanogels at 15 min,
and the signals instantly decreased below the detectable threshold (i.e., 0.3) at 90 min, suggesting the current nanogel

could travel through the bloodstream into the heart and lung tissues but could be promptly excreted out of both organs.

Lung, Stomach
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Figure 4-2 Metabolism and in vivo biodistribution of PNIPAM/B-CD/ICG nanogel: (a—c) 2D fluorescence images of
BALB/c mouse taken at different time points after tail vein injection of PNIPAM/B-CD/ICG nanogel (a—c represent
the back side, left side and right side of the mouse body, respectively), and (d) ex vivo fluorescence images of major

organs dissected at 15 and 90 min post-injection.
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Figure 4-3 Metabolism and in vivo biodistribution of the PNIPAM/B-CD/ICG nanogel in U87 brain tumor-bearing

mouse: (a—c) 2D fluorescence images of U87 tumor bearing mouse taken at different time points after tail vein

injection of the nanogels (a—c represent the right side, dorsal side and ventral side of mouse body, respectively).

As shown in Figure 4-3, the metabolism and in vivo biodistribution of PNIPAM/B-CD/ICG nanogel in U87
tumor-bearing mouse was also investigated. The 2D fluorescence images show that the nanogels are broadly
distributed throughout the mouse body shortly after injection, within 4 h. Interestingly, the fluorescence intensity in
the tumor region gradually increased (1-6 h) and peaked at 8 h, implying the excellent enrichment of nanogels in the

tumor via the EPR effect. In contrast, the previously reported ICG-PNIPAM NP with larger hydrodynamic diameter
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(~335 nm) was primarily distributed in the spleen and liver. The accumulation effect of ICG-PNIPAM NP in U87
tumor-bearing mouse was relatively low. Thus, the PNIPAM/B-CD/ICG nanogel with an ultra-small size not only has
an acceptable and rapid excretion pathway but also its own advantageous EPR accumulation effect in a tumor-bearing

mouse.

4.3.3 Ex vivo NIR-USF Imaging of Mouse Liver

Based on the results of the metabolism analysis, we tried to use PNIPAM/B-CD/ICG nanogel to obtain a
NIR-USF image of the location of the liver in a live mouse. Unfortunately, we failed to realize in vivo NIR-USF
imaging of the mouse liver after multiple attempts due to the fast decomposition of the present nanogels in liver. We
further carried out the ex vivo NIR-USF imaging of the mouse liver to demonstrate whether the USF characteristic of
PNIPAM/B-CD/ICG nanogel remained after a tail vein injection. Herein, the mouse was sacrificed at 5 min after a tail
vein injection and the liver was harvested, and part of the liver was then inserted into a piece of 1 cm porcine heart
tissue for ex vivo USF imaging. Specifically, the 2D fluorescence image of the mouse liver embedded in porcine heart
tissue is shown in Figure 4-4(a), with the USF scan area marked by a red square. A 3D USF image of the mouse liver
embedded in porcine heart tissue appears in Figure 4-4(b). The white dashed circles on the 2D USF images at different
depths (Figure 4-4(c—f)) represent the area within which the normalized fluorescence intensity is larger than 0.6. The
normalized signal intensity greater than 0.5 is defined as USF signal. The average intensities of USF signal inside and
outside the white dashed circles is shown in Figure 4-5. Although the SNR of the USF image is limited, the signal
intensity inside the circle is significantly larger than that outside the circle. We speculate that the limited SNR may be
mainly caused by the low accumulated concentration of the PNIPAM/B-CD/ICG nanogel inside the liver. These results
reveal that the USF property of PNIPAM/B-CD/ICG nanogel is remained (at least partially) after the blood circulation
and accumulation/metabolism by the mouse liver. This outcome indicates that the nanogels are physiologically stable
in mouse livers, which may benefit for the detection or diagnosis of liver-related diseases in the future. Moreover,

exploring other biomedical applications should be also possible in future.
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Figure 4-4 (a) 2D fluorescence images of the mouse liver embedded porcine heart tissue, the red square corresponds
to the USF scan area in X-Y plane; (b) 3D USF image of the mouse liver; (c—f) the 2D USF image on the X-Y plane

at different depths. The white dashed circles in the Figure 4-4(c—f) represent the area within which the normalized
fluorescence intensity is larger than 0.6.
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Figure 4-5 The average intensity of USF signal inside/outside the white dashed circle in Figure 4-4(c—f).

4.3.4 In vivo NIR-USF Imaging in U87 Brain Tumor-Bearing Mice

In observations of fluorescence signals in living bodies, various challenges rose due to absorption and
scattering, making observation of deep tissue difficult [70]. Hopefully, NIR-USF imaging, as a new technology, will
open up great possibilities for comprehensive research into living organisms in deep tissue by a less invasive method.
The results from the above in vivo biodistribution study reveal that the PNIPAM/B-CD/ICG nanogel can effectively
accumulate into the U87 brain tumor of a live mouse via an EPR effect after a tail vein injection (Figure 4-3).
Unfortunately, the in vivo USF imaging of nanogels distribution in tumor via intravenous injection was not realized
after multiple attempts due to insufficient concentration of the nanogels. Hence, the nanogels were injected at two
positions with different volumes (35 pL and 20 pL) to form two fluorescence spots for testing the feasibility of USF
imaging in the U87 solid tumor. For quantitatively comparing the difference in fluorescence intensity between the tail
vein injection and the intratumoral injection in the U87 solid tumor, the ratio of the average fluorescence intensity
before and after each injection was calculated. As shown in Figure 4-6, the ratio of the average fluorescence intensity
of the nanogels within the white boxes via intravenous injection is 272 (i.e., 4-6(b)/4-6(a) = 45982/169), and the ratio
of the average fluorescence intensity of the nanogels within the white boxes via intratumoral injection is 5898 (4-
6(d)/4-6(c) = 1220790/207). The results show that the ratio achieved in the intratumoral injection is more than 20-
folds greater than that achieved in the tail vein injection (i.e., 5898 vs 272). As shown in Figure 4-7(a), the small and

the large spots shown in the 2D planar fluorescence image correspond to the two injection locations with the low and

65



high doses, respectively. The USF scan area on the X-Y plane is indicated by the red box. The 2D USF images on the
X-Y plane at different depths are shown in Figure 4-7(b—f). A 3D USF image of the nanogels distribution inside the
solid tumor is shown in Figure 4-7(g). We can see from the Figure 4-7(b—f) that the two USF spots are respectively
located in two regions (i.e., Y<0 and Y>0). To quantitatively compare their sizes on each X-Y plane, the pixels with
USF signal greater than the half of its maximum USF signal in each spot on each 2D USF image were identified. The
area formed by these pixels (in each spot on each 2D USF image) was calculated. As shown in Figure 4-8, the area
gradually decreases with the increase of the Z axis from the scanning position Z = 0.00 mm to 8.128 mm. Therefore,
we infer that the injected nanogels in both locations are more distributed in the deep tissue (which is close to the Z =
0.00 mm) of the solid tumor than on the superficial tissue (which is close to the Z = 8.128 mm) of the tumor. However,

conventional 2D planar fluorescence imaging cannot obtain such 3D fluorescence information in the solid tumor.
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Figure 4-6 2D fluorescence images of U87 brain tumor-bearing mice before and 6 h after tail vein injection (a and b,

respectively), and before and after the intratumoral injection (c and d, respectively) of the nanogels.
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Figure 4-7 (a) The 2D fluorescence image of U87 brain tumor-bearing mouse with two fluorescence spots, the red

box corresponds to the USF scan area in X-Y plane; (b—f) the 2D USF images on the X-Y plane at different depths;

(g) The 3D USF image of the nanogels distribution at two locations inside the tumor.
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Figure 4-8 The distribution area of the PNIPAM/B-CD/ICG nanogel at each depth. The scanning locations of the Z =

0.00 mm and Z = 8.128 mm are close to the deep and superficial tissues of the U87 solid tumor, respectively.

4.4 Conclusion

The SNR of the NIR-USF image for B-cyclodextrin/ICG-based PNIPAM nanogel is notably improved
compared with the ICG-PNIPAM NP in 1.5 and 3.5 cm-thick chicken breast tissues. The ex vivo NIR-USF imaging
of the mouse liver also confirmed the remarkable stability and biocompatibility of PNIPAM/B-CD/ICG nanogel in
biological environment. Animal studies based on U87 tumor-bearing mice revealed that the present nanogels could
accumulate into the tumor via an EPR effect. We achieved in vivo NIR-USF imaging of nanogel distribution in tumor
via local injections. The biodistribution results showed that the nanogels were mainly excreted through the synergistic
pathways of the hepatic route and renal clearance. The current study thus outlines the PNIPAM/B-CD/ICG nanogel is

a promising NIR-USF probe for deep tissue and high-resolution NIR-USF imaging. The work in this chapter has been

published in Nano Research [38].
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Chapter 5
IMPROVING SENSITIVITY AND IMAGING DEPTH OF USF VIA AN EMCCD-GAIN-CONTROLLED SYSTEM
5.1 Introduction

NIR fluorescence can penetrate biological tissue several centimeters via scattering, which enables deep tissue
NIR fluorescence imaging. Unfortunately, it suffers from poor spatial resolution in centimeters-deep tissue because
of tissue’s high scattering property. In recent years, many researchers are interested in improving the spatial resolution
of NIR fluorescence imaging in centimeter-deep tissues via various strategies, such as NIR-II fluorescence [68, 71-
73], ultrasound-pulse-guided digital phase conjugation [20], ultrasound-modulated fluorescence [12, 15, 28] and
ultrasound-induced temperature-controlled fluorescence [16-18, 24].

Adopting excitation and/or emission light at the NIR-II window (950 -1700 nm) can significantly reduce
tissue’s light scattering and has shown promising results in centimeter-deep tissues. For example, a study adopted 980
nm excitation light with strong intensity of ~300 mW/cm? and detected ~800 nm emission light (via upconversion) to
image a 3.5 mL cuvette filled with core/shell nanoparticles and covered by a piece of 3.2 cm-thick porcine muscle
tissue [68]. Another study also used 980 nm excitation light with strong intensity of ~500 mW/cm? and ~1100 nm
emission light to image structures (a few millimeters) in a 6 cm-deep muscle tissue via a DOLPHIN imaging system
[71]. However, some concerns may exist when applying these methods for clinical uses: the biocompatibility and
toxicity of the adopted NIR-II contrast agents, and potential significant heating effect of the high intensity excitation
light (in order to obtain enough signal photons) on tissue due to the high absorption coefficient of water in tissues at
NIR-II region.

During the past years, we developed a new imaging technique, USF, to achieve high-resolution fluorescence
imaging in centimeters-deep tissue. The ultrasound-switched-on fluorescence emission (via a thermal sensitive
contrast agent) was confined within the ultrasound focal volume (or the ultrasound-induced thermal focal volume
depending on the fluorescence detection time of the system) to obtain the fluorescence image with an ultrasound or
ultrasound-scaled spatial resolution. Several ICG-based USF contrast agents have been developed to take the
advantage of the large penetration depth of the NIR-I photons [24, 31, 38, 74]. The B-cyclodextrin/ICG complex-
encapsulated poly(N-isopropylacrylamide) (PNIPAM) nanogel (ICG-nanogel) was recently developed in our lab [38]
As shown in Chapter 4, USF imaging using ICG-nanogel was successfully demonstrated in vitro, ex vivo and in vivo.

It showed an improved SNR in USF imaging in a piece of 3.5 cm-thick chicken breast tissue compared with ICG-
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PINIPAM NP. In this study, we will use this ICG-nanogel as a comparison. While this ICG-nanogel showed a
promising USF performance, the adopted material of PNIPAM might generate a safety concern due to the potential
toxicity of its monomers (NIPAM) to living cells. To address this concern, the biocompatible ICG-liposomes were
recently developed in our lab by encapsulating the ICG dye into 1,2-dipalmitoylsn-glycero-3-phosphocholine (DPPC)-
based liposomes. In vitro, ex vivo and in vivo USF images were successfully achieved using this novel contrast agent
[74]. However, one disadvantage of this 1%-generation ICG-liposome is its large hydrodynamic size (~7 pm), which
is too large and limits its in vivo application. Therefore, reducing its size is highly desired. In this study, an ICG-
liposome with reduced hydrodynamic size (181 nm) was used, and its USF performance was found superior to that of
the ICG-nanogel.

As shown in Chapter 3, we demonstrated that an EMCCD camera-based USF imaging system could well
overcome the limitations of our previous USF imaging systems in which a single-fiber was used to collect photons to
a photomultiplier tube, including the improved photon collection efficiency via the EMCCD camera and related lenses,
and the increased imaging speed by adopting a Z-scan method. To apply the Z-scan method, the USF dynamic pattern
was studied to determine the time interval and space interval between two sequential scan points to avoid signal
interference induced by the thermal diffusion. However, the EM gain was observed to be unstable when recording a
sequence of images after responding the external hardware trigger which was used to synchronize the camera with
other devices (such as an ultrasound transducer and an translation stage). Therefore, the advantage of the EMCCD
camera was not fully taken in our previous study in which an EM gain of 1 was adopted to achieve stable USF signals.
However, to image much deeper tissue (such as >3 cm in chicken breast tissue), USF photons need to be significantly
amplified so that they can clearly outstand from the background photons and be clearly differentiated from the noise
caused by the background photons. To achieve this goal, a relatively stable gain is required. Therefore, instead of
using the hardware trigger mode, in this study we adopted a software trigger mode by using MATLAB (The
MathWorks, Inc. USA) to control the software of the EMCCD camera (i.e., LightField from the manufacturer). This
software trigger mode not only simplified the system but also reduced the temperature-induced EM gain variation.
Our results showed this software trigger mode could provide a more stable gain compared with the hardware trigger
mode. The SNRs of USF images with different EM gains in various thick tissues were also studied. By combining the

improved ICG-liposome and the USF imaging system, we successfully achieved the USF imaging of a sub-millimeter
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silicone tube (inner diameter: 0.76 mm, outer diameter: 1.65 mm) embedded in 5.5 cm-thick chicken breast tissue

using an excitation laser with a low intensity of 28.35 mW/cm?.

5.2 Materials and Methods

Here I would like to acknowledge my colleague Mr. Yang Liu, who developed the ICG-liposome used in this study.

5.2.1 ICG-Liposome Synthesis

The ICG-liposome was synthesized based on the previously reported method with modifications [74]. First,
the ICG solution was prepared by dissolving the ICG dye (Chem-Impex Int’L Inc., USA) in chloroform (99.9% pure)
and ethanol mixture (4:1 v/v) at a concentration of 0.28 mg/mL. 5.0 mg DPPC (Avanti, USA) was dissolved with 2
mL chloroform in a 50 mL round flask and 0.2 mL of the prepared ICG solution was added later. After a well-mixing
of the solution, the solvent was evaporated using a rotary evaporator (BUCHI Corp., USA) at 150 rpm with -80 kPa
vacuum in a 55 °C water bath for at least 30 min to form a thin lipid layer on the wall of the round flask. Afterward,
0.8 mL hydration water, which was made by mixing 95 % PBS (pH 7.4) and 5 % glycerol (99.8% pure), was added
into the flask and swirled at 55 °C for 1 min and then rotated for 1 hour at 150 rpm in a 42 °C water bath. Then, the
ICG-liposome solution was vortexed using the amalgamator (DB338, Medical Instrument Co., Ltd, China) for 1 min.
The obtained ICG-liposome was diluted to a final volume of 3.5 mL. Thus, theoretically, the maximum ICG
concentration is 0.016 mg/mL (0.28 mg/mL x 0.2 mL /3.5 mL). A freeze-thaw-mix cycle was performed for 5 times
by freezing the ICG-liposome in dry ice for 8§ min and then transferred the ICG-liposome into a 60 °C water bath to
thaw for 5 min followed by shaking the sample for 2 min with a shaker at 250 rpm. To control and uniform the size
of liposome vesicles, an extrusion method was conducted with a mini-extruder (Avanti, USA). A 200 nm
polycarbonate filter (Whatman, UK) was utilized and the ICG-liposome was extruded at 50 °C for 19 times. The
obtained ICG-liposome was stored at 4 “C. All chemicals were purchased from Fisher Scientific International, Inc.,

USA.

5.2.2 An In-House Built Temperature-Controlled Fluorescence Spectrometer

An in-house built temperature-controlled fluorescence spectrometer system was developed to study the
fluorescence intensity change of the USF contrast agents versus the solution temperature. A 3.5 mL quartz cuvette
(Hellma, Germany) was filled with 3 mL sample and placed into a temperature-controlled sample compartment (qpod

2e, Quantum Northwest, Inc., USA; temperature precision: £0.01 °C; temperature accuracy: £0.15 °C from -20 °C to
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+105 °C). The solution temperature was measured by the gpod system via inserting a thermometer probe (WD-93824-
00, Oakton, USA; temperature accuracy: 0.1°C from 0 to 70 °C) into the sample. The excitation light with a
wavelength of 808 nm generated by a laser (MGL-1I-808-2W, Dragon lasers, China) was passed through the open
window on the cuvette holder and delivered to the sample via a fiber bundle. The emitted fluorescence from the sample
was filter by a longpass filter (BLP01-830R-25, Semrock Inc., USA) and collected by a modular USB spectrometer
(USB2000+, Ocean Insight, USA) attached to the cuvette holder at a 90-degree angle from the excitation light beam.
A MATLAB based program was developed to read the solution temperature from the interface of the Q-Blue software
(the Quantum Northwest, Inc., USA) which controlled the cuvette holder. The spectrometer received the commands

from the program to acquire the spectrum at the preset temperature points automatically during the heating of the

sample.

Temperature
sensor

Cuvette holder cap -
Cuvette
Cuvette holder

Q
Spectrometer

Figure 5-1 Schematic diagram of the temperature-controlled fluorescence spectrometer system. F1: excitation filter

(785/62 BP); F2: emission filter (§30LP).

5.2.3 ICG-Liposome Characterization

Three independently synthesized ICG-liposome samples were tested by the in-house built fluorescence
spectrometer system with same setting parameters. The wavelength of the excitation light was 808 nm and the emitted
fluorescence was filtered by a 830 nm-longpass filter. The preset solution temperature of the sample was increased
from 35.0 °C to 45.0 °C with an increment of 0.1 °C (limited by the precision of the thermometer probe). The exposure

time of the spectrometer was 100 ms. The fluorescence intensity at each temperature point was calculated by summing
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the acquired spectrum data from 830 nm to 1020 nm. The hydrodynamic size of the ICG-liposome was measured
using a dynamic light scattering (DLS, NanoBrook 90PlusPALS, Brookhaven Instruments, USA) system at room
temperature. The sample was diluted 100 times with PBS buffer before conducting the measurement to avoid

aggregation.

5.2.4 EMCCD-Based USF Imaging System

The schematic diagram of the proposed USF imaging system in this study is shown in Figure 5-2(a). It was
improved from the previously developed EMCCD based USF imaging system (Figure 3-1). Briefly, the excitation
laser with a wavelength of 808 nm (MGL-1I-808-2W, Dragon lasers, China) was driven by the first function generator
(FG1, 33500B, Agilent, USA). The output light was filtered by a bandpass filter (FF01-785/62-25, Semrock Inc., USA)
and coupled into a dual branch light guide (4” x 72”, Edmund Optics Inc., USA). To make uniform illumination, the
tissue sample placed in a water tank was illuminated by the excitation light from two opposite directions. The emitted
fluorescence from the contrast agents transmitted through two 2-inch longpass filters (BLP01-830R-50, Semrock Inc.,
USA), a camera lens (AF NIKKOR 50 mm f/1.8D Lens, Nikon, Japan), a 1-inch longpass filter (BLPO1-830R-25,
Semrock Inc., USA) and received by the EMCCD camera (ProEM®-HS:1024BX3, Princeton Instruments, USA) with
a field of view around 4 cm x 4 cm (slightly variant when imaging different thick sample because of adjusting lens
focus). The driving signal from the second function generator (FG2, 33500B, Keysight Technologies, USA) was
amplified by a 50 dB-gain RF-AMP (A075, E&I, USA), passed through a MNW and delivered to a 2.5 MHz HIFU
transducer (H-108, Sonic Concepts Inc., USA). To realize the sample scanning, the HIFU transducer was mounted to
a three-axis motorized translation stage (Xslide™ and VXM™, Velmex Inc., USA). The temperature of the water was
controlled at 37 °C by a temperature controller system (PTC10, Stanford Research Systems, USA). A magnetic stirrer
along with a long magnetic bar (11-100-16S, Fisher Scientific, USA) was used to uniform the water temperature. A
MATLAB based program was developed to synchronize three different parts in the system, including ultrasound
generation, camera exposure and HIFU transducer movement. The time sequence of the system is shown in Figure 5-
2(b). At each scanning point, the program controlled the camera to take an image with an exposure time of 1.5 s before
the ultrasound exposure (i.e., heating) as a background used for signal processing. The FG2 then received a trigger
from the MATLAB program in the computer through a multifunctional input/output device (I/O, PCle-6363, National
Instruments, USA), and generated a sinusoidal wave (frequency: 2.5 MHz, duration time: 0.4 s) to drive the HIFU

transducer. Immediately after the ultrasound heating, another image with the same exposure time was acquired by the
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EMCCD camera. The increase of the fluorescence intensity between the two images was considered as the USF signal.
After camera exposure, the MATLAB program controlled the translation stage to move the HIFU transducer to the
next scanning point. To avoid the thermal diffusion-induced signal interference, the time interval between two adjacent

scanning points was 10 s.

HIFU 04s
—— 34s ———»
Translationg
stage

Figure 5-2 (a) A schematic diagram of the improved EMCCD-based USF imaging system. HIFU: high intensity
focused ultrasound; MNW: matching network; RF-Amp: radio-frequency power amplifier; FG: function generator;
I/O: multifunctional input/output device; F1-F3: emission filters (830 LP); F4: excitation filter (785/62 BP). (b) A

time sequence diagram of the USF imaging system.
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5.2.5 USF Imaging of a Sub-Millimeter Silicone Tube Embedded in Chicken Breast Tissues

A sub-millimeter silicone tube (inner diameter: 0.76 mm, outer diameter: 1.65 mm, ST 60-011-04, Helix
Medical, USA) was inserted into a piece of chicken breast tissue at a height of ~5 mm from the bottom surface to
simulate a blood vessel. Since the thickness of a single piece of chicken breast tissue was limited (i.e., < 3cm), another
one (for thickness: 3.5 cm, 4.5 cm or 5.0 cm) or two (for thickness: 5.5 cm) pieces of chicken breast tissue were
stacked on the first one where the silicone tube was embedded to obtain the targeted thickness. The multiple-piece
tissue was placed on a transparent parafilm (PM-992, BEMIS Company Inc., USA) that was used to seal an open
window at the bottom center of a small plastic box. In order to maintain the ultrasound coupling, ultrasound gel
(Aquasonic 100, Parker Laboratories Inc., USA) was used to fill the gap between the parafilm and the tissue. The top
surface of the tissue was also covered by ultrasound gel and parafilm to keep it from drying out during the experiment.
The USF contrast agents were injected into the silicone tube via a syringe. The silicone tube was washed after each
experiment by injecting water and filled with new contrast agent solution for the next experiment. The bottom of the
small plastic box was immersed into a water tank (water temperature: 37 °C) to keep the USF contrast agents at body
temperature. An area of 8.128 (X) x 4.064 (Y) mm? (step size in X direction: 0.2032 mm; in Y direction: 2.032 mm)
was raster scanned by the ultrasound focus with an estimated ultrasound power of 1.74 W under various EM gains.
The maximum applicable EM gain was limited by the dynamic range of the camera (0 to 65535 counts). The intensity
of the excitation light illuminated on the tissue surface was 28.35 mW/cm? (Power: 20.10 mW, sensor’s area: 0.709
cm?) measured at the center of the illumination spot on the tissue surface via a photodiode power sensor (S120C,

Thorlabs Inc., USA) and a power and energy meter (PM 100D, Thorlabs Inc., USA).

5.2.6 The Comparison of the EM Gain Stability between the External Hardware Trigger Mode and the MATLAB
Trigger Mode

To investigate the stability of the EM gain under different trigger modes, a weak and stable light source is
needed to illuminate the EMCCD camera. Tissue’s autofluorescence is a reasonable light source for this purpose
because it is weak under the 808 nm excitation and also stable in a short period time. A brief discussion about the
background photons is given here. In USF imaging, it is common that some background photons can be detected,
which are independent of ultrasound and usually consist of tissue autofluorescence, excitation light leakage from the
laser, and/or non-100%-off fluorescence from the USF contrast agent. Usually, the excitation light leakage has been

well minimized by using the multiple and high-quality emission filters, which should not be dominant in the
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background photons. When the silicone tube is injected with water only, the background photons should not have any
fluorescence photons from the non-100%-off fluorophores. Thus, the major light source is from the tissue
autofluorescence.

The comparison of the external hardware trigger mode and the MATLAB trigger mode was realized in the
same silicone tube embedded in 5.0 cm-thick chicken breast tissue. The silicone tube was filled with water during the
experiment. Briefly, the only difference between the two trigger modes was the trigger source. All the parameters of
the EMCCD camera (e.g., exposure time, number of frames, EM gain and trigger response) were set via the LightField
software (Princeton Instruments, USA). In external hardware trigger mode, the trigger response was set as ‘Start on a
single trigger’ which means the camera won’t begin to take the images until the trigger circuit detected the rising edge
of an external hardware trigger. In MATLAB trigger mode, the Lightfiled received commands from MATLAB via
software interface (provided by the manufacturer) to control the camera to take the images. The trigger response was
set as ‘No response’ which means the trigger circuit did not work and the camera will not respond to the external
hardware trigger. In this experiment, the camera exposure time of each frame image was 0.2 s and a total of 25 images
were acquired continuously. The EM gain was set as various values (i.e., 1, 9, 27 or 81). All the other parameters of

the Lightfield were set as default values.

5.2.7 Compare the ICG-Liposome and the ICG-Nanogel

The ICG-nanogel was synthesized according to the previously proposed protocol [38]. To compare the ICG-
nanogel with the ICG-liposome, the concentration of the initial ICG (i.e., the mass of the initial ICG divided by the
volume of the final solution) was remained the same (0.016 mg/mL) by diluting the synthetized ICG-nanogel solution
(0.056 mg/mL). The synthesized ICG-nanogel was tested by the in-house built fluorescence spectrometer with the
same setting parameters used for the ICG-liposome. The comparison of USF imaging performance between the ICG-
liposome and the ICG-nanogel were realized in the same silicone tube embedded in 2.5 cm-thick chicken breast tissue.

The EM gain was set as 1 for both contrast agents.

5.2.8 Calculation of Image’s SNR
Along the y axis, each USF image had three lines and each line had 41 scan points. From each line, we could
calculate a SNR value based on the following definition. The SNR of each USF image was defined as the mean of the

three SNRs of the three lines. The background defined as the average of the 12 scan points at the two edges of each
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line (i.e., 8 points at each edge, two maximum values and two minimum values of the total 16 points were excluded)
was subtracted first. To calculate the SNR of each line, the noise was defined as the standard deviation of the 12 scan
points (used for calculating the background) and the signal was defined as the root-mean-square of the maximum six
signal values from the 114, to 314 scan points (the silicone tube was shown in this range). The SNR was then calculated

by the following equation:

SNR = 20 log,, 39"%

Noise

41 points

11th-31th
signal range

Line 1

Line 2

Line 3

1th-8th 34th-41th
background & noise range

Figure 5-3 The schematic diagram of SNR calculation.

5.3 Results
5.3.1 The ICG-Liposome Characterization

As shown in Figure 5-4(a), the fluorescence intensity of the ICG-liposome increases with the rise of the
solution temperature and the LCST is 38.4 °C (defined as where the slope of the curve was 10% of its maximum
value). The fluorescence intensity increases 2.02 folds when the temperature rises from 38.4 °C to 40.4 °C. As shown

in Figure 5-4(b), the hydrodynamic size of the ICG-Liposome is 181.0 £ 58.1 nm. The polydispersity is 0.126.
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Figure 5-4 (a) The fluorescence intensity of ICG-liposome versus the solution temperature. (b) Hydrodynamic size

of the synthesized ICG-liposome.

5.3.2 The Comparison of the EM Gain Stability between the MATLAB Trigger Mode and the External Hardware
Trigger Mode

Figure 5-5(a) shows the first frame of the 25 images taken by the EMCCD camera with an EM gain of 1 in
MATLAB trigger mode. Figure 5-5(b—d) show the mean intensity (i.e., spatial average value of the whole 2D
fluorescence image) of the acquired 25 frames using MATLAB trigger mode (blue line with squares) and the hardware
trigger mode (red line with circles) with an EM gain of 1, 9 and 81, respectively. As shown in Figure 5-5(b), the mean
intensities of the two modes are fluctuated and similar to each other when the EM gain is 1. As shown in Figure 5-
5(c) and 5(d), the mean intensity of the MATLAB trigger mode is higher and more stable than that of the external
hardware trigger mode with an EM gain of 9 or 81. The curve of the hardware trigger mode continuously rises with a
higher increase rate at the beginning. Figure 5-5(e) shows the normalized mean intensity using the MATLAB trigger
mode with an EM gain of 9 (green line with squares), 27 (red line with circles), and 81 (blue line with triangles). The
maximum decrease of the mean intensity is less than 1% and the higher EM gain leads to slightly more intensity
decrease. However, when using external hardware trigger mode (Figure 5-5(f)), the maximum increase of the mean

intensity can reach as high as ~10% and the higher EM gain leads to a higher intensity increase.
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Figure 5-5 (a) The first frame of the images taken by the camera with an EM gain of 1 in MATLAB trigger mode.
The mean intensity of the acquired 25 frames in MATLAB trigger mode (blue line with squares) and external hardware
trigger mode (red line with circles) with an EM gain of (b) 1, (c) 9 and (d) 81. Normalized mean intensity curve using
(e) MATLAB trigger mode and (f) external hardware trigger mode with an EM gain of 9 (green line with squares), 27

(red line with circles), and 81 (blue line with triangles).

5.3.3 Background Images and Background Fluorescence Images of the Tissue Samples
A background image (/5¢) is defined as the image acquired by the EMCCD camera when the silicone tube is

filled with water (i.e., no USF contrast agents are injected, and no ultrasound is exposed). The background image is
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usually formed by tissue’s autofluorescence (/47) and also some minor excitation photons leaked through the emission
filters from the laser due to the imperfect property of the emission filters (/z). In general, we have Ig; = Iy + Ig;.
When the silicone tube is filled with the USF contrast agent solution, one more component, i.e., the background
fluorescence (/zgr) from the non-100%-off contrast agents, is included in the acquired image (i.e., Iycq = Iggr +
Ige = Iggr + Iur + Ig1). Again, no ultrasound is applied when acquiring these images. Thus, by subtracting the image
acquired when the tube is filled with water (Iz;) from the image acquired when the tube is filled with USF contrast
agent (Iy¢4), we can have the background fluorescence image (i.e., Iggr = Iyca — Ig), Which is generated only from
the non-100%-off USF contrast agent because tissue’s autofluorescence (I4z) and the laser leakage (I;;) have been
subtracted.

When the EM gain is set to 1, Figure 5-6(a—e) show the white light photo, background image (i.e., /sg, tissue’s
autofluorescence and laser leakage) and the background fluorescence image (i.e., Izsr, fluorescence coming from the
non-100%-off USF contrast agent) of the silicone tube embedded in chicken breast tissue with a thickness of 2.5, 3.5,
4.5,5.0 and 5.5 cm, respectively. The average intensity (the spatial average of the whole 2D image) of these figures
are quantitatively shown in Figure 5-6(f). The average intensity of all the background images (/z;) acquired with
different tissue thickness is similar to each other (444, 573, 533, 545 and 564 counts corresponding to 2.5, 3.5, 4.5,
5.0 and 5.5 cm, respectively). This is because the background photons are from tissue’s autofluorescence and laser
leakage, which are usually independent of tissue’s thickness when the thickness is large enough (such as >3.5 cm in
this example). However, the average intensity of all the background fluorescence images (Ip¢r) reduces dramatically
with the increase of the tissue thickness (5113, 706, 182, 88 and 56 counts corresponding to 2.5, 3.5, 4.5, 5.0 and 5.5
cm, respectively). When tissue thickness >3.5 cm, the background fluorescence intensity (Ig;r) becomes smaller than
the background intensity (/zg). This result is understandable because the background fluorescence photons are mainly
caused by the non-100%-off USF contrast agents in the tube. When increasing the depth of the tube in tissue samples,
the fluorescence intensity will exponentially decay due to tissue’s scattering and absorption and the attenuation of the
excitation light in tissue. When depth is small enough, the background fluorescence intensity (Iz;r) may be higher
than the background intensity (/zc) depending on the fluorophore concentration, its emission efficiency and the
excitation light intensity. This happens in this example when tissue thickness is 2.5 and 3.5 cm. With the increase of
the depth, the background fluorescence intensity (Ig;r) reduces so quickly that it may be lower than the background

intensity (/z¢). This happens in this example when tissue thickness is >3.5 cm.
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Figure 5-6 The white light photo, background image (/zc) and background fluorescence image (Iz;r) of the silicone
tube embedded in chicken breast tissue with a thickness of (a) 2.5 ecm, (b) 3.5 cm, (¢) 4.5 cm, (d) 5.0 cm and (e) 5.5

cm. (f) The average intensity of the background images (the red line with squares, and see the left y axis with a linear
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scale) and the average intensity of the background fluorescence images (the blue line with circles, and see the right y

axis with a logarithm scale) at different thicknesses.

5.3.4 2D-USF-Signal Images

A 2D-USF-signal image (I;p_ysr-sig) at a specific scan position of the ultrasound focus is defined as the
subtracted image between the two images acquired from the EMCCD camera after (Iys_or) and before (Iys_os) the
ultrasound is applied. The following equation illuminates the relationship among these images: lrp_ysp—sig =
lys—on — lys—off = (IZD_USF_Sig + g + IBGF) — (Upg + Ipgr) , Where I p_ysp_sig Tepresents ultrasound-induced
fluorescence increase and is the real USF signal that we are detecting. Iz; and Iy are the background image and
background fluorescence image, respectively, discussed in the previous section. By subtracting Iys_oss from Iys_op ,

both the Ip; and Iggr can be removed and the real 2D-USF-signal image Ip_ysr—sig can be found.
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Figure 5-7 (a) Three 2D-USF-signal image when the ultrasound focus is scanned on the silicone tube embedded in
chicken breast tissue with three different thicknesses, 2.5, 3.5 and 4.5 cm, respectively. (b) The 1D profiles of the 2D-

USF-signal image across the geometric center along the Y direction with the tissue thickness of 2.5 cm (the blue line)

and 3.5 cm (the red line).
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Figure 5-7(a) shows a typical example of a 2D-USF-signal image when the ultrasound focus is scanned on
the silicone tube embedded in chicken breast tissue with three different thicknesses, 2.5, 3.5 and 4.5 cm, respectively.
Figure 5-7(b) shows the 1D profiles of the Figure 5-7(a) across the geometric center along the Y direction for the
tissue thickness of 2.5 cm (the red line) and 3.5 cm (the blue line). The FWHM of the 1D profiles significantly
increases from 21.32 mm to 34.84 mm when the tissue thickness rises from 2.5 to 3.5 cm. The circular shape of the
2D-USF-signal image is even not recognizable in the 4.5 cm-thick chicken breast due to the increased light scattering

from the thicker tissue.

5.3.5 USF Imaging of the Sub-Millimeter Silicone Tube Embedded in Chicken Breast Tissue

All the signals shown on a 2D-USF-signal image are generated from USF photons and induced by the
ultrasound focus at a specific scan point. We average these signals to form a single value to represent the USF signal
at this specific scan point of the ultrasound focus. By scanning the ultrasound focus on the X-Y 2D plane, we can form
a 2D USF image. Figure 5-8(a) shows the 2D USF images of the sub-millimeter silicone tube with an EM gain of 1,
3,9, 27 and 54 in the 4.5 cm-thick chicken breast tissue. The image of the silicone tube is very noisy with the EM
gain of 1. When increasing of the gain from 1 to 9, the image becomes much clearer. However, further increasing the
gain from 9 to 54, the quality of images remains similar. The SNR values are 10.69(%1.39), 14.88(£1.39), 23.52(%+2.96),
21.7(x£0.64) and 20.88(+0.35) dB corresponding to the EM gain of 1, 3, 9, 27 and 54, respectively. Obviously, by
optimizing the EM gain, we can significantly improve the SNR of a USF image. By adopting the optimized EM gain,
Figure 5-8(b) shows the USF images of the silicone tube in the different thick chicken breast tissues (2.5 cm: EM gain
3;3.5,4.5and 5.0 cm: EM gain 9; 5.5 cm: EM gain 54). The SNR values are 41.56(+1.96), 37.45(£3.75), 23.53(£2.96),
12.78(+2.07) and 8.69(%+1.46) dB corresponding to the thickness of 2.5 cm, 3.5 cm, 4.5 cm, 5.0 cm and 5.5 cm,
respectively. Although the SNR still decreases with the increase of tissue thickness, the decrease of image quality
slows down because the SNR at deeper tissue is improved by the optimized EM gain. Figure 5-8(c) shows the SNR
of the USF images versus the EM gain in different thick tissues. The SNR increases quickly when the EM gain rises
from 1 to 9 (thickness: 2.5 cm, 3.5 cm, 4.5 cm and 5.0 cm) and then reduces slightly or remains stable when the EM
gain rises from 9 to 54 (thickness: 4.5 cm and 5.0 cm). Figure 5-8(d) shows the USF signal and the noise versus the
EM gain for the 4.5 cm- and 5.0 cm-thick tissue samples. In both thicknesses, the USF signal shows a higher increase
rate than the noise in the gain range of 1-9. However, after gain is >9, both the signal and the noise show a similar

increase rate versus the gain, which explains why the SNR becomes flat when gain is >9. Figure 5-8(e) shows the
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Figure 5-8 (a) The USF images of the silicone tube in the 4.5 cm-thick chicken breast tissue with different EM gains
of 1, 3,9, 27 and 54, respectively. (b) The USF images of the silicone tube in the chicken breast tissue with different
thicknesses of 2.5, 3.5, 4.5, 5.0 and 5.5 cm, and with an EM gain of 3,9, 9, 9 and 54, respectively. (c) The SNR of the
USF images with different EM gains in various thick tissue (2.5 cm: purple line; 3.5 cm: red line; 4.5 cm: blue line;
5.0 cm: green line; 5.5 cm: grey line). (d) The average intensity of USF signal (red line with circles) and the average
intensity of noise (blue line with squares) with different EM gains in 4.5 cm-thick tissue and 5.0 cm-thick tissue. ()
The FWHM of the USF image of the silicone tube with different thicknesses (2.5 cm: EM gain 3; 3.5 cm: EM gain 9;
4.5 cm: EM gain 9). (f) The USF images of the silicone tube embedded in 5.5 cm-thick chicken breast tissue with a

gain of 27 (left) and 54 (right), respectively.
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FWHM of the USF images of the silicone tube in different thick tissues. They are closed to the outer diameter of the
silicone tube (i.e., 1.65 mm). Ideally, the FWHM is mainly determined by the convolution of the ultrasound or thermal
focal size (the lateral FWHM of the acoustic intensity focus is 0.55 mm) with the object size, and should be
independent of tissue’s thickness. The slight increase of the FWHMs in Figure 5-8(e) may be because of the fact that
the USF images become much noisier in deeper tissue and the estimated FWHMs are less accurate than those in
shallower tissue. It should be noted that the USF imaging system reaches its detection limitation in 5.5 cm-thick
chicken breast tissue with current setting so that the quantitative analysis may be not reliable. The silicone tube can

only be roughly differentiated with an EM gain of 54, although the SNRs of with the EM gain of 27 and 54 are similar

(Figure 5-8(%)).

5.3.6 The Comparison between the ICG-Liposome and the ICG-Nanogel

Figure 5-9(a) shows the fluorescence intensity as a function of the temperature of the sample solution (ICG-
liposome: red line with circles; ICG-nanogel: blue line with squares). The fluorescence increase of the ICG-liposome
is much sharper than that of the ICG-nanogel. As mentioned in Figure 5-4(a), the fluorescence increases 2.02 folds in
a narrow temperature range of 2.0 °C (i.e., from 38.4 to 40.4 °C). The ICG-nanogel shows an LCST at 35.1 °C and the
fluorescence increases 2.74 folds in a relatively wide temperature range of 7.4 °C (i.e., from 35.1 to 42.5 °C). In
addition, the increase of the absolute fluorescence intensity of the ICG-liposome was 3.0 times stronger than that of
ICG-nanogel (i.e., 5.12e6 counts versus 1.69¢6 counts). A stronger increase in the absolute fluorescence intensity
(Alon—orf = lon — Ioss) within a narrower temperature range (ATpn—ofr = Ton — Tofy) indicates a higher (absolute)
temperature sensitivity of the contrast agent (i.e., Sqps = Alon—or/ATon—of5), which has a unit of counts per °C. The
Saps of the ICG-liposome and ICG-nanogel are 2.56e6 counts/°C and 0.23e6 counts/ °C, respectively. The higher
temperature sensitivity of the contrast agent will be favorable for USF imaging to achieve a higher SNR because it
will provide more USF photons using the same ultrasound/thermal energy. This speculation is verified in Figure 5-
9(b) and 9(c) in which the SNR of the USF image of the silicone tube filled with the ICG-liposome (Figure 5-9(b))
and ICG-nanogel (Figure 5-9(c)) is 30.79 (+3.61) dB and 26.34 (+2.03) dB, respectively (note that the tissue thickness
is 2.5 cm and the EM gain is 1, and all other experimental parameters remained the same). Therefore, the ICG-

liposome has a better USF performance than the ICG-nanogel because of its higher temperature sensitivity.
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Figure 5-9 (a) The fluorescence intensity of the ICG-liposome (the red line with circles) and the ICG-nanogel (the
blue line with squares) versus temperature. The USF image of the silicone tube filled with ICG-liposome (b) and ICG-

nanogel (c) in 2.5 cm-thick chicken breast tissue with an EM gain of 1. All experiment parameters were same.

5.4 Discussion

In current study, we demonstrated that improving the sensitivity of both the USF contrast agent and the
imaging system could significantly increase the SNR of USF imaging. The USF imaging of a silicone tube in a 5.5
cm-thick (i.e., 5.0 cm deep from the top) chicken breast tissue with an illumination intensity of 28.35 mW/cm? was
successfully demonstrated (Figure 5-8(b)) via two key factors: (1) the USF contrast agent with high temperature
sensitivity; (2) the USF imaging system with high detection sensitivity.

In our previous studies, we usually defined a fluorescence on-to-off ratio of the USF contrast agent
(Ronjorr = lon/logy) as a parameter to characterize the contrast agent’s USF performance [24, 31]. Recently, we
reported that this ratio was an effective parameter only when the background photons (i.e., the autofluorescence and

laser leakage) are significantly less than the background fluorescence photons generated from the non-100%-off
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contrast agent [74]. This is usually happening in shallow-tissue USF imaging (such as at a depth of <2-3 cm). When
imaging deep tissue (such as >3 cm) or the USF contrast agent has a very low quantum efficiency at the off state, the
background fluorescence photons are much weaker than or comparable to the background photons (Figure 5-6). In
this situation, the Rouoyis less effective to characterize the contrast agent’s USF performance. Instead, the on-and-off
difference of the absolute fluorescence intensity (Alp,_qss) becomes a good indicator for the USF contrast agent if
other parameters remain the same. In addition, we also moved one more step further to define the (absolute)
temperature sensitivity of a USF contrast agent (Sgps = Alpn_ofsr/ATon-orr) after comparing the two types of
contrast agents, ICG-liposomes versus ICG-nanogels. Obviously, a contrast agent with high (absolute) temperature
sensitivity should provide a high SNR in USF imaging, which has been demonstrated in Figure 5-9.

It is important to point out that the noise of the USF imaging is different from the noise of the 2D planar
fluorescence imaging via an EMCCD camera. In 2D planar fluorescence imaging, the main noise components are
photon shot noise, dark current noise, clock induced charge noise and readout noise [75]. These noise electrons directly
affect each pixel of the image taken by the camera. However, the noise of the USF imaging is the variation of the
difference of the mean spatial intensities between two sequential images taken by the camera when ultrasound is off.
In an ideal situation, this difference of the mean spatial intensities should be zero or an invariable value. According to
the definition of the USF image’s noise, the noise would be zero in this ideal situation. Unfortunately, the difference
in a real case is variable because of various reasons, such as the excitation light, bias of the camera and/or the variation
of the EM gain, and others, which are unstable and dependent on environment.

In this study, we focused on: (1) the method to stabilize the EM gain; (2) the affection of the EM gain on
USF image’s quality while all other parameters kept the same. The EM gain is more stable in MATLAB trigger mode
than the external hardware trigger mode (Figure 5-5). The reason may be the larger environment temperature change
inside the camera while waiting for an external hardware trigger. The higher environment temperature inside the
camera may reduce the probability of charge multiplication and therefore lower the EM gain under the same voltage
applied across the multiplication register [76]. It is interesting to find that the changes of the mean intensity curves are
opposite in these two modes. The temperature of the sensor is kept at -55°C (default value) through thermoelectric
cooling with an internal fan. However, the real temperature may be above this value when the circuit is working (e.g.,
waiting for the external trigger or taking images). New thermal equilibrium would be reached at a temperature (T1:

taking images; T2: waiting for the external trigger; T1<T2) lower than -55°C. Thus, the spatial mean intensity
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decreases (Figure 5-5(e))/increases (Figure 5-5(f)) when the generated thermal energy is more/less than that taken
away by the cooling system.

The noise increases much slower than the USF signal when the EM gain rises from 1 to 9, and follows a
similar increase as the USF signal when the EM gain is larger than 9 (Figure 5-8(d)). As mentioned above, the change
of the USF imaging’s noise is coming from the change of the stability of the EM gain because all other parameters are
same. The EM gain seems to be more stable when the gain is low (<9). Thus, rising the EM gain (<9 in this study)
helps to improve the SNR of the USF image in a tissue with a thickness less than 5.5 cm (Figure 5-8(c)). Lastly, it
should be mentioned that current study aims to demonstrate a general concept that the SNR in USF imaging can be
improved by optimizing the EMCCD’s gain. However, because we have not investigated other types of EMCCD
cameras, cautions should be taken when extending the specific numbers provided here into other studies (such as the
optimized gain of 9) because the numbers may vary among different cameras. Similarly, the conclusion about the

trigger mode should be used cautiously when other model of EMCCD cameras are used.

5.5 Conclusion

In this study, we successfully achieved USF imaging of a sub-millimeter silicone tube (inner diameter: 0.76
mm, outer diameter: 1.65 mm) embedded in centimeter-deep chicken breast tissue (2.5, 3.5, 4.5, 5.0 and 5.5 cm) using
a low intensity excitation light (28.35 mW/cm?). The SNR improving strategies include (1) adopting a new contrast
agent, ICG-liposome, with high USF performance and (2) stabilizing and optimizing the EM gain in the USF imaging
system via a software trigger mode. The ICG-liposome showed better USF performance than the previous ICG-
nanogel in deep tissue. The gain of the EMCCD camera used in the USF imaging system was stabilized by using the
MATLAB trigger mode instead of the external hardware trigger mode. In conclusion, USF imaging can achieve high
sensitivity (SNR) and high spatial resolution in several centimeters deep tissues using a low-intensity NIR-I excitation

laser. With these unique features, it has dramatic potentials for different biomedical applications in future.
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Chapter 6
CONCLUSIONS AND FUTURE WORK
6.1 Conclusions

This dissertation aims to demonstrate the feasibility of in vivo USF imaging via various NIR USF contrast
agents and develop camera-based USF imaging systems suitable for the in vivo study. The specific objectives of this
work were to: (1) investigate the biodistribution of PINIPAM-ICG NP and demonstrate its feasibility of USF imaging
in mice; (2) develop a camera-based USF imaging system and a Z-scan method; (3) study the biodistribution of
PNIPAM/B-CD/ICG nanogel in mice and demonstrate its feasibility of USF imaging using the camera-based USF
imaging system; (4) improve the EMCCD-based USF imaging system by using software trigger. The specific
objectives have been accomplished in the studies presented in Chapters 2—5.

In Chapter 2, we, for the first time, successfully demonstrate the feasibility of in vivo USF imaging in mice.
The USF contrast agent adopted in this study, PNIPAM-ICG NP, was proved to be stable in biological environments
(such as in breast tumor and spleen). Biodistribution studies showed that PNIPAM-ICG NP was mainly accumulated
in the spleen of mice. Thus, it provided a good opportunity to conduct in vivo USF imaging. The ex vivo USF imaging
in a heart tissue and in vivo USF imaging in a mouse breast tumor via local injections were obtained. The ex vivo and
in vivo USF imaging of mouse spleen were also realized. All the results were validated by the commercial micro-CT
system. Due to the nonuniformity of the ultrasound focus, the USF achieved similar accuracy to CT on the lateral
plane (i.e., the horizontal XY plane orthogonal to the direction of the ultrasound wave propagation), and lower
accuracy than CT in the axial direction (i.e., the direction of the ultrasound wave propagation).

In Chapter 3, a camera-based USF imaging system was developed to overcome the limitations of the previous
fiber-bundle-based USF imaging systems, such as low photon collection efficiency, unsuitable for scanning an uneven
surface and low scanning speed. Because the spatial information for the fluorescence distribution at the tissue surface
was acquired in this system, the desired scan area could be precisely selected. With the camera as the detector, a smart
scan method, Z-scan, was developed, which improved the imaging speed by four times over the raster scan method
adopted by the previous systems. Two temporally adjacent scan positions were spatially well separated, which
significantly reduce the effect of thermal diffusion and signal crosstalk. The resolution of the proposed imaging system

was investigated by using a piece of porcine muscle tissue with a silicone tube. To evaluate the accuracy of the newly
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developed USF system, the USF imaging of contrast agent distribution in the porcine tongue tissues were carried out.
The USF images were validated by a commercial CT imaging system.

In Chapter 4, the biodistribution of the PNIPAM/B-CD/ICG nanogel and its feasibility of USF imaging in
mice were studied. The PNIPAM-ICG NP has a restriction of bule shifted spectrum compared to ICG itself. To
overcome the limitation, the PNIPAM/B-CD/ICG nanogel was proposed recently. In this study, it was demonstrated
to have a much better USF performance than the PNIPAM-ICG NP in chicken breast tissues. Additionally, its
biodistribution in BALB/c mice was different with that of PNIPAM-ICG NP due to the various particle’s sizes (i.e.,
32 nm for PNIPAM/B-CD/ICG nanogel versus 335 nm for PNIPAM-ICG NP). The nanogels could accumulated into
mouse liver in a short time and then quickly excreted through the synergistic pathways of the hepatic route and renal
clearance. Thus, ex vivo USF imaging of mouse liver was achieved instead of in vivo USF imaging. Animal studies
based on U87 tumor-bearing mice revealed that the present nanogels could accumulate into tumor via an EPR effect.
In vivo high-resolution USF imaging of contrast agent distribution in tumor via local injections was successfully
achieved.

In Chapter 5, an EMCCD-based USF imaging system using software trigger was proposed. It was improved
from the system developed in Chapter 3 which using the external hardware trigger. Adopting MATLAB to control the
EMCCD camera, not only simplify the system structure but also stabilize the EM gain. The SNRs of the USF images
with various EM gain in different thick chicken breast tissues were investigated. The results showed that the SNR
could be significantly improved with an EM gain increased from 1 to 9. However, the SNR would not increase with
a larger EM gain (i.e., >9) due to the instability of the EM gain. By applying the modified USF system and a ICG-
liposome with reduced size, the USF imaging of a sub-millimeter silicone tube (inner diameter: 0.76 mm, outer
diameter: 1.65 mm) embedded in 5.5 cm-thick chicken breast tissue using an excitation laser with a low intensity of

28.35 mW/cm? was successfully achieved.

6.2 Limitations and Future Directions
6.2.1 In vivo USF Imaging in Mouse Tumor

In this study, the in vivo USF imaging in mouse tumor using PNIPAM-ICG NP and PNIPAM/B-CD/ICG
nanogel via local injections were successfully achieved. However, the in vivo USF imaging in mouse tumor via
intravenous injection has not been realized yet. The PNIPAM/B-CD/ICG nanogel with a size of 32 nm shows a

promising result that it can accumulated into the U87 tumor via EPR effect. Unfortunately, the concentration of the
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nanogels in tumor is not high enough for USF imaging. Currently, the fluorescence of PNIPAM/B-CD/ICG nanogel
increases 2.74 folds in a relatively wide temperature range of 7.4 °C (i.e., from 35.1 to 42.5 °C), which may be not
enough for in vivo USF imaging in tumor via intravenous injection. Thus, it is highly desirable to develop new USF
contrast agents that have better switching performance (such as high on-to-off ratio, narrow-switching bandwidth, in

near-infrared region, etc.), are feasible for molecular targeting, and are biocompatible and biodegradable.

6.2.2 Further Improving the Imaging Speed

In this study, EMCCD camera-based USF imaging systems which can well overcome the limitations of the
previous fiver-bundle based USF imaging systems are proposed. Thanks to the spatial information provided by the
camera, a new scan method, Z scan, is developed to significantly improve the imaging speed. However, the further
improvement of imaging speed is limited by the mechanical scanning with a single HIFU transducer. In current USF
imaging systems, the HIFU transducer is mounted on a 3D translation stage. By moving the translation stage, the
HIFU transducer heat the tissue point by point to generate a USF image. Nevertheless, the moving speed of the
translation stage is limited and simultaneously scanning several areas cannot be realized. To further improve the
scanning speed of the USF imaging system, a HIFU array is helpful as it can generate multi-focus simultaneously to
scan multiple areas, which is currently investigated both experimentally and theoretically in our laboratory (PI: Dr.

Baohong Yuan and the advisor of this dissertation).
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	Figure 2-6 indicates that raising the HIFU driving voltage will increase the USF signal strength and therefore SNR (Figures 2-6(b) and 2-6(e)) but decrease the spatial resolution (Figures 2-6(d) and 2-6(g)). This is because the higher driving voltage leads to the higher ultrasound power, higher temperature rise, larger thermal focal volume, and therefore more switched-on contrast agents. The driving voltage also varies in different types of tissues due to their different ultrasound absorption abilities. In this study, a total of five different types of tissues were used: (1) tube-embedded porcine muscle tissue, (2) porcine heart tissue, (3) breast tumor in a live mouse, (4) live mouse spleen, and (5) dead mouse spleen. For convenience, the driving voltages applied to these tissues are reorganized in Table 2-1. Generally, high driving voltage was adopted in live tissues, such as 200 mV in the live spleen and 250 mV in the live tumor; and relatively low driving voltages in dead tissues, such as 140 mV in the dead spleen, 120 mV in the porcine heart tissue, and as low as 60 mV in the tube-embedded porcine muscle tissue. The live tissues usually contain much more fluids, such as water and blood, while the dead tissues usually have much less. Water and blood usually have much smaller ultrasound absorption coefficients than the tissues mentioned above (water: 0.002; blood: 0.2; muscle: 1.1, breast: 0.75; fat: 0.48; liver: 0.5 db/MHz/cm) [47]. In addition, flowing blood may partially function as a cooling system. Accordingly, live tissues are more difficult to heat via HIFU than dead tissue. This fact can explain why we adopted 200 mV for the in vivo and 140 mV for the ex vivo spleen imaging when intravenous injection was applied to both, and 250 mV in live tumor and 120 mV in dead porcine heart tissue when local injections were applied to both. Lastly, comparing the tube-embedded porcine muscle tissue with the porcine heart tissue with local injections, even lower voltage can be used for the former. This could be for two possible reasons. (1) The adopted silicone tube has a much larger ultrasound absorption coefficient than that of biological tissues discussed in this study (Figure 2-8). (2) Another factor that should be considered is the agent dilution due to either the local or intravenous injection. In the tube-based phantom, the stock solution of the USF contrast agent was injected into the tube so no dilution is applied. For local injection, the contrast agent concentration is usually diluted due to natural diffusion of agents in tissue, whereas for intravenous injection, the dilution is due to the relatively large blood or body volume. In addition, to avoid HIFU-induced tissue damage, the temperature increases in real tissue are limited to only a few Celsius degrees under the driving voltages used in this study (Figure 2-8). 
	The lateral resolution of the USF imaging system is ~3.3–4.5 times better than the axial resolution, which is due to the inherent nonuniform shape of the ultrasound focus (Figure 2-6(d) vs. 2-6(g)). As shown in all the 3D co-registered images, the sizes of the USF images are larger than CT images along the Z direction, which is the transmission direction of the ultrasound (i.e., the axial direction of the HIFU transducer). However, the USF images match well with CT images on the horizontal XY plane, which is the plane orthogonal to the ultrasound transmission direction as shown in the cross-section images of the XY plane (i.e., the lateral direction of the HIFU transducer). 
	The biodistribution data indicates that the USF contrast agents are mainly distributed in the spleen and liver. This is because the median hydrodynamic diameter of the nanoparticles is ~335 nm, and the large-sized nanoparticles are more likely to be accumulated in the spleen and liver due to the uptake of macrophages [48]. The two kidneys also show some fluorescence signal, which may be due to the existence of either very small nanoparticles or the residue of free ICG molecules. Currently, it is unclear why the stomach also shows certain fluorescence signal. Similar to the USF contrast agent, the CT contrast agent (ExiTron nano 12000) was mainly found in the spleen and liver. The mean hydrodynamic diameter of the CT contrast agent is ~110 nm, and it mainly accumulates in the liver and spleen due to uptake by macrophages of the liver [49]. The similar biodistribution in the spleen of both contrast agents makes it possible to image this organ via both modalities for comparison.  
	In this study, we selected the spleen as the target organ because (1) it can accumulate enough contrast agents of both modalities, has a relatively small volume (therefore a relatively high contrast agent concentration), and is close to the skin, which are all helpful to achieve a high SNR. And (2) it has a unique shape and location, which make it easy to be roughly identified and located with a 2D camera. To achieve this goal, we controlled the nanoparticles size relatively large (~335 nm) because large-sized nanoparticles have a better chance of accumulating in the spleen. 
	This is the first time that USF has been demonstrated to successfully image living biological tissues via both local and intravenous injections. It is important to point out that the success of in vivo imaging is highly dependent upon the stability of contrast agents in biological environments. The adopted USF contrast agent in this study is ICG-encapsulated PNIPAM-based nanoparticles. The shelf life of the stock solution can be as long as a year or longer without loss of the switching performance [31]. More importantly, the USF contrast agent adopted in this study shows high stability in biological environments. As described in Methods, the in vivo USF imaging of the spleen was conducted between 4 and 9 hours after the intravenous injection, and the ex vivo USF imaging was conducted 1 day after the intravenous injection. These data clearly indicated that the switching property of the contrast agents was well maintained no matter whether in living or dead tissue. In addition, we believe that the temperature-switching threshold of the adopted contrast agent was maintained the same in both living and dead spleen as the value measured in vitro (such as in a cuvette). This conclusion is drawn based on the following two facts: (1) to be able to observe a similar USF signal in the dead tissue to that in living tissue, the background temperature of the dead tissue needs to be raised up to around 37 ℃ (similar to the living mouse body temperature) via a water bath; (2) without heating the dead tissue, almost no USF signal can be observed from the dead tissue (Figure 2-9). 
	Currently the on-to-off ratio of the adopted ICG-PINPAM NP is ~5, which is enough for in vivo USF imaging in this study and may be able to further improve in future by optimizing the synthesis protocols. Using a contrast agent with a higher on-to-off ratio may improve the SNR and therefore possibly reduce the required driving voltage or ultrasound power. 
	The contrast agent distribution appears discrete in the XY plane and stretched along the Z axis. The factors causing this issue are as follows. First, the SNR of the in vivo USF imaging was not as high as that in phantoms. This is because the contrast agent is highly diluted by the blood, and there are some motion artifacts caused by the mouse breathing. Second, the ultrasound might be blocked by other organs and ribs during the propagation towards spleen. Third, the axial resolution is worse than the lateral resolution, which causes that some USF signals are shown in the bottom layers below the spleen.
	The non-uniform spatial resolutions have been partially addressed in our recent work by using two 900-crossed confocal HIFU transducers [26]. Further development and implementation need to be conducted in future. Another technical limitation of current USF imaging systems is the speed. Because it is a point-by-point scanning imaging technology and adopts the HIFU-induced temperature to switch on fluorescence, it usually takes a few hours to finish a 3D image acquisition. Currently, we are developing and testing several strategies to increase the imaging speed, such as via camera-based fast scanning techniques, and we expect the imaging speed to increase significantly if successful. It is highly desirable to develop new USF contrast agents that have better switching performance (such as high on-to-off ratio, narrow-switching bandwidth, in near-infrared region, etc.), are feasible for molecular targeting and multicolor imaging, and are biocompatible and biodegradable. Currently, because of the use of the large sized and non-targeting nanoparticles, the accumulation of ICG-PINPAM NP in the mouse tumor after intravenous injection via the conventional enhanced permeability and retention (EPR) effect is weak and not enough for USF imaging. Using smaller sized and/or functionalized nanoparticles may increase the accumulation of nanoparticles in a tumor [50]. With the success of addressing these technical challenges and approvals of various regulations in the future, we expect that USF imaging technique will be a promising, unique, and powerful technology for preclinical and clinical applications to complement the existing imaging technologies.  
	Chapter 3  USF Imaging via an EMCCD Camera and a Z-Scan Method
	The schematic diagram of the proposed camera-based USF imaging system is shown in Figure 3-1. The first function generator (FG1, 33500B, Agilent, Santa Clara, CA, USA) was used to drive the excitation laser (808 nm, MGL-II-808-2W, Dragon lasers, JL, China). The excitation light passed through a band pass filter (FF01-785/62-25, Semrock Inc., Rochester, NY, USA), divided by a dual branch light guide (¼" x 72", Edmund Optics Inc., Barrington, NJ, USA) into two equal parts and illuminated the tissue sample that was placed in a water tank from two opposite directions to ensure uniform illumination. The emitted fluorescence signal was filtered by two 2-inch (BLP01-830R-50, Semrock Inc., Rochester, NY, USA) and one 1-inch emission filters (BLP01-830R-25, Semrock Inc., Rochester, NY, USA) that were placed before and after a camera lens (AF NIKKOR 50mm f/1.8D Lens, Nikon, Shinagawa, Tokyo, Japan), respectively, and received by an EMCCD camera (ProEM®-HS:1024BX3, Princeton Instruments, Trenton, NJ, USA). A HIFU transducer (2.5 MHz, H-108, Sonic Concepts Inc., Bothell, Washington, USA) driven by the second function generator (FG2, 33500B, Keysight Technologies, Santa Rosa, CA, USA) was used to switch on/off the USF contrast agent in its focus. The driving signal generated from the FG2 was amplified by a RF-AMP (A075, E&I, Rochester, NY, USA) with 50-dB gain. The amplified driving signal was then delivered to an MNW and then to a HIFU transducer to generate an ultrasonic wave. To scan the sample, the HIFU transducer was controlled by a motorized translation stage (Velmex Inc. Bloomfield, NY, USA) which received commands from the computer. The computer received the triggers via a multifunctional input/output device (I/O, PCIe-6363, National Instruments, Austin, TX, USA) from the third function generator (FG3, AFG3252, Tektronix, Beaverton, OR, USA) which was used to synchronize the camera exposure, ultrasound heating and translation stage movement. In the proposed imaging system, the XY plane represents the horizontal plane, which is perpendicular to the transmission direction of the ultrasound. The Z direction is the axial direction, which is parallel to the transmission direction of the ultrasound.
	/
	To measure the resolution of the proposed camera-based USF imaging system and the effect of the driving voltage on the resolution, we carried out USF imaging on a piece of porcine muscle tissue in which a silicone tube was inserted to mimic a blood vessel. Figure 3-3(a) shows a white-light photo of the  silicone tube embedded tissue. As shown in Figure 3-3(b), the size of the tube shown by fluorescence imaging on the tissue surface is quite large because of the high scattering property of the tissue (a threshold of 0.3 is applied). Figure 3-3(c) shows the lateral (i.e., Y direction) 1D USF profiles of the silicone tube with two various HIFU driving voltages of 60 mV and 80 mV (i.e., the Vpp from FG2, estimated ultrasound power: 0.43 W and 0.77 W). The peak values of the USF profiles for the two driving voltages of 60 and 80 mV are 138 and 319 counts, respectively. As shown in Figure 3-3(d), the FWHM of the lateral profiles for the two driving voltages are 0.85 and 1.11 mm, respectively. As shown in Figure 3-3(e), the peak values of the USF profiles for the two driving voltages of 60 and 80 mV are 136 and 359 counts, respectively. As shown in Figure 3-3(f), the FWHM of the axial profiles for the two driving voltages are 2.46 and 4.19 mm, respectively. The USF signal strength is higher under the larger driving voltage (i.e., higher ultrasound power), which means a better SNR. However, the increase of FWHM means a worse resolution. This is because the higher temperature rise leads to the larger size of the thermal focal zone and results in more USF contrast agents are switched on. It should be noted that the axial FWHM is about 3~4 times larger than the lateral FWHM which is due to the nonuniform shape of the HIFU transducer focus. The lateral and axial FWHMs of the acoustic intensity focus were measured as 0.55 mm and 2.8 mm [33], respectively. As shown in Figure 3-3(g), the FWHM of the 1D profile obtained by fluorescence imaging (same position on the x-axis as USF imaging) is 9.59 mm. Compared to the fluorescence imaging, the USF imaging improved the resolution by ~11 times (using a 60-mV driving voltage).
	/ 
	Figure 3-4(a) shows a white-light photo of the porcine tongue tissue. Because the porcine tongue tissue was relatively dense compared to other available porcine muscle tissues, the contrast agents were less diffused after a local injection. The USF contrast agent (30 µL ICG-PINIPAM NP) with an LCST of ~24–25 °C mixed with the commercial CT contrast agent (10 µL ExiTronTM nano 12000, Miltenyi Biotec, Bergisch Gladbach, Germany) was locally injected into the tissue with a thickness of 1.3 cm to form a single spot. Figure 3-4(b) shows the 2D and normalized fluorescence intensity distribution on the top surface of the tissue. The red box indicates the horizontal scan plane (XY) of the USF imaging. To avoid optical cross talk, the separation distance between the two adjacent scan points in Z-scan mode, such as the distance between point number 1 and number 2, should be examined. To achieve this goal, the USF signal pattern’s change in space and time at a scan point was investigated. Specifically, an ultrasound pulse with a 60-mV driving voltage and 400 ms duration was applied to the position indicated by the white spot in Figure 3-4(b). The depth of this scan position was 7.62 mm from the bottom of the tissue. It took 615.82 ms (500 ms exposure time and 115.82 ms readout time) to record a single fluorescence image. A total of 60 frames was recorded (3 frames before the ultrasound exposure and 57 frames after the ultrasound exposure). The background image was obtained by averaging the three frames before the ultrasound exposure. Thus, the dynamic pattern of the USF signal was obtained from the fourth frame to the last one. To analyze the data, the spatial distribution of USF photons on the fifth frame (after it was subtracted by the background image) is shown in Figure 3-4(c). A white bar is drawn on the image. One end is located at the center of the pattern and indicates the location of the HIFU focus (i.e., heating position). The other end of the bar is far away from the center and well beyond the HIFU heating zone. By extracting the data along this white bar at all the different time points, Figure 3-4(d) shows a 2D representation of the HIFU-induced USF photons in space and time. The origin of this image indicates the position where this was illuminated by the ultrasound. The USF photons near the heating center decays slowly, which is why the time interval between the two adjacent scan positions in raster scan mode is long and the imaging speed is low. On the other hand, the USF photons are very weak at the location that is 5 mm away from the heating center after 3 s. Thus, if the next scan location is positioned at 5 mm away from the previous scan location and the next background is taken 3 s after the previous HIFU exposure, the interference (i.e., cross talk) of the USF photons between these two temporally adjacent scan locations can be avoided. Obviously, it is also true that if the separation distance between two scan points can be increased to 6 mm or above, the waiting time can be avoided. Thanks to the size of the USF signal pattern was limited in space and shrank with time, the Z-scan can significantly improve the imaging speed without suffering the effect of thermal diffusion. Figure 3-4(e) and 3-4(f) show the 2D USF images on the XY plane at Z=7.62 mm using the raster scan and Z-scan, respectively. The patterns of these two images were similar, but the imaging speed of the Z-scan was four times faster than that of the raster scan.
	/
	To obtain the 3D contrast agent distribution in the porcine tongue tissue shown in Figure 3-4(a), a volume of 9.906 × 9.906 × 10.16 mm3 was scanned by the HIFU transducer with a driving voltage of 60 mV using the Z-scan method. The lateral step size was 0.762 mm, and the axial step size was 2.032 mm. After the USF imaging, the tissue was scanned by a commercial micro-CT system (Skyscan 1178, Bruker, Kontich, Belgium). Figure 3-5 shows the 2D USF images of the contrast agent distribution on the XY plane at different depths (i.e., Z direction). 
	/
	To investigate the capability of the USF imaging with a more complicated contrast agent distribution pattern, as shown in Figure 3-7(a), 45 µL USF contrast agent mixed with 15 µL CT contrast agent was locally injected into a porcine tongue tissue with a thickness of 1.3 cm in three different locations to form three spots (20 µL each). Figure 3-7(b) shows the 2D and normalized fluorescence intensity distribution on the top surface of the tissue. The red box indicates the scan area of the USF imaging on the horizontal plane. A volume of 12.954 × 12.954 × 10.16 mm3 was scanned by the HIFU transducer with a driving voltage of 60 mV using the Z-scan method. The lateral step size was 0.762 mm, and axial step size was 2.032 mm. Figure 3-7 (c–h) show the 2D USF images of the contrast agent distribution on the XY plane at different depths. The three spots can be seen clearly in these USF images at some depths while are not observable in the regular fluorescence image (i.e., Figure 3-7(b)) that is the only image acquired on the tissue surface.
	/
	/
	Figure 3-8(a1–a3) show the top view (XY), front view (XZ), and right view (YZ) of the 3D USF images of the USF contrast agent distribution, respectively. Figure 3-8(b1–b3) show the top view (XY), front view (XZ), and right view (YZ) of the 3D CT images of the CT contrast agent distribution, respectively. Figure 3-8(c1) shows the 3D co-registered USF and CT images and Figure 3-8(c2–c4) are the corresponding cross-section images on different planes. In the 3D view image (i.e., Figure 3-8(c1)), the common volume accounts for 32.16% of the total volume of the USF image and 54.40% of the total volume of the CT image, respectively. On the YZ plane at X=9.60 mm (i.e., Figure 3-8(c2)), the common area accounts for 42.93% of the USF image area and 90.40% of the CT image area. On the XZ plane at Y=4.78 mm (i.e., Figure 3-8(c3)), the common area accounts for 45.91% of the USF image area and 94.14% of the CT image area. On the XY plane at Z=7.98 mm (i.e., Figure 3-8(c4)), the common area accounts for 32.58% of the USF image area and 80.86% of the CT image area. The comparisons at different cross-sections are summarized in Table 3-2. Figure 3-8(d1–d4) show the 2D cross-section images of the 3D co-registered image at different depths (along the Z direction).
	Chapter 4 In vivo USF Imaging Using PNIPAM/β‐CD/ICG nanogel and Camera-based USF imaging system
	In the NIR spectral range, the penetration depth of light becomes larger due to the smaller optical absorption and scattering coefficients of biological tissue. Thus, the fluorescence imaging in NIR region has attracted tremendous attention [58]. In particular, NIR fluorescence imaging between 700 and 900 nm has enabled new technologies for a variety of preclinical and clinical applications [59]. Compared with conventional diagnostic imaging, such as CT, MRI, or PET, NIR fluorescence imaging provides a cost-efficient and high-sensitivity method for real-time molecular imaging [60]. Currently, a serious problem obstructing the applications of the NIR fluorescence technique is the poor resolution in deep tissue [9, 61]. The spatial resolution dramatically declines with the increase of tissue thickness. To address this challenge, USF imaging as a new hybrid imaging modality was developed by our group in the past years [24, 32, 51, 53, 57]. USF imaging employs a unique imaging probe that can be sensitively switched on via ultrasound-induced temperature increase only in the ultrasound focal volume. This indicates that the trapped USF signal only comes from the signal changes of the contrast agent itself, and its signal dynamic pattern can be expediently manipulated by externally controlling the ultrasound exposure, implying that the USF method has high specificity with regard to the contrast agent. These advantages greatly encourage us to explore the USF imaging in vivo. 
	ICG-PNIPAM NP, a type of temperature-responsive USF probe, is one of the most successful NIR-USF contrast agents, which is sensitive to the ultrasound-induced temperature change in focal volume [31]. As shown in chapter 2, in vivo USF imaging was successfully achieved using ICG-PNIPAM NP. However, one of the drawbacks of this type of the probe is that its emission peak is blue shifted compared to that of free ICG in water. To remain ICG’s NIR emission peak, minimize tissue autofluorescence, achieve better SNR and increase in vivo circulation time of this type of contrast agent, there is an urgent need to upgrade the previous ICG-PNIPAM probe to accelerate the utilization of USF imaging in biomedical applications.
	Recently, we developed a new ICG-based USF contrast agent, ICG/β-CD complex-encapsulated PNIPAM nanogel (PNIPAM/β-CD/ICG nanogel), to overcome the limitations of the ICG-PNIPAM NP [38]. The average diameter of the PNIPAM/β-CD/ICG nanogel was significantly decreased to ~32 nm from ~335 nm compared to the reported ICG-PNIPAM NP. Additionally, the excitation/emission characteristics of the ICG itself in PNIPAM/β-CD/ICG nanogel were almost completely retained. In this study, the USF performance of the PNIPAM/β-CD/ICG nanogel was compared with that of the ICG-PNIPAM NP in centimeters-deep chicken breast tissue. The feasibility of in vivo USF imaging using PNIPAM/β-CD/ICG nanogel and the camera-based USF imaging system (developed in the previous chapter) was also studied.
	The details of the camera-based USF imaging system are descried in the Chapter 3. Briefly, we applied a HIFU transducer with a center frequency of 2.5 MHz to heat the sample and switch on the temperature-sensitive probe in the focus. In this study, the ultrasound exposure time was kept at 400 ms and the driving voltage was changed with the different samples. The emitted USF signal was collected through a camera-based fluorescence imaging system. The wavelength of the excitation light was set as 808 nm and the emitted fluorescence signal was filtered by a set of 830 long-pass filters. The background temperature of the sample was controlled by a water bath via an integrated programmed temperature controller system and a magnetic stirrer inside the water bath.
	A silicone tube with an inner diameter of 0.76 mm and an outer diameter of 1.65 mm was inserted into a piece of chicken breast tissue with a thickness of ~1.5 cm or ~3.5 cm at a height of ~5 mm from the bottom surface to simulate a blood vessel. The tissue sample was placed in a small plastic cell and covered it with a transparent parafilm (PM-992, BEMIS Company Inc., USA). The space between the bottom surface of the tissue and the parafilm was filled with ultrasound transmission gel (Aquasonic 100, Parker Laboratories Inc., USA) to provide efficient ultrasound coupling. The top surface of the tissue sample was also covered by the ultrasound gel and the parafilm to prevent the tissue from drying during the experiment. The ICG-PNIPAM NP and PNIPAM/β‐CD/ICG nanogel were injected into the silicone tube via a microsyringe, respectively. The bottom of the small tank was further immersed into a 37 °C water bath to ensure the temperature of the tissue sample close to normal body temperature. An area of 10.16 (X) × 2.54 (Y) mm2 (step size in X direction: 0.2032 mm; Y direction: 1.27 mm) was scanned by the HIFU transducer with an estimated ultrasound power of 2.36 W. The intensity of the excitation light at 808 nm was measured as 29.25 mW/cm2 by using a power and energy meter (PM100D, Thorlabs Inc., USA).
	Three healthy BALB/c mice (female, 8-10 weeks) were purchased from Jackson Laboratory (Maine, USA) in this study. To explore the metabolism of the PNIPAM/β‐CD/ICG nanogel, the mouse (20.6 g) was firstly anesthetized with 2.5% isoflurane at a flow rate of 1 L/min, and the hair on the whole body surface was removed using depilatory cream. Next, 200 μL of PBS dispersion of PNIPAM/β-CD/ICG (~8.0 mg/mL) was administrated via a tail vein injection, where the maximum intravenous dose was 77.6 mg/kg. The 2D fluorescence images of the whole mouse body were collected before the tail vein injection and at different time points (0, 1, 2, 4, 6, 24 , 48, 120 h) after the tail vein injection via a home-made NIR fluorescence imaging system (λex = 808 nm, λem = 830 nm). To evaluate the in vivo biodistribution of PNIPAM/β‐CD/ICG nanogel, 200 μL of PBS dispersion of PNIPAM/β‐CD/ICG (~8.0 mg/mL) was intravenously injected into the mice. The mouse (with a weight of 20.7 g and a corresponding dose of 77.6 mg/kg) and the another one (with a weight of 21.6 g and a corresponding dose of 74.08 mg/kg) were sacriﬁced at 15 and 90 min after the injection, respectively. Their major organs (heart, kidney, liver, lung, spleen, stomach, large intestine and small intestine) were then harvested and imaged using the same imaging system.
	The healthy BALB/c mouse (female, 14 weeks, 27.3 g) was firstly anesthetized with 2.5% isoflurane, and then 200 μL of a PBS dispersion of PNIPAM/β‐CD/ICG (~8.0 mg/mL) was injected into the mouse body via a tail vein (the corresponding dose is 58.64 mg/kg). The mouse was sacrificed at 5 min after the injection and the liver was harvested. Part of the liver was then inserted into a piece of porcine heart tissue with a thickness of 1 cm for ex vivo USF imaging. The intensity of the as-used excitation light at 808 nm was 26.12 mW/cm2. A volume of 15.240 (X) × 15.240 (Y) × 6.096 (Z) mm3 (step size in X&Y direction: 1.016 mm; Z direction: 2.032 mm) was scanned by a HIFU transducer with an estimated ultrasonic power of 4.82 W.
	The healthy NU/J nude mice (female, 6 weeks) were purchased from Jackson Laboratory to establish subcutaneous brain tumor models. Suspension of U87 brain cancer cells (ATTC, USA) was subcutaneously injected into the right hind legs of mice to build the subcutaneous tumor models. The mice were then housed there under pathogen-free conditions. A nude mouse (female, 11 weeks, 22.63 g) was used for this experiment. 200 μL of PBS dispersion of PNIPAM/β‐CD/ICG (~8.0 mg/mL) was administrated by tail vein injection (corresponding dose: 70.7 mg/kg). The 2D fluorescence images of the whole mouse body were collected before the intravenous injection and at different time points (0, 1, 2, 4, 6, 8, 10, 24 h) after the intravenous injection via a home-made NIR fluorescence imaging system.
	The U87 tumor bearing nude mouse (13 weeks, 22.58 g) with a tumor size of ~2 cm was used for this experiment. The 35 μL and 20 μL PBS dispersions of PNIPAM/β-CD/ICG were injected into the tumor at two different positions, respectively. During the experiment, the mouse was anesthetized with 2.0 % isoflurane at a flow rate of 0.8 L/min. The temperature of the water bath was kept at 38 °C to sustain the mouse body temperature. The intensity of the excitation light at 808 nm was 0.37 mW/cm2. A volume of 12.954 (X) × 12.954 (Y) × 8.128 (Z) mm3 (step size in X&Y direction: 0.762 mm; Z direction: 2.032 mm) was scanned by the HIFU transducer with an estimated ultrasonic power of 3.90 W.
	The detectable photons in the USF imaging decrease rapidly with the increase of the tissue thickness, which results in a fast deterioration of SNR [25]. Therefore, high performance USF contrast agents are highly desirable for deep tissue imaging. The USF performance of PNIPAM/β‐CD/ICG nanogel and ICG-PNIPAM NP were compared in chicken breast tissues with different thicknesses. The 2D USF images of a silicone tube filled with PNIPAM/β‐CD/ICG nanogel (or ICG-PNIPAM NP) in 1.5-cm (or 3.5-cm) thick chicken breast tissue are shown in Figure 4-1. SNR is used to evaluate the USF performance, so we further calculated and analyzed the SNR of the USF image. As shown in Figure 4-1(b) and 4-1(c), results reveals that the SNR of the USF image for PNIPAM/β‐CD/ICG nanogel (33.01 ± 2.42 dB) is obviously higher than that of the ICG-PNIPAM NP (18.73 ± 0.33 dB) in 1.5 cm-thick chicken breast tissue. For further testing, both contrast agents were reevaluated using the same protocol in a 3.5 cm-thick chicken breast tissue. As shown in Figure 4-1(d) and 4-1(e), the SNR of the USF image for PNIPAM/β‐CD/ICG nanogel is calculated as 19.57 ± 1.68 dB. Nevertheless, the same silicone tube cannot be differentiated from the background when using ICG-PNIPAM NP. This is understandable based on the following discussion. Compared with ICG-PNIPAM NP, the characteristic of the fluorescence emission of the PNIPAM/β‐CD/ICG nanogel is more like that of the ICG [38]. This indicates that the fluorescence emission in the NIR region is enhanced when using the PNIPAM/β‐CD/ICG nanogel, which leads to the enhancement of the USF signal and thereby the improvement of the SNR under the similar on-to-off ratio and other test conditions. 
	/
	The NIR-USF imaging that uses PNIPAM/β‐CD/ICG nanogel to detect light penetrating through ~3.5 cm of chicken breast tissue was significantly improved in comparison with the previously reported NIR-I [62-64] and NIR-II [58, 61, 65-67] imaging results, which even surpassed the maximum depth of detection of ~3.2 cm in pork tissue, using the core/shell α-(NaYbF4: 0.5% Tm3+)/CaF2 nanoparticles as NIR-I imaging probes [68]. Yet for all that, the penetration depth of NIR-USF imaging could be further improved with a USF contrast agent with a larger on-to-off ratio, stronger fluorescence emission, and a narrower transition bandwidth. In short, the PNIPAM/β‐CD/ICG nanogel with superior performance will vastly drive the biomedical applications of deep-tissue NIR-USF in vivo imaging.
	To meet the requirements of the U.S. FDA, all injected contrast agents need to be cleared from the body completely within a reasonable time period [69]. Therefore, an essential understanding of how contrast agents are eliminated from the normal organs/tissues but retained in the tumors is immensely important for their future clinical applications. In light of this necessity, the metabolism of the PNIPAM/β-CD/ICG nanogel (~32 nm) in healthy BALB/c mice was evaluated through tail vein injection. As shown in Figure 4-2(a–c), the fluorescence intensity of the location of the liver reaches peak right after the injection and rapidly decreases within 1 h, indicating that the nanogels can quickly accumulate into the liver tissue through reticuloendothelial system uptake [69] and then decompose fast in a short period. We conjectured that the decomposed PNIPAM/β‐CD/ICG nanogel with smaller size in the liver tissue might be principally expelled from the mouse’s body through the urinary system. This inference is mainly based on the observation that the bladder region displays a brilliant or saturated fluorescence intensity at 1 h but gradually diminished after 1 h (Figure 4-2(a)), and the locations of the kidney always exhibit strong fluorescence signals after the tail vein injection (Figure 4-2(b) and 4-2(c)). In fact, studies have proved that most small molecular probes are small enough to pass the glomerular capillary walls and enter into the urine if they have no interactions with serum proteins during circulation [69]. This means that the present PNIPAM/β‐CD/ICG nanogel are chiefly eliminated from the body through the synergistic pathways of the hepatic route (liver metabolism, bile excretion and feces elimination are involved) and renal clearance. Note that the PNIPAM/β‐CD/ICG nanogel almost completely excretes out of the body after 120 h, which is vital for future clinical use. The ex vivo biodistribution of PNIPAM/β‐CD/ICG nanogel was also examined by recording the fluorescence intensity of major organs dissected from euthanized mice at 15 and 90 min post-injection (Figure 4-2(d)), which further verified the preferential elimination of the nanogels from a normal mouse body mediated by combing the renal (urine) and hepatic (bile to feces) pathways. Moreover, we observed strong fluorescence signals from mouse hearts and lungs after injection of the as-used nanogels at 15 min, and the signals instantly decreased below the detectable threshold (i.e., 0.3) at 90 min, suggesting the current nanogel could travel through the bloodstream into the heart and lung tissues but could be promptly excreted out of both organs. 
	/
	/
	As shown in Figure 4-3, the metabolism and in vivo biodistribution of PNIPAM/β‐CD/ICG nanogel in U87 tumor-bearing mouse was also investigated. The 2D fluorescence images show that the nanogels are broadly distributed throughout the mouse body shortly after injection, within 4 h. Interestingly, the fluorescence intensity in the tumor region gradually increased (1–6 h) and peaked at 8 h, implying the excellent enrichment of nanogels in the tumor via the EPR effect. In contrast, the previously reported ICG-PNIPAM NP with larger hydrodynamic diameter (~335 nm) was primarily distributed in the spleen and liver. The accumulation effect of ICG-PNIPAM NP in U87 tumor-bearing mouse was relatively low. Thus, the PNIPAM/β‐CD/ICG nanogel with an ultra-small size not only has an acceptable and rapid excretion pathway but also its own advantageous EPR accumulation effect in a tumor-bearing mouse.
	Based on the results of the metabolism analysis, we tried to use PNIPAM/β‐CD/ICG nanogel to obtain a NIR-USF image of the location of the liver in a live mouse. Unfortunately, we failed to realize in vivo NIR-USF imaging of the mouse liver after multiple attempts due to the fast decomposition of the present nanogels in liver. We further carried out the ex vivo NIR-USF imaging of the mouse liver to demonstrate whether the USF characteristic of PNIPAM/β‐CD/ICG nanogel remained after a tail vein injection. Herein, the mouse was sacrificed at 5 min after a tail vein injection and the liver was harvested, and part of the liver was then inserted into a piece of 1 cm porcine heart tissue for ex vivo USF imaging. Specifically, the 2D fluorescence image of the mouse liver embedded in porcine heart tissue is shown in Figure 4-4(a), with the USF scan area marked by a red square. A 3D USF image of the mouse liver embedded in porcine heart tissue appears in Figure 4-4(b). The white dashed circles on the 2D USF images at different depths (Figure 4-4(c–f)) represent the area within which the normalized fluorescence intensity is larger than 0.6. The normalized signal intensity greater than 0.5 is defined as USF signal. The average intensities of USF signal inside and outside the white dashed circles is shown in Figure 4-5. Although the SNR of the USF image is limited, the signal intensity inside the circle is significantly larger than that outside the circle. We speculate that the limited SNR may be mainly caused by the low accumulated concentration of the PNIPAM/β‐CD/ICG nanogel inside the liver. These results reveal that the USF property of PNIPAM/β‐CD/ICG nanogel is remained (at least partially) after the blood circulation and accumulation/metabolism by the mouse liver. This outcome indicates that the nanogels are physiologically stable in mouse livers, which may benefit for the detection or diagnosis of liver-related diseases in the future. Moreover, exploring other biomedical applications should be also possible in future.
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	Chapter 5 Improving Sensitivity and Imaging Depth of USF via An EMCCD-Gain-Controlled System 
	5.1 Introduction
	The ICG-liposome was synthesized based on the previously reported method with modifications [74]. First, the ICG solution was prepared by dissolving the ICG dye (Chem-Impex Int’L Inc., USA) in chloroform (99.9% pure) and ethanol mixture (4:1 v/v) at a concentration of 0.28 mg/mL. 5.0 mg DPPC (Avanti, USA) was dissolved with 2 mL chloroform in a 50 mL round flask and 0.2 mL of the prepared ICG solution was added later. After a well-mixing of the solution, the solvent was evaporated using a rotary evaporator (BUCHI Corp., USA) at 150 rpm with -80 kPa vacuum in a 55 ˚C water bath for at least 30 min to form a thin lipid layer on the wall of the round flask. Afterward, 0.8 mL hydration water, which was made by mixing 95 % PBS (pH 7.4) and 5 % glycerol (99.8% pure), was added into the flask and swirled at 55 ˚C for 1 min and then rotated for 1 hour at 150 rpm in a 42 ˚C water bath. Then, the ICG-liposome solution was vortexed using the amalgamator (DB338, Medical Instrument Co., Ltd, China) for 1 min. The obtained ICG-liposome was diluted to a final volume of 3.5 mL. Thus, theoretically, the maximum ICG concentration is 0.016 mg/mL (0.28 mg/mL × 0.2 mL /3.5 mL). A freeze-thaw-mix cycle was performed for 5 times by freezing the ICG-liposome in dry ice for 8 min and then transferred the ICG-liposome into a 60 ˚C water bath to thaw for 5 min followed by shaking the sample for 2 min with a shaker at 250 rpm. To control and uniform the size of liposome vesicles, an extrusion method was conducted with a mini-extruder (Avanti, USA). A 200 nm polycarbonate filter (Whatman, UK) was utilized and the ICG-liposome was extruded at 50 ˚C for 19 times. The obtained ICG-liposome was stored at 4 ˚C. All chemicals were purchased from Fisher Scientific International, Inc., USA.
	Chapter 6 Conclusions and Future Work
	This dissertation aims to demonstrate the feasibility of in vivo USF imaging via various NIR USF contrast agents and develop camera-based USF imaging systems suitable for the in vivo study. The specific objectives of this work were to: (1) investigate the biodistribution of PINIPAM-ICG NP and demonstrate its feasibility of USF imaging in mice; (2) develop a camera-based USF imaging system and a Z-scan method; (3) study the biodistribution of PNIPAM/β-CD/ICG nanogel in mice and demonstrate its feasibility of USF imaging using the camera-based USF imaging system; (4) improve the EMCCD-based USF imaging system by using software trigger. The specific objectives have been accomplished in the studies presented in Chapters 2–5.
	In Chapter 2, we, for the first time, successfully demonstrate the feasibility of in vivo USF imaging in mice. The USF contrast agent adopted in this study, PNIPAM-ICG NP, was proved to be stable in biological environments (such as in breast tumor and spleen). Biodistribution studies showed that PNIPAM-ICG NP was mainly accumulated in the spleen of mice. Thus, it provided a good opportunity to conduct in vivo USF imaging. The ex vivo USF imaging in a heart tissue and in vivo USF imaging in a mouse breast tumor via local injections were obtained. The ex vivo and in vivo USF imaging of mouse spleen were also realized. All the results were validated by the commercial micro-CT system. Due to the nonuniformity of the ultrasound focus, the USF achieved similar accuracy to CT on the lateral plane (i.e., the horizontal XY plane orthogonal to the direction of the ultrasound wave propagation), and lower accuracy than CT in the axial direction (i.e., the direction of the ultrasound wave propagation).
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