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Abstract

CENTIMETER-DEEP TISSUE FLUORESCENCE MICROSCOPIC IMAGING

Bingbing Cheng, PhD

The University of Texas at Arlington, 2016

Supervising Professor: Baohong Yuan

Fluorescence microscopic imaging in centimeter-deep tissue has been highly sought-after for many years
because much interesting in vivo micro-information—such as microcirculation, tumor angiogenesis, and cancer
metastasis—may deeply locate in tissue. However, it is very challenging because of strong tissue light scattering. This
includes: how to confine the fluorescence emission into a small volume to achieve high spatial resolution; how to
increase fluorescence emission efficiency to compensate the signal attenuation caused by small emission volume and
tissue scattering/absorption; and how to reduce background fluorescence noise and exclusively differentiate signal
photons from background photons to increase signal-to-noise ratio (SNR) and sensitivity.

Ultrasonic scattering is two to three orders of magnitude less than light scattering in opaque biological tissue.
Therefore, light focusing has been replaced by ultrasonic focusing to achieve high spatial resolution in deep tissue. In
addition, high intensity focused ultrasound (HIFU) can noninvasively heat a small region deep within the body
(hundreds of microns in lateral). If one can develop a contrast agent whose fluorescence emission is sensitive to this
HIFU-induced temperature change and a sensitive imaging system which can detect the ultrasound-controlled photons
that have been scattered many times, centimeter-deep tissue fluorescence microscopic imaging can be achievable.
This study is focused on developing a fundamentally different imaging technology: ultrasound-switchable
fluorescence (USF), including the contrast agent development and the imaging system development. Basically, the
USF contrast agent developed in this work is thermosensitive and its fluorescence emission has a switch-like
relationship with temperature. Its fluorescence emission can be switched on or off by a focused ultrasound beam
generated from a HIFU transducer within its focal volume. Then the diffused USF photons propagate out and are
detected by a sensitive USF imaging system.

First, the excellent USF imaging contrast agents were developed by using the environment-sensitive

fluorophores and thermosensitive polymers. We started investigating environment-sensitive fluorophores from visible



light range up to near infrared (NIR) range since only NIR light can penetrate centimeter-deep in opaque biological
tissues. Two basic thermosensitive polymers and their co-polymers were used, including: poly (N-
isopropylacrylamide) (PNIPAM) and pluronic. Both linear polymer and nanoparticle based USF contrast agents were
explored. Second, a sensitive frequency domain (FD) USF imaging system and an effective signal identification
algorithm were developed. The lock-in amplifier adopted in the FD-USF imaging system and the correlation algorithm
significantly improved the SNR and detection sensitivity. Third, the feasibility of USF imaging in centimeter-deep
tissue with high resolution was demonstrated in both tissue-mimicking phantoms and ex vivo biological tissues. Multi-
color high-resolution USF imaging in centimeter-deep tissue with high SNR and picomole sensitivity were also
achieved. Fourth, the feasibility of in vivo USF imaging was demonstrated in living mice by using different types of
USF contrast agents via both intravenous and local injections.

In summary, the results provided in this work demonstrated for the first time the feasibility of centimeter-
deep tissue fluorescence microscopic imaging with high SNR and picomole sensitivity via USF in tissue-mimicking
phantoms, porcine muscle tissues, ex vivo mouse organs (liver and spleen), and in vivo mice. Multiplex USF imaging
was also achieved, which is useful to simultaneously image multiple targets and observe their interactions. This work

opens the door for future studies of center-deep tissue fluorescence microscopic imaging.

Vi
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Chapter 1
Introduction and Background

1.1 Cancer Diagnosis
1.1.1 Cancer

Cancer is one of the leading cause of death worldwide and was estimated to affect 1,685,210 new patients
leading to 595,690 deaths in 2016 in the United States [1].

Cancer is a group of diseases that is caused by abnormal cell growth with potential to proliferate without
stopping and to invade surrounding tissues. Normally, human cells grow and proliferate when the body needs. When
cells become old or damaged, they will die and new cells take their place. However, when cell acquires a mutation
that allows it to retain immortality and invade surrounding healthy cells, it becomes a tumor cell. Tumors can be
divided into two groups, benign and malignant tumors. Benign tumors do not spread into nearby tissues. When
removed, they usually don’t grow back. In contrast, cancerous tumors are malignant, which can invade into
surrounding tissues. In addition, as these tumors grow, some cancer cells can break off and travel to distant places to
form new tumors. From benign tumor towards malignancy, tumor cells develop self-sufficiency in growth signals by
activating oncogenes to cause pathological mitosis. They become insensitive to anti-growth signals by inactivating
tumor suppressor genes and lose the ability to go through programmed cell death by suppressing apoptosis genes and
pathways. Lastly, they develop unlimited proliferation potential by activating telomerases so that they can be immortal
after many generations, overcome limitations on tumor growth by recruiting new blood vessels through sustained
angiogenesis, and eventually gain mobility and the ability to invade surrounding tissues enabling further growth and
metastasis to other parts of the body [2]. According to the database from National Cancer Institute, the five-year
relative survival rate of breast cancer is 100% at stages 0 and I, which drops significantly to 22% at stage 1V. Thus
cancer diagnosis in early stage is critical to increase the survival rate of patients.

1.1.2 Cancer Diagnostic Methods

Most cancers are initially recognized either because of the appearance of signs or symptoms of disease or
through medical tests. When abnormal tissue or cancer is found early, it may be easier to treat or cure. Medical tests
can help diagnose cancer at early stage, before symptoms appear. Currently, there are four common diagnostic
methods, including: biopsy, blood or urine test, genetic tests and medical imaging [3]. Among them, biopsy is a

medical test commonly performed by pathologist involving extraction of sample cells or tissues for examination to



determine the presence or extent of a disease. It is an efficient way to determine whether the tumor is benign or
malignant and can help differentiate between different types of cancer. However, excisional biopsies are invasive and
cannot be used repeatedly. In addition, it is ineffective in understanding the dynamics of tumor progression and
metastasis [4]. In the recent decades, biomedical imaging is playing a more important role in cancer prediction,
detection and staging [3]. It has many advantages including real-time monitoring, noninvasive detection, and wide
ranges of temporal and spatial resolution for biological and pathological processes. For instance, temporal resolution
can go from milliseconds for protein binding and chemical reactions to years for diseases like cancer. Spatial resolution
can go from nanometers (molecular level) to centimeters (organism level) [3]. The current role of imaging in cancer
management is shown in Figure 1-1. Current biomedical imaging modalities includes X-ray based computed
tomography (CT), magnetic resonance imaging (MRI), ultrasound (US), positron emission tomography (PET), and

optical imaging. The comparison between these imaging modalities is shown in Table 1-1.
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Figure 1-1 Current role of imaging in cancer management [3].

1.2 Introduction to Common Non-optical Imaging Techniques
1.2.1 X-ray based Computed Tomography
CT is the most widely used cross-sectional imaging method used in biomedical studies and it was developed
in the 1970s. The use of CT has increased rapidly in all over of the world [5]-[7]. Basically, CT uses x-rays and an
electronic detector array to record a series of projections which indicate the attenuation of x-ray in the pathway and

create an image of a slice of tissue. The x-ray source rotates around the object within the scanner so that multiple x-



ray projections pass through the object. Then the structure of the object can be reconstructed by using a reconstruction

algorithm. The principle is shown in Figure 1-2.
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Rotating direction

Motorized table

Motorized table

Figure 1-2 The basics of CT. A motorized table moves the patient through the CT imaging system. At the same time,
a source of x-rays rotates within the circular opening, and a set of x-ray detectors rotates in synchrony on the far side
of the patient. The x-ray source produces a narrow, fan-shaped beam, with widths ranging from 1 to 20 mm. In axial
CT, which is commonly used for head scans, the table is stationary during a rotation, after which it is moved along
for the next slice. In helical CT, which is commonly used for body scans, the table moves continuously as the x-ray
source and detectors rotate, producing a spiral or helical scan. The illustration shows a single row of detectors, but
current machines typically have multiple rows of detectors operating side by side, so that many slices (currently up
to 64) can be imaged simultaneously, reducing the overall scanning time. All the data are processed by computer to

produce a series of image slices representing a three-dimensional view of the target organ or body region [6].



X-rays are attenuated when they pass through the patient. The amount of attenuation depends on the type of
tissue. Normally tissue with higher density like bone has more absorption of x-rays. The contrast in CT images depends
on the difference in attenuation between adjacent tissues. The higher the attenuation of x-ray, the brighter the tissue
in CT images. Similarly, the lower the attenuation, the darker the tissue in CT images. That is the reason why bone is
white and soft tissues are relatively dark in CT imaging. CT is excellent in the evaluation of bone structures. In order
to increase the contrast between normal structures and pathologic tissues and to visualize the vascular structures,
iodinated contrast media is used. lodine causes significant x-ray attenuation and therefore appears white in CT scans.

CT is a powerful structural imaging tool. The advantage of CT includes large penetration depth, excellent
temporal and spatial resolution. However, its sensitivity is relatively low (~ mM), its cost is relatively high, and it is
not capable to do multiplex imaging. In addition, it’s not safe to perform longtime screening because of the use of
ionizing radiation.

1.2.2 Magnetic Resonance Imaging

MRI uses a combination of static and time-varying magnetic fields to measure tissue structure and function
through their effects on the magnetization of water protons in the body [7], [8]. In the presence of a strong external
magnetic field, protons, or spins, tend to align with the external magnetic field, B,. If the magnetization is out of
alignment with B, it spirals along a helical pathway towards alignment, precessing about the axis of the magnetic

field at a frequency determined by its strength:

wo =YB, [Eq. 1-1]

For water protons, the gyromagnetic ratio y is 42.58 MHz/T, and for commonly used magnetic field strengths B, of
1.5t0 7.0 T, the resonance or Larmor frequency w, is in the radiofrequency range (64 to 300 MHz).

Spins can be excited out of thermal equilibrium by the pulsed application of a time-varying magnetic field
B;. B;is designed to oscillate in a plane perpendicular to the main field B, and contains a narrow range of frequencies
centered on w,, spiraling the precessing magnetization away from the B, axis into what is known as the transverse
plane. This precessing magnetization is the source of the NMR signal, producing an oscillating magnetic field that

induces a current in a coil placed near the sample. Spins in various tissues relax from excitation back to thermal



equilibrium at different rates through interactions with the local magnetic fields of neighboring protons and other
molecules, giving rise to tissue-specific variations in signal strength.

To localize the measured signal and create an image of the magnetization, an additional set of coils is used
to create linear spatial variations in B,. By applying such a gradient in one direction and then restricting the range of
frequency components in the B, excitation pulse to a subset of the resulting proton resonance frequencies, excitation
can be limited to a tissue slice of desired thickness. Within this slice, gradients in resonance frequency applied for a
given duration create a spatial frequency. For objects of limited size, we can sample the voltage induced in the receiver
coil after applying gradients in two directions for a variety of durations, measuring signal over the entire range of
spatial frequencies required to fully describe the object in the spatial frequency domain, referred to as k-space. Then
an object domain image of the magnetization can be recovered using an inverse Fourier transform of the acquired k-

space data.

Table 1-1 Comparison of imaging modalities
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Relaxation is highly tissue dependent. The time constant of an exponential function approximating the rate
at which the magnetization returns to alignment with B,is called T;, and the time constant describing the rate at which
the transverse magnetization returns to zero is called T,. Examples of T1-weighted and T2-weighted image are shown
in Figure 1-3. The sequencing of radiofrequency excitation pulses, magnetic field gradients, and data acquisition can
be used to weight the measured signal by a desired contrast mechanism, allowing many different tissue properties to
be spatially mapped, including the density of protons in a sample, their T; and T, relaxation rates, water diffusion,
blood oxygenation, magnetic susceptibility and temperature. Several contrast mechanisms are useful in identifying

cancer and defining target boundaries for therapeutic interventions.

Figure 1-3 (A) T1-weighted axial MR image shows relative signal of cerebrospinal fluid (1) that is darkest, followed
by gray matter (cortex, 2; basal ganglia, 3), and white matter (4). (B) On T2-weighted axial MR image,

cerebrospinal fluid (CSF) (1) is brightest, followed by gray matter (2,3), then white matter (4) [7].

MRI can provide both structural and functional information. Similar to CT, it has large imaging depth and
excellent spatial resolution. Because it doesn’t use ionizing radiation, MRI is quite safe for patients. However, its
temporal resolution is relatively poor (~ mins) and its sensitivity is low (LUM-mM). In addition, MRI is quite expensive

and not capable to do multiplex imaging.



1.2.3 Ultrasound

Ultrasound imaging is one of the most common diagnostic imaging methods used in tumor detection, such
as breast, prostate, liver, pancreatic, uterine, thyroid [3]. Ultrasound is a mechanical wave that propagates within a
medium inducing particle vibrations at a frequency above 20 kHz. During the propagation, the energy is attenuated
by absorption, scattering, and reflection. Acoustic impedance of a medium (Z) is an important parameter for
describing material acoustic properties. For a plane and progressing US wave, it can be calculated by the following

equation:

Z = p,yC [Eq. 1-2]

po is the density of the medium and c is the speed of ultrasound wave in the medium. Normally the speed of sound in
water is 1480 m/s. Soft tissues have similar impedance which is close to water except lung and bone has higher acoustic
impedance. The most important phenomenon of ultrasound that has been used in medical imaging is the inherent
property to get reflected from interfaces between different tissues in the patient, which have different acoustic
impedance. As the ultrasound waves penetrate body tissues with different acoustic impedance along the path of
transmission, some are reflected back to the transducer (echo signals) and some continue to penetrate deeper. The
reflected signals were recorded and processed to generate an image. This imaging method is called pulse-echo
approach [9]-[11].

There are several common modes for ultrasound imaging, including A-mode, B-mode, and C-mode [12]. A
mode is the simplest type of ultrasound. A-mode presentation of ultrasound images involves observing the amplitude
of the echoes emerging from the acoustic mismatch boundaries in a target sample or tissue as a function of time,
termed as A-line. Assuming that the speed of sound is known for a given medium, the distance between the boundaries
and the ultrasound transducer can be measurable. The main aim of A-mode imaging is to reveal the location of echo-
producing structures but only in the direction of the ultrasound beam. A B-mode image is the combination of A-lines
at different locations that can be viewed as a two-dimensional cross-section image. The amplitude of each echo is
replaced by the corresponding brightness value at the respective co-ordinate location. A C-mode image is formed in a
plane orthogonal to a B-mode image. It is acquired at a specific depth from an A-mode line in x-y plane. Figure 1-4

shows the results of an experiment in which a tube filled with water was imaged by ultrasound.



Compared with CT and MRI, ultrasound is portable, free of radiation risk, and relatively inexpensive. As
another anatomical imaging method, it has good spatial resolution and imaging depth which is frequency dependent
and excellent temporal resolution which can achieve real-time imaging. However, similar to CT and MR, it is lack
of sensitivity and multiplex imaging capability.
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Figure 1-4 The example of A-mode and B-mode ultrasound imaging of a tube filled with water. (A) The experiment
setup. (B) A-line showing the four boundaries of the tube. (C) B-mode image showing the four boundaries of the

tube. UST: ultrasound transducer.

1.2.4 Positron Emission Tomography

PET is a nuclear medical imaging technique for the quantitative measurement of physiologic parameters in
the body. It detects pairs of gamma rays emitted indirectly by a positron-emitting radioactive tracer, which is
introduced into the body [13], [14]. PET is heavily used in clinical imaging of tumors and exploration of cancer
metastasis. Different radioactive tracers make it capable to image the concentration of different types of molecules.
Most commonly used are carbon-11, oxygen-15, nitrogen-13, and fluorine-18 [13].

Imaging of regional tracer concentration is accomplished by the unique properties of positron decay and

annihilation. In an unstable nucleus, a proton converts to a neutron under emission of a positron. After the emission



from the parent nucleus, the positron traverses a few millimeters through the tissue until it becomes thermalized by
electrostatic interaction between the electrons and the atomic nuclei of the media and combines with a free electron to
form a positronium. The positronium decays by annihilation, generating a pair of gamma rays which travel in nearly
opposite directions with an energy of 511 keV each. The opposed photons from positron decay can be detected by
using pairs of collinearly aligned detectors in coincidence. The principle is shown in Figure 1-5. Normally the detector
pairs of a PET system are installed in a ring shape, which allows measurement of radioactivity along lines through the
organ of interest at a large number of angles and radial distances. Subsequently, this angular information is used in

the reconstruction of tomographic images of regional radioactivity distribution.
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Figure 1-5 Principles of PET [15].

PET is a very powerful functional imaging technique, whose specificity and sensitivity are excellent which
make it possible to do molecular imaging. However, it has high risk of safety due to the adoption of radioactive agents.
Unlike anatomical imaging methods such as ultrasound and CT, its spatial resolution is relatively poor (1-5 mm)
although it has a large imaging depth. Similar to MRI, PET needs a long time for data acquisition and it is very

expensive. In addition, PET is not capable to do multiplex imaging.



1.3 Introduction to Pure Optical and Ultrasound-Combined Optical Imaging Techniques

Fluorescence imaging has been developed for many years and gained much attention as a powerful new
modality for molecular imaging in biomedical studies [16]-[18]. Basically, it detects the fluorescence emitted from
labeled molecules in biological samples. It is relatively cost-efficient, flexible in the selection of imaging probes (such
as fluorescent proteins, organic dyes, quantum dots and nanoparticles, metal-ligand complexes and fluorescent beads),
and highly sensitive to imaging probes (fM-nM). Similar to US and MRI, it is safe because it utilizes nonionizing
radiation [17]-[19]. Most importantly, fluorescence techniques can provide unique sensitive and specific contrast
information that are related to local microenvironments, such as tissue pH, temperature, and gas/ion concentrations.
This information may indicate tissue function and abnormalities, including: angiogenesis, lymphangiogenesis,
hypoxia, tumor metastasis, and can also provide guidance for drug delivery and targeted therapy [20]-[22].

Optical microscopy which focuses light into a tiny spot in tissue, such as conventional wide-field microscopy
and confocal or multiphoton microscopy, is excellent in spatial resolution (<1 pm) and can provide subcellular images
[23], [24]. However, its imaging depth is significantly limited in opaque biological tissues (<1 mm) due to strong light
scattering [24]. The principle of optical microscopy is shown in Figure 1-6. Besides cellular or subcellular information
at very superficial tissue, deep tissue information is also very attractive but is extremely difficult to detect using current
microscopic imaging techniques [23]. Therefore, deep-tissue (>>1 mm) high-resolution imaging is desirable for both
tissue biology studies and preclinical/clinical applications [17], [23]-[25]. To image deep tissue, instead of focusing
light, fluorescence diffuse optical tomography (FDOT) takes the advantage of the diffused photons which have been
scattered many times before being detected (see Figure 1-7). Normally, those diffused photons can penetrate
centimeter-deep tissue with far red or near-infrared (NIR) wavelength, but suffers from poor spatial resolution
(millimeters) [19], [26]-[28]. As a result, micro-information is lost. Therefore, fluorescence microscopic imaging in
deep tissue (> 1 cm) is highly desired.

Optical and ultrasonic techniques are commonly used for noninvasive tissue imaging [26], [29], [30]. They
share many features, such as cost efficiency, safety, and flexibility in the selection of the well-developed and
inexpensive imaging contrast agents [31]. They are also complementary. For example, imaging deep tissue (30-50
mm) optical techniques have very low spatial resolution (3-5 mm) due to strong light scattering [31]; however,
ultrasound is much less scattered by tissue (two to three orders of magnitude) and has relatively higher spatial

resolution (below a few hundred micrometers) [29], [30], [32]. Microbubbles are commonly used as ultrasound
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contrast agents and usually restricted inside a tissue vascular system because of their micrometer size [29]. However,
optical contrast agents can simultaneously image both vascular and extravascular molecular targets via spectroscopic
techniques, because of their relatively small size (<< 1 micron) [17], [23], [25], [28], [30]-[32]. Therefore, ultrasound
and optical hybrid imaging techniques, such as photoacoustic imaging and ultrasound-medicated optical imaging,
have been intensively developed during the past years [29], [30], [33], [34]. These hybrid techniques take advantage

of both techniques and achieve unique features that are unable to be achieved by individual ones [30], [34].
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Figure 1-6 In confocal microscopy (B) the concept of illuminating the sample with excitation light (e.g., blue light)
and the sample emitting light with a longer wavelength (e.g., green light) is identical to the general principles of
fluorescence in wide field microscopy (A). The differences to wide field microscopy are: (i) the excitation laser light
is scanned over the sample and the emitted light originates from this area; (ii) on the detection beam path a pinhole
aperture in front of the detector prevents light emitted from above or below the focal plane (dotted lines) from
reaching the detector; and (iii) because only light from the focal plane (solid line) reaches the detector an optical
section is generated. (C) In two-photon microscopy, a high flux of excitation photons from a pulsed laser caused the
simultaneous absorption of 2 long wavelength photons and emission of a photon with a shorter wavelength (anti-

Stokes). Because excitation is restricted to a small femtoliter focal volume, out-of-focus emission is negligible and
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thus no pinhole is required [35].

Figure 1-7 The principle of FDOT [36].

To quantitatively compare these techniques, depth-to-resolution ratio (DRR) is usually adopted and high
DRR is preferred [19], [30]. Figure 1-8 schematically summarized the major optical and ultrasonic related imaging
techniques. Note that the values of DRR listed in Figure 1-8 are for a general comparison among different techniques
and the specific value for each technique may vary for different applications. Diffuse optical tomography (DOT) and
laminar optical tomography (LOT) are two pure optical imaging techniques and can image several millimeter to
centimeter deep tissue with low resolution (submillimeter to millimeters) [26], [28], [36]. They are roughly located
on the line of DRR=10. This DRR is fundamentally limited by tissue light scattering [31]. Low-frequency ultrasound
(LFUS), high-frequency ultrasound (HFUS), photoacoustic tomography (PAT), photoacoustic microscopy (PAM) and
optical coherence tomography (OCT) have improved the DRR up to ~100 [19], [30]. This DRR is fundamentally
limited by acoustic diffraction (except OCT) [19], [30]. Optical microscopy, such as optical coherence microscopy
(OCM), two photon microscopy (TPM), and confocal laser scanning microscope (CLSM), may theoretically locate

around the line of DRR=1000, but with a limited imaging depth (<1 mm, see the horizontal dashed line) [24], [37],
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[38]. This DRR is fundamentally limited by the optical diffraction and scattering [24], [37]. To break the light
diffraction limit, super-resolution optical microscopy has been intensively developed recently [39]-[41], such as
stimulated emission depletion microscopy (STED), photoactivation localization microscopy (PALM), and stochastic
optical reconstruction microscopy (STORM) [42], [43]. While these super-resolution techniques can provide much
higher spatial resolution (tens of nm) than conventional optical microscopes, their imaging depths are usually limited

(tens of microns) [42], [43]. Therefore, the DRR may remain ~1000 [44] (not shown in Figure 1-8).
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Figure 1-8 Major related optical and ultrasonic imaging techniques.

In Figure 1-8, the horizontal axis represents the spatial resolution in micrometers (jum) and the vertical axis
indicates the imaging depth in millimeter (mm). The four 45<tilted dashed lines represent DRR=10, 100, 500, and
1000, respectively. Theoretically, the yellow area has been covered by the above-mentioned imaging techniques. The
light green area has not been covered due to various fundamental physics limits. The third area, shown in red, has a
DRR between 100 and 1,000. Currently, optical techniques based on the detection of scattered light (such as DOT and
LOT) have difficulties in reaching this area due to strong tissue light scattering [26], [28], [31], [34], [36]. Ultrasound
and photoacoustic techniques are difficult to reach beyond the area of DRR>200 (for imaging depth >1 mm) because

of the fundamental physics limit of the acoustic diffraction [19], [30]. Accordingly, a fundamental question is whether
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it is feasible to develop a new imaging method that is located inside the red area with a DRR>200 (breaking the
acoustic diffraction limit in ultrasound and PA techniques) and an imaging depth >>1 mm (breaking the imaging depth
limit in optical microscopy). To address this question, one may need to think outside the box to develop some
techniques that are fundamentally different from currently existing imaging techniques. Recently, we proposed and
developed a fundamentally different technique, ultrasound-switchable fluorescence (USF) imaging [39], [40], [45],
[46]. Compared with other imaging modalities, it stands out in the following aspects: high spatial resolution (hundreds
of microns), large imaging depth (> 1 cm), high sensitivity (picomole molecule level), excellent safety (non-ionizing
radiation), low cost, capable to do multiplex imaging, and feasible to provide tissue structural, functional and
molecular information.
1.4 Ultrasound-Switchable Fluorescence (USF) Imaging

1.4.1 Principles of USF Imaging

The basic mechanisms have been discussed in our recent publications in [39], [45], [46]. Briefly, USF
imaging requires two basic elements: (1) imaging contrast agents and (2) an acoustic-optical imaging system. The
imaging principle is to use a focused ultrasound beam to externally and locally control fluorophore emission from a
small volume (close to or even smaller than the ultrasound focal volume). The imaging principle is schematically
shown in Figure 1-9. Ideally, without applying ultrasonic energy, the contrast agents should be dark (off, no
fluorescence emission). Any detected fluorescence signal should be considered as noise and may be generated from
tissue autofluorescence and/or non-100%-off USF contrast agents, which should be extremely weak in USF imaging.
When the ultrasonic energy is turned on and focused inside the sample, USF contrast agents in a small volume (usually
within the ultrasound focal volume) are switched on and fluoresce. By scanning the ultrasound focus, the distribution

of the USF contrast agents can be imaged [39], [45], [46].
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Figure 1-9 Schematic diagrams show the basic principles of USF imaging. The left panel shows the case when
ultrasound transducer (UST) is off and the fluorophores are off. The right panel represents that the UST is on and

some fluorophores in the focal volume are switched on. OC, optical condenser; AC: acoustic coupling.

Theoretically, there are two types of USF contrast agents: (1) fluorophore-quencher-labeled microbubbles
(F-Q microbubbles) [41], [47]-[49] and (2) fluorophore-labeled thermosensitive polymers (FTP) or fluorophore-

encapsulated nanoparticles (FEN) [39], [45], [46], [50].
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Figure 1-10 Schematic diagram shows the concept of USF based on fluorophore-quencher-labeled microbubbles; F,

fluorophores; and Q, quenchers. An ultrasound pressure pulse switches “on” the fluorophores. The dotted cylinder

represents ultrasound focal zone in which the ultrasound interacts with F—Q microbubbles. The green dotted arrows
indicate the excitation light. The dotted orange circles and arrows represent the fluorescence emission from the

expanded (switched-on) microbubbles.

In the first type, fluorophores and quenchers are attached on the microbubble surface via various types of
labeling techniques. Initially, the fluorophores are significantly quenched by quenchers (or via self-quenching) so that
no or very weak fluorescence can be detected. To switch on the fluorescence signal, a short and focused ultrasound
(mechanical) pressure pulse is used to significantly expand microbubbles. Therefore, the average molecular distance
between the fluorophores and quenchers on the microbubble surface can be significantly increased during the
expansion cycles (or the surface concentration of the fluorophores on the bubble surface can be significantly reduced
if only one type of fluorophores is labeled). Thus, the quenching efficiency is dramatically reduced, which can switch
on the fluorescence from the fluorophores. Figure 1-10 displays a schematic diagram to show this concept. The large
F-Q microbubbles represent that a negative ultrasound pressure cycle significantly increases the bubble size and
reduces the quenching efficiency so that the fluorophores can emit fluorescence signal. The small F-Q microbubbles
are located outside of the ultrasound focal volume so the fluorophores remain quenched (off). However, the use of
microbubble contrast agents for in vivo imaging is technically challenging due to their instability to multiple US pulses,
short circulation time and heterogeneous size distributions. It is also intrinsically difficult to evenly distribute
fluorophores on the lipid shell due to the formation of concentrated lipid islands, which compromises the switching
efficiency of fluorescent emissions. Furthermore, the microscale size of bubbles restricts the use of these contrast
agents to the circulatory system, since microbubbles stay within the vascular compartment and do not leak out into

the extra-vascular space [51].

16



' Excitation Light thation Light

Heating .
Emission
Cooling (4
Coil State Globule State
T<LCST (a) T>LCST
Excitation Light Excitation Light

\ Heating \

XU
PNIPAM NPs
T<LCST (b)

Figure 1-11 Schematic diagrams showing the USF principle based on (a) a polymer chain structure, and (b) a NP

structure.

In the second type, polarity-sensitive fluorophores (high-quantum yields in low polarity environment) are
either conjugated on the chain of thermosensitive polymers [Figure 1-11(a)] or encapsulated into nanoparticles that
are made of thermosensitive polymers [Fig. 4(b)]. To control the fluorescence signal, a relatively long and focused
ultrasound pulse (ranging from a few to hundreds of milliseconds) with high intensity is adopted to heat the sample
up to a few degrees Celsius in the focal volume. When the temperature (T) of the USF contrast agents is heated up
above the lower critical solution temperature (LCST) of the thermosensitive polymers or nanoparticles, these polymers
or nanoparticles experience a reversible phase transition. This phase transition (between the two states of T<LCST
and T>LCST) leads to a significant change in the polarity microenvironment of the polymer or nanoparticle. Thus,
the polarity-sensitive fluorophores are “off” when T<LCST and “on” when T>LCST, which shows a switch-like

fluorescence emission property [39], [45], [46], [50], [52]. Specifically, when T<LCST, the polymer chain is

17



elongated, which is called a coil state. When T>LCST, the polymer chain shrivels into an insoluble glob, which is
called a globule state. Because the polarity of the microenvironment is significantly changed between the two states,
the polarity-sensitive fluorophores show a switch-like fluorescence emission property [52]. A similar mechanism
applies to the nanoparticles. When T<LCST, nanoparticles are inflated with polarized solvent molecules that quench
the fluorophores. When T>LCST, the nanoparticles are dramatically shrunk and the polarized solvent molecules
(usually with much lower molecular weight than the fluorophores) are squeezed out [53], [54]. Thus, the fluorophores
fluoresce significantly. This concept is schematically displayed in Figure 1-11(b). A high-intensity focused ultrasound
(HIFU) transducer can be used to externally and rapidly increase the temperature of the tissue above the threshold
temperature to switch on the fluorophores (due to tissue absorption of acoustic energy). After ultrasound exposure,
the thermal energy is diffused quickly and the temperature recovers to background temperature. Thus, fluorophores
are switched off. The fluorophores outside the focal zone always remain off due to T<LCST.
1.4.2 Mechanisms of Breaking Acoustic Diffraction Limit

When adopting fluorophore-labeled thermosensitive polymers or nanoparticles, the spatial resolution can be
further improved based on two unique mechanisms, as has been demonstrated recently [39], [40], [45], [46]. (1) When
a nonlinear acoustic effect occurs, both lateral and axial acoustic and thermal focal sizes are dramatically reduced
below the diffraction-limited size. This means the spatial resolution of the USF technique can be higher than the
ultrasound and PA techniques when using the same ultrasound frequency [40]. (2) Unlike ultrasound and PA
techniques, the spatial resolution of the USF technique depends on the size of the region where the fluorophores can
be switched on. Because of the existence of a threshold of ultrasound-induced temperature to switch on fluorophores,
USF fluorophores can be switched on only in a volume where ultrasound energy is above the threshold. Thus, the size
of the region where fluorophores can be switched on is usually smaller than the actual focal size of the ultrasound.
With appropriate selection of the threshold and ultrasound power, the spatial resolution of USF technique can be
further improved in comparison with the spatial resolution determined by the nonlinear-effect-produced focal size.

1.5 Specific Aims

This dissertation describes the development of a fundamentally different imaging technique: ultrasound-
switchable fluorescence imaging to achieve high spatial resolution in centimeter-deep tissue with high SNR and
picomole sensitivity. This approach is able to compensate the pitfalls of currently existing imaging modalities and

stands out in the following aspects: high spatial resolution (hundreds of microns), large imaging depth (> 1 cm), high
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sensitivity, high SNR, cost-efficiency, excellent safety (no ionizing radiation), and capability of multiplex imaging.
The development includes excellent NIR USF contrast agents and sensitive USF imaging systems. The aims were
addressed in the following series of studies:

1. Development of basic USF imaging contrast agents.

In Chapter 2, we developed more than twenty USF imaging contrast agents with environment-sensitive
fluorophores and thermosensitive polymers. Different fluorophores and polymer structures (linear or nanoparticle)
were explored. Five parameters were defined to compare different contrast agents and a specific fluorescence intensity
and lifetime measurement system was developed to characterize those agents. These contrast agents have high lifetime
on-to-off ratio (ton/Tofr), high intensity on-to-off ratio (lon/lotf), Narrow temperature transition bandwidth (Tew), and
adjustable temperature threshold (Tw). Six FRET systems were reported in this study in which the Ton/tofr and lon/lost
of donor fluorophore were significantly improved.

2. Development of NIR USF imaging contrast agents.

In Chapter 3, in order to achieve deep tissue imaging, two NIR environment-sensitive fluorophores were
characterized first to investigate their environment-sensitivity. Then a family of NIR USF contrast agents based on
them and two types of polymer structures were synthesized and characterized. They have excellent switching
properties including high fluorescence intensity on-and-off ratios, the narrow transition bandwidth, the adjustable
switching threshold, and the excellent switching repeatability. With the help of those contrast agents, centimeter-deep
tissue fluorescence high-resolution imaging with good SNR and sensitivity becomes achievable.

3. Development of sensitive USF imaging systems and an effective signal identification algorithm.

After developing USF contrast agents, in Chapter 4, we explored and developed sensitive USF imaging
systems from continuous wave system to frequency domain system which can sensitively detect USF photons. Specific
USF temporal patterns were observed and investigated. In the meantime, an effective signal identification algorithm
was programmed which can exclusively differentiate USF signals with background noise and differentiate different
types of USF agents to achieve multiplex imaging.

4. USF microscopic imaging in centimeter-deep tissue-mimicking phantoms and ex vivo tissue samples.

In Chapter 5, centimeter-deep tissue fluorescence microscopic imaging via ultrasound-switchable

fluorescence was demonstrated in both tissue-mimicking phantoms and ex vivo tissue samples including porcine

muscle tissue and ex vivo mouse organs. The newly developed approach was validated with traditional diffuse
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fluorescence imaging and ultrasound imaging regarding of target shape, position and size. Multiplex USF imaging
was also demonstrated, which is very useful in simultaneously imaging multiple targets in the future. The SNR, spatial
resolution and sensitivity were calculated to show the performance of this new imaging modality.
5. Evaluation of the in vivo feasibility of USF.

In Chapter 6, the feasibility of USF for in vivo studies was demonstrated by applying USF in living mice.
First, an in vivo USF imaging system was developed, including an anesthesia system, a physiological monitoring
system and frequency domain USF imaging system. Then, USF imaging was performed on 9 mice to acquire in vivo
USF images. Two types of contrast agent with different LCSTs and two different injection methods including
intravenous injection and local injection were investigated to evaluate the in vivo capability of USF.

The last chapter summarizes all the results and concludes this dissertation. Limitations and future directions

are discussed.
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Chapter 2
Develop Basic USF Imaging Contrast Agents
2.1 Introduction

It is always intriguing to reveal information in deep tissue by noninvasively imaging techniques, which is
critical for studying tissue structures, functions, and dysfunctions [17], [25]. However, most biological tissues are
optically opaque to human eyes. Therefore, an imaging technique is indispensable [25]. Fluorescence microscopy has
been widely used in biological and medical studies because it can provide micron resolution images with structural,
functional and molecular contrast in cells or tissues [28]. Unfortunately, it fails to image deep tissues due to the strong
light scattering that prevents light from being tightly focused. Fluorescence diffuse optical tomography (FDOT) takes
advantage of the tissue scattered light and can thus image centimeter-deep tissues, whereas it suffers from poor spatial
resolution (a few millimeters) [19], [26]-[28], [55], [56]. As a result, the majority of micro-information in deep tissues
is lost in FDOT. To reveal such essential information located inside organs away from an instrument-accessible
surface, deep-tissue high-resolution fluorescence imaging is highly desired.

Several techniques with an aim to achieve deep-tissue high-resolution fluorescence imaging have been
proposed and demonstrated, such as multispectral optoacoustic tomography (basing on photoacoustic techniques) [57]
and ultrasound-modulated fluorescence imaging (basing on ultrasound-modulated photon techniques) [58], [59]. A
new technique has been developed [39], [60], [61] very recently, i.e. ultrasound-induced temperature-controlled
fluorescence (UTF). In a typical model of UTF, a high-intensity-focused-ultrasound (HIFU) wave is delivered into a
sample. In the focal volume of the HIFU beam, the sample temperature is raised by a few Celsius degrees due to the
absorption of acoustic energy. At the same time, the sample has been distributed with a temperature-sensitive
fluorescent imaging contrast agent. The HIFU-induced temperature increase in the focal volume has been found to
significantly enhance the fluorescence emission of the contrast agent. By detecting the HIFU-enhanced fluorescence
emission photons and scanning the HIFU focus through the area of interest, one can therefore acquire an image of the
distribution of the temperature-sensitive contrast agent. UTF shows significant improvement in spatial resolution in
comparison with FDOT. This is a paramount step to achieve the goal of deep-tissue high-resolution fluorescence
imaging.

Aiming to efficiently control the fluorescence emission from the contrast agents using a HIFU pulse, we

recently proposed and demonstrated a concept of ultrasound-switchable fluorescence (USF), which relies on a
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temperature-sensitive fluorescent polymer [39], [45], [46], [50]. Basically, the fluorescent intensity and lifetime of the
polymer showed a switch-like relationship with the HIFU-induced temperature. When the temperature was below a
threshold, the polymer weakly fluoresced along with a short lifetime; when the temperature was above the threshold,
the polymer strongly fluoresced along with a long lifetime. In a turbid medium, the fluorescent polymer functioned as
like a deeply-seated light source that could be switched on-and-off by an externally-applied HIFU transducer, when
they were illuminated by excitation light.

The promising USF technique highly relies on a unique contrast agent, which must be extremely sensitive to
temperature and thereafter of switchable fluorescence. To quantify the performance of a USF contrast agent, the
following parameters are defined: (1) peak excitation and emission wavelengths (Aex and Aem); (2) the fluorescence
intensity ratio between on and off states (lon/los); (3) the fluorescence lifetime ratio between on and off states (ton/tof);
(4) the temperature threshold to switch on fluorophore (Tw); and (5) the temperature transition bandwidth (Tew). To
achieve the best signal-to-noise ratio, an ideal USF contrast agent should have the following properties: (a) both lex
and Aem are located at red or near-infrared (NIR) regions to avoid significant tissue absorption (therefore large
penetration depth) and autofluorescence (therefore small background fluorescence noise); (b) an lon/losr, as large as
possible, and large ton/tofr to reduce background fluorescence generated from fluorophores at the off state and increase
the SNR; (c) for different future applications, T should be adjustable roughly in a range of 25<C to 42<C for both
phantom (at room temperature) and in vivo studies (>physiological body temperature, ~37<C); (d) Tsw should be as
narrow as possible (typically a few <C) to avoid tissue thermal damage; and (e) if possible, the fluorescence intensity
at on state itself (lon) and the fluorescence lifetime at on state itself (ton) should be as large as possible to increase
signal strength and fluorescence emission decay time, which can help to improve SNR. In practice, if simultaneously
achieving all the best values of the above parameters is difficult, parameter optimization based on specific applications
should be considered.

The promising results of the USF imaging technique heavily rely on excellent and unique USF contrast
agents. Therefore, synthesis of new USF contrast agents is critical for the further development of this new imaging
technique. In this chapter, newly synthesized fluorophore-labeled thermosensitive polymers and nanoparticles for USF
imaging are presented.

2.2 Materials and Methods

2.2.1 Materials
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N-isopropylacrylamide (NIPAM), N-tert-butylacrylamide (TBAm), acrylamide (AAm), acrylic acid (AAc),
allylamine (AH), N,N,N’,N’-tetramethyl ethylene diamine (TEMED), ammonium persulfate (APS), N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), sodium dodecyl sulfate (SDS), N,N’-
methylenebisacrylamide (BIS), and 7-(2-Aminoethylamino)-N,N-dimethyl-4-benzofurazansulfonamide (DBD-ED)
were purchased from Sigma-Aldrich Corporate (St. Louis, MO, USA). SeTau 425 mono-N-hydroxysuccinimide
(NHS), Square 660 mono-NHS, Seta 700 mono-NHS, Seta 633 mono-NHS and Square 660 mono-NH; were
purchased from SETA BioMedicals (Urbana, IL, USA), and denoted as ST425, Sq660, St700, Sq633, and Sq660a
respectively (note that Sq660 and Sq660a have the same absorbance and fluorescence spectra/lifetime). All chemicals
were used directly without further purification.

In this study, poly(N-isopropylacrylamide) (PNIPAM) is selected as the thermoresponsive polymer.
Compared with other thermoresponsive polymers, (i.e., Pluronic [62] and poly-N-vinylcaprolactam, [63]), this is
because: (1) it has better performance of structure change from a coil state to a globule state, (2) it has relative narrower
temperature transition bandwidth (Tew), (3) the methods to adjust LCST of a PNIPAM polymer have been well
developed [53], [54] and the LCST can be adjusted from 20°C to 49°C [53], [54], [64], which is beneficial for both in
vitro and in vivo studies, and (4) it can be copolymerized with other materials, including amine-containing or carboxyl-
containing monomers, which enables conjugation between thermosensitive polymers and environment-sensitive
fluorophores with functional groups.

Four polarity-sensitive fluorophores (DBD-ED, St633, Sq660, and St700) are either attached to PNIPAM
linear polymer or encapsulated in PNIPAM nanoparticles (NPs) for investigating their fluorescence intensity and
lifetime as a function of temperature. In addition, six F&rster resonance energy transfer (FRET) systems (including
both polymer chain and NP structures) are designed, synthesized, and characterized in which DBD-ED or ST425 is
used as the donor and the Sq660(a) as the acceptor. All these dyes with the desired function groups are commercially
available and are found polarity sensitive in both fluorescence intensity and lifetime.

2.2.2 USF Contrast Agents Based on Linear Thermosensitive Polymers as Fluorophore Carriers

Figure 2-1 shows the structures of the three types of fluorophore-labeled linear polymer systems, which
include donor only, acceptor only, and FRET systems. In general, the thermosensitive linear polymer is first
synthesized, and then fluorophores are grafted into the polymer by covalent binding (conjugation). The donor has

short excitation/emission wavelengths in visible light, while the acceptor has a red emission (long wavelength). A
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short wavelength excitation light (for donor) is used to excite the system, so that there is a small amount of acceptor
fluoresced. When the polymer (fluorophores carrier) shrivels into the globule state, donors and acceptors get closer to

each other, leading to FRET from the donor to the acceptor. Therefore, the emission of the acceptor (in long

wavelength) can be observed.
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Figure 2-1 Schematic diagrams of the fluorophore-labeled linear polymer systems. From top to bottom: donor only,

acceptor only, and FRET system.
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2.2.2.1 Synthesis of thermosensitive linear polymers

As shown in Figure 2-2, three components of the polymer are necessarily included: (a) main thermosensitive
unit, i.e., NIPAM; (b) LCST-controlling unit, i.e., TBAm or AAm; (c) functional unit, i.e., AAc or AH. AAm monomer
has amine group, the activity of which, however, is quite inert in the amide form. We will discuss the functions of
these three components in the following sections.

Linear polymers were synthesized through free radical polymerization. All reactions were carried out in a
250 mL Schlenk tube. The three main steps are: (1) purging procedure: The solution was first purged with nitrogen
for 10 min. When adding initiator (APS)/accelerator (TEMED) into the solution, oxygen was purged out by vacuuming
(1 min) and filling with nitrogen (5 s), which was repeated three times; (2) reaction conditions: 4 h with stirring at
room temperature; (3) purification procedure: the sample was dialyzed with appropriate molecular weight cut-off
(MWCO) membrane for three days to remove the unreacted monomers, initiator, and other small molecules. These
three steps are also used in the synthesis of polymer NPs in the following sections.

Using P(NIPAM-AAc 200:1) as one example, a general procedure is described here. Samples of 1.3644 ¢
NIPAM (monomer) and 4 pL. AAc (monomer) at a molar ratio of 200:1 were dissolved with 50 mL deionized (DI)
water in the tube. Along with the purging procedure, 0.067 g APS (initiator) and 51 uL. TEMED (accelerator) were
added into the tube. After the reaction, the sample was dialyzed with a 3.5K MWCO membrane. The resulting solution
was collected and freeze-dried, which then was ready for further conjugation with amine-fluorophores. For the
conjugation with NHS-fluorophores, the amine-functionalized polymer of P(NIPAM-AH) was synthesized by
following the same protocol except using AH instead of AAc.

Our hypothesis is that all of the polarity-sensitive fluorophores grafted into the polymer should be embedded
when the polymer shrinks (forming a hydrophobic core, low-polarity environment), by which their fluorescence
intensity and lifetime would be increased to the maximum. If any fluorophores are outside of the globule, i.e., in a
high-polarity environment (exposed to the solvent), no significant increase in fluorescence intensity or lifetime would
be observed. An extra amount of dye is not necessary along the polymer chain, and, as a result, the ratio of dye/polymer
needs to be optimized. As shown in Figure 2-2, the percentage of the functional unit in the polymer composition
determined the ratio of dye/polymer in the conjugates. To investigate the effect of the amount of AAc, for instance,
another two polymers with different ratios of NIPAM to AAc were synthesized by following the same protocol:

P(NIPAM-AAc 100:1)and P(NIPAM-AAc 600:1). Since the ratio of the monomer(s) to the initiator remained the
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same in all the three batches of P(NIPAM-AAC) polymers, the length of the three polymers were likely in close range.
Therefore, the lower molar ratio of NIPAM to AAc indicated the increased conjugating sites (carboxyl from AAc)
available for amine-functionalized fluorophores. The fluorescence intensity and lifetime as a function of temperature

were measured for all the polymers, and other USF parameters mentioned above were also measured.

Polymer Synthesis
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* AAm, increases LCST. *AH, -NH,
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Functional moieties e
*-NH,
*.NHS

Figure 2-2 Schematic diagram of the composition of polymers in the current study. NIPAM, TBAm, AAm, AAc, H.

Dyes are attached to the polymer via post-labeling conjugation.

To control the temperature threshold (LCST) of the polymers, the LCST-controlling unit AAm or TBAm
was copolymerized with NIPAM. It was found that adding hydrophilic monomers (such as AAm) could increase the
LCST [53], [54], [64] and adding hydrophobic monomers (such as TBAm) could decrease the LCST. More
importantly, the introduction of TBAm might further improve the hydrophobicity inside the globule when the

temperature >LCST, which could potentially increase the values of lon/lorr and ton/torr. Therefore, the following
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polymers were synthesized: P(NIPAM-TBAmM-AAc 85:15:1), P(NIPAM-TBAmM-AAc 185:15:1), P(NIPAM-TBAmM-
AAC 585:15:1), and P(NIPAM-AAmM-AACc 200:32:1). The TBAm remained at 15% mole in these copolymers because
we found that TBAm could be well dissolved in DI water at this ratio.

2.2.2.2 Conjugation of fluorophores on the polymers

After the synthesis of polymers, the conjugation (post-labeling) between the polymer and fluorophores is
based on the chemical reaction between carboxyl and primary amine (Figure 2-2). The fluorophores used in this study
can be divided into two groups based on the functional groups. The first type is fluorophore with NHS, which is an
activated carboxyl group and can directly react with primary amine (NH2). The corresponding thermosensitive
polymer is synthesized with amine-containing monomers (such as AH) to form P(NIPAM-AH). The second type is
fluorophore with primary amine that can conjugate with carboxyl in the presence of the condenser EDC. The
corresponding thermosensitive polymer is synthesized with carboxyl-containing monomers (such as AAc) to yield
P(NIPAM-AAC).

The conjugating reaction was carried on in a 7 mL brown glass tube for protecting light-sensitive dyes. The
general procedures for conjugation are: (A) As for amine-containing dyes, i.e., DBD-ED or Sq660a, 5 mg polymer,
25 mg EDC (condenser), and 0.3 mg DBD-ED or/and 5 uL Sq660a (stock solution:1 mg/100 uL. DMSO: dimethyl
sulfoxide) were dissolved in 5 mL DI water in the tube. Then the tube was stirred and reacted overnight at room
temperature. After reaction, the conjugates were purified with appropriate MWCO dialysis membrane as described
earlier. (B) As for NHS-dyes, i.e., ST425, St633, Sq660, and St700, 5 mg polymer, and 10 pL dye (stock solution: 1
mg/100 uL DMSO) were dissolved in 5 mL PBS (8 mM sodium phosphate, 2 mM potassium phosphate, 0.14 M NaCl,
10 mM KClI, pH 8.3~8.6). Then, the solution was stirred and reacted overnight at room temperature. After that, 1 mL
of 20 mM Tris buffer (pH 7.8) was added into the solution to quench the unreacted NHS moieties of the dye for two
hours. Finally, the sample was dialyzed for purification. The similar procedures were also performed in the conjugation
between polymer NPs and dyes in the following sections.

It is necessary to point out that the procedures of the conjugation between DBD-ED and polymers in the
current study are different from those described previously [39], [52]. In [39], [52], DBD was first chemically reacted
with a monomer of acrylic acid (AAc) to form DBD-AAc. Then the DBD-AAc was copolymerized with NIPAM. In
the current study, the P(NIPAM-AACc) copolymer was first synthesized, then the amine-containing DBD-ED

(commercially available) was conjugated on the carboxyl-containing copolymer (on AAc). The benefits of such post-
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labeling strategy in the current procedures include: (1) all chemical components are commercially available and no
chemical synthesis at the level of small molecules is needed; (2) the unattached DBD-ED molecules (small molecular
weight) can be easily separated from the conjugated polymers (large molecular weight) via a dialysis method with an
appropriate MWCO membrane (commercially available). Nevertheless, the procedure in [39], [52] requires a
complicated method to separate DBD (a small molecule) from DBD-AA (another small molecule). More interestingly,
the polymers synthesized from current protocol show higher values of the ratios of lon/lost and ton/tosr cOmpared with
the polymers synthesized from the protocol in [39], [52], but at the expense of the slight increase in the transition
bandwidth Tew.
2.2.3 USF Contrast Agents Based on Thermosensitive NPs as Fluorophore Carriers

Instead of linear polymer, PNIPAM-based NPs were used as fluorophores carriers in this section.
Fluorophores are either encapsulated inside the NPs [Figure 2-3(a)] or attached on the surface of NPs [Figure 2-3(b)].
As for encapsulation, the synthesis was referred to the protocol in our previous work in which no chemical
modification was needed in the dye molecule [45]. The attachment on the NPs’ surface was also based on the
conjugation between amine and carboxyl (like the conjugation for linear polymers).
2.2.3.1 Encapsulation of fluorophores into NPs

The protocol from our previous method was used [45]. To form polymer NPs, a cross-linker (BIS, 0.0131 g)
and a surfactant (SDS, 0.0219 g) were added into the reaction solution. Other reagents are the same as that in the
synthesis of linear polymer. No chemical modification at the dye molecule was needed. 1 mg DBD-ED or 10 pL dye-
NHS (1 mg/100 L. DMSO) was added prior to polymerization.

Three types of dye-encapsulated NPs were synthesized: (1) dye@P(NIPAM-TBAm 185:15) NPs, (2)
dye@PNIPAM NPs, and (3) dye@P(NIPAM-AAmM 86:14) NPs. The symbol of @ means the dyes are inside the NPs.

The measured LCSTs are 31, 35, and 42°C, respectively.
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Figure 2-3 Schematic diagrams of the FRET systems based on (a) fluorophore-encapsulated NPs and (b)

fluorophore-attached NPs.

2.2.3.2 Conjugation of fluorophores on the surface of NPs

The conjugation procedure is the same as that for linear polymers. The only difference was the use of 5 mL
polymer NPs solution or dye-encapsulated polymer NPs solution, rather than using 5 mg linear polymer. Two formats
are listed as follows:
I. Donors @NPs~acceptors format, as shown in Figure 2-3(a). The donors are encapsulated inside the NPs, after which
the acceptors are grafted onto the surface. For instance, DBD-ED@P(NIPAM-AH 86:14)NPs~Sq660. DBD-ED was
encapsulated inside the P(NIPAM-AH 86:14) NPs, and Sq660 was introduced on the surface via NHS (from the dye)

and amine (from AH) conjugation. We define this as Protocol I.
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I1. NPs~donors~acceptors format, as shown in Figure 2-3(b). Both donors and acceptors are grafted onto the surface
of the polymer NPs. For instance, P(NIPAM-AAc 200:1)NPs~DBD-ED~Sg660a. Two dyes were covalently binded
to the surface via the conjugation between amine (from dyes) and carboxyl (from AAc). We define this as Protocol II.
2.2.4 Fluorescence Intensity and Lifetime Measurement

A fluorescence intensity and lifetime measurement system was developed to characterize the synthesized
USF contrast agents. Briefly, Figure 2-4 shows the major components including a subnanosecond pulse nitrogen laser
(800 ps pulse width, nitrogen laser: OL-4300, dye laser: OL-401, Optical Building Blocks Corporation, Birmingham,
NJ), a pulse delay generator (PDG, DG645, Stanford Research Systems, CA), a temperature controller (PTC10,
Stanford Research System, Sunnyvale, CA), a photomultiplier tube (PMT, H10721-20, Hamamatsu, Japan), an
amplifier (C5594, Hamamatsu, Japan) and a multichannel GHz oscilloscope (DPO 7254, Tektronix, OR). The dye
laser is pumped by nitrogen laser illuminated excitation pulses with a pulse width of ~800 ps. The pulse energy was
adjusted by a rotational neutral density filter and measured by a pulse energy meter system (Labmax-Top laser
power/energy meter, Santa Clara, CA). The excitation wavelength was selected as 470 or 609 nm. The former was
adopted as the excitation wavelength for the DBD-ED and the FRET systems. The latter was adopted as the excitation
wavelength for the square dyes. For DBD-ED samples, a 561 nm long-pass filter was used as the emission filter to
reject excitation photons. For red dye samples and the FRET systems, a bandpass filter with a central wavelength of
711 nm and a bandwidth of 25 nm was used as the emission filter, except for using 650/60 nm bandpass filter for the

St633 dye.
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Figure 2-4 Fluorescence intensity and lifetime measurement system. PDG: pulse delay generator. PMT:

photomultiplier tube. BS: beam splitter. PD: photodiode. ND Filter: neutral density filter.

To accurately synchronize the laser pulse, fluorescence signal, and data acquisition, the following strategies
were adopted. The laser pulse was delayed ~100 ns by coupling the laser beam into a 20 m optical fiber (FT200EMT,
Thorlabs Inc., Newton, NJ). When an excitation light pulse was fired by the laser, a small amount of laser energy was
split by a beam splitter and was delivered to a fast photodiode (PD) to generate an electronic pulse. This pulse was
used to trigger the PDG. The output of the PDG was used to trigger the oscilloscope for data acquisition. The triggering
time was adjusted by controlling the output delay time of the PDG. Thus, the data acquisition of the oscilloscope was
well synchronized and matched with the fluorescence signal. Our experimental data showed that the 100 ns delay from
the laser pulse was large enough to account for the total electronic delay of the trigger signal.

The sample was placed in a quartz cuvette (Starna Cells, Atascadero, CA) that was submerged in a transparent

water tank. The temperature of the water bath was controlled by the temperature controller with a heater and a
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temperature feedback probe. The fluorescence signal was averaged 100 times and the averaged data was fit to a single
exponential decay function to calculate the fluorescence lifetime. The peak fluorescence intensity of the emission
decay curve was adopted to calculate the intensity related parameters.
2.3 Results

As mentioned previously, five parameters are used to evaluate the performance of a USF contrast agent: lex
and Aem, lon/lost, Ton/Tos, Tin, and Tew. We summarize the performance of all the USF contrast agents developed in
this work in Table 2-1 (linear polymers-based) and Table 2-2 (NPs-based). Conjugates of polymer/dyes are classified
into three groups: donor only, acceptor only, and FRET system (donor and acceptor). The ideal contrast agent for deep
tissue imaging would be of large Aex and Aem, lon/lofr, and ton/Tosr and ton, but narrow Tew, along with appropriate Ti.

Table 2-1 Overview of USF contrast agents based on linear polymers

Aex Ion/Tox  Touw/Tos T Tgw Reference Label No.
&Aep (nmM) &To,(ms) (C C) (° O
DBD PNIPAM (chain), co- 470 & 580 4.2 ~3.5 31 ~1 [39] L1
(donor) polymerization &~14
P(NIPAM-AAc 100:1), 470 &5601p ~1.4 ~4.7 35 ~8 This work 12
post-labeling & ~4.8
P(NIPAM-AAc 200:1), 470 &5601p ~1.6 ~3.1 36 ~5 This work 1.3
post-labeling & ~5.2
P(NIPAM-AAc 600:1), 470 &5601p ~1.6 ~1.9 32 ~5 This work 1.4
post-labeling & ~2.5
P(NIPAM-TBAm-AAc 470 &5601p ~1.8 ~5.4 26 ~4 This work 1.5
185:15:1), post-labeling & ~10
P(NIPAM-AAm-AAc 470 &5601p ~1.1 ~2 42 ~9 This work 1.6
200:32:1), post-labeling &~2.2
Red dyes  P(NIPAM-AH 200:1), 609&650/60  ~4.2 ~1.1 32 ~5 This work 2.1
(acceptor) post-labeling, St633 & ~0.9
P(NIPAM-AH 200:1), 609&711/25 ~1.6 ~2.2 35 ~3 This work 2.2
post-labeling, Sq660 & ~2.1
P(NIPAM-AH 200:1), 609&711/25 ~0.6 ~0.7 33 ~8 This work A
post-labeling, St700 &~1.1
FRET P(NIPAM-AAc 200:1), 470&711/25 ~3.8 & ~3.4 34 ~3 This work 3.1
~DBD-ED, ~Sq660a, ~5.3
post-labeling
P(NIPAM-TBAm-AAc 470&711/25 ~3 ~1.7 26 ~3 This work 32
185:15:1), ~DBD-ED, &~5.3

~Sq660a, post-labeling,
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Table 2-2 Overview of USF contrast agents based on polymer NPs

Aex & IowTosr Tow'tos Taw  Tew  Reference Label
Aem &tonms) O O No.
(nm)
DED (@PNIPAM NPs, 470 &  ~4 ~3.3 35 ~5 This work 4.1
(donor) encapsulated 5601p & ~6
@P(NIPAM-AAmM 470 &  ~3.5 ~2.2 42 ~9 This work 4.2
86:14) NPs, 5601p & ~3.8
encapsulated
(@P(NIPAM-TBAmM 470 &  ~3.7 ~3.6 31 ~5 This work 4.3
185:15) NPs, 5601p &~7.2
encapsulated
@P(NIPAM-AH 470 & ~3 ~2.6 33 ~8 This wotk 4.4
86:14) NPs, 5601p & ~5.3
encapsulated
Red dyes  (@PNIPAM NPs, 630& ~0.7 ~0.7 36 -9 This work 5.1
(acceptor) encapsulated, St700 711/25 & ~1.2
(@PNIPAM NPs, 609 & ~33 ~1.3 35 ~5 This work 5.2
encapsulated, Sq660 711/25 & ~2.9
FRET DBD-ED@ P(NIPAM- 470 & ~6.9 ~1.4 35 ~7 This work 6.1
AH 86:14) NPs~Sq660 711/25 & ~3.42
P(NIPAM-AAc 200:1) 470&  ~5.3 ~3.3 35 ~5 This work 6.2
NPs~DBD-ED~Sqg660a 711/25 & ~6
P(NIPAM-TBAm-AAc 470 &  ~6.5 ~2.7 33 ~9 This work 6.3
185:15:1) NPs~DBD-  711/25 & ~5.2
ED-~Sq660a
P(NIPAM-AAc 200:1) 456 &  ~7 ~1.5 36 ~4 This work 6.4
NPs~8T425~-Sq660a 711/25 & ~3.65

2.3.1 USF Contrast Agents Based on Linear Thermosensitive Polymer as Fluorophore Carriers

2.3.1.1 DBD-ED (donor)-labeled linear thermosensitive polymer

Although the Acxand Aem are located at a visible wavelength range, the DBD dye has shown long fluorescence
lifetime (ton) when the temperature is above the temperature threshold (T), i.e., 14 ns, whereas it has a short tos (~4
ns) when the temperature is below T [39], [52]. Thus, the large value of ton/torr makes this dye attractive in USF
imaging because the background fluorescence noise can be potentially suppressed by using a time-gating detection

method [39]. Accordingly, this unique property motivates us to investigate this type of dye as candidates for

synthesizing USF contrast agents.

A unique property of USF contrast agents is the switching-like fluorescence response to temperature. Figure
2-5 shows this switching property in which the fluorescence intensity and lifetime are plotted as a function of

temperature. The three systems have similar polymer, P(NIPAM-AAc 200:1) or P(NIPAM-AH 200:1), but different
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dyes: (A) DBD-ED, (B) Sq660, and (C) DBD-ED, and Sq660a (note that Sq660 and Sq660a have the same absorbance
and fluorescence spectra/lifetime). As an example, Figure 2-5(a) demonstrates how the above-mentioned five
parameters are defined based on the fluorescence lifetime change (blue solid curve with filled triangles) and
fluorescence intensity change (blue dashed curve with blank triangles). In this case, DBD-ED was grafted onto the
linear thermosensitive polymer P(NIPAM-AAc 200:1) via post-synthesis conjugation. The fluorescence lifetime of
DBD-ED fluctuates between ~1.34 to ~2.0 ns (mean value 1.67 ns) when the temperature is below LCST of the
polymer. It increases sharply at ~35<C, and then saturates at 5.2 ns (mean value) when temperature is above 40<C.
Therefore, the lifetime ratio ton/tosr can be calculated as ~3.1 (5.2/1.67) (marked by green dashed lines). Twand Tew
can be found as ~35 <C (pointed out by the black solid arrow) and ~5<C (35-40, light-blue round dot lines)
respectively. Similarly, lon/lof can be calculated as ~1.6 (0.66/0.42) (see the pink dash dot lines). Similar parameters
for the other two systems can be found in Table 2-1 (see the label 2.2 and 3.1). The signal induced by ambient
temperature fluctuation was found negligible.

It can be seen in Figure 2-2 that AAc provides the binding site for DBD-ED. Thus, the AAc content in the
co-polymer P(NIPAM-AAc) will potentially determine the amount of DBD-ED in the final conjugate product.
Assuming NIPAM-to-AAc is at a perfect molar ratio and the conjugation efficiency is also adequately high, the
resulted DBD-labeled conjugation would show comparable performance to that prepared through DBD-AAc
copolymerization in our previous report [39]. Three sets of experiments including ratios of NIPAM/AAc at 100:1,
200:1, and 600:1 were investigated, and the results are shown in Table 2-1 (label No.1.2-1.4). P(NIPAM-AAc
100:1)~DBD-ED shows the highest values of ton/tosr, Which is ~4.7. The fluorescence lifetime ratio ton/toss is higher
than that in the previous report (3.5); however, the lon/loss (1.4) and ton (4.8 ns) are about three-fold smaller than those
in the previous report [39] and Tew (~8 <T) is wider. By fixing the ratio of NIPAM/AACc at 200:1,ton/tofr, lon/losrand
Ton Can be further improved to be 5.4, 1.8, and 10 ns by copolymerization with TBAm (with a molar ratio of TBAmM-
to-NIPAM at 15:185), a monomer that is of higher hydrophobicity than NIPAM (see No. 1.5 in Table 2-1). A great
diversity of T was accomplished by adjusting the ratio of LCST-controlling unit (TBAm-to-NIPAM = 85:185; AAm-
to-NIPAM = 32: 200), which had also been demonstrated in Table 2-1 (label No. 1.5 & 1.6).This will allow us to

target a board range of applications (such as from phantom test to in vivo animal studies) in future work.
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Figure 2-5 Fluorescence lifetime and intensity changes as a function of temperature of linear thermosensitive
polymer-based USF contrast agent. (a) Polymer labeled with DBD-ED alone, (b) Sq660 alone, and (¢) DBD-ED and

Sq660a for FRET study. Excitation wavelength: (a, ¢) 470 nm; (b) 609 nm. Emission detection filter: (a) 561 nm
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long-pass filter; (b, ¢) 711/25 nm band-pass filter. For (a and c): P(NIPAM-AAc 200:1); for (b): P(NIPAM-AH

200:1).

2.3.1.2 Red dye (acceptor) labeled linear thermosensitive polymer

Red or NIR dyes are more intriguing for deep tissue imaging applications because of the less tissue absorption
and autofluorescence emission. Red polarity-sensitive dyes were attached to the linear thermosensitive polymer, and
the conjugates’ fluorescence responses toward temperature increase were investigated (see the labels of N0.2.1-2.2 in
Table 2-1 for detailed results). St633 shows an excellent lon/los (4.3), but the ton/tosr was found barely increased.
Sq660 has a good ton/tor (2.2), and the lon/losr is also acceptable (1.6), as shown in Figure 2-5(b).
2.3.1.3 Linear-polymer-based FRET systems

Ideally, to achieve high SNR, large values of both lon/lofrand ton/tofr are preferred. While fluorophore-labeled
thermosensitive polymers show good switching effect via the significant change in the polarity microenvironment,
F&rster resonance energy transfer (FRET) can be considered as the second switching mechanism. If polarity sensitive
dyes can be used as either donors or acceptors or both, the combination of the two switching mechanisms (polarity
change and FRET efficiency change between T<LCST and T>LCST) may enhance the switching efficiency and the
two ratios. The hypothesis is that, when T<LCST, the FRET between donors and acceptors is weak because both are
at the off state and the average donor-acceptor distance is relatively large. When the T>LCST, the FRET becomes
strong because both are at the on state and the average donor-acceptor distance is significantly reduced. Another
benefit is that FRET makes the lifetime signal detected from the acceptors much longer than the signal when no FRET
occurs because the lifetime of the FRET signal is determined by the longer lifetime between the donor and acceptor.

Figure 2-5(c) shows the fluorescence lifetime and intensity changes of Sq660a in the FRET system as a
function of temperature, which is obtained by using 470 nm as the excitation wavelength and a 711/25 nm bandpass
filter for emission detection. The lifetime of Sq660a in the FRET system of P(NIPAM-AAc 200:1)~DBD-ED~Sg660a
was found to increase when temperature reaches 34<C (purple solid line with filled circles). The saturated lifetime
was found to be ~5.3 ns (T=36 <C), whereas the maximum lifetime of Sq660a alone is only 2.1 ns (consistent with the
result of testing pure Sq660a dye in low polarity solvent, e.g., 1,4-dioxane). This result strongly indicates that FRET

does happen between DBD-ED and Sq660a when T>LCST. Also, the combination of the two switching mechanisms
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(polarity change and FRET efficiency change) leads to improvement at ton/tosr (~3.4) and lon/losr (~3.8), compared
with the results of Sq660 alone [2.2 and 1.6 in Figure 2-5(b)].

2.3.2 USF Contrast Agents Based on Thermosensitive NPs as Fluorophore Carriers

2.3.2.1 DBD-ED (donor)-encapsulated thermosensitive NPs

The dye was encapsulated into thermosensitive NPs by following the similar steps as described in our
previous work [45]. No functional unit in polymer composition and no conjugation are needed. The size of the NPs is
about ~120 nm £40 nm [45]. Similarly, Figure 2-6(a) shows the switching-like fluorescence response of DBD-
ED@PNIPAM NPs. ton/tof is ~3.3 and ton is ~6 ns. More importantly, lon/lof was estimated to be ~4, which is the
highest lon/losf ratios among linear polymer-based contrast agents (Table 2-1).

Interestingly, DBD-ED@P(NIPAM-AAmM 86:14) NPs (No. 4.2 in Table 2-2) shows an improved
performance in comparison with P(NIPAM-AAmM-AAc 200:32:1)~DBD-ED (No. 1.6 in Table 2-1). The underlying
mechanisms are still being investigated. The T is slightly above 37 <C and can be further adjusted by controlling the
NIPAM-to-AAm ratio.
2.3.2.2 Red dye (acceptor)-encapsulated thermosensitive NPs

Sg660 was encapsulated inside thermosensitive NPs, and the resulting product Sqg660@PNIPAM NPs were
tested [Figure 2-6(b)]. The lon/los ratio was estimated to be ~3.3, which is two-fold larger than that with linear polymer
format (~1.6). Although ton/tost is limited at ~1.3, the lifetime versus temperature curve maintains excellent switching-
like shape. The temperature threshold is 35 <C and the temperature transition bandwidth is around 5 <C. Compared

with linear polymer format, its NP format shows a better match between the lifetime and intensity change.
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Figure 2-6 Fluorescence lifetime and intensity changes as a function of temperature of thermosensitive NPs-based

USF contrast agent. (a) DBD-ED@PNIPAM NPs, (b) Sq660@PNIPAM NPs, and (c) P(NIPAM-AAc 200:1)~DBD-
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ED~Sq660a NPs for FRET studies. Excitation wavelength: (a, ¢) 470 nm, (b) 609 nm. Emission detection filter: (a)

561 nm long-pass filter, (b, ¢) 711/25 nm bandpass filter.

2.3.2.3 Nanoparticle-based FRET systems
I. Protocol I, donors@NPs~acceptors

Measuring at 711/25 nm, the ton value of Sq660 in the FRET system DBD-ED@P(NIPAM-AH
86:14)~Sq660 was found to be ~3.4 ns (No. 6.1 in Table 2-2), which is larger than the longest lifetime of Sq660 when
in hydrophobic conditions (~2.1 ns). This confirms the FRET occurrence between encapsulated DBD-ED and surface-
grafted Sq660. The lon/loss ratio (~6.9) is one of the highest in the present work, which is two-fold higher than that of
linear polymer format [Figure 2-5(c)]. To improve ton/tos (1.4) and ton, @ new design for an NPs-based FRET system
was carried out and denoted as Protocol I1.
I1. Protocol 11, NPs~donors~acceptors

In this protocol, the donors and acceptors were conjugated simultaneously on the surface of NPs. The
fluorescence lifetime and intensity changes of Sq660a in the FRET system, as function of temperature, were measured,
as shown in Figure 2-6(c). The ton and ton/tosf are ~6 ns and ~3.3, which are markedly improved compared with that
in Protocol | (~3.4 ns and ~1.4). Taken together, one can deduce that this type of NPs-based FRET system’s
performance is better than that used for linear polymer, see No. 3.1 in Table 2-1 and No. 6.2 in Table 2-2.

2.4 Discussion

2.4.1 Linear Polymer-Based USF Contrast Agents

As mentioned above, the synthesis protocol of DBD-conjugated thermosensitive polymers in this study is
different from the one used in [39], [52]. We named our current method post-synthesis conjugation, while the method
in previous reports was named DBD-AAc copolymerization. The current method is of great advantage in the
convenience of synthesis and purification. The difference in lon/lofr and ton/torr between the two synthesis methods,
the green squares (1.2-1.6) and the brown star (1.1) in Figure 2-7, can be attributed to the low efficiency of post-
synthesis conjugation. Some functional units (AAc) along the chain might be blocked by the random coils [65] formed
by hydrophobic moieties in the polymer, i.e., isopropyl side group of NIPAM. These functional units seem the perfect
sites for locating DBD-ED (because of high hydrophobicity environment), but unfortunately, are not completely

available for the post-synthesis conjugation. Thus, the two ratios (lon/lofr and ton/tor) are limited in a certain range.
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When TBAm was introduced into the polymer through copolymerization, the ton/tor (5.4) is higher than that in
previous report (3.5). It has a relatively broader Tgw (4 <C), which is in an acceptable range for USF imaging.

Three red or NIR polarity-sensitive dyes, St633, Sq660, and St700, were investigated. One of the most
important advantages is that tissue autofluorescence and absorption are significantly suppressed at red or NIR light.
Among them, Sq660 shows acceptable lon/lost and ton/Tosr ratios (the blue star with No. 2.2 in Figure 2-7). Although
St700 is a polarity sensitive dye, the conjugate with a linear polymer shows a negatively-switching performance
(lon/lotr and ton/Tosf ratios drop as temperature increases, No. 5.1 in Figure 2-7). The mechanism is unclear.

The lon/los ratio is generally below 2 when the polymer is labeled with donor/or acceptor alone, whereas the
Ton/Tosf ratio for acceptor alone (Sg660) is smaller than 2.5. These two ratios were improved in the FRET system,
where ton/torr =3.4 and lon/los=3.8. Also, the ton reaches 5.3 ns, which is two-fold larger than the maximum lifetime
of Sq660 itself. The long fluorescence decay time can further be used to reduce the background noise from
autofluorescence (generally < 4 ns). The trade-off is that the FRET system needs a short wavelength to excite the
sample (470 nm). With the help of the time-gating method [39], such a FRET system would be potentially applicable
in surface tissue bioimaging.

2.4.2 NPs-based USF Contrast Agents

It is apparent that NPs-based contrast agents listed in Table 2-2 have higher lon/loss ratios (>3) than those
using linear polymers (Table 2-1). Herein, the problem of low efficiency in conjugation does not exist, since
fluorophores are directly encapsulated into the NPs. It is possible that the ratio of fluorophores/monomer is higher in
NPs format than linear polymer format, leading to increase in lon/losr. On the other hand, ton/tosr is slightly smaller in
NPs format, likely due to the self-quenching between fluorophores inside NPs.

As fluorophores are attached on the surface of NPs for FRET study, the dropping of ton/tos by self-quenching
is much less. For example, when both of DBD-ED and Sq660a were immobilized on the surface of NPs, the ton/tos
is 3.3 (No. 6.2 in Figure 2-7); however, when DBD-ED was encapsulated inside the NPs, but Sq660 was immobilized
on the surface, the ton/toss is 1.4 (No. 6.1 in Figure 2-7). Like linear polymer-based format (see No. 3.1 and No. 3.2
in Figure 2-7), the introduction of hydrophobic TBAm monomer in the FRET system is not beneficial in improving

the two ratios (see No. 6.2 and No. 6.3 in Figure 2-7).
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Figure 2-7 (A) Overview of the performance, i.e., fluorescence lifetime ratios and intensity ratios, as well as (B)
emission wavelength of all thermoresponsive fluorescence contrast agents in our studies and related literatures. The
number labeled on each point can be referred to Table 2-1 and Table 2-2 (from 1.1 to 6.4). Labels from 7.1 to 9.0 are

data points cited in our previous works [45], which includes: (7.1) DL700@P(NIPAM-AAc 200:1) NPs; (8.1 and
8.2) ICG@PNIPAM NPs; (8.3 and 8.4) ICG@P(NIPAM-AAmM 86:14) NPs; (8.5 and 8.6) ICG@P(NIPAM-TBAM

185:15) NPs; (8.7) ICG@P(NIPAM-AAM 90:10) NPs; (9.0) ICG@PIluronic micelle. Data points (1.1) and (9.0) are

adopted from [52] and [61].

2.4.3 Overview of USF-Qualified Contrast Agents
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We summarized all contrast agents developed in this chapter in Figure 2-7 based on lon/lotf and Ton/Tosr [and
Aem in Figure 2-7(B)]. For comparison, our recently developed ICG-based USF contrast agents (No. 8.1-8.7 in Figure
2-7) and two other contrast agents from other groups (No. 1.1 and 9.0 in Figure 2-7) [52], [61] were included. If we
divide Figure 2-7(A) into four areas by crosslines (x=2, y=2; blue dashed lines), the samples in the top right area are
good candidates for USF imaging because both two ratios are high. The samples in the top left area have high lon/loff
and low Ton/Torr. Therefore, the time-gating method may be relatively less efficient due to the low Ton/Torr Value. Thus,
the USF detection method will be mainly based on fluorescence intensity change of the USF contrast agents [45], [46].
The samples in the bottom right area have high Ton/torr and low lon/losr. Thus, the time-gating USF detection method
used in [39] should be adopted for significantly attenuating background noise. The samples in the bottom left area
have lower values for both ratios. Thus, they are relatively less efficient or not suitable (No. 5.1 in the Figure 2-7) for
USF imaging. We tested the reversibility of our contrast agents at several heating/cooling cycles, i.e., room
temperature and 41<C (data not shown). No significant loss in florescence intensity and lifetime was observed for six
cycles.

2.5 Conclusion

In this study, USF contrast agents were synthesized by using environment-sensitive fluorophores and
thermosensitive polymers or NPs. These contrast agents in blue or red range show acceptable lifetime on-to-off ratio
(ton/Toff), acceptable intensity on-to-off ratio (lon/loff), Narrow temperature transition bandwidth (Tsw), and adjustable
temperature threshold (Tw). Six FRET systems, where both donor (DBD-ED or ST425) and acceptor (Sq660) are
environment-sensitive, were reported in the present work in which the ton/Tort aNd lon/lofr Of Sq660 were significantly
improved in comparison with that of Sq660 alone. The present work offers a series of potentially applicable contrast
agents for future tissue imaging by using USF technique. Although in this work the polarity microenvironment change
was used to explain the mechanism of switching on the fluorescence signal, it is also worth pointing out that other
mechanisms may exist simultaneously. This may include the changes of hydrogen bonding possibility and/or viscosity
microenvironment of the fluorophores caused by the polymer phase transition [52]. The details should be investigated

in future for USF imaging.
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Chapter 3
Develop NIR USF Imaging Contrast Agents
3.1 Introduction

We recently proposed and demonstrated a concept of ultrasound-switchable fluorescence (USF), which aims
to achieve high spatial resolution in deep tissue. The promising USF technique highly relies on a unique contrast agent,
which must be extremely sensitive to temperature and thereafter of switchable fluorescence. This type of contrast
agent highly depends on switchable-fluorescence probes (SFP) and thermosensitive polymers. Recently, switchable
fluorescent probes (SFP) have been attracting much attention for imaging specific environmental changes and
molecular targets. This is because 1) SFP can provide high target-to-background ratio [66], [67] and therefore has
high detection sensitivity, and 2) SFP can specifically respond to certain stimuli and therefore has high specificity.
Generally, the fluorescence of SFP stays undetectable (therefore generates a dark background) until the probes are
switched on by a specific change in microenvironment or by a unique interaction with a type of molecules or proteins,
such as a physical (temperature, polarity, viscosity, etc.), chemical (pH, ion concentration, etc.) or biological
(interaction with biomolecules, proteins or DNA, etc.) stimulation.

Many types of SFPs have been developed during the past years. One of the commonly used SFPs is based on
environment-sensitive fluorescent dyes. For example, a molecular rotor is a fluorescent molecule that can undergo an
intra-molecular twisting motion in the excited state. This twisted excitation state (in some molecular rotors) can lead
to significant non-radiation relaxation. Thus, the quantum yield may be extremely low if the formation rate of the
twisted state is high. However, when the local viscosity increases, the rotation capability of the molecular rotors is
restricted or disabled, and the non-radiation relaxation is suppressed. The quantum yield can dramatically increase
and then the molecules are switched on by the viscosity change [68]. Binding with proteins or cell membrane or other
cell organelles can lead to the increase of molecular viscosity or the restriction of the rotation, and then switch on the
fluorescence. Thus, some molecular rotors can be used for wash-free protein or cell imaging because the signal from
those unbound molecules is ignorable.

In last chapter, four SFPs which are sensitive to the polarity of the surrounding environment have been
investigated, including: DBD-ED, St633, Sq660, and St700. The concept of USF contrast agents based on them was
demonstrated. Basic USF contrast agents were synthesized by using those fluorophores and thermosensitive polymers

or NPs. These contrast agents in blue and red wavelength range show high ton/Totr, acceptable lon/losr, narrow
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temperature transition bandwidth (Tsw), and adjustable temperature threshold (Tw). However, the visible excitation
(hex) and emission (Aem) photons can be significantly absorbed by biological tissues, so that they may be limited to
applications in superficial tissues. Also, the blue excitation light (~470 nm) can generate large autofluorescence in
biological tissues, which may lead to significant background noise.

NIR USF contrast agents with outstanding switching properties, such as a large ON-to-OFF ratio in
fluorescence intensity (lon/lore), a sharp temperature transition bandwidth between OFF and ON states (Tew), and an
adjustable switching threshold (Tw) are highly desired, because NIR light can efficiently minimize tissue absorption
and therefore can penetrate centimeter-deep tissue. It excites minimal tissue autofluorescence and thus can avoid
background noise [69]. A large ratio of lon/lorr is essential for suppressing the background fluorescence noise
generated by fluorophores in the OFF state (so-called non-100% off fluorescence) and enhancing the signal produced
by ultrasonically switched-on fluorophores. Also, the temperature threshold of the USF contrast agents should be
adjustable in a board range (e.g. from 20 to 42<C), meeting the need of phantom and in vivo animal studies. In this

chapter, We investigated the switching mechanism of a recently reported NIR azaBODPIY-based fluorescent dye

(ADP(CA)) first. Then we synthesized and characterized NIR USF contrast agents based on two NIR SFPs with
extremely large lon/losr for centimeter-deep tissue USF imaging.
3.2 Materials and Methods

3.2.1 Materials

N-isopropylacrylamide (NIPAM), acrylamide (AAm), ammonium persulfate (APS), sodium dodecyl sulfate
(SDS), N,N,N’,N'-tetramethyl ethylene diamine (TEMED), N,N’-methylenebisacrylamide (BIS), acrylic acid (AAc),
N-tert-butylacrylamide (TBAM), sodium ascorbate, indocyanine green (ICG), tetrabutylammonium iodide (TBAI),
4-dimethylaminopyridine (DMAP), dicyclohexylcarbodiimide (DCC), 4-carboxy benzaldehyde, 4,4’-azobis(4-
cyanovaleric acid) (ACA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI), piperidine, cyanoacetic acid,
acetonitrile, N,N-dimethyl formamide (DMF), and dimethyl sulfoxide (DMSO, anhydrous) were purchased from
Sigma-Aldrich Corporate (St. Louis, MO, USA). Pluronic F127 and F98 were obtained from BASF (Florham Park,
NJ, USA). Methoxyl PEG carboxylic acid (PEG-COOH) products (molecular weight (MW) = 20000, 30000, and
40000) were purchased from Nanocs Inc. (New York, NY, USA). Bulk solvents dichloromethane, hexane, and
methanol were purchased from Fisher Chemicals (Pittsburgh, PA, USA). All chemicals were used as received.

3.2.2 Characterization of NIR Environment-Sensitive Fluorophores
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3.2.2.1 Characterization of ADP(CA);

The dye is an aza-BODIPY (abbreviated as ADP) derivative. The ADP (core) was chemically reacted with
two cyanocinnamic acids (CA), and therefore denoted as ADP(CA),. ADP(CA), has a molecular weight of 927.67
g/M and peak excitation/emission wavelengths of 683/717 nm (in dichloromethane, DCM; Figure 3-1). They are 27-
nm red shifted compared with those of the ADP core (656/690 nm, respectively). Also, the two CAs can provide two

carboxyl acid (COOH) groups for conjugation with other units for future use.
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Figure 3-1 Chemical structure, absorption and emission spectra (in dichloromethane) of ADP(CA).

The fluorescence measurement system was adopted according to our previous report [50], which also has
been described in Chapter 2. Briefly, the excitation wavelength was changed into 655 nm and a 711/25 nm band-pass
filter was adopted as the emission filter to reject excitation photons. No temperature control accessories were applied
in the current section.

A stock solution was prepared by dissolving ADP(CA), in methanol at a concentration of 20 mg/mL (21.5
mM).

Fluorescence response to polarity. Five solvents with different polarity indexes [70] were selected, including
water (62.8), dimethyl sulfoxide (DMSO, 45.1), 1,2-dichloroethane (41.3), 1,4-dioxane (36) and toluene (33.9). The

final concentration of ADP(CA): solution was set as 8.6 nM for measurement, with a total volume of 3 mL.
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Fluorescence response to viscosity. Eight solutions with different viscosities were prepared by mixing
glycerol and ethylene glycol at different volume ratios, including 0/100, 8/92, 16/84, 25/75, 50/50, 75/25, 90/10, and
100/0. The final concentration of ADP(CA), solution was set as 8.6 nM, with a total volume of 3 mL.

Fluorescence response to pH. The pH values of deionized water, including 4.0, 5.9, 6.9, 7.6, and 9.4, were
adjusted using 1 M NaOH and 1M HCI. The final concentration of ADP(CA). solution was set as 8.6 nM, with a total
volume of 3 mL.

Fluorescence response to KCI. A series of KCI solutions were prepared at 0, 50, 100, 150, 200, 250 and 500
mM. The fluorescence measurement was carried out with a cell imaging system as described in the following section.
The final concentration of ADP(CA), solution was set as 21.5 UM with a total volume of 0.5 mL.

Fluorescence response to biological macromolecules and surfactant. Bovine serum albumin (BSA) solution
(1%, w/v) and sodium dodecyl sulfate (SDS) solution (1%o, w/v) were prepared. The final concentration of ADP(CA).
solution for measurement was 21.5 M with a total volume of 0.5 mL. The fluorescence measurement was executed
on a cell imaging system discussed in the following section.

Fluorescence response in cells. The cell imaging system consists of an inverted fluorescence microscope
(Nikon Instruments Inc., Model: Eclipse Ti-U, Melville, NY, USA) and a high-resolution charge-coupled device
(CCD) camera (ANDOR, Model: DR-328G-C01-SIL, South Windsor, CT, USA). Adenocarcinomic human alveolar
basal epithelial cells (A549, ATCC, Manassas, VA, USA) were cultured at 37 °C using RPMI medium supplemented
with 10% FBS and 100 U Pen-Strep for use. Prior to imaging, A549 cells were seeded in a 48-well plate at a density
of 12,000 cells/cm?. After 24 h, cell loading was carried out. In ADP(CA), cell imaging, 10.75 nmole ADP(CA), was
added into 500 uL cell media (per well). The fluorescence images were taken directly at the indicated time points
without either washing or removing ADP(CA),-containing culture media. The ADP(CA), was excited at 632 nm using
a lamp and a band-pass filter (632/22 nm band pass, central wavelength: 632 nm; bandwidth: 22 nm). The emission
filter was a 711/25 nm band-pass filter (central wavelength: 711 nm; bandwidth: 25nm). A 20X objective lens was
adopted and the exposure time was set to be 3 seconds in all microscope-related imaging experiments. The laser
intensity was optimized depending on different imaging experiments.

Fluorescence response in animals. Female Balb/c mice (20-25 gram, n = 3), purchased from Taconic Farms
(Germantown, NY), were used in this study. The animal protocols were approved by the University of Texas at

Arlington’s Animal Care and Use Committee. Animals were anesthetized with a mixture of 2%-3.5% isoflurane and
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1-2 I/min of 100% oxygen. To perform fluorescence imaging in live mice, ADP(CA); solutions (100 uL) with four
different concentrations (10.75 pM, 21.5 uM, 64.5 uM, and 107.5 pM) were injected subcutaneously on the back of
the mice. After injection, whole body fluorescence images were taken subsequently at various time points. Those
fluorescence images were taken using KODAK In-Vivo FX Pro system (f-stop: 2.5, excitation filter: 630 nm, emission
filter: 700 nm, 4 <4 binning; Carestream Health, Rochester, NY). After background correction, regions of interest
were drawn over the implantation locations in the fluorescence images and the mean fluorescence intensities for all
pixels in the regions of interest were calculated. All data analyses were performed by using Carestream Molecular
Imaging Software, Network Edition 4.5 (Carestream Health).

3.2.2.2 Characterization of ICG

In this study, we also adopted ICG because: 1) it is commercially available with relative low cost; 2) it has
relatively large polarity-sensitivity compared with the other two commercially available dyes, Dylight-700 and IR-
820 [71]; 3) its peak excitation (780 nm) and emission (830 nm) wavelengths are well located in the far NIR range
compared with Dylight-700; 4) its photoactivity has been well studied and is a U.S. Food and Drug Administration
(FDA)-approved NIR dye.

Fluorescence response to polarity and viscosity. Two solvents with different polarity indexes [70] were
selected, including water (62.8) and 1,4-dioxane (36) to investigate its polarity-sensitivity. Two solvents with different
viscosities were chosen, including pure glycerol and pure ethylene glycol to investigate its viscosity-sensitivity. The
final concentration of ICG was maintained the same during the measurements, with a total volume of 3 mL. The
samples were excited by using a nitrogen-pumped dye laser with a pulse width around 800 picosecond at 775 nm.
Two 830 nm long-pass emission filters were used for the fluorescence detection.

3.2.3 Conjugation between Pluronic and PEG

Using Pluronic-F98 and PEG-COOH (MW=30000) as an example, the general procedure is described here.
Solution I: Samples of 59.78 mg PEG-COOH and 10.36 mg Pluronic-F98 were dissolved in 15 mL DMSO with gentle
heating and vigorous shaking. Solution 11: DCC (14.93 mg) was dissolved in 15 mL DMSO. Solution I1l: DMAP (8.9
mg) was dissolved in 15 mL DMSO. The solution | was transferred into a three-neck flask and purged with nitrogen
for 10 minutes. With nitrogen protection, the solution 11 was dropped into the flask with a pressure-equalizing funnel
(1 drop/second). In the same manner, solution 111 was added to the mixture solution of | and Il at a much slower

dropping rate (1 drop/3 seconds). After that, the reaction was carried out in a nitrogen-protected environment for 48
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hours at room temperature. The resulting solution was dialyzed with a dialysis tubing with 50K molecular-weight
cutoff (Spectrum Laboratories Inc, Rancho Dominguez, CA) against DMSO and then water. The purified sample was
then collected, freeze-dried, and stored at -20 <T for further use. The Pluronic F98 conjugating with PEG with MW
of 20000, 30000 and 4000 represent as F98~PEG20K, F98~PEG30K and F98~PEG40K, respectively.

3.2.4 Synthesis of NIR USF Contrast Agents

3.2.4.1 Synthesis of ADP(CA)-encapsulated Pluronic nano-capsules (NCs)

Pluronic F127 or F98 was dissolved in deionized water (pH 8, w/v:5%). The dye/TBAI (molar ratio = 1:6)
was dissolved in chloroform and kept in sonication for 30 minutes. The dye/TBAI chloroform solution was then
dropped into the Pluronic aqueous solution with agitation. The solution was further dispersed with a sonicator
(Qsonica, LLC., Newtown, CT, USA) at 20 W for four minutes, and the resulting solution was kept stirring until the
chloroform was completely evaporated. The USF contrast agents were collected by solution filtration using a 1.2 pm
membrane (Fisher Scientific, Pittsburgh, PA, USA) and an Amicon Ultra centrifugal filter (10000 molecular weight
cut-off, Millipore, Billerica, MA, USA).
3.2.4.2 Synthesis of ICG-encapsulated PNIPAM-based NPs

The 1CG-encapsulated PNIPAM NPs were used as one example to describe the protocol, and others are
similar. ICG was added directly into the reaction solution prior to the polymerization and then loaded into the NPs,
likely as a result of the amphiphilic property of the ICG molecule itself. NIPAM (monomer, 0.6822 g), BIS (cross-
linker, 0.0131 g), and SDS (surfactant, 0.0219 g) were dissolved with 50 mL de-ionized water in a 250 mL Schlenk
tube, followed by purging with nitrogen for 10 minutes. ICG (fluorophore, 0.0034 g), APS (initiator, 0.039 g), and
TEMED (accelerator, 51 mL) were added into the tube, which was vacuumed and then filled with nitrogen. The
vacuuming/filling procedure was repeated three times to secure a nitrogen-protected environment inside the reaction
tube. The reaction was conducted at room temperature for four hours and thereafter stopped by exposure to air when
the valve was loosened. The sample was dialyzed against deionized water, using a 10-kDa molecular weight cutoff
membrane for 3 days to remove extra surfactants and unreacted materials. The LCST of the PNIPAM-based polymer
is adjustable. It has been proved that the introduction of a hydrophilic monomer (such as AAm) into NPs leads to a
higher LCST [54]. In contrast, the introduction of a hydrophobic monomer (such as TBAm) will decrease the LCST.
ICG-encapsulated PNIPAM copolymer NPs were synthesized by following the above-mentioned protocols except for

adding appropriate amounts of monomers, either TBAm or AAm. Because water was used as the solvent for synthesis,
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15 mol% of TBAm was found to be the maximum amount of TBAm that can be dissolved in water. Another protocol:
in order to maintain the good stability of the ICG-encapsulated PNIPAM nanoparticles, instead of ammonium
persulfate (APS), ACA was employed as the initiator (0.070 g). The reaction was carried out at 70 <C for overnight in
the absence of N,N,N’,N’-tetramethyl ethylene diamine (TEMED).
3.2.5 Characterization of NIR USF Contrast Agents
3.2.5.1 Characterization of ADP(CA)2 NCs

We adopted commercially available thermo-sensitive polymers (Pluronics) and their co-polymers with
polyethylene glycol (PEG) to synthesize thermo-sensitive nanocapsules for encapsulating the ADP(CA)2: (1)
Pluronic-F127, (2) Pluronic-F98, (3) Pluronic-F98~PEG20k, (4) Pluronic-F98~PEG30k, and (5) Pluronic-
F98~PEG40k. The size and morphology of the ADP(CA), NCs were detected by transmission electron microscopy
(TEM, JEOL 1200 EX, Peabody, MA, USA). Samples were prepared by casting an aqueous dispersion of nano-
capsules (0.5~1 mg/mL) onto a carbon-coated copper grid (FF200-Cu-50, Electron Microscopy Sciences, Hatfield,
PA, USA), followed by staining with 1% uranyl acetate (SPI-ChemTM, SPI, West Chester, PA, USA). A system and
steps similar to the one adopted in chapter 2 were used to characterize the optical switching properties of the five NCs
(excitation wavelength: 655 nm; emission filter: a 711/25 nm band-pass interference filter).
3.2.5.2 Characterization of ICG NPs

Four USF contrast agents based on ICG were synthesized, including (1) ICG-encapsulated P(NIPAM-TBAmM
185:15) NPs, (2) ICG-encapsulated PNIPAM NPs, (3) ICG-encapsulated P(NIPAM-AAmM 90:10) NPs, and (4) ICG-
encapsulated P(NIPAM-AAmM 86:14) NPs.

The diameter of NPs was measured by dynamic light scattering. 200 i of the sample was diluted with 2.8
mL of deionized water and then measured with Nanotrac 150 (Microtrac, Inc., Nikkiso, San Diego, CA, USA). All
measurements were performed in deionized water at room temperature (25 <C). Transmission electron microscopy
(TEM, JEOL 1200 EX, Peabody, MA) was used to determine the morphology of the synthesized NPs. In general,
samples were prepared by drop casting an aqueous dispersion of NPs (usually at 1 mg/mL) onto a carbon-coated
copper grid (FF200-Cu-50, Electron Microscopy Sciences, Hatfield, PA), followed by staining with 0.2% uranyl
acetate. The components of the samples were characterized with a Fourier transform infrared (FTIR) spectrometer

(data not shown, Thermo Nicolet 6700, West Palm Beach, FL). The spectrum was taken from 4,000 to 600 cm™. A
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system and steps similar to the one adopted in chapter 2 were used to characterize the optical switching properties of
the ICG NPs (excitation wavelength: 808 nm; emission filter: an 830 nm long-pass interference filter).
3.3 Results and Discussion

3.3.1 Characterization of NIR Environment-Sensitive Fluorophores
3.3.1.1 ADP(CA); characterization

ADP(CA); (Compound (2)), shows an absorption peak at ~683 nm in dichloromethane (DCM), while its
fluorescence emission peak is located at ~717 nm. No significant difference in the fluorescence emission wavelength
was found between the reagent (Compound (1)) and the product (ADP(CA),). The result indicates that the

functionalization of two cyanocinnamic acid (CA) groups does not affect the Stokes’ shift.
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Figure 3-2 Chemical structures and synthesis route of ADP(CA)..

Fluorescence response to polarity. Our results indicate that ADP(CA): is a solvatochromic fluorophore [72],
[73] whose emission properties are highly sensitive to the surrounding environment, although the fluorescence of the
core fluorophore (azaBODIPY) was reported insensitive to solvent [74]. Water is the most polar solvent, with a
polarity index (PI) of 62.8 in terms of E+(30) [70]. The fluorescence of ADP(CA), in water was barely observed as
shown as the first red-square point in Figure 3-3(A). As the PI of the solvent decreases, ADP(CA). fluoresces stronger.
For instance, the fluorescence intensity increases by ~20 times when the solvent was changed from water to dimethyl

sulfoxide (DMSO, PI = 45.1). Finally, the fluorescence intensity ratio of lioiene/lwater AN be ~275. Since very low
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concentration of ADP(CA), was employed (8.6 nM), we exclude the possibility that fluorescence intensity differs due
to the solubility of ADP(CA).. The non-radiative decay was favored in polar solvent and competed strongly with
fluorescence, so when the microenvironment was changed to non-polar solvent, ADP(CA). fluoresces strongly and
exhibited a “switch-like” fluorescence emission [Figure 3-3(A)]. The mechanism of this fluorescence “switch” is
likely related to an internal photo-induced electron transfer (PeT) from the benzene moieties to the aza-BODIPY core.
Such PeT resulted in fluorescence quenching that occurred more easily in polar media than non-polar media [75]. It

is evidence that the fluorescence lifetime of ADP(CA); increases when the solvent polarity decreases (data not shown).

(A) 10 (B) 11
> 1 ‘ l 3 1
3 . 209
£ A £ ADPDICA
t 01+ = 0.8 1
N = 0.7 |
= 0.01 [}
g o ADPDICA E s
£ o Y o
So001 | z s | FTTTTTTTT + (1)
A '
0.0001 0.4
70 60 50 40 30 0 1 2 3 4
Polarity Index (E,30) Water% in EG

Figure 3-3 (A) Polarity-dependent fluorescence intensity of ADP(CA), and Compound (1). Five solvents with
different polarity index [70] were employed, which are water (62.8), dimethyl sulfoxide (DMSO, 45.1), 1,2-
dichloroethane (41.3), 1,4-dioxane (36) and toluene (33.9). (B) Fluorescence intensity of ADP(CA), and Compound
(1) in a water/ethylene glycol mixture with different compositions. Excitation: 655 nm; Emission filter: 711/25

band-pass; Laser energy: 50 pJ (A) and 140 pJ (B).

Another possibility is the fluorescence of ADP(CA); was significantly quenched in water due to the existence
of hydrogen bonding with water [52], [76]. We investigated the fluorescence intensity change as function of the water
content in the mixture of water and ethylene glycol (EG, Figure 3-3(B)). EG is a highly polar solvent, with a polarity
index that is close to water. Adding of 3% v/v water into EG does not change the polarity. Therefore, the fluorescence
intensity of ADP(CA). in EG should not change after adding 3% v/v water unless there is hydrogen bonding that
quenches the fluorescence. This hypothesis was verified by our results in Figure 3-3(B). Significant decrease of
fluorescence intensity was observed for both ADP(CA)2 and Compound (1) samples. Furthermore, the fluorescence

of Compound (1) was found extremely sensitive to water (addition of 0.033% v/v water leads to a 40% drop in
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intensity). This huge decrease suggests that the fluorescence of Compound (1) can be easily quenched by the formation
of hydrogen bonding. The hydrogen bonding site is believed to be located at the oxygen atoms of the phenol groups
in Compound (1) and ester groups in ADP(CA)2, which were very vulnerable to offer the lone pair electrons to the
hydrogen on water. Since the phenol is of much more polarity than ester, the hydrogen bonding with water at the
oxygen atoms of Compound (1) is stronger. That’s why Compound (1) is more sensitive to water compared with
ADP(CA)2. In a word, the formation of hydrogen bonding with water did make contributions to the switch-like

fluorescence of ADP(CA)a.
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Figure 3-4 Viscosity-dependent fluorescence intensity of ADP(CA): in a glycerol/ethylene glycol mixture with
different compositions. Excitation: 655 nm; Emission filter: 711/25 nm band-pass; Laser energy: 50 pJ (ADP(CA)2)

and 140 pJ (Compound (1)).

Fluorescence response to viscosity. Similar to polarity, ADP(CA),’s fluorescence is also very sensitive to
viscosity of the media and shows a switch-like performance (red solid line in Figure 3-4). We herein chose the mixture
of ethylene glycol (0.0161 Pa s) and glycerol (1.412 Pa s [77]), because the polarity of these two compounds is close
to each other. As shown in Figure 3-4, the fluorescence intensity increased 2.5 folds when the volume percentage of
glycerol is 8% or above. The fluorescence enhancement can be ascribed to the suppression of the non-radiative decay

and the reduction of twisted intramolecular charge transfer (TICT) state, as the rotation of the benzene moieties was
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hindered by the increase in viscosity [68]. By contrast, the fluorescence of Compound (1) was less sensitive to the
increase of viscosity, as shown as the purple dashed line in Figure 3-4.

Fluorescence response to pH. ADP(CA), shows pH-independent and weak fluorescence in the pH range of
4~8 (Figure 3-5(A)), whereas it fluoresces strongly under alkaline conditions (pH > 8). Protonation of the tertiary
amine makes aza-BODIPY dyes sensitive to pH, and the protonated form often has higher quantum yield than neutral
form [73]. Our results suggest that the pK, value of ADP(CA); is above eight, unlike those in relevant reports [73],
[78] that pK, values are below four.

Fluorescence response to KCI. Potassium, the most abundant ion in the cytoplasm, was chosen as an example
to investigate the effect of ion concentration on ADP(CA).’s fluorescence. As shown in Figure 3-5(B), the

fluorescence cannot be turned “ON” by the increase of KCl concentration [78].
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Figure 3-5 Fluorescence intensity of ADP(CA), aqueous solutions as a function of pH (A) and KCI concentration
(B). (A) Excitation: 655 nm; Filter: 711/25 nm band-pass filter; Laser power: 21.8 nJ. (B) Excitation filter; 632/22
band-pass filter; Emission filter: 711/25 band-pass filter; Light source energy: 100%; Objective: 20X; Exposure

time: 3s.

Fluorescence response to biological macromolecules and surfactant. In this chapter, we also investigated
ADP(CA).’s fluorescence change in the absence and presence of biological macromolecules. Bovine serum albumin
(BSA) was selected as one example and added into the dye solution for incubation. Non-surprisingly, the fluorescence
of ADP(CA), was negligibly weak in water (Figure 3-6(a)). The fluorescence intensity for BSA-incubated sample was
found to be increased by 12 folds (Figure 3-6(b)), in comparison with that in the absence of BSA. The hydrophobic

surface on BSA favors the fluorescence enhancement, as like that in non-polar media. The polarity of BSA surface is
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similar with that of acetone [75]. The increase in fluorescence intensity verified that the microenvironment
surrounding ADP(CA); has been changed, e.g. the polarity becomes smaller, which comes from the interaction
between ADP(CA), and BSA. Besides, we cannot exclude the possibility that ADP(CA), binds to BSA so that the
rotation was restricted.

Once ADP(CA), was incubated with sodium dodecyl sulfate (SDS, a type of popular surfactant molecules),
its fluorescence intensity was found to be increased by 24 folds (Figure 3-6(c)) in comparison with that in water. This
enhancement suggests that some ADP(CA), may be encapsulated inside the micelle formed by SDS aggregation. The
polarity of SDS micelle core was reported to be close to that of methanol in terms of E+(30) value [70], [79].
Apparently the increase in polarity leads to the fluorescence enhancement of ADP(CA)..

Taken together, we confirmed that ADP(CA);’s fluorescence is highly sensitive to polarity and it can be
switched on while binding to BSA or being encapsulated in micelle. This property allows us to use it as a switchable
fluorescence probe for the investigation of the conformation change of protein or the protein penetration in cellular
membrane in the future.

So far, the mechanism of the switching property of ADP(CA): is clear. It can be switched on by physical
stimulation (including: polarity and viscosity) and biological stimulation (the interactions with proteins). It cannot be

switched by chemical simulation (including: pH and ion concentration in physiological range).
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Figure 3-6 Fluorescence intensity of ADP(CA); in water (a), 1% BSA solution (b), and 1% SDS solution. Excitation
filter: 632/22 band-pass filter; Emission filter: 711/25 band-pass filter; Light source energy: 25%; Objective: 20X;

Exposure time: 3s.

Fluorescence response in cells. Wash-free live-cell imaging was carried out using adenocarcinomic human
alveolar basal epithelial cells (A549 cells). The cells had been incubated with ADP(CA), (21.5 M) for 4 hours. Then
the cell fluorescence imaging was performed without any washing steps or removing cell culture medium. As shown
in Figure 3-7(B), the cytoplasm was of bright and well-distributed fluorescence while the nucleus stayed dark (no
fluorescence). Since cytoplasm contains abundant membrane structures (e.g. endoplasmic reticulum) and all kinds of
proteins, ADP(CA). would have interactions with them so that the fluorescence of ADP(CA): can be switched “ON”
significantly. Furthermore, the intracellular viscosity is higher and inhomogeneous, especially the perinuclear region
is of the largest viscosity [80]. Thus, we believed that the fluorescence of ADP(CA). inside the cells is a
comprehensive enhancement by biological and physical stimulation.

The cell culture medium showed very weak fluorescence compared to cells (Figure 3-7(B)). Under the given
conditions, the contrast (S/B Ratio, between intracellular fluorescence signal and extracellular background) can be 6
after 120 min incubation (Figure 3-7(C)). We continued measuring the contrast for 2 days, and it remained at 5.3. The
high contrast and longtime intracellular fluorescence of ADP(CA). make it an excellent fluorescent probe for wash-

free live-cell imaging and in vivo cell tracking in the future.
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Figure 3-7 White light (A) and fluorescence image (B) of living A549 cells loading with ADP(CA), for 120 min
without washing. Excitation filter: 632/22 band-pass filter; Emission filter: 711/25 band-pass filter; Light source

energy: 25%; Objective: 20X; Exposure time: 3s. (C) S/B ratio as a function of loading time.

The cellular uptake will become more efficient if the fluorophore has hydrophilic moieties [81]. We
conjugated ADP(CA). with a water-soluble polymer (See Appendix A) and used the conjugate for wash-free cell
imaging. Under the same incubation time (e.g. 120 min), the brightness of cytoplasm was found much larger than that
using ADP(CA)- alone (Table 3-1). This is likely attributed to a faster cellular uptake towards ADP(CA).~Polymer
conjugate. Without sacrificing the contrast, the high brightness permits the use of much lower light energy, which in

turn will be beneficial to the prevention from photo-bleaching during imaging process.
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Table 3-1 The comparison between ADP(CA), and ADP(CA).~polymer conjugate

S/B ratio Intensity (brightness) Loading time
ADP(CA). 5.93 172 (light source: 50%) 120min
ADP(CA)2~Polymer 3.75 255*(light source: 50%) 120min
ADP(CA),~Polymer 4.5 143 (light source: 25%) 120min

*: The intensity is saturated.

Fluorescence response in animals. In order to further demonstrate the switching property of ADP(CA)2 inin
vivo fluorescence imaging, ADP(CA), solutions with four different concentrations were injected subcutaneously on
the back of a mouse. As shown in the first image in Figure 3-8(A), four injecting sites were circled in red corresponding
to four concentrations (0.5X: 10.75 pM; 1X: 21.5 uM; 3X: 64.5 uM; 5X: 107.5 uM). After injection, whole body
fluorescence images were recorded at different time points (Figure 3-8(A)). The results proved that ADP(CA). was
not fluorescent immediately after injection. A substantial increase in fluorescence intensity was found at the injection
sites after 30 minutes (Figure 3-8). That is because only the dye entered the cells can be switched on and the cellular
uptake process takes time. With the time increase, more and more dyes were uptaken into the cells. Therefore, the
fluorescence intensity increased at the four sites as a function of time. After 4.5 hours, the fluorescence intensity
increased 9.7 times at 1X site which is shown in green line in Figure 3-8(B). The final fluorescence intensity depends
on how much probe the cells can uptake. Based on our results, 21.5 pM is the best concentration. We also found out
the cellular uptake speed is independent of the probe concentration. The in vivo results further confirmed the previous
conclusion. We believe that when ADP(CA), working as the SFP in wash-free live-cell imaging and in vivo tissue
fluorescence imaging, only intracellular microenvironment could turn on its fluorescence and the fluorescence can be

remained for at least 2 days.
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Figure 3-8 ADP(CA); solutions with four different concentrations were injected subcutaneously in the back of
animals. (A) In vivo fluorescence imaging at different time points. (B) The mean fluorescence intensities at the four
injection sites as a function of time. Those fluorescence images were taken using KODAK In-Vivo FX Pro system
(f-stop: 2.5, excitation filter: 630 nm, emission filter: 700 nm, 4 <4 binning; Carestream Health, Rochester, NY).
All data analyses were performed by using Carestream Molecular Imaging Software, Network Edition 4.5

(Carestream Health).

3.3.1.2 ICG characterization

ICG is a commonly used NIR dye that has a peak excitation at 780 nm and a peak emission at 830 nm [82].
The results indicate ICG is sensitive to the polarity. As shown in Figure 3-9(A), the fluorescence of ICG is stronger
when its microenvironment changed from polar (water) to low polar (dioxane). However, regarding of the viscosity,
our data shows that a very small increase in fluorescence intensity was observed when increased the viscosity of ICG’s
surrounding environment (Figure 3-9(B)). Taken together, our data show that ICG is more sensitive to the change of

the solvent’s polarity than to that of the solvent’s viscosity.
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Figure 3-9 Fluorescence of ICG dye in different solvents with varying polarity (A) and viscosity (B). The
concentration was maintained the same (the difference in solubility is negligible). The samples were excited by
using a nitrogen laser-pumped dye laser with a pulse width around 0.8 ns at 775 nm. Two 830 nm long pass

emission filters were used for the fluorescence detection.

3.3.2 Characterization of NIR USF Contrast Agents
3.3.2.1 Characterization of ADP(CA), NCs

When we encapsulate the environment-sensitive fluorescent dye (ADP(CA).) into a thermo-sensitive
nanocapsule, the dye’s fluorescence emission exhibits a switch-like function of the temperature. Figure 3-10
schematically shows the USF concept of the synthesized nanocapsules. When the temperature is below a certain
threshold (Tw1), the nanocapsule exhibits hydrophilicity and provides a water-rich, polar, and non-viscous
microenvironment in which the dye shows very low emission efficiency (so-called OFF). When the temperature is
above a threshold (Tw2), the nanocapsule exhibits hydrophobicity and can dramatically shrink and expel water
molecules. Thus, the nanocapsule provides a polymer-rich, non-polar, and viscous microenvironment in which the
dye shows strong emission (so-called ON). If the transition bandwidth (Tew=Tm2-Twi) is narrow, the fluorescence

intensity appears a switch function of the temperature (see Figure 3-12).
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Figure 3-10 A scheme displays the principle of USF nanocapsules (LCST: lower critical solution

temperature).

Achieving a high SNR and high sensitivity in centimeter-deep tissue requires a large value of lon/lorr. We
synthesized (with the help of our collaborator in University of North Texas) and characterized an extremely
environment-sensitive NIR dye ADP(CA),, which has a molecular weight of 927.67 g/M and peak excitation/emission
wavelengths of 683/717 nm (in dichloromethane, DCM; Figure 3-1(b)). We found ADP(CA), to be extremely
sensitive to the polarity (Figure 3-3(A)) and moderately sensitive to the viscosity (Figure 3-4) of its solvent.
Meanwhile, ADP(CA): is relatively insensitive to pH and KCl ions in the physiological range (pH: 6.8-7.4; KCI:<150
mM) (see Figure 3-5). Therefore, we believe it is an excellent candidate for USF imaging.

We adopted commercially available thermo-sensitive polymers (Pluronics) and their co-polymers with
polyethylene glycol (PEG) to synthesize thermo-sensitive nanocapsules for encapsulating the ADP(CA)2: (1)
Pluronic-F127, (2) Pluronic-F98, (3) Pluronic-F98~PEG20k, (4) Pluronic-F98~PEG30k, and (5) Pluronic-
F98~PEG40k. The diameters of these nanocapsules were found to be in a range of 20—70 nm via transmission electron

microscopy (TEM) (see Figure 3-11). The TEM images were acquired from my colleague Dr. Mingyuan Wei.
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Figure 3-11 TEM images of dye-encapsulated nano-capsules: (a) F127, (b) F98, (c) F98~PEG20K, (d)
F98~PEG30K, and (e) F98~PEG40K. Average diameter: (a) 26.046.4 (STD) nm, (b) 40.849.4 nm, (c) 48.7+10.9

nm, (d) 36.749.8 nm, and (e) 56.4+13.7 nm.

Figure 3-12 shows their fluorescence switching performance as a function of temperature; Table 3-2 provides
a summary of those contrast agents. Impressively, all the intensity ratios (lon/lore) are >200, while previously
developed agents have lon/lorr <10 [45], [50], [60], [61]. Figures 3-13 and Figure 3-14 show that ADP(CA),-
encapsulated Pluronic-F127 nanocapsules have excellent stability and switching repeatability. We measured the two
curves in Figure 3-13 three days and ten months after synthesizing the agent, respectively. The switching curves match
very well. To verify whether the nanocapsules can be repeatedly switched on and off, as an example, Figure 3-14
shows the data measured from ADP(CA).-encapsulated Pluronic-F127 nanocapsules at low (15 <C) and high (35 <C)
temperatures. The fluorescence intensity can be repeatedly switched between the two temperatures for at least eight
rounds. Based on the data described above, we expect that ADP(CA),-based agents should provide high SNR and
sensitivity for deep-tissue USF imaging. Among five different nanocapsules, we used ADP(CA)-encapsulated
Pluronic-F127 nanocapsules in the following experiments. The final concentrations of ADP(CA)- and the Pluronic
polymers in the injectable agent solution were ~50 uM and ~16.3 mg/mL, respectively. All the above synthesis

protocols and measurement methods can be found in Methods.

61



1.2

—==F127

—-F98
——F98~PEG20K
—4—F98~PEG30K
—8-F98~PEG40K

o o o
EN (o)) o

Normalized Intensity
O
N

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Temperature (°C)

Figure 3-12 The switching relationship between the fluorescence intensity of these ADP(CA).-based USF contrast
agents and the temperature: Pluronic-F127 (stars); Pluronic-F98 (squares); Pluronic-F98~PEG20k (diamonds);

Pluronic-F98~PEG30K (triangles); Pluronic-F98~PEGA40k (solid circles).
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Figure 3-13 The two switching curves measured at different time from the adopted contrast agent, ADP(CA).-
encapsulated Pluronic-F127 nanocapsules. The blue solid line represents the data acquired three days after the agent

was synthesized. The red dashed line represents the data acquired ten months after the agent was synthesized.
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Figure 3-14 Repeatable switching of the fluorescence intensity measured from ADP(CA)z-encapsulated Pluronic-

F127 nanocapsules at low (15 <C) and high (35 <C) temperatures.
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Table 3-2 Summary of USF contrast agents based on ADP(CA).. A is the wavelength of the excitation laser in the

ex

measurements (655 nm), and A is the central wavelength of the band pass emission filter. The number of 25 in the
em

parentheses is the bandwidth of the emission filter. The definitions of the other three parameters are the same as

those in our previous publication [50].

Pluronic based A T T

ex em I thl BW
On off

Polymers (nm) o) 0
F127 655, 711(25) 362 23 45
Fo8 655, 711(25) 352.4 30.5 6.5
F98~PEG20K 655, 711(25) 272.1 35.5 14.7
F98~PEG30K 655, 711(25) 211.6 45.6 10
F98~PEG40K 655,711 (25) 287.6 45.2 6.8

3.3.2.2 Characterization of ICG NPs

Here | would like to acknowledge my colleague Dr. Mingyuan Wei who made major contributions in the
experimental results in this section and see the reference [45]. We synthesized a family of USF contrast agents by
encapsulating an environment-sensitive NIR dye of ICG into thermo-sensitive nanoparticles. When the environment’s
temperature is below a threshold (the LCST of the NPs), the NPs are hydrophilic and absorb a dramatic amount of
water. Therefore, their size is relatively large [83]. ICG molecules fluoresce weakly in water-rich microenvironment
because water provides a polar and non-viscous solvent microenvironment, which can increase the non-radiative decay
rate of the excited fluorophores. When the temperature increases above the threshold (LCST), the NPs experience a

phase transition from hydrophilic to hydrophobic. Thus, the water molecules are dramatically expelled from the NPs,
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and the NPs significantly shrink. Accordingly, the ICG molecules inside the NPs are exposed to a polymer-rich
microenvironment, which has a relatively lower polarity and higher viscosity compared with the water-rich
microenvironment. This type of microenvironment can suppress the non-radiative decay rate of the excited
fluorophores [52], [76], and therefore the fluorescence intensity from the ICG increases dramatically. This phase
transition caused by the environment’s temperature crossing LCST is reversible. A high intensity focused ultrasound
(HIFU) transducer can be used to control the temperature in its focal volume and then locally switch on/off the contrast
agents [39].

The NPs are made of thermo-sensitive polymers of either poly (Nisopropylacrylamide) (PNIPAM) or its
copolymer with acrylamide (AAm) or N-tert-butylacrylamide (TBAm). Copolymerizing an appropriate amount of
AAm or TBAm can increase or decrease the LCST (and therefore the switching threshold) of the copolymer compared
with the pure PNIPAM polymer. ICG is a commonly used NIR dye that has a peak excitation at 780 nm and a peak
emission at 830 nm. The size of the NPs was found to be between 70 and 150 nm via dynamic light scattering and
transmission electron microscopy [45].

Four USF contrast agents based on ICG were synthesized, including (1) ICG-encapsulated P(NIPAM-TBAmM
185:15) NPs, (2) ICG-encapsulated PNIPAM NPs, (3) ICG-encapsulated P(NIPAM-AAmM 90:10) NPs, and (4) ICG-
encapsulated P(NIPAM-AAmM 86:14) NPs. The ratio in each NP refers to the molar ratio between the monomer of
NIPAM and the monomer of TBAm or AAm. The sharp switching features clearly can be seen for all the four ICG
NPs with different switching thresholds (LCSTs: 28, 31, 37, and 41 <C, respectively) [45]. The lon/loee can reach 2.9,
3.3,9.1, and 9.1 [45], respectively, corresponding to the four LCSTs, which are 1.6-5.1 times higher than that of other
contrast agents [61]. This is mainly attributed to the extremely high temperature sensitivity of PNIPAM. To verify
whether the NPs can be repeatedly used, as an example, the fluorescence intensity of ICG-encapsulated P(NIPAM-
AAmM 90:10) NPs was measured at low (25 <C) and high (44 <C) temperatures. The fluorescence intensity can be
repeatedly switched between the two temperatures for at least 6 rounds. The results suggest that the ICG molecules
are not likely to be released in a short period because of their relatively larger molecular weight (774.96 g mol™)
compared with that of a water molecule (18 g mol?) [83].

The synthesized USF contrast agents in this study have the following advantages. First, they are NIR contrast
agents and therefore can be used for deep-tissue imaging. Second, their ON-to-OFF ratios (lon/lore) are much higher

than those of the existing contrast agents. Third, the switching threshold (T+) can be well controlled and therefore can
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be potentially used for in vivo animal studies in the future whereby the Ty should be slightly higher than body
temperature (37 <C). Fourth, the transition between on and off states is sharp (generally 3-5 <C). Such a narrow
transition bandwidth (Tew) is necessary for efficiently switching on/off fluorescence and avoids potential tissue
thermal damage in animal studies. Fifth, the excellent switching repeatability of the developed USF contrast agents
allows acquisition of multiple images at the same location for either improving signal-to-noise ratio (SNR) via
averaging or monitoring tissue dynamic processes.
3.4 Conclusion

In this chapter, we have characterized two NIR environment-sensitive fluorophores, ADP(CA); and ICG.
Both of them showed very weak fluorescence in aqueous solution whereas strong fluorescence in non-polar and high-
viscose media. Specially, ADP(CA), is much more sensitive to its microenvironment compared with ICG. A family
of NIR USF contrast agents based on two types of fluorophores and two types of thermosensitive polymers have been
synthesized and characterized. They have excellent switching properties including high fluorescence on-and-off ratios,
narrow transition bandwidth, adjustable switching threshold, and the excellent switching repeatability. With the help
of those contrast agents, centimeter-deep tissue fluorescence high-resolution imaging with good SNR and sensitivity

becomes achievable.
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Chapter 4
Develop a Sensitive USF Imaging System and an Effective Signal Identification Algorithm
4.1 Introduction

Fluorescence microscopy has broken many physical limits to allow imaging of biological samples and live
tissues with unprecedented resolution, contrast, sensitivity, and specificity [24]. Despite significant progresses,
fluorescence microscopy is limited to thin samples or superficial tissues (~1 mm) because focusing light into
centimeter-deep tissues is extremely difficult [19], [24]. However, high-resolution deep-tissue fluorescence imaging
is highly desirable for at least the following reasons [17], [23], [25], [26], [39], [45], [60], [61], [84]-[90]: (1) Much
interesting in vivo micro-information may deeply locate in tissue, including microcirculation, micro-angiogenesis,
micro-lymphangiogenesis, tumor micro-metastasis, and vascularization of implanted tissue scaffolds, etc; (2) Far-red
or near-infrared (NIR) light can penetrate centimeter-deep tissue via scattering, although the micro-information is
completely blurred; (3) Compared with other imaging modalities such as ultrasound (US), computed tomography
(CT), magnetic resonance imaging (MRI), or positron emission tomography (PET), fluorescence imaging stands out
in the following respects: high sensitivity, low cost, usage of non-ionizing radiation, feasibility of multi-wavelength
imaging, and feasibility of tissue structural, functional, and molecular imaging.

To conduct high-resolution imaging in centimeter-deep tissue via fluorescence, we must address the
following fundamental challenges [39], [45], [60], [61], [85]-[90]: (1) confining the fluorescence emission into a small
volume to achieve high spatial resolution; (2) increasing fluorescence emission efficiency and sensitively detecting
those photons to compensate for the signal attenuation caused by the small voxel size in high-resolution imaging and
by tissue scattering/absorption during the propagation toward the photodetector (i.e., increase signal strength and
detection sensitivity to signal photons); and (3) exclusively differentiating signal photons from other background
photons to increase signal-to-noise ratio (SNR) and sensitivity (i.e., increase the detection specificity to signal photons
and reduce noise).

To address the first challenge, optical focusing has been replaced by ultrasonic focusing because tissue
acoustic scattering is ~1000 times lower than optical scattering [39], [45], [60], [61], [85]-[89], [91], [92]. Using this
method, high-resolution (from microns to hundreds of microns) fluorescence images have been demonstrated at
millimeters depth in tissue phantoms [39], [45], [85]-[87], [89]. Despite these successes, these technologies face a

fundamental barrier: the quick degradation of SNR and sensitivity to an unacceptable level with the increase of the
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imaging depth, the spatial resolution, or both. This is due mainly to the fluorescence signal’s quick attenuation below
the noise level. Accordingly, high-resolution centimeter-deep tissue fluorescence imaging with high SNR and high
sensitivity still remains unachievable.

To break this barrier, we must address the challenges described above. The second challenge has been
conquered by developing excellent NIR USF contrast agents in the chapter 2 and 3. The unique USF contrast agents’
fluorescence emission can be switched on or off by a focused ultrasound wave. The emission intensity on-to-off ratio
(lon/lorr) can reach >200, which is >100 times higher than that of the current agent with a similar structure (~1.8)
[60], [61]. The large value of lon/loee is one of the keys to achieve high SNR and high sensitivity in centimeter-deep
tissue. In this chapter, we developed several USF systems and finally focused on a NIR frequency-domain ultrasound-
switchable fluorescence (FD-USF) imaging system to break the third limitation. This FD-USF imaging system can
sensitively detect USF signals while significantly suppress noise. Meanwhile, we developed a unique USF signal
identification algorithm via correlation to differentiate USF signals from noise effectively.

4.2 Materials and Methods
4.2.1 Continuous Wave (CW) USF Imaging System
4.2.1.1 System setup

A diode laser (MDL-I11-808R) was used as the excitation light source. A band pass filter F1 (FFO1-785/62-
25, Semrock, New York; central wavelength: 785 nm; bandwidth: 62 nm) was used as an excitation filter to clean up
any undesirable sideband components of the diode laser, which is located in the pass band of the emission filters. The
shutter had a fast response time (0.5 ms). To achieve the best SNR (maximally blocking the leakage of the excitation
light and maintaining a high fluorescence signal), two long pass interference filters (F2 and F5; BLP01-830R-25,
Semrock, New York; edge wavelength: 830 nm) and two long pass absorptive glass filters (F3 and F4; FSR-RG830,
Newport, Irvine, California, cut-on 830 nm) were adopted and positioned at particular places after intensive
experimental trials. The excitation laser and corresponding filter sets are changeable to best match different contrast
agents’ excitation and emission spectrum (i.e., the excitation laser and filter setup mentioned above is for ICG NPs;
the excitation laser and filter setup described in the following Section 4.2.2 is for ADP(CA), NCs). Two NIR
achromatic doublet lenses (AC-254-035-B, Thorlabs, New Jersey) were used to collimate the fluorescence photons
for best rejecting the excitation photons by the interference filters and to focus the filtered photons onto a cooled and

low-noise PMT (H7422P-20 driven by a high-voltage source C8137-02, Hamamatsu, Japan). The signal was further
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amplified by a low-noise current preamplifier (SR570, Stanford Research Systems, California) and acquired by a
multichannel oscilloscope (DPO4102B-L, Tektronix, Oregon). A gated sinusoidal wave signal with a central
frequency of 2.5 MHz was generated by a function generator (FG, 33220A, Agilent, California) and was further
amplified by the radio-frequency (RF) power amplifier (325LA, E&I, New York). The amplified signal was input into
the matching network (MNW) to drive the HIFU transducer. The HIFU transducer was focused on the target. A pulse
delay generator (PDG, P400, Highland, California) was used to synchronize the entire system. The HIFU transducer
was mounted on a three-dimensional translation stage for both initial HIFU positioning and subsequent scanning. In
the initial positioning, the HIFU transducer was moved to the position where the temperature signal from the
thermocouple reached the maximum (indicating that the thermocouple junction was located on the HIFU focus). This
position was considered the center of the image. A rectangular area (4.06x<1.02 mm?) was raster scanned by the HIFU
transducer surrounding the center.
4.2.1.2 USF imaging in porcine muscle tissue

USF imaging based on ICG NPs. A small silicone tube (with a mean inner diameter of 0.69 mm) was filled
with the aqueous solution of the ICG-encapsulated PNIPAM NPs (LCST = 31<C) and embedded into a piece of
porcine muscle tissue to simulate a blood vessel as a target for USF imaging. The porcine tissue has a thickness of ~8
mm (z) and a width of 20 mm (x). The tube was inserted into the tissue along the y direction. The distance from the
tube center to the top surface of the tissue is ~4 mm. A fiber bundle with a diameter of ~3 mm (Edmund Optics NT39-
366, New Jersey) was used to deliver the excitation light from a laser to the bottom of the tissue to excite the HIFU
switched-on fluorophores. The second fiber bundle (Edmund Optics NT42-345) was placed on the top of the tissue to
collect USF photons. A 2.5 MHz HIFU transducer (H-108, Sonic Concepts, Washington; active diameter: 60 mm;
focal length: 50 mm) was positioned at the bottom of the tissue and focused on the tube region. To efficiently transmit
the acoustic energy into the tissue, the HIFU transducer, the bottom surface of the tissue sample, and the fiber bundle
for delivering the excitation light were submerged into water. For imaging the tube two dimensionally, the HIFU
transducer was scanned on the x-y plane.

USF imaging based on ADP(CA), NCs. In this work, a small silicone tube with inner diameter of 0.78 mm
and outer diameter of 2.38 mm was filled with the aqueous solution of the ADP(CA); contrast agents and embedded
into a piece of porcine muscle tissue to simulate a blood vessel as the target for USF imaging. The thickness of the

tissue is ~12 mm. The tube was inserted into the tissue along the y direction and the distance from the tube center to
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the top surface of the tissue is ~6 mm. The temperature measurement system was excluded. The excitation light source
was changed into a diode laser (MLL-FN-671). One 650/60 nm band-pass filter (central wavelength: 650 nm;
bandwidth: 60 nm) was applied as the excitation filter and two long-pass filters (edge wavelength: 715 nm) were
adopted as the emission filter. A rectangular area (5.08 x<2.03 mm?) was scanned by the HIFU transducer.
4.2.2 Frequency-Domain USF Imaging System via One Lock-in (LIA) Amplifier
4.2.2.1 System setup

A diode laser (MLL-FN-671, 671 nm, Dragon Lasers, Changchun, Jilin, China) was the excitation light
source. The laser was modulated at 1 KHz via a FG (33220A, Agilent, Santa Clara, CA, USA). At the same time, the
same FG generated a phase-locked signal and sent it to the LIA (SR830, Stanford Research Systems, Sunnyvale, CA,
USA) as its reference signal. We used a band-pass filter Fg (FF01-673/11-25, Semrock, NY, USA,; central wavelength:
673 nm; bandwidth: 11 nm) as an excitation filter to clean up any undesirable sideband components of the diode laser,
which was located in the pass band of the emission filters. To achieve the best SNR (maximally suppressing laser
leakage), we adopted three long-pass interference filters (F1 to Fs; FF01-715/LP-25, Semrock, Rochester, NY, USA,;
edge wavelength: 715 nm) and two long-pass absorptive glass filters (F4 and Fs; FSR-RG695, Newport, Irvine, CA,
USA, cut-on 695 nm) and positioned them in particular places after intensive experimental trials. The excitation laser
and corresponding emission filter sets are changeable to best match different contrast agents’ excitation and emission
spectrum. We used two NIR achromatic doublet lenses (AC-254-035-B, Thorlabs, Newton, NJ, USA) to collimate the
fluorescence photons so that the interference filters could best reject the excitation photons and to focus the filtered
photons onto a cooled and low-noise PMT (H7422-20 driven by a high-voltage source C8137-02, Hamamatsu, Japan).
The signal was further amplified by a low-noise current preamplifier (SR570, Stanford Research Systems, Sunnyvale,
CA, USA) and was then fed into the LIA as the input signal. The output signal of the LIA was acquired by a
multichannel oscilloscope (MSO4102B-L, Tektronix, Beaverton, OR, USA) and a data acquisition card (BNC-2110,
National Instruments, Austin, TX, USA), after which the data was sent to a PC for offline processing. A gated
sinusoidal wave signal with a central frequency of 2.5 MHz was generated by the second FG (33220A, Agilent, Santa
Clara, CA, USA) and further amplified by the RF power amplifier (325LA, E&I, Rochester, NY, USA). The amplified
signal was input to the MNW to drive the HIFU transducer (H108, Sonic Concepts Inc., Bothell, Washington, USA).
The HIFU transducer was focused on the micro-vessel. We used the PDG (P400, Highland Technology Inc., San

Francisco, CA, USA) to synchronize the entire system. We mounted the HIFU transducer on a manual three-
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dimensional translation stage for initial positioning and mounted the sample on a motorized three-dimensional
translation stage for subsequent scanning. After initially localizing the HIFU transducer on the vessel, we performed
a raster scan.
4.2.2.2 USF imaging in porcine muscle tissue

We purchased the tissues from a local grocery store and cut it into pieces with a thickness of 8 mm. The
experimental parameters were as follows: laser power: 2.5 mW; corresponding laser intensity right before entering
the tissue: 0.21 mW/cm?; LIA sensitivity: 500 mV nA; HIFU driving voltage: 80 mV (the estimated mechanical index
is 1.7). The LIA time constant was set as 300 ms.
4.2.2.3 Definition of SNR of a USF image or profile

In this study, we defined and calculated the SNR of a USF image (or a profile) based on the following rules.
First, we plotted the USF profile along the x direction at each y location on a USF image. We found and defined the
profile’s peak strength of the profile as signal strength (S). Second, we defined a range on the x-axis, centered at the
peak location of the profile and with a width of three times of the FWHM of the profile, as the region for potentially
detected USF signals. We defined the area outside this region as the background region and defined standard deviation
of all the data measured in the background region as noise strength (N). Third, we defined the ratio of S to noise
strength (S/N) as the SNR of the profile. Fourth, we defined the average and the standard deviation of the SNRs of all
the profiles on each USF image as the SNR of the USF image and the corresponding error.
4.2.2.4 Effective signal identification algorithm

Because background noise such as auto-fluorescence, laser leakage, or background fluorescence generated
from fluorophores outside the ultrasound heating spot does not have the switching property, they therefore do not
respond to the ultrasound pulse. Accordingly, all these noises do not have the USF signal’s unique temporal pattern
(see Figure 4-4(a), (c—d)). Thus, the uniqueness of the USF signal’s shape provides an excellent indicator to
differentiate them from other background noise. To differentiate USF signal from noise, we selected one of the
strongest USF signals at a specific location in an USF image as the reference (such as the signal in Figure 4-4(a) or
Figure 4-5(a)). All the data acquired at other locations were correlated with this reference based on the equation 4-1.
In the calibration experiments, known targets inside centimeter-deep tissues (including shape, position, and size) were

imaged by FD-USF and processed by this algorithm.
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After acquiring all USF data, we checked the raw data point by point and compared their curves with the
calculated correlation coefficients to make sure they matched (e.g., all the signals in the background area show curves
with no specific USF pattern and the calculated coefficients are less than 0.3; all the signals in the targeting area show
curves with the USF pattern, and the corresponding coefficients are larger than 0.8). In addition, we knew the target’s
shape, position, and true size. After intensive trials, we modified the algorithm until the processed image approximated
the true case (shape, position, and size). After calibration, we finalized our algorithm and applied it to the experiments
presented in the following chapters. We adopted the following strategies: (1) any signal with a CrC<0.3 was considered
noise, and its USF strength (lusr) was set as zero; (2) any signal with a 0.3<CrC<0.8 was considered moderately
possible to be a USF signal. Its USF strength was modified by multiplying the original lyse with the cube of CrC
(luse>CrC3) to significantly suppress its level but still leave a certain contribution; (3) any signal with a CrC >0.8 was
considered a USF signal and no modification was applied to its lusr. The results of the USF images this algorithm
processed are accurate and can be verified by other imaging modalities such as ultrasound imaging and diffuse
fluorescence imaging.

4.3 Results and Discussion
4.3.1 Continuous Wave USF Imaging System

Here I would like to acknowledge my colleague Dr. Yanbo Pei, who made major contributions in developing
this CW system and see the reference [45].
4.3.1.1 USF imaging system

The system mainly consists of four subsystems: (1) an optical system, (2) an ultrasonic system, (3) a
temperature measurement system, and (4) an electronic control system [45]. The optical system includes the delivery
of the excitation light and the collection of the emission light. The excitation light is generated from an 808 nm laser
and is delivered to the bottom of the sample tissue via the fiber bundle. Although the laser is operated in a continuous
wave mode (continuously illuminates once turned on), the time delivering the light to the sample and the illumination
duration are controlled by using a fast mechanical shutter (UNIBITZ LS3T2, New York) that is triggered by a pulse
delay generator (PDG). The collected fluorescence photons via the second fiber bundle are delivered to a set of
emission filters and then received by a photomultiplier tube (PMT).

The carefully designed combination of the four emission filters can maximally reject the excitation photons

and pass the emission fluorescence photons. The signal after the PMT is further amplified and then acquired by an
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oscilloscope. The ultrasonic system consists of the HIFU transducer and the driving components, including an
impedance matching network (MNW), a radio-frequency (RF) power amplifier, and a function generator (FG). The
temperature at the HIFU focus is measured by a micron-sized thermocouple via an amplifier and the second
oscilloscope. The entire system is controlled by the PDG, including the firing of the HIFU heating pulse, the firing of
the excitation light pulse, and the data acquisition of the oscilloscope.

4.3.1.2 Principles

In this study, the ultrasonic exposure time is 300 ms, determined by the width of the gating pulse from the
PDG. During the ultrasonic exposure period, the tissue temperature at the HIFU focus rises. After the exposure, the
temperature reduces as a result of thermal diffusion. The excitation light illuminates the tissue for 2 ms right before
the end of the ultrasonic exposure. At the same time, the fluorescence signal is acquired by the oscilloscope, which is
triggered by a pulse from the PDG. The HIFU transducer is scanned by a three-dimensional translation stage. The
details about the system can be found in Methods.

Generally, the CW-USF signal is weak and may be contaminated with noise. This problem becomes even
more severe when high resolution is desired. This is because the high resolution requires the small focal size and
therefore the small amount of USF contrast agents in the focal volume can be switched on. Thus, the amount of the
detectable USF photons (the desired signal) dramatically decreases as the resolution increases, while the amount of
the noise photons remains stable because noise is not correlated with the focal size and the resolution (see the next
paragraph). Accordingly, to successfully image the small tube in deeper tissue, it is necessary to optimize the USF
imaging system and use the NIR USF contrast agent with a large lon/loee.

The PMT-received photons potentially consist of four components: (1) excitation photons from the laser due
to the leakage of the emission filters, (2) tissue autofluorescence photons within the pass band of the emission filters,
(3) photons emitted from the non-100% off USF contrast agents, and (4) USF photons. The first three components
are the major noise sources. They can be generated from the entire tissue sample and are not correlated with the
ultrasound focus. Therefore, they can be called global noise. The last component is the desired signal, which is
uniquely related to the ultrasound focus. It can be called local signal. As the resolution increases, the SNR quickly
reduces. Accordingly, minimizing the global noise and increasing the signal level become critical. In the current
system, the laser leakage has been significantly suppressed by using the specially designed combination of the

emission filters (see the details in Methods). The adoption of the NIR USF contrast agents dramatically avoids the
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autofluorescence noise. The large value of lon/lore limits the noise generated from the non—-100% off contrast agents
and also improves the USF signal. Therefore, it is feasible to differentiate the local USF signal from the global noise
by directly monitoring the fluorescence intensity change at different locations.

4.3.1.3 High resolution USF images

USF imaging based on ICG NPs. Here | would like to acknowledge my colleague Dr. Yanbo Pei, who made
major contributions in the experimental results discussed in this paragraph and see the reference [45]. The USF image
of the tube on the x-y plane was acquired. The full-width-at-half-maximum (FWHM) of the USF image profile along
the x direction at each y location was calculated. The averaged FWHM at different y locations were 0.48 +0.13 mm.
To compare the USF image with a pure ultrasound image, the same sample was scanned on the x-y plane using the
same HIFU transducer via the commonly used pulse-and-echo method. At each x-y location, the reflected ultrasonic
echo from the top inner boundary of the tube was recorded and used to generate the ultrasound image. Its averaged
FWHM is 0.76 £0.01 mm and is larger than that of the USF image [45].

Two possible mechanisms may lead to breaking the acoustic diffraction for achieving high resolution—a
nonlinear acoustic effect and a threshold effect—both of which have been discussed in our recent publications [39],
[40], [45], [46]. Briefly, when a nonlinear acoustic effect occurs, both lateral and axial focal sizes are dramatically
reduced below the diffraction-limited size, which can improve the USF spatial resolution. Furthermore, because of
the existence of a threshold to switch on fluorescence, USF contrast agents can be switched on only in a volume where
the temperature is above the threshold. The size of this volume is usually smaller than the actual size of the ultrasound
focal volume if one appropriately selects the threshold and ultrasound exposure power. Thus, the spatial resolution of
the USF technique can be further improved.

USF imaging based on ADP(CA), NCs. To improve the imaging depth to centimeters (i.e., 1.2 cm in this
experiment) by using this system, ADP(CA), NCs were adopted. In this study, USF imaging was performed in 12 mm
porcine muscle tissue by using ADP(CA),-encapsulated Pluronic-F127 NCs. Figure 4-1(A) shows an USF image of
the tube inside tissue on x-y plane. The detailed sample formation can be found in Methods. The two vertical dashed
lines represent the two edges of the tube. When the sample was scanned, the laser light was blocked aty =0 and y =
2 mm. The full-width-at-half-maximum (FWHM) of the USF image profile along x direction at each y location was
calculated. The average FWHM at different y locations was 2.09 +0.09 mm. Figure 4-1(B) represents the profile of

USF image at y = 1 mm and its FWHM is 2.1 mm. The FWHM is larger than the inner diameter of tube (1.D./O.D.:

74



0.78/ 2.38 mm). Two possible reasons can cause the large FWHM: (1) In USF, the thermal focal size of the HIFU
transducer plays a dominant role compared with its acoustic focal size and usually the former is larger than the later;
and (2) The tube thick wall also made contributions since silicone tube wall absorbs most of the acoustic energy
compared with tissue which can generate sufficient heat to switch on the ADP(CA)2 NCs. Thus the FWHM is actually
the convolution between the HIFU thermal focal size and the partial outer laser of the silicone tube. However, our
results indicate the tube was successfully imaged in deep tissue by CW-USF with an acceptable signal-to-background

contrast.
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Figure 4-1 (A) The USF image of the tube embedded into the porcine muscle tissue. ADP(CA),-encapsulated NCs
were used as the contrast agents. (B) The profile of the USF signal along the x axis at y = 1 (the horizontal dashed

line in (A)). Both the USF image and profile were normalized.

4.3.2 Frequency-Domain USF Imaging System
4.3.2.1 USF imaging system

While excellent USF contrast agents are essential for improving SNR by enhancing fluorescence signal (large
lon) and suppressing background fluorescence noise (small lore), a highly sensitive and specific imaging method is
also critical for improving SNR. In Section 4.3.1, a CW USF imaging system was developed, which can achieve super
high resolution in deep tissue. However, its USF signal is still weak. Thus the detection sensitivity and the SNR of the
USF image are relatively poor. In order to further improve the sensitivity, SNR and the imaging depth, a frequency-
domain USF imaging system was developed. Figure 4-2 displays a schematic diagram of the imaging system. To
increase system’s sensitivity to photons and specificity to USF signal (and then achieve a large imaging depth with a
high SNR), the following strategies have been adopted: (1) maximizing the system sensitivity to USF photons by
adopting a lock-in amplifier; (2) maximizing system’s recognition capability between the USF signal and the noises
(noises are mainly generated from the laser leakage and/or autofluorescence) via a correlation algorithm; (3) only
detecting the change of the fluorescence signal caused by the ultrasound; (4) suppressing laser leakage by optimizing
an emission-light-filtering system (ELFS) via a collimation tube combined with multiple emission filters; (5)
minimizing autofluorescence by using a far red excitation laser and NIR dyes.

This system is a frequency-domain (FD) system because the excitation laser is modulated at 1 kHz while our
previous system is a continuous wave (CW) system without modulation that has relatively lower sensitivity. In the
optical sub-system, the excitation laser (at 671 nm) was modulated at 1 kHz via a function generator (FG). The laser
sidebands were cleaned up by an excitation filter (F¢) and the excitation light was delivered to the bottom of the tissue
sample or animal. The emission light was picked up by a fiber bundle with an inner diameter ~3 mm from the top of
the tissue sample or animal. The collected fluorescence photons were collimated, filtered and refocused on a cooled
photomultiplier tube (PMT) via two lenses and five emission filters. The combination of three interference filters and
two absorption filters was found an efficient way to reject the excitation light and pass the fluorescence light. After

the PMT, the 1 kHz fluorescence current signal was converted into voltage signal (with the same frequency) and
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further amplified via a low-noise pre-amplifier. Then, a lock-in amplifier (LIA) was used to sensitively detect the
change of the amplitude of the 1 kHz fluorescence voltage signal by interfering with a phase-locked reference signal
generated from the FG. The output of LIA was acquired by a data acquisition card (DAC, for forming USF images)
and an oscilloscope (for monitoring the signal) simultaneously. A pulse delay generator (PDG) was used to control
the time sequences by triggering the DAC, oscilloscope, the ultrasonic sub-system and the mechanical scanning sub-
system. The acquired data by the DAC was fed into a computer for further off-line processing. The ultrasonic sub-
system included a second FG, a radio-frequency amplifier (RF-Amp), an impedance matching network (MNW) and
a high-intensity-focused-ultrasound (HIFU) transducer. A mechanical translation stage controlled by the computer
was used to scan the sample.

To quantify the point spread function (PSF) and the equivalent spatial resolution of the FD-USF imaging, the
profile of the actual tube was de-convolved from the acquired USF profile. The result was considered to be the PSF.
The FWHM of the PSF was calculated as ~0.9 mm as the equivalent spatial resolution. The FWHM of the transducer’s
lateral acoustic profile was defined by the lateral focal size of the HIFU transducer (with a central frequency of 2.5
MHz and f-number of 0.83), which was measured ~0.42 mm. The estimated FWHM of the PSF (~0.9 mm) is ~2 times
larger, also larger than what we have observed in our CW system (0.29 mm), which means current FD-USF resolution
is ~2 times worse than the lateral acoustic focal size of the HIFU transducer and ~3 times worse than the resolution
our previous study reported, where we had adopted a CW system. Thermal diffusion is the main cause of this resolution
loss. In the current system, although the ultrasound exposure time remained at 300 ms, USF photon detection required
a few seconds because we have adopted the lock-in amplifier. In this study, we set the total data acquisition time at
each location to five seconds—much longer than the tissue thermal diffusion time constant (~360 ms) in the current
setup. Accordingly, thermal confinement is no longer satisfied and the spatial resolution is degraded, compared to the
acoustic focal size of the HIFU transducer and the spatial resolution of the CW-USF system. However, the gain is the

improved sensitivity, SNR, imaging depth, and low concentration of the contrast agent.
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Figure 4-2 The schematic diagram of the USF imaging system. PDG: pulse delay generator; FG: function generator;
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RF-Amp: radio-frequency power amplifier; MNW: matching network; HIFU: high intensity focused ultrasound,;
PMT: photomultiplier tube; F1-F5: emission filters; F6: excitation filter; DAC: data acquisition card; PC: personal

computer.

4.3.2.2 Principles

Figures 4-3 shows the schematic time sequences of the FD-USF system. The HIFU exposure time is 300 ms
(panel 1), which can be adjusted to induce the temperature to rise inside the focal volume (panel 2). The 1 kHz
excitation laser is continuously running (panel 3). The HIFU-induced temperature rise leads to a change in the
amplitude of the 1 kHz fluorescence signal (panel 4). After interfering with a phase-locked reference signal (panel 5),
the LIA outputs the USF signal (panel 6). The peak of LIA output could be delayed to 1-3 seconds due to the LIA
integration function. We subtract the LIA output baseline (Isg) from its maximum value (Imax) and use the difference
(lusr=Imax-18c) to represent the USF strength (luse) at that location. lysr can be acquired at each location if the sample

or the HIFU focus is scanned to form a USF image.

78



HIFU exposure

>
Temperature at :
HIFU focus ]
I
I
Modulated Laser
Smey ~— -
USF signal A

Lock-in reference

Lock-in output
(proportional to
USF signal)

Figure 4-3 The schematic diagram of time sequences of six different events in USF imaging, including HIFU
transducer gating pulse, temperature change at HIFU focus, modulated laser output, USF signal, lock-in reference

and lock-in output.

4.3.2.3 Typical FD-USF signals

Figures 4-4(a) and (b), respectively, show the typical USF signal and background noise of ADP(CA), NCs
as a function of time. Clearly, the shape of the USF signal does not correlate with the background noise. Figure 4-4(c)
shows a total of seven USF signals with different strengths (see figure caption for detailed values) that overlap
substantially after normalization, indicating that the shape of the USF signal is also independent of the signal strength.
In contrast, the shape of the USF signal depends on the contrast agent type. Figures 4-5(a) and (b), respectively, show
the typical USF signal and background noise of ICG NPs as a function of time. Figure 4-4(d) shows the typical USF
signals acquired from those two types of USF contrast agents: (1) ADP(CA)z-encapsulated Pluronic-F127

nanocapsules and (2) 1ICG-encapsulated PNIPAM nanoparticles. The two curves have quite different dynamic shapes.
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Based on the results described above, we can use a correlation algorithm to differentiate USF signals from background

noise (to increase SNR) and to differentiate different types of USF contrast agents (to achieve multiplex imaging).
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Figure 4-4 Typical USF signals and the correlation method. (a) and (b) show the typical USF signal and background
noise acquired from ADP(CA),-encapsulated Pluronic-F127 nanocapsules in the 8-mm thick tissue USF experiment,
respectively. (c) The normalized USF signals (from ADP(CA)»-based agents) with different signal strengths
(strength 1-7: 171, 239, 290, 310, 325, 306, and 270 mV, respectively) to show that the shape is independent of the

signal strength. Different signal strengths were generated by varying the HIFU driving voltage. (d) The normalized
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USF signals from ADP(CA)z-encapsulated Pluronic-F127 nanocapsules (blue solid line) and ICG-encapsulated
PNIPAM NPs (red dashed line) agents to show that the shape is dependent on the type of the agents. (e) and (f) are
the normalized USF profiles of the micro-tube (filled with the ADP(CA).-based agent) before (SNR: 88) and after

(SNR: 300) correlation analysis, respectively. The experiment conditions are presented in Methods.
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Figure 4-5 Signals related to ICG-encapsulated PNIPAM NPs in 8 mm-tissue, which shows (a) the typical USF
signal, (b) the background noise signal, (c) the profile of one line in USF image before correlation (SNR: 31), and

(d) the same profile after correlation (SNR: 345).

4.3.2.4 Effective signal identification algorithm

Equation 4-1 shows the correlation coefficient (CrC) between a normalized USF signal at any location (I(t))

and a normalized USF reference at a selected location (R(t)) [93]. The reference was selected from one of the strongest
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USF signals at a specific location in a USF image (such as the signal in Figure 4-4(a) or Figure 4-5(a)). The total data
point of I(t) or R(t) is N. After intense calibration experiments, we defined the algorithm as follows. If CrC<0.3, it is
considered noise, and its lysr is set to zero. If 0.3<CrC<0.8, its lusr is multiplied with the cube of CrC to partially
suppress its contribution. If CrC>0.8, no modification is applied on its lysr. Other details about this algorithm can also

be found in Methods.

IR -EOEED

CreC =
r O e )

[Eq. 4-1]

Figures 4-4(e) and (f) display the normalized USF profiles of a micro-tube embedded in porcine muscle tissue
(thickness: 0.8 cm) that was filled with ADP(CA).-based agent before and after adopting the correlation algorithm,
respectively. After the correlation analysis, the signal in targeting area was retained while the signal in background
area was suppressed significantly. We applied this correlation method to the experiments in the following chapters to
improve the SNR and achieve multiplex USF imaging. Similarly, Figure 4-5(c) and (d) show the typical USF profiles
of an ICG NPs-filled silicone micro-tube before and after correlation. The SNRs were found 31 and 345, respectively.

4.4 Conclusion

In this chapter, USF imaging systems from continuous wave to frequency domain were explored. At last, an
optimized frequency-domain USF imaging system and a correlation algorithm were developed, which could
efficiently differentiate USF photons from the background noise and achieve high sensitivity to USF contrast agents.
Besides, unique USF temporal patterns were investigated. The shape information can be used to distinguish USF
signals from background noise to increase SNR and also to differentiate different types of agents to achieve multi-

color imaging.
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Chapter 5
USF Microscopic Imaging in Centimeter-Deep Tissue-Mimicking Phantoms and ex vivo Tissue Samples
5.1 Introduction

Fluorescence imaging in deep tissue with high spatial resolution is highly desirable because it can provide
details about tissue’s structural, functional, and molecular information [24], [25]. Unfortunately, current fluorescence
imaging techniques are limited either in penetration depth (microscopy) [24], [25] or spatial resolution (diffuse light
based imaging) [19], [26]-[28] as a result of strong light scattering in deep tissue.

For many years, investigators have sought after fluorescence microscopic imaging in centimeter-deep tissue
because much interesting in vivo micro-information—such as microcirculation, tumor angiogenesis, and metastasis—
may deeply locate in tissue. As discussed in previous chapters, there are three challenges to achieve this goal which
are: how to confine the fluorescence emission into a small volume to achieve high spatial resolution; how to increase
fluorescence emission efficiency to compensate the signal attenuation caused by small emission volume and tissue
scattering/absorption; and how to reduce background noise and exclusively differentiate signal photons from
background photons to increase SNR and sensitivity. In previous chapters, three unique technologies have been
developed: excellent NIR USF contrast agents, a sensitive FD-USF imaging system, and an effective signal
identification algorithm. With the help of those developments, all the challenges should be conquered by now.

This chapter aims to validate and demonstrate for the first time the feasibility of USF to achieve centimeter-
deep fluorescence microscopic imaging with high SNR and picomole sensitivity in tissue-mimicking phantoms,
porcine muscle tissues, and ex vivo mouse organs (liver and spleen). The relationship between SNR and imaging depth
was investigated. We also demonstrated multiplex USF imaging, which is very useful for simultaneously imaging of
multiple targets and observing their interactions in the future. Multi-color USF imaging was achieved via two methods:
hardware (multiple scans) and software (single scan). The results of USF were validated by traditional diffuse
fluorescence imaging (DF) and ultrasound imaging (US).

5.2 Materials and Methods
5.2.1 Tissue-mimicking Silicone Phantoms

The silicone kit was purchased from Factor Il Inc. (VST-50: VerSilTal Silicone Elastomer). The kit includes

two major components: silicone elastomer and catalyst. We constructed the tissue-mimicking phantom using silicone

(to mimic tissue’s acoustic properties) doped with TiO, (to mimic tissue’s optical scattering properties) [94]. The
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estimated absorption coefficient ua = 0.03 cm* and reduced scattering coefficient ps’ = 3.5 cm™. The mixture solution
was poured into a plastic container and a silicone micro-tube or five silicone micro-tubes were inserted in the middle.
The container was then placed into a vacuum to remove air bubbles inside the mixture for 20 minutes. After 6 hours,
the tissue-mimicking silicone phantom was ready to use.
5.2.2 One-color USF Microscopic Imaging in Centimeter-deep Silicone Phantoms

A micro-tube (with a mean inner diameter of 0.31 mm) was filled with the aqueous solution of the ADP(CA),-
encapsulated Pluronic-F127 NCs (abbreviated as ADP(CA). NCs in the following content) and embedded into a tissue-
mimicking silicone phantom to simulate a blood vessel as a target for USF imaging. Figure 5-1 shows the configuration
of the sample, the tube, the excitation light, the fluorescence collection fiber, and the high intensity focused ultrasound
(HIFU) transducer. The phantom has a thickness of ~11 mm (z) and a width of 40 mm (y). The tube was inserted into
the tissue along the x direction. A fiber bundle with a diameter of ~3 mm (Edmund Optics NT39-366, New Jersey)
was used to deliver the excitation light from a laser to the bottom of the tissue to excite the HIFU switched-on
fluorophores. The second fiber bundle (Edmund Optics NT42-345) was placed on the top of the tissue to collect USF
photons. A 2.5 MHz HIFU transducer (H-108, Sonic Concepts, Washington; active diameter: 60 mm; focal length: 50
mm) was positioned at the bottom of the phantom and focused on the tube region. To efficiently transmit the acoustic
energy into the tissue, the HIFU transducer, the bottom surface of the tissue sample, and the fiber bundle for delivering
the excitation light were submerged into water. For imaging the tube two dimensionally, the HIFU transducer was

scanned on the x-y plane.
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Fiber for detection

Fiber for excitation

Figure 5-1 The sample configuration, including the sample, the excitation and emission fiber bundles, and the HIFU

transducer.

5.2.3 Multi-color USF Microscopic Imaging in Centimeter-deep Tissue Phantoms
5.2.3.1 Multi-color USF imaging by using different instrument setups with multiple scans
System Setups. (1) ADP(CA). channel: The excitation light source is a diode laser (MLL-FN-671). One
673/11 nm band-pass filter (central wavelength: 673 nm; bandwidth: 11 nm) was applied as the excitation filter and
three 711/25 nm band-pass filters (central wavelength: 711 nm, bandwidth 25 nm) combined with two long-pass
absorptive filters (edge wavelength: 695 nm) were used as the emission filters. (2) ICG channel: The excitation light
source is a diode laser with the excitation wavelength of 808 nm; Emission filter setup: two long-pass interference
filters (edge wavelength: 830 nm) combined with two long-pass absorptive glass filters (edge wavelength: 830 nm).
In two-color USF imaging, two micro-tubes (inner diameter: 0.31 mm; outer diameter: 0.64 mm) were
embedded into a porcine muscle tissue phantom with a separation distance of 3 mm in lateral. The thickness of the

tissue is ~10 mm. Figure 5-2 shows the phantom sample setup. One tube was filled with ADP(CA),-based contrast
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agents and the other one was filled with ICG-based contrast agents. A high intensity focused ultrasound (HIFU) was
used to externally and locally switch on and off USF contrast agents inside the tubes. The fluorescent photons were
collected by a cooled and low-noise PMT. Then the signal was fed into the lock-in amplifier. The output of the LIA

was collected by a DAC. After two raster HIFU scanning, two-color USF images were achieved by using different

instrument setups.

o

e #

Figure 5-2 The tissue phantom setup for two-color USF imaging.

5.2.3.2 Multi-color USF imaging by using same instrument setup with single scan via correlation

System setup. The excitation light source is a diode laser with the excitation wavelength of 671 nm (MLL-
FN-671). One 673/11 band-pass filter (central wavelength: 673 nm; bandwidth: 11 nm) was applied as the excitation
filter and three long-pass interference filters (edge wavelength: 715 nm) combined with two long-pass absorptive
filters (edge wavelength: 695 nm) were used as the emission filters.

The five-tube embedded tissue-mimicking silicone phantom was made for this study. Figure 5-3 show the
photos of the phantom. The thickness was ~13 mm. Five tubes with the 1.D./O.D. of ~0.31/0.64 mm and a separation
distance of 3 mm were inserted and located at a depth of ~6 mm. The two edged tubes were used for localization when

comparing the results of different imaging modalities and were noted as two edges. We filled them with the
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corresponding contrast agent of each modality: air for US imaging, 1ICG-based agents for color-1 USF imaging,
ADP(CA).-based agents for color-2 USF imaging, and ADP(CA).-based agents for DF imaging. The multi-color USF
imaging can be achieved in single scan. After scanning, the two-color contrast agents were distinguished by using the

correlation algorithm based on their unique USF temporal patterns.

Figure 5-3 The tissue-mimicking silicone phantom with 5 micro-tubes embedded for multi-color USF imaging,
diffuse fluorescence imaging and ultrasound imaging. (a) The photograph of the phantom. (b) Cross-section photo

showing the position of the tubes.
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5.2.4 Validation via Traditional Diffuse Fluorescence Imaging

The phantom was the same as the one in Section 5.2.3.2. In diffuse fluorescence imaging, the sample was
scanned in the same way of USF imaging. The only difference is HIFU remained off during the whole scanning.
5.2.5 Validation via Ultrasound Imaging

The phantom was the same as the one in Section 5.2.3.2. The same HIFU transducer was used to
ultrasonically image the same tubes in the sample. A pulser/receiver (5073 PR, Olympus NDT, USA) was used for
both exciting the transducer and receiving the reflected acoustic echoes. The MNW was used for the impedance
matching between the transducer and the pulser/receiver. The reflected acoustic signal was amplified by the
pulser/receiver and acquired by a digitizer (NIUSB 5133) interfaced to a computer. This received signal is usually
called an A-line in the ultrasound imaging field and represents the tissue acoustic impendence distribution along the
depth (z) direction. The A-line was acquired at each location on the x-y plane. By scanning the HIFU transducer on
the x-y plane, a set of three-dimensional (X, y, and z) data was acquired. The envelope of each A-line was calculated
for forming the C-mode images at different depths. To compare with the USF image, a set of two-dimensional data
on the x-y plane (one of the C-mode images) was extracted by fixing the depth of z at the tube location.
5.2.6 USF Microscopic Imaging in Porcine Muscle Tissues with Different Thicknesses

We purchased the tissues from a local grocery store and cut them into different thicknesses. The experimental
parameters for the four thicknesses (0.8, 1.2, 2.2, and 3.1 cm) were as follows: laser power: 2.5, 2.5, 2.5, and 38.64
mW; corresponding laser intensity right before entering the tissue: 0.21, 0.21, 0.21, and 3.19 mW/cm?; LIA sensitivity:
500, 500, 200, and 200 mV nA; HIFU driving voltage: 80, 80, 80, and 100 mV (the estimated mechanical index is
1.7, 1.7, 1.7 and 2.19). For all experiments, the LIA time constant was set as 300 ms.
5.2.7 USF Microscopic Imaging in ex vivo Mouse Organs

BALB/c mice (female, 20-25 gram) were purchased from Taconic Farms Inc. (Germantown, NY, USA).
The animal protocols were approved by the University of Texas at Arlington’s Animal Care and Use Committee.
Animals were intravenously administered 100 pL final solution of the ADP(CA)-based contrast agents. Twenty-four
hours later, the animals were sacrificed and their organs were rapidly dissected. The isolated organs were then placed
on the USF system for imaging. Figure 5-4(a) and (b) show the sample setup of mouse liver and spleen, respectively.
In this ex vivo USF study, all the USF-related parameters were identical to those in the 12-mm thick tissue sample

USF imaging.
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(b)

Figure 5-4 The mouse organ sample setup (a) liver and (b) spleen for ex vivo USF imaging.

5.3 Results and Discussion
5.3.1 One-color USF Microscopic Imaging in Centimeter-deep Silicone Phantoms
Figure 5-5 shows the USF image of a micro-tube embedded in a tissue-mimicking silicone phantom. The
thickness of the phantom is 1.1 cm and the tube size is 310 pm of 1.D. and 640 um of O.D.. In this study, the tube was

filled with aqueous solution of ADP(CA), NCs. The FWHM of the USF image profile along the x direction at each y
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location were calculated. The result indicates FD-USF imaging was successfully accomplished in centimeter-deep
tissue-mimicking phantoms. The averaged FWHM at different y locations were 0.93 £0.07 mm. This image also
shows an unprecedented SNR. Even without applying the correlation algorithm, the SNR is as high as 79.3, which is

overwhelming than that of the CW USF image.
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Figure 5-5 The USF image of the tube with inner diameter of 310 pum embedded into the phantom.

5.3.2 Multi-color USF Microscopic Imaging in Centimeter-deep Tissue Phantoms
5.3.2.1 Multi-color USF imaging by using different instrument setups with multiple scans

Two-color USF imaging was successfully performed. Figure 5-6 shows the two-color USF images obtained
by two scans. Two different contrast agents were distinguished by using two channels, separately. By using ADP(CA):
setup, both tubes were imaged, as shown in Figure 5-6(a). In ADP(CA), channel, the laser could excite both ADP(CA),
and ICG since ICG has a broad excitation/emission spectrum. When using ICG channel, the light source can only
excite ICG. Thus in this case only the tube filled with ICG-based contrast agents was imaged (see Figure 5-6(b)). In
the two-color USF images, the FWHM of the tubes are ~ 1 mm. However, the SNR is relatively poor. This is due to
the experimental limitation (long time in scanning and changing setups) in the early stage of the USF exploration. The
tissue was soaked in water for too long. Later on, | figured out a new method to achieve two-color USF imaging with

less time and higher SNR.
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Figure 5-6 Two-color USF images. (a) The USF image when using ADP(CA), channel setup; (b) shows the USF

image when applying ICG channel setup.

5.3.2.2 Multi-color USF imaging by using same instrument setup with single scan via correlation

Five silicone micro-tubes (inner diameter: 1.D.=0.31 mm; outer diameter: O.D.=0.64 mm) were inserted
through the middle plane (x-y; z=6.5 mm) of a tissue-mimicking silicone phantom (u.-0.03; ps'=3.5 cm;
thickness=13 mm) (see details in Methods). Figure 5-7(a) shows two photographs (the front and back) of this phantom
and the cross section of micro-tube structure on the x—y plane. These micro-tubes were filled with different contrast
agents (see the caption of Figure 5-7(g)) and imaged using three modalities: diffuse fluorescence imaging (DF), USF,
and ultrasound (US) (see details in Methods).

Figures 5-7(c) and 5-7(d) show the multi-color USF images of ICG NPs (color-1) and ADP(CA), NCs (color-
2), respectively, which can be acquired from a single scan using the same system (Ex:671 nm; Em:715 nm long-pass),
but are differentiated using the correlation method (the spectrum crosstalk is eliminated). Figures 5-7(e) and 5-7(f)

show the same USF images overlapped with the DF image. Compared with the DF image, the sizes of the tubes in
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USF images are significantly reduced (FWHM=0.95 mm for the color-1 tubes and 0.88 mm for color-2 tubes) and

much closer to the true size of the micro-tubes. All the individual micro-tubes can be clearly and correctly resolved.
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Figure 5-7 Images of micro-tubes in a tissue-mimic phantom. (a) The photographs and schematic diagram of the
tissue-mimic silicone phantom (on x-y plane): front view (left photo), back view (right photo) and the cross section
of the micro-tube structure on the x-y plane (the bottom figure in (2)). (b) The image acquired by directly detecting
fluorescence (DF) without ultrasound. (c) and (d) show the USF images acquired from ICG-encapsulated PNIPAM

NPs (color-1) and ADP(CA).-encapsulated Pluronic-F127 nanocapsules (color-2), respectively. (e) and (f) are the
overlapped images between USF images ((c) and (d)) and direct fluorescence image (b). (g) Ultrasound image of the

micro-tubes acquired from the same ultrasound transducer (i.e. a C-mode ultrasound image). The three non-edge
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tubes were filled with water (as background control), ICG-based agent (color-1) and ADP(CA),-based agent (color-
2). The two edged micro-tubes were used for image co-registration and were filled with the corresponding contrast

agent of each modality (see Methods).

Current USF technology can sensitively and specifically detect USF fluorophores (ADP(CA)2) with a
concentration of ~50 uM at a depth of several centimeters (see Section 5.3.5.2), using a laser and a HIFU below the
safety thresholds (laser intensity: 0.21-3.19 mW/cm?; HIFU’s mechanical index: 1.7 when imaging depth <30 mm,
and 2.19 when imaging depth >30 mm). Because of the high spatial resolution and the adoption of micro-tubes, the
ADP(CA);-occupied volume in a single voxel in this study is as small as ~68 nanoliters (assuming the volume is a
cylinder with a diameter of 0.31 mm (1.D.) and a length of 0.9 mm (the FWHM of the USF image)). Thus, the
corresponding number of ADP(CA). molecules in this volume is as low as ~3.4 picomoles. By comparison,
conventional fluorescence molecular tomography (DF-based imaging) detects with difficulty <10 picomole molecules
of a commercially available dye (AF680) in a mouse phantom at a depth of 11 mm (i.e., a thickness of 22 mm when
converting into a transmission geometry) [95]. In FD-USF imaging, further decreasing the concentration of the USF
agents is possible but sacrifices intensity and SNR. For example, when the agent’s concentration drops to 50%, the
fluorescence intensity decreases 44% and the SNR decreases 32%.

5.3.3 Validation via Diffuse Fluorescence Imaging

Figure 5-7(b) shows the image acquired from DF. The DF images of the tubes are significantly blurred
because of the phantom’s strong light scattering. The estimated FWHM is ~5 mm for the ADP(CA), NCs-filled tube
(i.e., the third tube). Spatially differentiating the ADP(CA). NCs-filled tube from the ICG NPs-filled tube (i.e., the
third and fourth tube) is difficult. In addition, the spectrum overlap makes both ADP(CA)2 NCs- and ICG NPs-filled
tubes visible in the image, no matter which emission filters are used (e.g., 715 nm long-pass (Figure 5-7(b)) or 711/25
nm band-pass (Figure 5-6(a))).

5.3.4 Validation via Ultrasound Imaging

Figure 5-7(g) shows the ultrasound image acquired using the same US transducer. The tube size (FWHM=0.5
mm) represents the spatial convolution of the transducer’s acoustic focus (lateral FWHM=0.42 mm) with the top inner
boundary between the silicon and the liquid (the specific size of the boundary is unknown but should be <I.D.=0.31

mm). As expected, the ADP(CA), NCs- and ICG NPs-filled tubes show much lower acoustic contrast than the air-
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filled tubes and they cannot be differentiated from each other because the acoustic wave is insensitive to fluorophore
molecules.

For better comparison, Figure 5-8 displays the normalized profiles along the x-axis acquired from different
imaging modalities (i.e., the cross section of the five micro-tubes in the silicone phantom). The images acquired with
US and DF verified the feasibility of USF imaging regarding of target location, size, and shape. Meanwhile, compared
with the traditional DF imaging (at centimeters depth), USF improves the spatial resolution >5 times using current
setup (2.5 MHz ultrasound). The current system’s resolution is limited mainly by thermal diffusion, but in the future,
microscopically heating the contrast agents to achieve thermal confinement can further increase it. Once thermal
confinement is achieved, adopting an ultrasound transducer with a higher frequency and a smaller f-number can further

significantly increase the resolution.

USF-ICG USF-ADP(CA)2 —==—— DF Us ‘

1 T T T T .l

™
F——
-
e
|

© o o o o
=N (4] 4] | o
T T T T
Ty
.
h‘h
—
h'ﬁ-
-"""'-—
Y ———mpnn—n————
-
-
o
-
-
i
LY
Fia
| 1

e
w

2
ra
T

Normalized Signal

i1
1
|1
1
1
1 H
I 1
L !
i Y i 1
y 3 1
1
1
1
1
i
1

() =ty Vi a ay 1 Aw-u\ rA
14

0 2 4 6 8 10 12
X (mm)

o
-
T

%
1
Y

i
16 18

Figure 5-8 The normalized profiles of Figure 5-7 along x-axis acquired from different imaging modalities (i.e. the
cross section of the five micro tubes in the silicone phantom). Due to the significant overlap of the tube profiles in

the DF image, the two dotted brown lines are used to show how FWHM of the central tube in the DF image (the
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dashed black line) is estimated. The horizontal dashed brown line with double arrows represents % of the FWHM

that is ~2.5 mm and therefore the estimated FWHM is ~5 mm.

5.3.5 USF Microscopic Imaging in Porcine Muscle Tissues with Different Thicknesses
5.3.5.1 Reason of choosing porcine muscle tissue

Table 5-1 shows the optical properties of porcine muscle, human arm, and human breast tissue at excitation
wavelength of 671 nm. The optical properties of porcine muscle used in our experiments (U, and us’) are nearly twice
less than those of a human arm. However, because our current laser intensity (0.21-3.19 mW/cm?) is well below the
ANSI safety threshold, we can increase the laser energy to compensate for the signal attenuation caused by large tissue
absorption and scattering coefficients when we perform USF on living animals or human beings. To characterize the
required laser enhancement, we performed a Monte Carlo simulation, the results are shown in Figure 5-9. For instance,
to gain the same fluence at different depth in arm tissue, one can increase the laser energy 1.61-fold at 1 cm, 1.32-fold
at 2 cm, and 1.35-fold at 3 cm. Similarly, when imaging breast tissues, one should increase the laser energy 1.26-fold
at 1 cm, 1.35-fold at 2 cm, and 1.33-fold at 3 cm.

Note that another reason that we selected porcine muscle tissue as the tissue phantom for USF imaging is due
to its acoustic property. In ultrasound-related studies such as photoacoustic imaging [96], sonography [97], and intense

ultrasound energy delivery [98], porcine muscle tissue was frequently used.

Table 5-1 Optical property summary of porcine muscle, human arm, and human breast

Sample 58 (cm—l) us' (cm_l)
Porcine muscle 0.06 2.7
Human arm 0.12 5.8

Human breast [99] 0.037-0.11 11.4-135
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Figure 5-9 Monte Carlo simulation of (a) pork muscle, (b) human arm and (c) human breast. The parameters used in
this simulation are: : 0.06, 0.12 and 0.06 cm™?, ' 2.7, 2.8 and 12 cm™ and g: 0.9, 0.9 and 0.9 in an order of (a),

(b) and (c). (d) plots the relationship between fluence and penetration depth.

5.3.5.2 USF microscopic images with imaging depth breakthrough of three centimeters

We used porcine muscle tissue (pa=0.06; ps'=2.7 cm™) in the USF experiments because of its reasonable
acoustic properties and optical properties (see Section 5.3.5.1). Figures 5-10(a—d) show the USF images of micro tubes
that are inserted into porcine muscle tissue with different thickness (0.8, 1.2, 2.2, and 3.1 cm). Figures 5-10(e—h) show
the corresponding images processed with the correlation algorithm. All the micro-tubes can be clearly imaged with a
similar FWHM (~1.1 mm) and the spatial resolution does not degrade when the thickness increases.

Figure 5-11 plots the SNR as a function of the tissue thickness. Significantly high SNRs have been achieved
(17.6-242 after and 18-104 before the algorithm processing). The fitted attenuation coefficient of the SNR versus the
tissue thickness (0.756 and 1.049 cm before and after the algorithm processing) is slightly smaller or close to the

average effective optical attenuation coefficient of porcine muscle tissue (perr =1 cm™ for 670-900 nm) [100]. This
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result indicates that (1) the tissue’s optical attenuation is primarily responsible for the SNR reduction as the thickness
increases and, (2) increasing the illumination energy of the light and/or ultrasound in thicker tissue can compensate
for the tissue’s optical attenuation.

For comparison, we also measured SNRs for ICG-based contrast agents. When tissue thickness is <2 cm,
SNRs of USF signals acquired from ADP(CA);-based agents are ~3-5 times higher under similar experiment
conditions. This improvement is not as high as the improvement in their ON-to-OFF ratios (lon/lorr), primarily
because the background noise in USF imaging originates from multiple sources, such as the laser leakage,
autofluorescence, and emission from non-100%-OFF fluorophores. Beyond 2 cm, only the ADP(CA),-based agent,

because of its high lon, is capable of imaging the 310pm micro-tube.
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Figure 5-10 USF images of micro tubes in porcine muscle tissue samples. (a)-(d) The USF images of the micro tubes
(before correlation) that were embedded into pork muscle tissue samples with thicknesses of 0.8, 1.2, 2.2 and 3.1
cm, respectively. The 1.D./O.D. of the tube is 0.31/0.64 mm:; (e)-(h) The corresponding USF images processed by

the correlation algorithm.
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Figure 5-11 The relationship between the SNR and the thickness of the sample before (triangles) and after

(diamonds) the correlation processing (error bar: mean =standard deviation).

5.3.5.4 The effect of LIA time constant

Figure 5-12 plots the SNR as a function of the LIA’s time constant (tissue thickness=12 mm). If we do not
apply the correlation algorithm, the SNR increases from 29.9-87.9 when the time constant increases from 3-300 ms
(See red dashed line in Figure 5-12). The correlation algorithm dramatically improves the absolute values of SNRs
(between 95.4-215.6). The correlation method seems more efficient for short time constants (see black solid line in
Figure 5-12). This is useful to improve USF imaging speed in the future by shortening the time constant without SNR

degradation.
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Figure 5-12 The relationship between the SNR and the LI1A time constant before (triangles) and after (diamonds) the

correlation processing (error bar: mean =standard deviation).

5.3.6 USF Microscopic Imaging in ex vivo Mouse Organs

About 100 pl agueous solution of the USF contrast agent (ADP(CA).-encapsulated NCs with a concentration
of 16.3 mg/ml) was intravenously injected into a mouse via a tail vein. After 24 hours, the mouse was sacrificed and
the organs were isolated. To demonstrate USF microscopic imaging, a corner of the liver and a part of the spleen were
scanned. Figure 5-13 and Figure 5-14 show the USF microscopic images of liver and spleen on the x-y plane,
respectively. The corresponding white-light photos are also shown on the right side of their USF images. The green
square (7.62x7.62 mm?) in Figure 5-13 and the green rectangle (1.016x15.24 mm?) in Figure 5-14 indicate the USF
scanning areas. The red and yellow areas in the USF images may represent some blood vessels or microstructures
inside the organ that cannot be seen from their white-light photos. Note that the USF images represent a projection of
the distribution of the USF contrast agents on the x-y plane along the z-axis (i.e., the ultrasound axis).

Typical USF signals and background signals inside mouse organs are shown in Figure 5-15. Similar to
previous results, the contrast agents’ dynamic curve shows a specific temporal pattern and is different from the

background noise. However, unlike in vitro tissue phantom experiments with a tube model, the typical USF signal is
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no longer the same as shown in Chapter 4, which is a positive signal. On the contrary, as shown in Figure 5-15(a) and
(c), when the ultrasound pulse is applied, a negative USF signal was generated wherein the USF contrast agents exist.
The mechanism of this phenomenon is unclear. But it may be caused by the interaction of the USF agents with the
biological environment. More experiments and discussion will be conducted in next chapter.
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Figure 5-13 An USF image and a white-light photo of an ex vivo mouse liver.
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Figure 5-14 An USF image and a white-light photo of an ex vivo mouse spleen.
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Figure 5-15 Typical USF signals and background noise in ex vivo mouse organs. (a) and (b) showing USF signals
and background noise of ADP(CA)2 NCs in mouse liver. (c) and (d) showing USF signals and background noise of

ADP(CA)2 NCs in mouse spleen.

5.4 Conclusion
In this chapter, we have successfully achieved fluorescence microscopic imaging in centimeter-deep tissues
with high SNR and picomole sensitivity using a laser and an ultrasound pulse below the safety thresholds. The spatial
resolution has been significantly improved compared with DF imaging while the imaging depth can reach several
centimeters. Multiplex USF imaging is also demonstrated. This will be very useful in simultaneously imaging multiple
targets and their interactions in the future, which are usually difficult for non-optical technologies. Also, this
technology is demonstrated for the first time in both tissue-mimicking phantoms and real biological tissues including

porcine muscle tissue and ex vivo mouse organs.
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Chapter 6
Feasibility of USF in Animal Studies In vivo
6.1 Introduction

Biomedical imaging has played an important role in cancer diagnosis in the recent decades [3], [101].
Computed tomography (CT), magnetic resonance imaging (MRI), sonography, positron emission tomography (PET),
and optical imaging are commonly used imaging modalities in in vivo tumor detection and staging. Among them, CT,
MRI, and sonography have good spatial resolution and large imaging depth, however, they have drawbacks in
sensitivity, specificity and capability of multiplex imaging. PET, as a nuclear imaging method, has a very high
sensitivity and large imaging depth, however, it lacks both spatial resolution and temporal resolution. CT and PET are
also relatively expensive and use ionizing radiation. MRI is also very expensive and data acquisition is very slow.
Compared with these technologies, fluorescence imaging stands out in the following respects [16]-[19]: high
sensitivity, low cost, use of non-ionizing radiation, the feasibility of multi-wavelength imaging, and the feasibility of
tissue structural, functional, and molecular imaging. However, due to the strong light scattering, it is extremely
difficult to achieve high spatial resolution in deep tissue in vivo. For instance, fluorescence microscopy can provide
subcellular resolution but is limited with shallow imaging depth (hundreds of microns). Fluorescence diffuse optical
tomography can reach several centimeters deep in tissue but is limited in the spatial resolution (several millimeters).
Thus, in vivo high-resolution tumor imaging via fluorescence in centimeter-deep tissue has not been achieved.

Recently, we developed a new imaging technique named ultrasound-switchable fluorescence (USF) which
takes the advantages of both ultrasound and fluorescence imaging. It is a cost-efficient imaging method. This technique
has been demonstrated to achieve microscopic imaging in centimeter-deep tissue with high SNR and sensitivity in
tissue-mimicking phantoms and ex vivo biological tissues in Chapter 5. It is necessary to evaluate its in vivo feasibility.
In this chapter, we first built up an in vivo USF imaging system. Then we performed USF imaging in both heathy
mouse tissues and mouse tumors to demonstrate its in vivo feasibility. Two different injection methods (intravenous
and local injections) were adopted and two different types of contrast agents with both low and high LCSTs were
tested: ADP(CA),-encapsulated Pluronic-F127 NCs (LCST: 23 <C) and ICG-encapsulated P(NIPAM-AAm 90:10)
NPs (LCST: 39 <C). High-resolution in vivo USF images were acquired from mouse mammary tumors.

6.2 Materials and Methods

6.2.1 In vivo USF Imaging System Setup
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For in vivo studies, first an animal subsystem was built up, including an anesthesia system and a physiological
monitoring system. Figure 6-1 shows the major parts. An oxygen concentrator (Figure 6-1(B), Scivena Scientific,
Clackamas, OR, USA) which can extracts medical-grade oxygen from air and up to 5 I/min flow was connected to an
isoflurane vaporizer (Scivena Scientific, Clackamas, OR, USA). The vaporizer has two outlets which were connected
to an animal chamber and a nose cone. The physiological monitoring system includes a pulse oximeter and heart rate
monitor (Kent Scientific Corporation, Torrington, CT, USA) and temperature monitoring and hemeothermic control
system (Kent Scientific Corporation, Torrington, CT, USA). The later contains two temperature sensors and one
warming pad. Then the animal system was incorporated with the FD-USF imaging system described in Chapter 4, for
the purpose of in vivo USF studies.

6.2.2 In vivo USF Signal Detection from a Mouse

FVB/N mice (female, 20-25 gram) were purchased from Jackson Lab (Bar Harbor, ME, USA). The animal
protocols were approved by the University of Texas at Arlington’s Animal Care and Use Committee. Animals were
anesthetized with a mixture of 2%-2.5% isoflurane and 1-2 I/min of 100% oxygen. A pulse oximeter was attached to
the animal’s paw to monitor heart rate and oxygen saturation, and a rectal temperature probe (attached to a
homeothermic control blanket) was used to record and maintain core body temperature. Hair on the back and abdomen
was removed using an animal trimmer and depilatory cream (VEET sensitive formula, Reckitt Benckiser, Parsippany,
NJ, USA). After preparation, the animal was transferred to the FD-USF system. In this study, 100 pL final solution
of the ADP(CA)-encapsulated Pluronic-F127 NCs was injected through a tail vein. The basic experiment setup of the
animal in USF signal detection was shown in Figure 6-2. A nose-cone was placed over the animal’s nose to deliver
inhalant anesthetic. The HIFU beam is aligned with the photon collection fiber bundle. The focus of the HIFU was
positioned into the mouse. Two hours later, in vivo USF signal was acquired. All USF system parameters were the
same as those in the 12-mm thick tissue sample USF imaging described in Chapter 5, except that the HIFU driving
voltage was changed from 80 mV to 400 mV due to the significant dilution of the fluorophore concentration after

injecting into a large volume (animal body) and possible thermal loss due to blood perfusion in a living animal.
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Figure 6-1 The system for animal studies. (A) Isoflurane vaporizer connected to an animal chamber. (B) Oxygen
concentrator connected to the isoflurane vaporizer. (C) Physiological monitoring system including: a platform, three

probes, and a warming pad.
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Anesthesia

Figure 6-2 A photo to show the basic experiment setup of in vivo USF signal detection.

6.2.3 In vivo USF Mouse Tumor Imaging

FVB/N-Tg(MMTVneu)202Mul/J mice (female, 20-25 gram, n = 9) were purchased from Jackson Lab (Bar
Harbor, ME, USA). The animal protocols were approved by the University of Texas at Arlington’s Animal Care and
Use Committee. Animals were anesthetized with a mixture of 2%—2.5% isoflurane and 1-2 I/min of 100% oxygen. A
pulse oximeter was attached to the animal’s paw to monitor heart rate and oxygen saturation, and a rectal temperature
probe (attached to a homeothermic control blanket) was used to record and maintain core body temperature. Hair on
the tumor was removed using an animal trimmer and depilatory cream. After preparation, the animal was transferred
to the FD-USF system. The animal setup is shown in Figure 6-3. The excitation light was illuminated from the bottom
of the tumor and the emission light was collected from the top of the tumor, respectively. The ultrasound transducer
was placed below the tumor and focused inside the tumor at a depth of the half thickness of the tumor. In this study,
200 pi final solution of the ADP(CA).-encapsulated Pluronic-F127 NCs or 1CG-encapsulated P(NIPAM-AAmM

90:10) NPs were locally injected into the tumor. After one hour, USF images were acquired.
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Figure 6-3 A photo to show the basic experiment setup of in vivo tumor USF imaging.

6.2.3.1 Tumor USF imaging setup for ADP(CA).-based contrast agents

The excitation light source is a diode laser with a wavelength of 671 nm (MLL-FN-671). A 673/11 nm band-
pass filter (central wavelength: 673 nm; bandwidth: 11 nm) was applied as the excitation filter and three 715 nm long-
pass interference filters (cutoff wavelength: 715 nm) and two long-pass absorptive filters (edge wavelength: 695 nm)
were used as the emission filters.
6.2.3.2 Tumor USF imaging setup for ICG-based contrast agents

The excitation light source is a diode laser with the excitation wavelength of 808 nm; Two long-pass
interference filters (edge wavelength: 830 nm) and two long-pass absorptive glass filters (edge wavelength: 830 nm)

were used as the emission filters.

6.3 Results and Discussion

6.3.1 Detection of the in vivo USF Signal
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As shown in Figure 6-2, the HIFU beam is aligned with the photon collection fiber bundle. The focus of the
HIFU is positioned inside the mouse body (~5 mm higher from the bottom of the mouse). The mouse thickness at that
location is 10-12 mm. The in vivo USF signal was observed and is plotted in Figure 6-4. The open vertical (red) line
represents that ultrasound is off, and the three solid vertical (red) lines indicate that three ultrasound pulses are
delivered to the animal. Clearly, once an ultrasound pulse is applied, a USF pulse is generated (the blue line). Similar
to the USF signal in ex vivo mouse organs, the in vivo USF signal is also a negative signal. This negative USF pulse

relative to the baseline may be caused by the interaction of the USF agents with the in vivo biological environment.
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Figure 6-4 The acquired in vivo USF signal (the blue line) and the corresponding ultrasound exposure (the three sold

red lines). The open red line represents no ultrasound pulse is applied.

The mechanism of generating negative USF signal from the adopted low-threshold agents may be due to the
interaction of ADP(CA), molecules with biomolecules (such as proteins) either inside or outside the nanocapsules.
Two hypotheses are discussed here. (1) When USF contrast agents were intravenously injected into the mouse body,

some biomolecules or proteins may bind to the fluorophores (ADP(CA)2) inside the nanocapsules, changing the
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microenvironment of the fluorophores and significantly increasing the fluorescence intensity. This increase may be
even stronger than the fluorescence increase caused by the shrinkage of the nanocapsules when they are exposed to
temperatures above the threshold. After firing an ultrasound pulse, the nanocapsules shrink and expel the
biomolecules. As a consequence, the fluorescence intensity drops. (2) After several hours of intravenous injection of
the agents, because the mouse body temperature (~37 C) is higher than the agent’s threshold (~23 TC), some
ADP(CA), molecules may be gradually released from the nanocapsules while others may remain inside. If ADP(CA):
molecules have a chance to attach to a protein, they emit strong fluorescence because of the decrease of the local
polarity. The emitted signal will decrease if the ultrasound-induced temperature or ultrasound-induced mechanical
effect is somehow unfavorable for the fluorophore-protein interaction, which forms the observed negative USF signal
in a biological environment. More detailed studies will be conducted in the future.
6.3.2 High-resolution in vivo USF Imaging of a Large Mouse Tumor

In this study, different types of USF contrast agents with low (< 37<C) and high (> 37 <C) temperature
thresholds were used in this study, including: ADP(CA)z-encapsulated Pluronic-F127 NCs and 1CG-encapsulated
P(NIPAM-AAM 90:10) NPs. In the experiment, 200 i final solution of the contrast agent was injected locally into
the tumors. To make sure the contrast agents were injected into the tumor successfully and the emission light collection
fiber is at the right position (i.e., cover the injection area), the fluorescence signals before and after the injection were
recorded. Then the USF imaging was performed.
6.3.2.1 In vivo tumor USF imaging using ADP(CA)2 NCs

Figure 6-5 shows the background fluorescence signal in the tumor region before and after injecting the
contrast agents. The blue line is the PMT output which indicates the fluorescence signal acquired by the collection
fiber. From this signal, we can verify that the excitation laser was modulated at 1 KHz. The yellow line represents the
phase-locked reference signal for the lock-in amplifier with the same frequency. Before injection, shown in Figure 6-
5, the peak-to-peak signal strength of the PMT output is 26 mV, which is mainly contributed from autofluorescence
and laser leakage. It increased to 352 mV (13.5-fold) after injecting ADP(CA), NCs, which means the contrast agents

were injected successfully.
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Figure 6-5 (A) The background fluorescence signal without injecting ADP(CA).-based agents. (B) The fluorescence

signal after injecting 200 L ADP(CA),-based agents.

After one and half hours, the in vivo high-resolution USF image was acquired in a mammary tumor and
shown in Figure 6-6(B). The corresponding white-light photo of the tumor is shown in Figure 6-6(A). The ultrasound
transducer was located below the tumor and focused inside the tumor around the half of the thickness of the tumor.
The red square shown on the white-light photo schematically indicates the USF scanning area (x-y: 2.54>2.54 mm?).
Note that the red square cannot be used as the scale bar. Therefore, the acquired USF image presents an image on the
x-y plane in the middle of the tumor. After processing the raw data, signals with specific USF temporal pattern were

identified. This indicates the USF image is representing the distribution of USF contrast agents rather than some
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random noise. Clearly, this USF image provides some in vivo micro-information with high spatial resolution that

cannot be seen from the white-light photo.
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Figure 6-6 (A) and (B) show the photo of the mouse tumor and the corresponding in vivo USF tumor image.

After 20 mins, another USF tumor image was acquired in its adjacent area. The depth remained at the same
location and the scanning area (2.54>2.54 mm?) inside the tumor in x-y plane was moved a distance of 1.27 mm
towards the body. The white-light photo and its corresponding USF image were shown in Figure 6-7(A) and (B).
Comparing Figure 6-6(B) with Figure 6-7(B), we can see the difference of the contrast agent’s distribution. It is
reasonable because the second scanning area is closer to the injecting site so that there were more contrast agents

distributed there.
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Figure 6-7 (A) The white-light photo of the mouse tumor. (B) The corresponding in vivo USF tumor image.

Similar experiments were conducted on other tumors in mice. Another example is shown in Figure 6-8(B).
This tumor USF image was acquired after injecting the contrast agents for 40 mins. The HIFU focus was placed inside
the tumor with the depth of ~0.55 cm and the scanning area is still 2.54>2.54 mm? in x-y plane. Some micro-

information such as microstructures (different tumor lobes) can be revealed.
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Figure 6-8 (A) shows the photo of the mouse tumor (thickness: 1.1 cm). (B) shows the corresponding in vivo USF

tumor image.

6.3.2.2 In vivo tumor USF imaging by using ICG NPs

To demonstrate the feasibility of in vivo USF imaging using different types of contrast agents and to
investigate the LCST effect on the negative USF signal, further experiments based on ICG-encapsulated P(NIPAM-
AAmM 90:10) NPs (LCST: 39 <C) were conducted. In order to best excite the ICG fluorophore and achieve better USF
signal strength, the laser and corresponding filter setup were changed into an 808 nm diode laser and two 830 nm
long-pass interference filters combined with two 830 nm long-pass absorptive glass filters.

In a similar procedure, the background fluorescence signal before and after contrast agents injection were
acquired. Figure 6-9 shows that the fluorescence signal increased 16.6 folds after the ICG NPs were injected into the

tumor which is similar to the result of ADP(CA), NCs and indicates ICG NPs were successfully injected.
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Figure 6-9 (A) The background fluorescence signal without injecting ICG-based agents. (B) The fluorescence signal

after injecting 200 L 1CG-based agents.

In this study, the tumor thickness is 1 cm. The scanned x-y plane was in a depth of ~0.5 cm. The in vivo USF
image shown in Figure 6-10 was acquired half an hour after the injection. Signals with specific USF temporal pattern
were identified, which suggests that ICG NPs also work for the in vivo USF imaging. During the injection in this
experiment, the needle was placed into the tumor with an angle. The distribution of the contrast agents presented in
the USF image is matched with the injection direction very well. It’s worth pointing out that the in vivo USF signal of

ICG NPs is still negative even though the LCST is higher than the body temperature. This further confirms that the
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negative USF signal is mainly caused by the interaction between the USF agents and the in vivo biological environment

rather than the low LCST effect of ADP(CA)2 NCs.
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Figure 6-10 (A) The while-light photo of mouse tumor. (B) The in vivo USF tumor image with contrast agents of

ICG NPs.

6.4 Conclusion
The feasibility of in vivo USF imaging was evaluated in the preliminary studies in this chapter. We achieved
high-resolution and noninvasive in vivo USF imaging for the first time on mouse tumors. In addition, two types of
contrast agents which have both low and high LCSTs have been tested in this study for in vivo USF imaging and both
of them worked well. The results indicate the negative in vivo USF signal is probably due to the interaction between
the USF agents and the biological environment. This work further demonstrated the capability of USF in centimeter-

deep tissue high-resolution imaging and the great potential of USF for in vivo applications.
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Chapter 7
Conclusions and Future Work
7.1 Conclusions

The significant barrier which prevents optical imaging techniques from revealing micro-information
embedded in deep tissue is the light diffusion limit. Because of the strong tissue light scattering, it is extremely difficult
to focus light into a tiny spot in centimeter-deep within the body. This dissertation explores the strategies and develops
a fundamentally different imaging technique (USF: ultrasound-switchable fluorescence) to achieve fluorescence
microscopic imaging in centimeter-deep tissue. This new imaging technique combines the advantage of ultrasound
including the small tissue ultrasonic scattering and the heating effect within the ultrasound focal volume and the
advantage of diffused photons which can penetrate deep with NIR wavelengths via scattering. The specific objectives
were: (1) Develop basic USF contrast agents; (2) Develop excellent NIR USF contrast agents; (3) Develop a sensitive
USF imaging system and an effective signal processing algorithm; (4) Validate this new imaging modality and
demonstrate its capability in phantoms and ex vivo biological tissues; and (5) Demonstrate its in vivo feasibility in
centimeter-deep microscopic imaging, especially for tumor. Those objectives have been accomplished in the studies
presented in Chapters 2-6.

In Chapter 2, USF contrast agents were synthesized based on environment-sensitive fluorophores and
thermosensitive polymers. Four commercially available polarity-sensitive fluorophores were adopted including:
DBD-ED, St633, Sq660, and St700. Among several thermosensitive polymers, PNIPAM and its copolymers were
selected because of its good thermal response and its adjustable LCST. We developed and tested two different
structures including linear polymer chain form and nanoparticle form. To compare different contrast agents, five
parameters were defined: (1) Aexand Aem; (2) lon/lofr; (3) ton/tofr; (4) Tw; and (5) Tew. A fluorescence intensity and
lifetime measurement system was built up for characterization. The results show that the contrast agents developed in
this study have blue or red wavelengths, high lifetime on-to-off ratio (1.1-7.2), acceptable intensity on-to-off ratio
(1.1-4.2), narrow temperature transition bandwidth (~ 5 <C), and adjustable temperature switching threshold (26-42
<C). However, contrast agents with longer wavelength (NIR or Far red) and higher intensity on-to-off ratio are highly
desired to penetrate deeper and to obtain better SNR.

In Chapter 3, excellent NIR USF contrast agents were developed by using the same principle investigated in

Chapter 2, but with different fluorophores and thermosensitive polymers. Two environment-sensitive fluorophores
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whose wavelengths are located in NIR range were adopted, including: ADP(CA); (synthesized by our collaborator in
University of North Texas) and ICG (commercial available). First, we tested their environment-sensitivity by varying
different microenvironments and explored their switching mechanism, especially for ADP(CA).. Then we synthesized
and characterized a family of contrast agents based on those fluorophores. Herein, another thermosensitive polymer
(Pluronic) was taken into consideration since it is difficult to encapsulate ADP(CA), into PNIPAM NPs because of
the fluorophore’s strong hydrophobicity. The results indicate ADP(CA); is extremely sensitive to its micro-
environment, including: polarity, viscosity, biological macromolecules, surfactant, and intracellular environment. The
contrast agents ADP(CA), NCs and ICG NPs have excellent switching properties, including high fluorescence on-
and-off ratios (maximum: 362), narrow transition bandwidth (5-10 <C), adjustable switching threshold (23-45 <C),
and excellent switching repeatability (> 6 times). With the help of those contrast agents, the fluorescence emission
efficiency has been significantly improved and centimeter-deep tissue fluorescence high-resolution imaging with good
SNR and sensitivity becomes achievable.

In Chapter 4, we developed a sensitive frequency-domain USF imaging system and the corresponding signal
identification algorithm. We started with investigating a continuous wave imaging system which utilized a continuous
laser and PMT detection. Principles and high-resolution USF images were discussed. Its resolution is unprecedented
in 8-mm deep tissue (290 pm), however, its SNR and imaging depth are limited. In order to significantly increase
detection sensitivity, imaging depth, and SNR, we developed a frequency-domain imaging system in which the laser
was modulated at a frequency of 1 KHz and a lock-in amplifier detection method was adopted. By using this system,
unique USF temporal patterns of the contrast agents were observed and investigated. The results indicate those typical
USF dynamic curves are different from the background noise and are independent of signal strength. They only depend
on the type of the contrast agent. Based on these findings, an effective signal processing algorithm (i.e. a correlation
method) was developed and found it increased the SNR significantly and helped achieve multiplex imaging by
efficiently differentiating the USF photons from background photons and differentiating one type of USF agent from
another.

Chapter 5 evaluated the feasibility of FD-USF in centimeter-deep tissue microscopic imaging in tissue-
mimicking phantoms and ex vivo biological tissues, including porcine muscle tissues and ex vivo mouse organs (liver
and spleen). The results show that it can achieve high spatial resolution (900 jum) in three centimeter-deep tissue with

high SNR (18-242) and picomole sensitivity (~3.4 picomoles). The laser and ultrasound pulse are well below the
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ANSI safety thresholds. Traditional diffuse fluorescence imaging (DF) and ultrasound imaging were used to compare
and validate the USF technique. The images acquired from those three imaging modalities based on the same target
were compared in aspects of target shape, size, and position. The images acquired from different modalities matched
well. Besides, the spatial resolution of USF was significantly improved compared with DF (~5 times). Multi-color
USF imaging was also performed using different system setups (via multiple scans) or the algorithm-based
differentiation method (via a single scan). The first way utilizes different excitation and emission setups so that it
makes the procedure more complicated and time consuming. The second way is much easier and time efficient, in
which the multi-color USF image is achieved from a single scan and different colors are differentiated by the
correlation algorithm. This shows a great potential for imaging multiple targets simultaneously in the future. To
demonstrate USF’s capability further, it was tested in €x vivo mouse organs to see whether we can obtain USF signals
when the contrast agents are inside the animal organs and reveal some micro-information that cannot be seen from the
conventional fluorescence imaging technologies. The results demonstrated the feasibility of USF imaging in ex vivo
mouse organs. Some blood vessels or microstructures of liver and spleen were revealed in USF images.

Chapter 6 evaluated the in vivo feasibility of USF. As a goal of developing a new imaging technology, it is
important to test it in vivo. We first developed an in vivo USF imaging system by incorporating the previous FD-USF
system with an animal sub-system, including: an anesthesia system and a physiological monitoring system. Two
injection methods were adopted for in vivo USF imaging in living mice, including intravenous injection and local
injection. Meanwhile, two different types of USF agents with low and high LCSTs were tested, including ADP(CA),-
encapsulated Pluronic F-127 NCs (LCST: 23 <C) and ICG-encapsulated P(NIPAM-AAmM 90:10) NPs (LCST: 39 <C).
The results showed that in vivo USF signals was acquired in healthy mouse tissue after intravenously injecting the
contrast agents of ADP(CA)2 NCs. In vivo mammary tumor USF images were acquired using either ADP(CA). NCs
or ICG NPs via local injections. These preliminary in vivo studies further demonstrated the capability of USF imaging
in centimeter-deep tissue with high spatial resolution and its potential for in vivo applications.

7.2 Limitations and Future Directions
7.2.1 Improving USF Imaging Speed

Currently, it takes ~20 minutes to acquire one high-resolution USF image. The low speed is mainly caused

by the time required for heating and cooling the tissue. The imaging speed should be significantly improved.

7.2.2 Further Improving FD-USF Spatial Resolution
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First, current FD-USF resolution is ~2 times worse than the lateral acoustic focal size of the HIFU transducer
and ~3 times worse than the resolution of the CW USF system. The gain is the improved sensitivity, SNR, imaging
depth, and low concentration of the contrast agent. The reason of this resolution loss has been discussed in Chapter 4.
More studies should be conducted to investigate the possible ways to further improve the spatial resolution.

Second, if using a single-element HIFU transducer, the axial size is always a few times larger than the lateral
size, which will degrade the quality of 3-D images. Adopting two 90 <crossed transducers with overlapped foci may
partially solve this issue. This strategy is being investigated in our laboratory. In addition, adopting a transducer with
a small f-number <1 is also helpful, because the axial focal size is proportional to the square of the f-number.

7.2.3 Exploring More USF Fluorophores for Deeper Tissue Imaging

It is highly desired to explore more USF fluorophores to cover the NIR spectrum of 750-900 nm. This will
be useful for achieving even deeper tissue imaging because tissue has relatively lower absorption coefficient in this
range (compared with 670-700 nm). Also, it is useful for multi-color USF imaging if more NIR USF fluorophores can
be synthesized.

7.2.4 Investigation of the Mechanism of the Negative in vivo USF Signal

When injected into animal body, the contrast agents show the negative USF signal when HIFU is applied.
The studies discussed in Chapter 6 indicate that the interaction between the agents and biological environment may
be the main cause. Further in vitro and in vivo experiments should be done to reveal the mechanism.

7.2.5 Specific Targeting of the USF Contrast Agents

The feasibility of in vivo USF imaging in mice tumor has been demonstrated in Chapter 6. However, it is
very preliminary and the exact structure or information the USF image represented is still unclear. If the USF agents
can specifically target to either a known biological structure, one type of cells or some biomolecules, it will make USF

a more powerful tool for in vivo applications.
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Appendix A

Linear Format of USF Contrast Agent based on ADP(CA);
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Besides encapsulating ADP(CA), into a Plurnoric nanocapsule as the USF contrast agent, ADP(CA),-
conjugated linear polymers were also developed as the contrast agent for USF. Based on our previous work,
thermosensitive polymers were found that they could efficiently change the microenvironment for the environment-
sensitive fluorophores when responding to the surrounding temperature. When the temperature is beyond LCST of
the thermosensitive polymers, these polymers experience a reversible phase transition. This phase transition leads to
a significant change in polarity and viscosity microenvironment. Since ADP(CA). was found extremely sensitive to
its microenvironment (especially polarity and viscosity), three different ADP(CA)2-conjugated thermosensitive linear
polymers were synthesized: P(NIPAM-AH 200:1)~ADP(CA),, P(NIPAM-TBAmM-AH 185:15:1)~ADP(CA)., and
P(NIPAM-AAmM-AH 172:28:1) )~ADP(CA),. The detailed protocol is similar to the one discussed in Chapter 2. The
characterization of their response to temperature has been shown in Figure A-1. The results indicate these contrast
agents have three different LCSTs, 28.3 °C, 34 °C and 42 °C. The fluorescence of these agents was in “OFF” state
when the temperature is below LCST. Once the temperature is across the LCST, the fluorescence was significantly
turned on. The temperature transition bandwidths were found to be 28.3~32.8 °C, 34~38 °C and 42~46 °C. Within
these ranges the fluorescence intensity on-to-off ratios (lon/lore) Were found to be 304-fold, 318-fold and 284-fold. A

summary of those contrast agents with linear format was provided in Table A-1.
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Figure A-1 Fluorescence intensity changes of ADP(CA);-conjugated linear polymers as a function of temperature.
The contrast agents are P(NIPAM-AH 200:1)~ADP(CA)., P(NIPAM-TBAm-AH 185:15:1)~ADP(CA), and
P(NIPAM-AAmM-AH 172:28:1) )~ADP(CA).. Excitation wavelength: 655 nm. Emission filter: 711/25 band-pass

filter and a neutral density filter with OD 0.9. Laser energy: 700pJ.

Table A-1 Overview of ADP(CA).-based agents with linear format
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Ttn: Temperature threshold (LCST); Tew: transition bandwidth
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Appendix B

Frequency-Domain USF Imaging System via Two Lock-in Amplifiers
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The system was shown in Figure B-1. A diode laser (MDL-I11-808R) was used as the excitation light source.
The laser was modulated by a function generator (FG, 33220A, Agilent, Santa Clara, CA, USA) at the frequency of 1
KHz. At the same time, the same FG generated a phase-locked signal and sent it to the first LIA (SR830, Stanford
Research Systems, Sunnyvale, CA, USA) as its reference signal. A band-pass filter F1 (FF01-785/62-25, Semrock,
New York, USA; central wavelength: 785 nm; bandwidth: 62 nm) was used as an excitation filter to clean up any
undesirable sideband components of the diode laser, which was located in the pass band of the emission filters. To
maximally block the leakage of the excitation light and maintain a high fluorescence signal, two long-pass interference
filters (F2 and F3; BLP01-830R-25. Semrock, New York, USA; edge wavelength: 830 nm) and two long-pass
absorptive glass filters (F4 and F5; FSR-RG830, Newport, Irvine, California, USA, cut-off wavelength: 830 nm) were
adopted and positioned as shown in the figure. The excitation laser and corresponding emission filter sets are
changeable to best match different contrast agents’ excitation and emission spectrum. Two NIR achromatic doublet
lenses (AC-254-035-B, Thorlabs, New Jersey, USA) were used to collimate the fluorescence photons for best rejecting
the excitation photons by the interference filters and to focus the filtered photons onto a cooled and low-noise PMT
(H7422-20 driven by a high-voltage source C8137-02, Hamamatsu, Japan). The signal was further amplified by a low-
noise current preamplifier (SR570, Stanford Research Systems, California, USA) and sent to the first lock-in amplifier.
Then the output of the first LIA was sent into the second LIA. The output of the second lock-in amplifier was acquired
by a multichannel oscilloscope (DPO4102b-I, Tektronix, Oregon, USA) and by a DAC card which was interfaced to
a computer. A gated sinusoidal wave signal with a central frequency of 2.5 MHz was generated by the FG (33220A,
Agilent, California, USA) and was further amplified by the RF power amplifier (325LA, E&I, New York, USA). The
amplified signal was input into the MNW to drive the HIFU transducer. The HIFU transducer was focused on the
target. Two PDGs (P400, Highland, California) were used to synchronize the entire system. The gating signal for
HIFU which was generated from the first PDG was taken as the reference signal of the second lock-in amplifier. Both
the HIFU transducer and the sample were mounted on a three-dimensional translation stage for both initial HIFU
positioning and subsequent scanning. In the initial positioning, the sample was stationary and the HIFU transducer
was moved to the position where the acoustic echo from the tube reached the maximum (indicating that the tube was
located on the HIFU focus). This position was considered as the center of the image. A rectangular area surrounding

the center was raster scanned.
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Figure B-1 A schematic diagram of the USF imaging system.
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Figure B-2 The USF image of a micro-tube embedded into the porcine muscle tissue.
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Figure B-2 shows the USF image of the tube embedded in tissue-mimicking silicone phantom. The thickness
of the phantom is 0.8 cm and the tube size is 310 pm of 1.D. and 640 m of O.D.. In this study, the tube was filled
with aqueous solution of ADP(CA), NCs. The excitation laser and filters were adjusted accordingly to a 671 nm diode
laser and three 715 nm long-pass interference filters along with two 695 nm long-pass absorptive filters. The FWHM
of the USF profiles along the x direction at each y location were calculated. The averaged FWHM at different y
locations were 0.93 £0.07 mm. The spatial resolution is similar to the frequency-domain USF imaging system by
adopting one lock-in amplifier which has been described in Chapter 4. However, the temporal resolution of this system

is much lower because of the imaging principle.
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