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Abstract
DESIGNING AND ADVANCING CONTRAST AGENTS FOR ULTRASOUND-

SWITCHABLE FLUORESCENCE IMAGING

Yang Liu, Ph.D.

The University of Texas at Arlington, 2021

Fluorescence imaging is a remarkable tool for molecular targeting and multicolor imaging,
but it suffers from poor resolution in centimeters-deep tissues. The recently developed
ultrasound-switchable fluorescence (USF) imaging has overcome this challenge and
achieved in vivo imaging with the help of the indocyanine green (ICG)-encapsulated
poly(N-isopropylacrylamide) (ICG-PNIPAM) contrast agent. As USF imaging advances,
there is a great demand to expand the contrast agent bank so that applications can be
achieved using different types of contrast agents. Also, there is a need to improve the

current ICG-PNIPAM nanogel.

This study focused on improving the ICG-PNIPAM nanogel, formulating a novel contrast
agent, and exploring dual-modality imaging. First, we controlled the size of the ICG-
PNIPAM nanogel by adjusting the quantity of sodium dodecyl sulfate (SDS), and we
successfully synthesized an ICG-PNIPAM nanogel from 55.6 nm to 515.1 nm. The ICG-
PNIPAM nanogel in different sizes showed great stability and switching repeatability.
Further in vivo USF imaging demonstrated that different-sized nanogel accumulated in

organs such as the spleen and liver. We achieved both ex vivo and in vivo computed
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tomography (CT) and USF dual-modality imaging with the gold nanoparticles and ICG-

loaded PNIPAM nanogel.

A novel ICG-loaded liposomal microparticle was first formulated for USF imaging.
Compared with ICG-PNIPAM nanogel, ICG-liposome had a narrow fully switched-ON
temperature range, a near-infrared (NIR) emission peak at 836 nm, and great
biocompatibility. Both ex vivo and in vivo USF imaging were successfully conducted and
proved that ICG-liposome was another excellent USF contrast agent. Further, the bi-layer
lipid membrane was constructed with additional lipid that had pegylated chains and folate
targeting groups associated. The size of the liposome was reduced and controlled from 82.3
nm to 162.4 nm. A high increase in fluorescence intensity and a switch-ON temperature
closer to body temperature were observed. In addition, the ICG-liposome nanoparticles had
a high encapsulation efficiency of more than 80 % and a release efficiency of up to 48.01 %
when assisted with ultrasound. A potential USF imaging-guided and ultrasound-assisted

drug delivery application can be achieved.

In conclusion, this study not only improved the existing I[CG-PNIPAM nanogel with size
control but also formulated novel liposomal microparticles and nanoparticles for both ex
vivo and in vivo USF imaging. In addition, we achieved CT and USF dual-modality
imaging with gold nanoparticle (AuNP) and ICG-loaded PNIPAM nanogel. We strongly
believe that with the improvements and innovations accomplished in this study, USF

imaging will become a valuable tool in the field of biomedical imaging.
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Chapter 1
Introduction and Background
Biomedical imaging helps diagnose diseases, track lesion cell progression, and study the
cell structure and interaction between cells. They are important tools in both biomedical
research and clinical applications. For example, researchers used molecular fluorescence
imaging to target and track molecule movement inside the body to study cell uptake activity
[1]. In addition, biomedical imaging helps with surgery and imaging-guided drug delivery

applications [2—4].

1. Fluorescence Imaging

1.1 Principle

Fluorescence imaging has advanced dramatically in recent years. It has been widely used
for functional imaging and colorful imaging to better differentiate structures. During
fluorescence imaging (shown in Figure 1), we implemented an excitation light source at a
specific wavelength to illuminate and excite fluorophores or contrast agents in a region of
interest. The light was absorbed and an emitting light with a longer wavelength, and lower
energy was generated. This emission light passed through filters to filter out excitation light
and other noise before reaching the detector. Then, the signal was transformed into an
electric signal and finally processed to form the fluorescence image. Fluorescence can be
used to study cell activities, identify lesions, and monitor tumors. Due to its unique light-
related image, a colorful image with labels of structures can be obtained. Recently, the
assistance of fluorescence imaging in surgery has been widely applied to identify lesions

and tumors. Fluorescence imaging can outline a clear boundary between normal tissue and



a lesion, allowing tissue damage to be minimized and unwanted tissues to be removed
efficiently [5-7]. However, conventional fluorescence imaging suffers from poor

resolution in centimeter-deep tissues due to light scattering caused by tissue.

Tissue

Figure 1. A fluorescence imaging diagram with contrast agents embedded in tissue. A laser
light source was used to excite the contrast agent, and a camera was used to collect the
emitted fluorescence light, which was finally processed on a computer to acquire the

fluorescence image.

1.2 Contrast Agents

For conventional fluorescence microscopic technologies, fluorescent dyes, which are used
in fluorescence imaging, range from visible to near-infrared (NIR) wavelengths. Visible
dyes were applied for cell fluorescence imaging labeling, such as cyanine and ATTO series
dyes. For relatively deep tissue imaging, NIR-I dyes, such as indocyanine green (ICG),

were used. NIR-II dyes (~1000 — 1700 nm) can be used for microscopic imaging in even



deeper tissue because light scattering is significantly reduced. However, tissue absorption

becomes high, which limits the imaging depth.

Except for fluorescent small molecules, fluorophores encapsulated or attached to particles
were also formulated and used in fluorescence imaging. After modifying the composition
and surface of particles, they can be used for active targeting [8], extending in vivo
circulation time [9] and responding to the surrounding environment such as pH,
temperature, and pressure [ 10—12]. Contrast agents formulated with various materials were
also implemented, such as polymers, metals, and lipids. Different materials were designed
for fluorescence imaging requests. For example, polymer-based contrast agents have
outstanding structural stability and are suitable for long-term fluorescence imaging
applications. Lipid-based contrast agents are usually biocompatible and suitable for in vivo

fluorescence imaging.

1.3 Centimeter-deep Tissue Fluorescence Imaging

Tissue fluorescence imaging at a depth of a few centimeters is usually conducted with NIR-
I and NIR-II dyes due to less tissue absorption and scattering, which can result in high
spatial resolution in millimeters or centimeters of deep tissue. A recent study using an
aggregation-induced emission fluorescence probe was reported to break the fluorescence
imaging depth limitation of millimeter-deep tissue and achieve 1.5 cm of deep vascular
imaging in the NIR-II range [13]. In addition, a Mn>*-doped barium phosphate contrast
agent showed not only fluorescence imaging capability in deep tissue but also had a

temperature sensitive fluorescence peak, which decreases as temperature increases, in the



NIR-IT window [14]. Because of these distinguishing characteristics, this contrast agent
was able to achieve a 2.8 cm depth of tissue fluorescence imaging and potential temperature
monitoring in deep tissue. A core/shell nanoparticle was developed in Chen’s lab to achieve
fluorescence imaging at 3.5 cm with a cuvette/tissue model [15]. A recent tissue phantom
study also reported the fluorescence imaging of 1 mm particles at a depth of 8 cm with the
Detection of Optically Luminescent Probes using Hyperspectral and diffuse Imaging in

Near-infrared (DOLPHIN) imaging system [16].

2. Ultrasound-Switchable Fluorescence Imaging

2.1 Principle

Fluorescence imaging is a remarkable biomedical imaging tool. However, it suffers from
poor resolution in centimeters-deep imaging due to light scattering in tissue. The
ultrasound-switchable fluorescence (USF) imaging developed in our lab showed great
potential to resolve the issue mentioned above (Figure 2). During USF imaging, a focused
ultrasound beam scans through the imaging area and induces thermal energy to cause a
temperature increase at the beam focus. Thermal-sensitive contrast agents shrink while the
surrounding temperature rises. When the temperature reaches the lower critical solution
temperature (LCST) point, contrast agents are switched “ON” and the emitted fluorescence
intensity surges. Because the increase in fluorescence intensity is confined within the
ultrasound focal volume, the spatial resolution of the USF imaging depends on the size of
the thermal focal zone. In addition, because the increase in the fluorescence intensity comes
only from contrast agents, the signal received can be easily differentiated from background

noise so that the signal-to-noise ratio (SNR) and the sensitivity are refined.



Figure 2. USF imaging system diagram. A laser was used to excite contrast agents. High
intensity focused ultrasound (HIFU) transducer is used to heat up the region of interest and
only contrast agents within the region emit stronger fluorescence light due to the size
reduction of the contrast agents. A camera was used to collect emitted fluorescence light,

and a computer was used to process the data and acquire the USF image.

2.2 Current Available USF Contrast Agents

As a temperature-sensitive USF imaging contrast agent, it should be flexible enough and
can contract while the temperature increases and expand while the temperature decreases.
The structure of the contrast agent should be stable enough during contracting and
expanding to avoid destruction. In addition, the structure of the contrast agent needs to be
intact when exposed to temperature increases and ultrasound mechanical force. We
developed Pluronic micelle, which has a single layer membrane and fluorescence dyes

encapsulated, for USF imaging. As the temperature increases, we observed a fluorescence



intensity fold change of more than 200 in a phantom model [17]. Two dyes, aza-BODIPY
and zinc phthalocyanine, were encapsulated in Pluronic micelles made from F127, F98,
F68, or F38 and characterized in fluorescence intensity and lifetime change with respect to
the change of temperature [18]. We used a tube model to compare USF imaging of different
combinations of dyes and micelles. However, after mixing Pluronic micelle with mouse
blood, the fluorescence intensity would not increase while the temperature increased, and
thus it cannot be used for USF imaging. Therefore, the protocol needs to be modified to

stabilize the related particles for USF imaging in live tissue environments.

Another USF imaging contrast agent, poly (N-isopropylacrylamide) (PNIPAM) nanogel,
exhibits exceptional stability for both storage and in vivo application. The first-generation
PNIPAM nanogel was reported by Pei and showed great temperature responsiveness with
change of fluorescence intensity, adjustable switch-ON temperature, and outstanding
switching repeatability [19]. Improvements were made with the second-generation
PNIPAM nanogel to extend the shelf life and reported a storage of 245 days while still
being good to use for USF imaging [20]. We used a phantom model to prove and
characterize the capability of PNIPAM nanogel for USF imaging. Later, the first-time in
vivo USF imaging was conducted with the second-generation PNIPAM nanogel and the
results showed an accumulation in the spleen [21]. To broaden the in vivo application of
PNIPAM nanogel, there was a great demand to control its size and perform targeted USF
imaging on different organs and tumors. Although PNIPAM nanogel achieved successful

in vivo USF imaging, the cytotoxicity was a drawback [22].



2.3 Criteria to Evaluate USF Contrast Agents

A thorough characterization of the USF contrast agent was essential to assess the capability
and features for USF imaging. First, understanding the background fluorescence intensity
of a USF contrast agent is vital. A lower background fluorescence intensity was desired to
achieve a high SNR. Second, a high fluorescence intensity increase after being fully
switched ON at the region of interest is preferred to give a high USF signal. High
fluorescence intensity increases, particularly in centimeter-deep tissue, can help not only
detect the USF signal but also obtain a high SNR USF image. The switch-ON point with a
temperature slightly above body temperature is wanted for in vivo USF imaging. It is ideal
that after introducing contrast agents, they stay in an OFF state to minimize background
noise. During USF imaging, contrast agents can be easily switched ON without causing
high temperature increases to prevent tissue damage. Similarly, the temperature required
to fully activate contrast agents should be kept as low as possible to avoid tissue damage.
In addition, low heat and ultrasound power can reduce the damage to the contrast agent
itself, preventing structure collapse. As mentioned previously, NIR dyes were favored for
deep-tissue fluorescence imaging to avoid light absorption and scattering caused by tissue.
Therefore, dyes with emission peaks in regions of NIR-I and NIR-II were desired. Another
criterion to consider is the stability of the contrast agent, which includes shelf-life time,
biostability, and storage conditions. Evaluation of circulation time, targeting or
accumulating efficiency, and biocompatibility should be performed for in vivo USF

imaging.



3. Specific Aims
The goals of this study are to improve the existing PNIPAM-based contrast agent for
organs/tumor imaging through size control, as well as to develop novel liposome-based
contrast agents for in vivo USF imaging and ultrasound assisted release. In addition, we
conducted synthesis and characterization of gold nanoparticles and ICG-encapsulated

PNIAPM nanogel for dual-modality imaging via computed tomography (CT) and USF.

The long-term goal of this study is to improve the performance of current USF contrast
agents and develop new contrast agents for USF imaging while advancing in vivo USF

imaging and exploring other potential applications.

To attain the objective and achieve the long-term goal, we researched the following specific

aims.

3.1 Aim 1: Achieve Size-Control of ICG-PNIPAM Nanogels for USF Imaging of Different
Organs and Tumors.

Current ICG-PNIPAM nanogels mainly accumulate in the spleen of mice. With the ability

to change the size of I[CG-PNIPAM nanogels, they have the potential to accumulate in

organs or tumors. To achieve the goal, we adjusted the concentration of sodium dodecyl

sulfate (SDS), an anionic surfactant, during synthesis and measured the size of ICG-

PNIPAM nanogels. We imaged the metabolic pathway of PNIPAM nanogel with different

sizes and conducted USF imaging on organs and tumors.



3.2 Aim 2: Synthesize Ist Generation of Liposome Microparticles for Biocompatible and
Near-infrared USF Imaging.

This aim synthesized liposomes with ICG dye encapsulated, and we studied the capability

for USF imaging. We evaluated the change in fluorescence intensity with respect to the

change of temperature using a home-built cuvette system. We used a spectrometer to

measure the spectrum and determined the cytotoxicity using a 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay. We conducted USF imaging in a tube

model, tissue model, ex vivo, and in vivo.

3.3 Aim 3: 2nd Generation of Liposome Nanoparticles Decorated with PEGylated Chains
and Folate Targeting Groups for USF Imaging and Ultrasound Assisted Release.
We controlled the size of liposomes via an extrusion method and used lipids such as DSPE-
PEG2000-folate and DPPC to form a bi-layer membrane. The synthesized liposomes had
PEGylated chains on the surface to improve their in vivo stability. Folate groups at the end
of PEGylated chains had the potential to target folate receptors on the surface of tumor
cells. We evaluated the USF imaging capability for various sizes of liposomes and
conducted a depth-study in a phantom model. We evaluated the loading efficiency of ICG
dyes and conducted an ultrasound-assisted release to assess the release efficiency of

liposomes.

3.4 Aim 4. Gold Nanoparticles and ICG-loaded PNIPAM Nanogel for CT and USF Dual-

modality Imaging.



We followed the Turkevich method to synthesize a gold nanoparticle (AuNP) solution and
then concentrated the AuNP solution. The AuNPs and ICG-loaded PNIPAM nanogel were
then synthesized and characterized. We conducted ex vivo CT and USF imaging, followed
by a local injection of nanogel at the thigh in mice. Because AuNPs were loaded into the

PNIPAM nanogel, CT and USF images can be co-registered and compared.
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Chapter 2
Size-Control of ICG-PNIPAM Nanogels for USF Imaging
1. Introduction
Recently, our lab developed a technology, USF imaging, to overcome the poor resolution
issue when imaging in centimeters-deep tissue via fluorescence [23]. A short ultrasound
pulse is applied to heat the region of interest and only contrast agent within this region is
switched ON, while surrounding contrast agents remain in OFF status. The switched-ON
contrast agents provide USF signals. The spatial resolution of USF depends on the size of
ultrasound focus (both lateral and axial focal sizes) and is independent of the imaging depth.
PNIPAM-based nanogel has a history of being used as one of the contrast agents for USF.
The first-generation of PNIPAM nanogel was developed to show its feasibility as a USF
contrast agent [19]. In addition, the switch-ON threshold was proven to be adjustable by
changing the quantity of hydrophilic monomers acrylamide (AAm) or hydrophobic
monomer of N-tert-butylacrylamide (TBAm). This feature is important for future ex vivo
and in vivo experiments. However, it has some limitations, such as short shelf life. The
second-generation of PNIPAM nanogel was then developed by Yu with an improved
storage stability of more than 6 months [20]. Later, a milestone was reached using the
second-generation of PNIPAM nanogel for both ex vivo and in vivo experiments [21]. The
results showed that most of PNIPAM nanogels accumulate in spleen after 3 hours of
circulation, and USF imaging was successfully conducted to show the in vivo imaging
capability. Furthermore, USF imaging of a breast tumor with a local injected PNIPAM
nanogel was conducted and proved the USF imaging capability of PNIPAM nanogel in a

tumor micro-environment. Nevertheless, previous studies lack detailed physiological
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characterization of the PNIPAM nanogel. Also, it is vital to explore USF imaging with
various sizes of PNIPAM nanogel because different applications might require different-

sized PNIPAM nanogels.

This study conducted a detailed physiological characterization of the PNIPAM nanogel.
We measured the hydrodynamic size via dynamic light scattering (DLS) and verified the
physical size and shape using transmission electron microscopy (TEM). We also studied
the effect of the physiological environment on the performance of PNIPAM nanogel. In
addition, we controlled the size of the PNIPAM nanogel from 55 nm to 500 nm by adjusting
the quantity of SDS used during synthesis. We analyzed the effect of size on the PNIPAM
nanogel using a fluorescence intensity profile. We then applied various sizes of PNIPAM

nanogel for different applications, such as in vivo USF imaging of the liver and cancer.

2. Materials and Methods
2.1 PNIPAM Nanogel Synthesis
Synthesis of the PNIPAM nanoparticle followed a previous published method with
modifications [20]. 1.166 g of N-Isopropylacrylamide (NIPAM) (monomer, 97 %), 0.118

g of AAm (adjust LCST, =99 %), and 12.05 mg of N, N’-methylenebisacrylamide (BIS)
(cross-linker, =99.5 %) were dissolved with 45 mL of deionized (DI) water in a Schleck

reaction tube. Various amounts (10 mg, 20 mg, 40 mg, 100 mg, 200 mg, and 300 mg) of

SDS (surfactant, = 98.5 %) were added to the tube to synthesize different sizes of

nanoparticles. The mixture was purged with nitrogen (99 %, Airgas, USA) for 1 hr with

stirring at 450 rpm. Then, the ICG (3.54 mg) was quickly poured into the tube, and a rubber

12



stopper was used to seal the tube. A vacuum/purge cycle was conducted five times to ensure
a nitrogen environment. The sample was first vacuumed for 2 minutes with stirring and
then purged with nitrogen. Next, the reaction tube was placed into an oil bath, which had a
temperature of 70 °C, and was heated with stirring for 30 min. The 4-4’-Azobis(4-
cyanopentanoic acid) (ACA) solution, which was prepared by dissolving 70 mg of ACA

(initiator, =98 %) into 5 mL of water (pH 10.5), was injected into the reaction tube. The

reaction was reacted for 19 hours at 70 °C with a stirring speed of 400 rpm. The obtained
PNIPAM nanoparticle solution was then dialyzed with a dialysis tube (10 kDa, Spectrum
Chemical Mfg. Corp., USA) for 3 days. PNIPAM nanogel samples are identified using the
format: PNIPAM-XmgSDS. “X” represents the quantity of SDS. For example, PNIPAM
nanogel synthesized with 20 mg SDS is identified as PNIPAM-20mgSDS. Freeze-drying
was followed and the desired concentration of PNIPAM was prepared. Samples were

stored at 4 °C in dark. All chemicals were purchased from Sigma-Aldrich.

2.2 Size Characterization and Zeta Potential Measurement

The DLS (NanoBrook 90PlusPALS, Brookhaven Instruments, USA) was utilized to
measure the median hydrodynamic size of PNIPAM nanoparticles. The PNIPAM solution
was diluted 30 times with DI water in a 3.5 mL quartz cuvette to avoid aggregation before
measuring. The measurements were conducted at room temperature and repeated at least

three times.

The zeta potential of PNIPAM nanogel was measured by diluting the nanogel 30 times

with DI water and loading it into a 3.5 mL gold electrode cuvette. Then, the phase analysis

13



light scattering (PALS) (NanoBrook 90Plus PALS, Brookhaven Instruments, USA) was
used to conduct zeta potential measurements at room temperature. Each measurement was

repeated five times.

TEM (H-9500, Hitachi, Japan) was used to measure the physical size and visualize the
shape of PNIPAM nanogel. First, the PNIPAM nanogel was diluted 50 times to avoid
aggregation during imaging. A 200-mesh copper grid was fixed using forceps. A 10 pL
PNIPAM nanogel was dropped on the grid and left overnight to allow complete solvent
evaporation. Then, 10 pL of 0.5 % uranyl acetate was dropped on the grid to negatively

stain the sample. After 10 minutes, the sample was placed in the TEM for imaging.

2.3 Spectrum

The excitation and emission spectra of PNIPAM nanogel were characterized using a
spectrometer (Fluoromax-Plus-C, Horiba, Japan). PNIPAM nanogel was diluted 10 times
to avoid saturation. A 300 uL quartz cuvette (Hellma, Germany) was used to hold a 200
uL PNIPAM sample. The cuvette was placed inside a holder with stirring and temperature
control at 25 °C. The emission spectrum was scanned from 575 nm to 850 nm using an
excitation light of 500 nm. A 550 nm long-pass filter (Semrock, USA) was used to avoid
leakage of excitation light. Also, the excitation spectrum was scanned from 500 nm to 800

nm.

2.4 Fluorescence Intensity Study and Switch-ON/OFF Tests
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An in-house built cuvette system was applied to examine the fluorescence intensity profile,
which was the relationship between the fluorescence intensity emitted from the PNIPAM
nanogel with respect to the change in temperature. A 3 mL PNIPAM nanogel solution was
loaded into a 3.5 mL quartz cuvette and placed in a temperature-controlled holder
(Quantum Northwest, Inc., USA) with a stir. An 808 nm excitation laser (MGL-II-808-2W,
Dragon lasers, China) was used to excite the sample. The emitted light from PNIPAM
nanogel passed through an 830 long-pass filter (Semrock, USA) before being collected by
a modular USB spectrometer (USB2000+, Ocean Inlight, USA). The temperature
measurement ranges from 30 °C to 55 °C with an increment of 0.1 °C. A temperature probe
was inserted into the cuvette to monitor the sample temperature. The fluorescence intensity

at various temperature points was recorded.

The switch-ON/OFF test was conducted using the same in-house built cuvette system.
Briefly, after loading the sample into the cuvette, the temperature controller was set at 30
°C. When the sample temperature reached the targeting point, the fluorescence intensity
for switch OFF was recorded. Then, the temperature was quickly raised to 55 °C to fully
switch ON the PNIPAM nanogel. The fluorescence intensity was recorded after reaching
the targeting point. A total of five cycles of switching ON/OFF were conducted to test the

stability of PNIPAM nanogel.

2.5 Stability Tests in Physiology Mimicked Environment
Before conducting ex vivo and in vivo experiments, it is necessary to verify if the PNIPAM

nanogel is stable when exposed to different physiological environments. To simulate the
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in vivo microenvironment with different pH values and protein contentions, solutions with
different pH values (5.39, 6.18, 7.40, and 9.60) and bovine serum albumin (BSA)
concentrations (0, 3, 6, 10, 20 mg/mL) were used. The previously mentioned in-house built
cuvette system was used, and PNIPAM nanogel was mixed with different solutions (1:10

v/v) to examine the change in fluorescence intensity profile.

2.6 Cell Culture and Tumor Model

Two cancer cell lines were cultured, which included the brain cancer cell (U87, ATCC,
USA) and pancreatic cancer cell (BxPC-3, ATCC, USA). Both cell lines were cultured in
Dulbecco's modified eagle's medium (DMEM, ATCC, USA). After the cell concentration
reached 3 x 10° cells/mL, 100 uL of cancer cells were injected into each nude mouse (NU/J,
female, Jackson Laboratory) subcutaneously at the thigh to construct the tumor model. See

Appendix A for detailed cell culture procedures.

2.7 In vivo USF Imaging Using Various-sized PNIPAM Nanogel

Various-sized PNIPAM nanogels were injected into mouse models (BALB/c mouse,
female, 7 weeks) via an intravenous (IV) injection. The detailed USF in vivo imaging
methods were described in published articles by Yu and Yao [21,24]. A 3-dimentional scan
was conducted on either the spleen or liver after confirming the accumulation peak time of

PNIPAM nanogel at a certain organ.

3. Results

3.1 Size, Zeta Potential, and Spectrum
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As shown in Figure 3, the sizes of PNIPAM nanogels synthesized with various amounts of
SDS were characterized and summarized in Figure 3. As shown in Figure 3a, the
hydrodynamic size of PNIPAM decreased as the quantity of SDS increased. The insert
figures were TEM images acquired of PNIPAM nanogels synthesized using 20, 40, 100,
and 200 mg of SDS. It is clear to state that the hydrodynamic size range of PNIPAM is
from 55.6 nm to 515.1 nm. The table below summarizes the detailed hydrodynamic size
with respect to the quantity of SDS and polydispersity index (PDI) for different-sized
PNIPAM nanogels. The PDI measures the heterogeneity of a sample based on size. A
particle solution, such as lipid-based carriers, with a PDI < 0.3 was considered acceptable
in drug delivery applications [25]. The TEM images of PNIPAM nanogels synthesized
with 20, 40, 100, and 200 mg SDS were displayed in Figure 3b. The particle size of
PNIPAM-20mgSDS has a heterogeneous size distribution as shown in the figure, and
PNIPAM-100mgSDS has a more homogeneous size distribution. Furthermore, the
majority of the PNIPAM nanogel was confirmed to be round, while a minor amount of

PNIPAM nanogel was shown to be ellipse.
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Figure 3. Size characterization of PNIPAM nanogel. a) Correlation between
hydrodynamic size of PNIPAM nanogel and the quantity of SDS. Detailed information on
hydrodynamic size, standard deviation of hydrodynamic size, and polydispersity of
PNIPAM nanogel synthesized with various SDS quantities were summarized in the table.
The number of replicates is n > 3. Insert figures represent the TEM images of a single
PNIPAM nanogel synthesized with 20, 40, 100, and 200 mg of SDS. b) TEM images of

PNIPAM nanogels synthesized with 20, 40, 100, and 200 mg of SDS.

Figure 4a summarizes the zeta potential of PNIPAM gels synthesized with 20, 40, 100, and
200 mg of SDS as 6.98 +1.34,-1.14 £ 0.84, -1.51 £0.67, and -3.53 = 1.02 mV, respectively.
The net charge of the PNIPAM nanogel was slightly affected by the SDS quantity. As the

amount of SDS increased, the PNIPAM nanogel tended to be more negatively charged or
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neutral. Figure 4b and 2c shows the excitation spectra and emission spectrum, respectively.
The excitation peak of PNIPAM nanogel was at 671 nm with a detection peak at 850 nm.
The emission peak of PNIPAM nanogel was at 605 nm measured with a 500 nm excitation
light. The size of PNIPAM nanogel has seldom impact on the emission spectra. On the
other hand, the excitation spectra of PNIPAM nanogel with larger size (e.g. 200 - 300 nm)
had a broader excitation spectra peak from 671 nm to around 725 nm compared to the

excitation spectra of PNIPAM nanogel in smaller size (e.g. 50 - 70 nm).
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Figure 4. a) Summary of zeta potential measurements for PNIPAM nanogels synthesized
with different quantities of SDS. The number of replicas was n = 3. Normalized b)
excitation and c¢) emission spectra of PNIPAM nanogel synthesized with various amounts
of SDS. An excitation laser of 500 nm was used to measure the emission spectra, and

emission light of 850 nm was used to determine the excitation spectra.
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3.2 Fluorescence Intensity Profile

The relationship between the fluorescence intensity and temperature, or fluorescence
profile, of PNIPAM nanogel in various sizes was studied, and the results are shown in
Figure 5a. The normalized data was summarized in Figure 5b, and the table below analyzed
key factors of the PNIPAM nanogel as a USF contrast agent. First, we can easily conclude
that the fluorescence intensity increased while the temperature increased and the size of the
PNIPAM nanogel affected the fluorescence profile. PNIPAM-100mgSDS had the highest
background fluorescence intensity, and PNIPAM-40mgSDS had the lowest background
fluorescence intensity. There was no clear trend in background fluorescence intensity with
respect to the size. Furthermore, for the PNIPAM-200mgSDS sample, the fluorescence
intensity increased by 74.1 % after fully switching ON. According to Figure 5b, we can
see that the switch-ON temperature shifted to the right when the quantity of SDS increased.
PNIPAM-100mgSDS and PNIPAM-200mgSDS were favored for in vivo applications
because the switch-ON temperature points were above and close to body temperature.
Therefore, after being introduced into the body, the PNIPAM nanogel was fully switched
OFF and can be easily switched ON during USF imaging. Also, the PNIPAM nanogel size
did not have an obvious impact on the temperature range of fully switching ON the

PNIPAM nanogel.
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Figure 5. a) The correlation between fluorescence intensity and temperature for ICG-
PNIPAM nanogels synthesized with various quantity of SDS. b) Normalized data. Detailed
comparison was summarized in the table, including the background fluorescence intensity,
the fluorescence intensity increase after fully switching ON the PNIPAM nanogel, the

switch-ON temperature point, and the fully switched ON temperature range.

3.3 Switch-ON/OFF Test and Physiological Stability

Two stability tests were conducted to examine the performance stability and in vivo
stability of the PNIPAM nanogel. Figure 6a, b, ¢, and d show the results of the switch-
ON/OFF test for PNIPAM nanogel synthesized with 20, 40, 100, and 200 mg of SDS,
respectively. After five cycles of ON/OFF, we found that all sizes of PNIPAM nanogel

were stable and could be switched ON/OFF repetitively. Figure 7 depicts the normalized
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fluorescence profile of various-sized PNIPAM nanogel in different BSA concentrations
and pH values. As the fluorescence profile did not change for various-sized PNIPAM
nanogels in aqueous solution with diverse BSA concentrations or pH values, we can
conclude that different-sized PNIPAM nanogels were stable when exposed to different

concentrations of BSA and dispersed in aqueous solution with different pH values.
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Figure 6. The switch-ON/OFF test of PNIPAM nanogel with a) 20 mg, b) 40 mg, c) 100
mg, and d) 200 mg of SDS. The ICG-PNIPAM was at “OFF” state when temperature at 30
°C and at “ON” state when temperature increased to 50 °C. A total of five cycles were

conducted.
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Figure 7. a-d) The stability of PNIPAM nanogel in various concentrations of BSA (0, 3,
6, 10, 20 mg/mL). PNIPAM nanogel synthesized with 20 mg, 40 mg, 100 mg, and, 200 mg
of SDS were tested. e-h) The stability of PNIPAM nanogel at various pH levels (5.39, 6.18,
7.40, 9.60). PNIPAM nanogel synthesized with 20 mg, 40 mg, 100 mg, and 200 mg of SDS

were tested.

3.4 In vivo USF Imaging of Different-sized PNIPAM Nanogel

The ability to control the size of the PNIPAM nanogel is vital. Different-sized PNIPAM
nanogels can be used for different applications. For example, PNIPAM-20mgSDS has been
shown to accumulate significantly in the spleen following IV administration [21]. After 3
hours of circulation, the fluorescence intensity in the spleen reached its peak, which
indicated the highest concentration of PNIPAM nanogel. A successful in vivo 3-D USF
image was acquired in the spleen afterwards. After embedding the spleen in porcine heart
tissue, ex vivo USF imaging was conducted to confirm that the USF signal came from the
spleen. The shape of the spleen was clearly observed. The PNIPAM-200mgSDS was also

introduced into mice to conduct in vivo USF imaging [24]. After IV injection, the
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fluorescence signal in the liver increased and reached its peak after 3 hours of circulation,
which indicated an accumulation of PNIPAM nanogel in the liver. Thus, in vivo USF

imaging was conducted in the liver, and a 3-D USF image was acquired.

4. Discussion
4.1 USF Contrast Agent Criteria
Based on the principle of USF imaging, the requirements and criteria for the USF contrast
agent are discussed as follows. The contrast agent for USF imaging consists of two parts:
the first is the carrier or shell structure, and the second is dyes entrapped or loaded in the

carrier.

For the carrier, there are two requirements that need to be met. First, the carrier needs to
be thermosensitive, and the structure of the carrier needs to be flexible so that when
temperature increases, the size of the carrier decreases and vice versa. Second, the structure
of the carrier needs to be stable enough so that it will not collapse after being exposed to a
large temperature increase (e.g. > 10 °C increase), a high intensity focused ultrasound
mechanical force (e.g. mechanical index (MI) > 5), and an in vivo biological environment

(e.g. contact with proteins, exposure to different pH values, and phagocytosis).

The dye needs to be polar sensitive so that the fluorescence intensity increases when the
surrounding microenvironment becomes less polarized and decreases when the
surrounding microenvironment becomes more polarized. For example, when the water in

the carrier is expelled, the fluorescence intensity of the dye increases and vice versa.
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Second, the dye needs to be relatively stable when exposed to light, heat, and ultrasound.
The dye should not be photo-bleached quickly so that there is enough time to conduct USF

imaging.

After meeting the above-mentioned requirements, both carriers and dyes can become
candidates for USF contrast agents. Some key factors, which can be used to predict and
evaluate the effectiveness of contrast agents for deep-tissue USF imaging, are summarized
in Table 1. First, a low background fluorescence intensity was favored since it helps to
minimize background noise and result in a high SNR. However, sometimes we need to use
fluorescence imaging to roughly locate the region of interest or track the biodistribution
and metabolism pathway of the contrast agent. A higher background fluorescence intensity
can give us better fluorescence imaging. Second, the fluorescence increases after fully
switching ON, which is one of the most important factors in determining the USF imaging
effectiveness of a contrast agent. A high fluorescence intensity is desired to obtain a
stronger USF signal and a higher SNR. Also, fluorescence increases after fully switching
ON is a key factor in determining the limitation of USF imaging depth. Higher increases
mean deeper USF imaging capability. Third, the temperature threshold to switch ON,
which is vital and needs to be associated with the USF imaging application. For example,
if in vivo USF imaging needs to be conducted, a switch-ON temperature point close to the
body temperature is desired since the contrast agent will remain at an OFF state and can be
easily switched ON with a very small temperature increase to avoid tissue damage caused
by temperature increase. Fourth, the temperature transition bandwidth between ON and

OFF is also important for in vivo applications since a contrast agent can be easily switched
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ON with a small temperature increase to avoid tissue damage. Next, the emission spectrum
of the contrast agent is desired to be in the NIR range to reduce tissue absorption and
increase imaging depth. The storage time and condition also need to be considered. A
contrast agent with years-long storage time at room temperature is desired since the
contrast agent can be accessed, transported, and kept easily. Another important factor to
keep in mind while using the contrast agent for in vivo USF imaging is toxicity. A
biocompatible or even a U.S. Food and Drug Administration (FDA) approved contrast
agent is wanted to avoid toxicity to cells, tissue damage, and organ failure. In addition, the
in vivo circulation time needs to be considered, especially when working with targeting
USF imaging. A longer circulation time allows the contrast agent to have enough time to

accumulate in the targeted site to conduct USF imaging.

Table 1. Summary of key factors for USF contrast agent.

Criteria Desired Avoid
Background fluorescence Low High
Fluorescence increase High Low
Switch ON point Close to body temperature Far from body temperature
Fully switch ON temperature range Narrow Wide
Emission spectra Near-infarad Visible light
Storage time/condition Long/room temperature Short/freezing
Toxicity Biocompatible Toxic
in vivo circulation time Long Short

4.2 The Size, Zeta Potential, and Spectrum Properties of PNIPAM Nanogel
The size of PNIPAM nanogel can be precisely controlled by adjusting the quantity of SDS

from a scale of 55.6 nm to 551.1 nm. This result agreed with the conclusion made by Mirja
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that they were able to show that different concentrations of SDS can result in a size change
from around 80 nm to 400 nm for PNIPAM nanogel [26]. According to the TEM image,
the majority of PNIPAM nanogels were shown as a round sphere shape. In addition, by
observing the PNIPAM nanogel solution, we found that the viscosity of the solution
increased when the SDS quantity decreased. There is a trend of zeta potential for different-
sized PNIPAM nanogels. As the size increases, the net surface charge of the nanogel
becomes more positive. This slight positive charge is beneficial for keeping the
nanoparticle from aggregation. Smaller-sized PNIPAM nanogel tends to have a slightly
negative or neutral net surface charge. This is not favored since aggregation might occur
easily and affect the USF imaging capability. We have observed that ICG-PNIPAM
nanogel with 20 mg SDS can be stored up to two years. The emission peak was determined
to be 605 nm. Oxidation of ICG dye might be the cause since ICG dye in aqueous solution

has an emission peak of around 810 nm [27].

4.3 The Effect of Size on the Fluorescence Intensity of PNIPAM Nanogel

The fluorescence background intensity varies with the size of the PNIPAM nanogel, but
there is no obvious trend. The reason for the fluctuation is currently unknown. Both
PNIPAM nanogels synthesized with 40 and 200 mg SDS have a relatively low background
fluorescence value, and this is beneficial to increasing the SNR. In addition, PNIPAM-
200mgSDS has the highest fluorescence intensity increase of 74.1%, and this is an
advantage since it has the potential for deeper USF imaging and higher SNR. Also,
PNIPAM-200mgSDS has a switch-ON temperature point at 38.2 °C, which is slightly

above body temperature and suitable for in vivo USF imaging. The fully switched ON
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temperature ranges for all sizes of PNIPAM nanogel are wide and need improvement to
minimize the risk of tissue damage [28]. Above all, we have confirmed that PNIPAM
nanogel in various sizes still has a reasonable fluorescence profile and can be used for USF
imaging. PNIPAM-200mgSDS is regarded as the most suitable candidate for in vivo
imaging due to its outstanding fluorescence intensity increase, relatively low background

fluorescence, and switch-ON point right above body temperature.

4.4 Stability of PNIPAM Nanogel with Various Sizes

We found that PNIPAM nanogels in different sizes are very stable when exposed to
different concentrations of BSA and various pH values. The results indicate that PNIPAM
nanogel is a great candidate to be used for in vivo USF imaging. It can be stable when in
contact with proteins and still be able to conduct USF imaging at different locations in the
body where different pH values are expected (e.g., extracellular of tumors usually have an

acidic microenvironment [29].)

4.5 Future Applications

The capability of controlling the size of PNIPAM nanogel is critical since different sizes
of PNIPAM nanogel can be used for different applications. The large-sized PNIPAM
nanogel has the potential to be developed into biomarkers where the movement of contrast
agent needs to be minimized because it is more difficult to diffuse than the smaller ones.
Tumor targeted USF imaging is also desired because it will enable future research in tumor
identification, tracking, and treatment. This small-sized PNIPAM nanogel has a great

opportunity to achieve this goal. A recent study has shown a preliminary result that
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PNIPAM nanogel can target and accumulate in pancreatic tumors, which may enable USF
imaging. This passive targeting is known as the enhanced permeability and retention (EPR)

effect. Smaller (<200 nm) nanoparticles may be more efficient at reaching a specific site

via the EPR effect [30].

5. Conclusion
In this chapter, we presented a method to control the size of PNIPAM nanogel from around
55 nm to 515 nm. Detailed characterization was conducted shown that by increasing the
concentration of SDS, the PNIPAM nanogel size decreased. Also, we found that increasing
the SDS quantity led to a slight decrease in the net surface charge of PNIPAM nanogel. In
addition, the PNIPAM-200mgSDS is considered the best candidate for in vivo deep-tissue
USF imaging due to its relatively low background fluorescence, high fluorescence
increases after fully switching ON, and a switch-ON temperature point at right above body
temperature. All these features can result in a high SNR and minimize potential tissue
damage. Further stability tests with ON/OFF cycle, BSA, and pH proved that size does not
affect the stability of PNIPAM nanogel. Collaborating work has shown the potential of
using different sizes of PNIPAM nanogel to target various organs to conduct USF imaging.
Previous successful in vivo USF imaging has been achieved in the spleen and liver with
PNIPAM-20mgSDS and PNIPAM-200mgSDS, respectively. Both studies showed a
reasonable organ accumulation time of 3 hours and a nanogel clean-out time of more than
24 hours. This gives us enough time to finishing the 3-D USF scan. This study not only

characterized the PNIPAM nanogel in detail and provided more insight about the properties
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of PNIPAM nanogel, but also expanded the applications of PNIPAM nanogel to organ

targeted USF imaging and future tumor targeted USF imaging.
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Chapter 3
1% Generation of Liposomes (micron-sized particles) for Biocompatible and Near-
Infrared USF Imaging.
1. Introduction
Fluorescence imaging is one of the major non-invasive imaging strategies, attracting
immense interest in medical imaging applications [31-34]. However, fluorescence imaging
suffers from poor spatial resolution in centimeters-deep tissues due to tissue scattering [35].
In our lab, we developed the USF imaging technique to achieve deep-tissue imaging

[19,20,36].

While USF imaging has achieved promising results, the current contrast agents have
several shortcomings. First, chemicals used during PNIPAM synthesis, such as NIPAM,
are known to be toxic to living cells [37]. This may raise safety concerns when ICG-
PNIPAM is used for in vivo USF studies. Second, compared to the ICG dye aqueous
solution, the excitation peak of the ICG-PNIPAM shifted from 788 nm to 660 nm and the
emission peak changed from 809 nm to 690 nm [20]. The aza-BODIPY dye used in the
micelle contrast agent has a similar excitation peak at 683 nm and an emission peak at 717
nm [38]. For deep-tissue USF imaging, an NIR contrast agent is desired to increase the
photon penetration depth and minimize tissue auto-fluorescence [39]. Last, current
Pluronic micelle based contrast agents are not suitable for an in vivo USF study because
they are unstable in biological tissues (such as blood or tissue interstitial fluids) [40]. Thus,
significant efforts are required to develop new contrast agents with good bio-stability and

biocompatibility.
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In this work, we introduce a newly developed ICG-liposome contrast agent to overcome
the above limitations and broaden the selection of contrast agents for diverse USF imaging
applications. The ICG-liposome was synthesized via an evaporation method to encapsulate
the NIR ICG dye into 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) based
liposomes. The ICG-liposome was further characterized with a home-built cuvette system
to examine the correlation between the fluorescence intensity and the temperature. This
profile was later used to determine the lower critical solution temperature (LCST) and the
storage stability over time. The bio-stability and imaging capability of the ICG-liposome
were verified through USF imaging in a tube model, a tissue model, and a tumor model.
The in vitro cytotoxicity was evaluated with the mouse 3T3 fibroblast cell line.
Subsequently, we studied the metabolism and biodistribution of the ICG-liposome in mice,

and both ex vivo and in vivo USF imaging were conducted.

2. Materials and Methods

2.1 ICG-liposome Synthesis

The ICG solution, which was the source of the fluorescence, was prepared by dissolving
the ICG dye (Chem-Impex Int’L Inc., USA) into a mixture of chloroform (99.9% pure) and
anhydrous ethanol (4:1 v/v) at a final concentration of 0.28 mg ml-1. As shown in Figure
8, 5.5 mg of DPPC (Avanti, USA) was dissolved in 2 ml chloroform and 200 pl of the
prepared ICG solution was added. Next, the mixture was evaporated in a rotor evaporator
(BUCHI Corp., USA) at 120 rpm, -85 kPa, and 55 °C for at least 1 hour to form the lipid

film on the wall of the round flask. Afterward, 1.8 ml hydration water, prepared by mixing

32



5 % glycerol (99.8% pure) with 95 % PBS (pH 7.4), was added and mixed for 1 hour at 42
°C to hydrate the lipid film and form liposomes. The obtained ICG-liposome was further
vortexed for 1 min with an amalgamator (DB338, Medical Instrument Co., Ltd, China) and
then diluted to 3 ml with PBS and stored at 4 °C. Chloroform, anhydrous ethanol, glycerol,

and PBS were purchased from Fisher Scientific International, Inc., USA.
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Figure 8. Schematic diagram of ICG-liposome synthesis.

2.2 ICG-liposome Characterization

To study the fluorescence intensity changes in response to the temperature changes, an in-
house built system was implemented [20]. Briefly, a 3 ml sample was transferred into a
quartz cuvette (Hellma, Germany) and then immersed in a water bath. A temperature
controller (PTC10, Stanford Research System, USA) monitored and controlled the water

bath temperature. A nitrogen laser (GL3300, Horiba, Japan) generated the excitation light
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to excite the sample at 775 nm and the emission light passed through an 830 nm long-pass
filter (Semrock, USA) before being received by a photomultiplier tube (PMT, H7422-20,
Hamamatsu, Japan). In addition, the cuvette system was employed to assess sample
stability over-time. The hydrodynamic size was characterized with a DLS (NanoBrook
90PlusPALS, Brookhaven Instruments, USA) at various temperature points. The excitation
and emission spectra were measured with a spectrometer (Fluoromax-Plus-C, Horiba,
Japan). During an excitation spectrum scan, an 825 nm long-pass emission filter (Edmund
Optics, USA) was used while an 840 nm wavelength peak was selected for emission light
detection. An excitation light of 530 nm and a 550 nm long-pass emission filter (Edmund

Optics, USA) were applied during an emission spectrum scan.

2.3 USF Imaging — Tube Model, Tissue Model, and Tumor Model

An in-house built frequency-based USF imaging system, as proposed in previous published
work [21], was utilized to conduct USF imaging with the ICG-liposome. First, we used a
tube model to determine the effect of blood on the performance of the ICG-liposome.
Briefly, a silicone tube (inner diameter: 0.31 mm; outer diameter: 0.64 mm; ST 60-011-01,
Helix Medical, USA) was inserted through a 1 cm thick porcine muscle tissue at a 0.5 cm
depth and then placed it in a water tank with a temperature maintained at 38 “C. The ICG-
liposome was mixed with the PBS buffer (1:1 v/v) or the mouse blood (BioIVT, USA) (1:1
v/v) and then injected the mixture into the tube. During a USF scan, a laser light (4.6 mW
cm-2) illuminated the tube model and a HIFU transducer (2.5 MHz, H-108, Sonic Concepts
Inc., USA) was used to induce a temperature rising and switched on the ICG-liposome.

The power of the HIFU was 0.31 W (Equation 1), and the scan area was 5.080 mm x 5.080
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mm with step sizes of 0.127 mm and 1.270 mm in the X and Y directions, respectively.
The emission light was filtered through two 830 nm long-pass filters and one 830 nm
absorption filter before collection by a PMT detector. Second, the effect of tissue on the
performance of the ICG-liposome was studied using a porcine muscle tissue model. For
the purpose of co-registration, the ICG-liposome was mixed with a CT contrast agent
(ExiTronTM nano 12000, Miltenyi Biotec, Germany) at a ratio of 3:1 in volume. Then, the
40 pl mixture was injected into a 1.2 cm thick porcine muscle tissue. The USF imaging
setup was similar to the previously described configuration, only with a lower laser
intensity (53 uW cm-2) and a higher HIFU power (4.01 W). The scan volume was 8.636
mm % 8.636 mm x 10.160 mm with a lateral step size of 0.508 mm and an axial step size
of 2.032 mm. The CT scan was completed with a commercial micro-CT (Skyscan 1178,
Bruker, Belgium). Next, to investigate the capability of conducting the USF imaging with
the ICG-liposome in a tumor micro-environment, a tumor model was adopted. A female
nude mouse (athymic nude mice, Jackson Lab, USA) was implanted U-87 brain cancer
cells (ATCC, USA) at its thigh to construct the tumor model. The ICG-liposome and CT
contrast agent mixture (60 pl, 2:1 v/v) was locally injected at the tumor site. Then, USF
scan was performed with a laser light intensity of 13 uW c¢m-2 and a HIFU power of 4.96
W. The scan volume was 6.096 mm x 6.096 mm X 8.890 mm with a lateral step size of
0.508 mm and an axial step size of 1.778 mm. After the USF scan, the mouse was sacrificed
and a micro-CT was used to scan and construct a CT image. The anesthesia machine
(Supera Anesthesia Innovations, USA) was employed during the USF scan applied a 1.8 %
isoflurane (Miller Veterinary Supply, USA) at 0.8 L min-1. The imaging reconstruction

and co-registration were conducted according to a previously published method [21].
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P: Ultrasound power transmitted into the tissue, W.
E: 2.5 MHz transducer efficiency, usually at 0.7.
V: Transducer driving voltage, V.

G: Gain of the amplifier, 48.5 dB.

2.4 Metabolism and Biodistribution

A female mouse (17.98 g, BALB/c, Jackson Lab, USA) was administered with 75 pl ICG-
liposome via IV injection. The metabolic process was recorded for 80 min with an EM-
CCD camera (ProEM®-HS:1024BX3, Princeton Instruments, USA), equipped with four
830 nm long-pass filters (Semrock Inc., USA) and an 830 nm absorptive filter (Newport
Corporation, USA) over a camera lens (35 mm fixed-focal-length Lens, Edmund Optics
Inc., United States). The excitation light used an 808 nm laser (Dragon Lasers, China) with
a 785/62-25 nm band-pass filter (Semrock Inc., USA). After 80 min, the mouse was
sacrificed and major organs were dissected out for biodistribution imaging under the EM-
CCD camera. Apart from that, another female BALB/c mouse (19.63 g) was injected with

the ICG-liposome and sacrificed after 10 min for biodistribution imaging.

2.5 Cell Viability
A cell proliferation assay kit (Promega, USA) was used to assess the cytotoxicity of the
ICG-liposome. Briefly, mouse 3T3 fibroblast cells (ATCC, USA) were cultured in a 98-

well plate (Falcon, Corning, USA) and incubated with five concentrations of DPPC (95,
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185, 345, 605, and 832 uM). Each concentration was repeated five times. A positive control
group with no ICG-liposome and a negative control group with no cells but with ICG-

liposome were also considered. Three time periods (24, 48, and 72 hours) were studied.

2.6 USF Imaging-ex vivo and in vivo

The body hair of a female BALB/c mouse (18.39 g) was removed and 100 pl ICG-liposome
was injected via IV infusion. After 20 min, the mouse was sacrificed and dissected. A
partial right lobe of the liver was removed and embedded in 1 cm thick porcine muscle
tissue. Next, the porcine muscle tissue was secured in a water bath with the temperature
maintained at 38 °C (PTC10, Stanford Research Systems, USA). The ex vivo USF scans
started with an excitation light of 176 uW cm-2 at 808 nm and a HIFU power of 7.74 W.
The scan volume was 7.112 mm x 7.112 mm % 6.350 mm with a lateral step size of 0.508
mm and an axial step size of 1.270 mm. The in vivo USF imaging was conducted with a
shaven female BALB/c mouse (26.36 g). A USF scan was proceeded after 20 min of IV
injection of 200 pl ICG-liposome. The mouse was placed in a container, which was
positioned at the surface of a water bath, faced up and anesthetized with 1.8 % isoflurane
at a flow rate of 0.8 L min-1. We utilized the same laser setup with a HIFU power of 9.71
W. The scan volume was 15.240 mm X 15.240 mm % 6.350 mm with a lateral step size of

1.524 mm and an axial step size of 1.270 mm.

2.7 Statistical Analysis
Statistical analysis was conducted with the R software (Version 3.5.3). An analysis of

variance (ANOVA) test was conducted in Figure 14, and a p-value of less than 0.05 was
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considered a significant difference between the two data groups. Normalization was
performed for the data in Figure 9b-c and Figure 14 before data analysis. A standard

deviation was utilized for replicated data.

2.8 Ethical Statement
All animal studies follow the protocol of the University of Texas at Arlington’s

Institutional Animal Care and Use Committee (IACUC).

3. Results

3.1 The ICG-liposome characterization

A profile of the fluorescence intensity changes with respect to the temperature increasing
is shown in Figure 9a. Interestingly, the ICG-liposome was observed to have two LCSTs,
at 32 °C and 42 °C. The fluorescence intensity changes were 8.6 folds from 32 °C to 38 °C
and 2.0 folds from 42 °C to 45 °C. To understand the mechanism of the fluorescence
intensity change, the ICG-liposome hydrodynamic size was measured. The mean
hydrodynamic size changed from 6.49 pum = 0.31 um to 0.91 pum = 0.06 um as the
temperature rose from 42 °C to 45 °C. In addition, the fluorescence microscope results also
confirmed that the size of the ICG-liposome was around 7 um (Appendix C). Further size
measurements were conducted with the transmission electron microscope and showed an
extended size range from 136 nm to 10.11 um (Appendix C). Figure 9b shows the
relationship between the normalized fluorescence intensity and the temperature measured
at different days of storage. It indicates the shape of the curve was stable, which means the

two LCSTs were stable and had not shifted in 141 days. Figure 9c shows that the
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background fluorescence intensity, which was the fluorescence intensity measured at 24
°C, was elevated as the storage time increased (the data were acquired at 24 °C). As shown
in Figure 9d, the first LCST fluorescence intensity fold change was also affected by the
storage time. A clear trend is shown that the fluorescence intensity fold decreased when
the preserving time was extended. Figure 9e shows the fold change of fluorescence
intensity at the second LCST. Similarly, as the storage time was prolonged, the

fluorescence intensity fold change declined.

39



—
=
—

T T T T T T
12 | === Fluarescence Intensity
—a— Average Particle Hydrodynamie Sive -8

Fluorescence Intensity (V)

T r r T T (]
20 15 k] 35 qlu 45 0

Average Particle Hydrodynamic Size (pm)

Temperature (°C)

-
-
—

—a— Dayl
—a— [y 73
L0 —8=Dayldi

y

a
B
L

Background Intensity
b
7

Normalized Fluorescence
Background Intensity
.

\

)
-
L

f

Normalized Intensity (V)
Normalized Fluorescence

02  EEEER

Storage Time
{dhays after synthesis)

T T o0 T T T T — T
45 £ [ 20 40 60 80 e 120 140

Storage Time (days after synthesis) (Day)

d - e
(d) First LCST =a (e) Second LCST = . .,
0 5 » A 14 [
30 —1 T 3
g Tt 25 g
=1 g = 2. -
= f -ﬁ E] =us
= R = s ® 1 4 & & 1001
E Storage Time ?- b Storage Time
&N (days after synthesis) ] (days after synthesis)
£ S 194
g g E—1 \
-— 15 = -
16\
/ -
10+
L 134
0 — —— — 0] ]
0 0 40 60 80 000 120 140 1 W 40 60 B 100 020 140
Storage Time (days after synthesis) (Day) Storage Time (days after synthesis) (Day)

Figure 9. Fluorescence and hydrodynamic size measurements of the ICG-liposome. a) The
correlation between fluorescence intensity and temperature was labeled with a black line.
The change of the hydrodynamic size with respect to the temperature was labeled with a
blue line. The number of replicates was n > 5. b) The change in fluorescence intensity

profiles from day 1 to day 141. c¢) The change of background fluorescence intensity over-
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time at 24 °C. The fold changes of fluorescence intensity at the d) first LCST and e) the

second LCST over-time. The inserts illustrate a magnified view of the first 12 days.

As shown in Figure 10, the excitation peaks of the ICG aqueous solution and the ICG-
liposome were at 788 nm and 786 nm, respectively. A closer inspection of the figure shows
that after loading the ICG into the liposome, the emission peak shifted from 809 nm to 836
nm. This slight red shift was favorable for separating the emission photons from the

excitation photons.
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Figure 10. Excitation and emission spectra of a) the aqueous ICG solution and b) the ICG-

liposome.

3.2 USF Scans in A Tube Model, A Tissue Model, and A Tumor Model

After understanding the thermal responsive attribute of the ICG-liposome and its spectra,
we further tested the feasibility of using the ICG-liposome in various environments for
USF imaging. A tube model was prepared with a silicon tube inserted into a porcine muscle

tissue with a thickness of 1 cm (Figure 11a). The ICG-liposome mixed with mouse blood
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or phosphate buffer saline (PBS) was injected into the tube before conducting USF scans.
Figure 11b and Figure 11c, respectively, present two-dimensional (2-D) USF images of a
silicone tube filled with the ICG-liposome mixed with mouse blood and PBS. The ICG-
liposome mixed with mouse blood shows a relatively strong USF signal compared with the
USF signal of the ICG-liposome mixed with PBS. Additionally, the ICG-liposome had an
SNR of 30.95 £ 5.85 dB and 27.17 + 1.70 dB at depths of 1 cm and 1.5 cm, respectively
(Figure 12). A silicone tube (inner diameter: 0.31 mm; outer diameter: 0.64 mm; ST 60-
011-01, Helix Medical, USA) was embedded in a clear silicon phantom and porcine muscle
tissue was placed on top (as shown in Figure 12a and 12b). The ICG-liposome was injected
into the tube before USF scan. An 808 nm excitation light with an intensity of 32.58 mW
cm-2 illuminated on the sample and 0.46 W USF was applied. The USF image of the 1 cm
thick porcine tissue is shown in Figure 12d and the SNR is 30.95 + 5.85 dB. The width of
the imaging band was 1.04 + 0.15 mm at a threshold of 0.25. The USF image of the 1.5 cm
thick porcine tissue is shown in Figure 12f and the SNR is 27.17 + 1.70 dB. The width of
the imaging band was 1.03 + 0.12 mm at a threshold of 0.25. This result confirmed the

ability of using the ICG-liposome for centimeter-deep tissue USF imaging.
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Figure 11. The tube model. a) A silicon tube (outlined in blue dash line) embedded in a
porcine muscle tissue. USF images of the ICG-liposome mixed with b) mouse blood and

c¢) PBS in a silicone tube.
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Figure 12. USF imaging of the ICG-liposome at various depths. a) A silicone tube was
embedded in a clear silicone phantom. b) A porcine muscle tissue was placed on top of the
silicone phantom. c) The thickness of porcine muscle tissue is 1 cm, and the USF image at
1 cm is shown in d. ) The thickness of porcine muscle tissue is 1.5 cm, and the USF image

at 1 cm is shown in f.

Next, we explored whether the ICG-liposome could be used to conduct USF imaging in a

tissue environment. To perform a co-registration between the USF and CT images, we
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mixed the ICG-liposome with a CT contrast agent (3:1 v/v). Figure 13a-c display a 3-D
USF image, a USF and CT overlaid image, and a CT image, respectively. The XY-plane
slices from Figure 13b at different depths are shown in the appendix. (Appendix D).
According to the figures shown below, the USF image presented a lateral space distribution
comparable to that of the CT image. However, the axial space distribution of the USF
image was wider than that of the CT image. In addition, we assumed that the ICG-liposome
and the CT contrast agent were mixed well and might have similar space distribution within
the porcine muscle tissue. In practice, they may not follow exactly the same distribution
pattern. An in vivo tumor mouse model was implemented to study the USF imaging
feasibility and capability of the ICG-liposome inside a tumor micro-environment. One of
the reasons we chose the U87 tumor cell was that it grew fast inside the mouse. Also, U87
tumor model can provide us a large volume to study the deep-tissue USF imaging. Similar
to the previous experiment, the ICG-liposome was mixed with the CT contrast agent (2:1
v/v). Figure 13d-f show 3-D images of the USF image, the USF and CT overlaid image,
and the CT image at a 45-degree view. The XY-plane slices of the overlaid USF and CT
image (Figure 13e) at various depths are listed in the Appendix D. Clearly, 3-D USF images
were successfully acquired in live tumorous mouse tissue. An identical observation was
made that the USF image spreads more along the axial direction than along the lateral

direction.
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Figure 13. The comparison between the USF image and the CT image in both the tissue
and the tumor model. a) and d) USF image, b) and e) USF and CT overlaid image, and c)

and f) CT image in a porcine muscle tissue.

3.3 Biocompatibility and Biodistribution Measurements

After verifying the feasibility of implementing the ICG-liposome for USF imaging with
mouse blood, porcine muscle tissue, and a tumor model, we proceeded to study the
cytotoxicity of the ICG-liposome. Figure 14 summarizes the statistical analysis of the MTT
test, which confirmed that there was no statistically significant (p > 0.05) difference
between the control and the experimental groups if the DPPC concentration was kept under
345 uM within 24, 48, and 72 hours of incubation. As the DPPC concentration increased

to 605 UM or above, a statistically significant difference emerged between the experimental

groups and the control group (p < 0.05). In addition, the cell viability decreased to less

than 80%, indicating minor cytotoxicity.
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Figure 14. Mouse 3T3 fibroblasts cell viability test with the ICG-liposome at 24-hour, 48-
hour, and 72-hour intervals. The number of replicas was n = 5. A one-way analysis of
variance (ANOVA) analysis was conducted. (*The p-value is greater than 0.05 with respect

to the control group; **the p-value is less than 0.05 with respect to the control group.).

The biodistribution and the metabolic pathway of the ICG-liposome were studied (Figure
15a-c). The ICG-liposome primarily accumulated in the lung, liver, and small intestine
after 10 min of an IV injection into a tail vein (75 pl). At 80 min, the ICG-liposome
accumulated primarily in the liver and the small intestine. The metabolic pathway is shown
in Figure 15d. The majority of the ICG-liposome clearly reached the liver first and then
slowly decomposed and traveled to the small intestine. The highest fluorescence signal was
obtained at 20 min. Therefore, the mouse was sacrificed at 20 min for the following ex vivo

and in vivo studies.
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Figure 15. Biodistribution and metabolic pathway of the ICG-liposome. a) Color image of
major organs. The fluorescence image of major organs b) after 10 min and ¢) after 80 min

of an IV injection of the ICG-liposome. d) Metabolic pathway of the ICG-liposome.

3.4 Ex vivo and in vivo USF Imaging

We conducted an ex vivo USF scan based on the knowledge we acquired previously, and
the result is shown in Figure 16. The partial right lobe of the liver was dissected from the
mouse 20 min after an IV injection via a tail vein. The liver was approximately 0.9 cm
wide (Figure 16a). To simulate the in vivo environment, the liver was embedded in porcine

muscle tissue, which had a thickness of 1 cm, at 0.5 cm depth (Figure 16b). The 3-D USF
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image is shown in Figure 16c, and the XY-plane slicing images are shown in Figure 16d1-
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Figure 16. USF ex vivo imaging. a) Color image of the partial right lobe of the liver. b)

Liver was placed in a porcine muscle tissue at about 0.5 cm depth. ¢) A 45-degree view of

the 3-D USF image of the embedded liver. d1-d6) The XY-plane slicing images at different

depths.

The in vivo 3-D USF image was successfully obtained with the ICG-liposome. Figure 17a

presents a 45-degree view of a 3-D in vivo USF image, a scan of the whole chest of a mouse

with a volume of 15.240 mm % 15.240 mm % 6.350 mm was conducted. The XY-plane

48



slicing images are shown in Figure 17c1-c6. The mouse was laid on its back, and we could

easily observe that most of the USF signals came from the right lobe of the liver. This

agreed with the ex vivo study where the ICG-liposome in the right lobe liver retained the

thermoresponsive characteristics.
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Figure 17. USF in vivo imaging. a) A 45-degree view of the 3-D in vivo USF image. b)

Color image of a shaven mouse for the USF scan. cl1-c6) The XY-plane slicing images at

different depths.
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4. Discussion
The newly developed ICG-liposome broadens the selection of USF contrast agents with
unique advantages, and its outstanding performance makes it an exceptional candidate for
USF imaging. The ICG-liposome has a narrow transition temperature range of 3 °C at the
second LCST, a red-shifted emission peak at 836 nm, a low cytotoxicity property, and in

vivo stability.

The ICG-liposome has several excellent characteristics that make it particularly suitable
for USF imaging. Its two LCSTs allow it to be potentially used at temperatures near 32 °C
and body temperature, separately, for USF applications. During both ex vivo and in vivo
USF scans, we focused on using the second LCST, which was close to the mouse’s body
temperature. Based on the data shown in Figure 9, the second LCST is caused by the
shrinking of the ICG-liposome because the hydrodynamic size decreased when the
fluorescence intensity increased. In addition, the transition temperature range at the second
LCST is 3 °C, allowing a quick response to the temperature change and low ultrasound
energy input. Compared to the PNIPAM nanoparticles [20], the ICG-liposome is more
suitable for deep-tissue in vivo USF imaging, where tissue auto-fluorescence is the major
contributor to the total background fluorescence, since the absolute intensity difference
caused by the second LCST is much higher than the absolute intensity difference of the
PNIPAM nanoparticles. On the other hand, PNIPAM nanoparticles are more suitable for
in vivo superficial USF imaging, where the contrast agent background fluorescence is the
major contributor to the total background fluorescence, compared to the ICG-liposome,

since the background fluorescence of the ICG-liposome will easily saturate the detector
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and weaker laser illumination is necessary. Indeed, the first LCST of the ICG-liposome
will increase the noise during imaging, and the fold change of the second LCST is small.
It is a good research direction to remove the first LCST and increase the fold change of the
second LCST so that the ICG-liposome is more suitable for in vivo study. The results of
the stability study indicate that the increasing folds of both the first and second LCSTs
decreased as the storage time increased. For optimum performance, it is suggested to use
the ICG-liposome within the first week after the contrast agent is made. Additionally, the
background fluorescence intensity increased as the storage time increased, which might be
caused by a slow release of ICG dye caused by the breaking of the liposome structure. The
emission peak of the ICG-liposome was found to be red-shifted by 27 nm when compared
with the emission peak of the ICG aqueous solution. This feature is desirable because the
interference with the auto-fluorescence is even minimized and the absorption by biological

tissue is further reduced [41].

The excellent bio-stability of the ICG-liposome was confirmed with USF imaging in the
tube model, tissue model, and tumor model. After mixing the ICG-liposome with mouse
blood in a tube model, the USF signal became stronger, possibly because of the protein-
liposome interaction, which decreases the link strength between lipids so that the degree of
contraction increased as the temperature rose, resulting in a higher fluorescence intensity
[42]. Overall, the ICG-liposome was stable to be used for the USF scan after mixing with
the mouse blood. The co-registration between the USF and CT images indicates that the
USF image is spread more in an axial direction than in a lateral direction. This is partially

due to the non-uniform focal size of the ultrasound beam [21]. The accomplishments of
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USF imaging with the ICG-liposome in both mouse blood and porcine muscle tissue
support the next ex vivo and in vivo USF imaging via IV injection. Additionally, USF scans
of the ICG-liposome in a tumor model is achieved, making the ICG-liposome possible to

be used in an in vivo tumor targeting USF imaging in the future.

Another important advantage of the ICG-liposome is its safety and biocompatibility. Both
DPPC and ICG are chemicals approved by the U.S. FDA for use in drug delivery and
fluorescence imaging fields [43,44]. As shown in Figure 14, the in vitro cell viability assay
verifies that the ICG-liposome with a dosage equal to 345 uM or less has negligible
cytotoxicity. After administrating the I[CG-liposome through an IV injection, the majority
of contrast agents accumulated in the liver and the small intestine, because large particles
tend to be absorbed by macrophages and decomposed in the liver [45,46]. Both the liver
and the small intestine were tested in a water bath with a temperature controller, and the
thermal responsive property of the ICG-liposome inside the liver was conserved (Appendix
E). By contrast, although the small intestine had a fluorescence signal, it had no thermal
responsive property. The fluorescence signal from the small intestine may have stemmed
from the free ICG dye [47]. Therefore, the liver was selected as the target for the ex vivo

and in vivo USF imaging.

Finally, we successfully implemented the ICG-liposome in both ex vivo and in vivo USF

imaging. Although the biodistribution results in Figure 15 (acquired via 2-D planar images)

indicate that the whole liver emitted fluorescence, according to both the ex vivo and the in
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vivo USF scans, the thermal responsive characteristic was only present in the right lobe of

the liver.

Future experiments will attempt to reduce the size of the ICG-liposome to a nano-scale.
Because nanoparticles have larger surface areas and smaller sizes, there are more
opportunities to functionalize the surface of the ICG-liposome, and it is more likely to
bypass biological barriers. Micro-particles are more appropriate for local injection since
they tend to remain near the location where they are injected, while nanoparticles are more
suitable for blood vessel circulation when imaging specific targets [48]. Thus, a smaller-
sized ICG-liposome is preferred for intravenous delivery to accomplish in vivo targeting
USF imaging in the future. In addition, the LCST of the ICG-liposome can be improved
and adjusted to a point slightly above the body temperature so that heat introduced to the

local region can be reduced during USF imaging.

5. Conclusion
An NIR and biocompatible contrast agent, I[CG-liposome, was developed and investigated
for USF imaging. The results revealed that the ICG-liposome had a narrow transition
temperature range at the second LCST, making it suitable for in vivo USF imaging. In
addition, the NIR emission peak of the ICG-liposome was at 836 nm, so that the auto-
fluorescence interference and the tissue absorption were minimized. The low cytotoxicity
was verified via in vitro cell viability tests. Further examinations with USF scans revealed
the outstanding bio-stability of the ICG-liposome in blood, porcine muscle tissue, and

tumor environments. Both ex vivo and in vivo USF imaging of the liver were successfully
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conducted with the ICG-liposome and 3-D USF images were acquired. The advantages of
the ICG-liposome make it a promising contrast agent for applications in various
fluorescence imaging fields, such as in vivo organ imaging, deep-tissue biomarkers, and
tumor imaging. We believe that the ICG-liposome based USF imaging technique will be a

valuable tool for biomedical imaging.
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Chapter 4
2" Generation of Liposomes (Nano-sized particles) for USF imaging and Ultrasound
Assisted Release
1. Introduction
In the previous chapter, we developed the ICG-encapsulated liposome using biocompatible
lipids during synthesis. We also observed a higher fluorescence intensity changes
compared to that of the PNIPAM nanoparticles, and we conducted a successful in vivo USF
imaging [36,49]. However, the size of the liposome was around 6.5 pum, which was too
large and limited its usage if in vivo accumulation was desired via bypassing biological

barriers.

Liposomes have been widely used as drug carriers due to their outstanding advantages,
which include biocompatibility, self-assemble capability, feasibility to load both polar and
non-polar drugs, and easy surface modification for molecular targeting and conjugation to
functional groups. For example, doxorubicin (DOX)-encapsulated liposomes were used for
targeted drug delivery [50-52]. However, lack of drug release control has been considered
as one of the issues [53]. Ultrasound mediated drug release of liposomes is one of the
potential solutions to overcome this barrier [54,55]. Furthermore, studies with liposomal
structure modification via PEGylation on the surface showed an increased efficiency of
liposomes broken via ultrasound [56]. Combining imaging with liposome drug release
provides a controllable drug delivery option, and recent research has successfully used
fluorescence imaging to confirm the accumulation of liposomes in a tumor before

conducting a temperature-triggered drug release [57].
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A combination of USF imaging and ultrasound-controlled release using ICG-encapsulated
liposome nanoparticles (LNPs) is explored in this chapter. We synthesized various sizes of
liposomes and decorated the surface of liposomes with PEGylated chains and folate to
enhance physiological stability and potential future folate-targeting. We examined the
relationship between the emitted fluorescence intensity and temperature with an in-house
built cuvette system and measured both spectrum and size with a spectrometer and a DLS
particle analyzer, respectively. We studied the USF imaging feasibility and imaging depth
with a silicone tube phantom model. Finally, we determined the ICG releases with various

HIFU powers and exposure times.

2. Materials and Methods

2.1 Liposome Nanoparticles Synthesis

The schematic diagram of synthesizing ICG-encapsulated LNPs is shown in Figure 18. In
a 25 mL round-bottom flask, 5 mg 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and 0.22 mg 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene
glycol)-2000] (DSPE-PEG2000-Folate) were dissolved in 2 mL chloroform (98 %, Fisher
Scientific International, Inc., USA). A rotor evaporator (R300, BUCHI, Corp., USA) was
used to completely remove chloroform at 55 °C, -85 kPa, and 120 rpm in 30 min. A thin

layer of lipid film was formed on the wall of the flask. Then, 0.8 mL pre-warmed ICG (=

96 % HPLC, Fisher Scientific International, Inc., USA) aqueous solution (0.07 mg/mL)
was added into the flask and swirled in the water bath at 55 °C for 30 seconds, followed

with rotor evaporating to hydrolyze lipids at 42 °C and 120 rpm for 60 min. Next, the size
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of the liposomes was controlled via an extrusion method. The desired polycarbonate filter
disk size (30 nm, 50 nm, 100 nm, or 200 nm) was loaded into the mini-extruder (Avanti
Polar Lipids Inc., USA) with two filter supports. The filter disk was pre-wetted with DI
water before extruding. The liposome solution was aspirated into a gas-tight 1 mL syringe
and inserted into the mini-extruder. Another empty syringe was also placed at the other end
of the mini-extruder. The assembled mini-extruder apparatus was placed in a pre-heated
(50 °C) heating block and waited for 10 min to equilibrate the liposome solution.
Afterwards, the liposome solution was filtered 19 times. When filtering with both 30 nm
and 50 nm filter disks, a pre-filtering using the 100 nm filter disk was required. Next, the
obtained LNPs solution was dialyzed against DI water at 4 °C for 24 h to remove free lipids
and ICG dye. The DI water was added to the LNPs solution after dialysis to a final volume
of 3.5 mL. Finally, the LNPs were stored in a sealed container at 4 °C and used within 2

days. Both DPPC and DSPE-PEG200-Folate were purchased from Avanti Polar Lipids,

Inc., USA.
* DPPC Indocyanine green
« DSPE-PEG2000-Folate yanineé g
hydration water
# Chloroform
- Lipid - -
55 °C, 30 min, and film 42 "C and 60 min
© vacuum at -85kPa
Lipids Bilayer
L ]
Folate Dialysis
AN €—— for 24hrs — -
PEG2000 at4°c 50 °C and 189 times
®
ICG —~

57



Figure 18. The schematic diagram of synthesizing PEGylated and ICG-encapsulated

liposome nanoparticles.

2.2 Liposome Characterization

The effectiveness of liposomes as a USF imaging contrast agent was evaluated via an in-
house built cuvette system [36]. Briefly, 3 mL liposomes were pipetted into a 3.5 mL quartz
cuvette (Hellma, Germany), which was placed inside a temperature-controlled holder
(Quantum Northwest, Inc., USA). An 808 nm laser (MGL-I1-808-2W, Dragon Lasers,
China) was utilized as an excitation light to excite liposomes. The emission light from
liposomes passed through an 830 nm long-pass (LP) filter (Semrock, USA) before being
collected by a modular USB spectrometer (USB2000+, Ocean Inlight, USA). The emitted
fluorescence intensity change with respect to the change in temperature was recorded with
a temperature increment of 0.1 °C. In addition, the physiological stability of liposomes was
evaluated with the effects of ionic strength and pH using the cuvette system. The potassium
chloride (KCI) solution with different concentrations (0, 25, 50, 100, 150, 200 mM) or an
aqueous solution with various pH (5.2, 6.3, 7.4, and 9.2) were mixed with LNPs in a 5:1
ratio (v/v), accordingly. To further study the physiological stability of the LNPs, the mouse
blood serum (BiolVT, USA) was mixed with the LNPs (1:1 v/v) and the fluorescence
intensity change with respect to the change in temperature was measured using the cuvette

system.

The hydrodynamic sizes of liposomes were measured with the DLS particle analyzer

(NanoBrook 90PlusPALS, Brookhaven Instruments, USA). The incident angle of the 659
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nm laser was 90°. Samples were diluted with DI water until the count rate reaches 300-700
kcps and the temperature was set at 30 “C. Later, samples were heated to 50 °C with an
increment of 2 °C. A temperature equilibrium time of 10 min was used to ensure
temperature inside the cuvette reached the desired temperature. A total of 3 replicates were
conducted. The excitation and emission spectra of LNPs were characterized via a
spectrometer (Fluoromax-Plus-C, Horiba, Japan) using a 300 puL quartz cuvette (Hellma,
Germany) with stir at 25 °C. The excitation spectrum was scanned from 650 — 810 nm with
an 830 nm LP emission filter and an emission recording wavelength at 850 nm. The
emission spectrum was acquired using a 530 nm excitation light with a 550 nm LP emission
filter (Semrock, USA) and recorded from 650 — 850 nm. A total of three replicates were

conducted.

2.3 USF Imaging: Tube Model and Depth-study

The setup of the frequency-domain USF imaging system was demonstrated in previous
published work [19]. The effectiveness of the LNPs for USF imaging was evaluated using
a tube phantom model. Briefly, a silicone tube (ST 60-011-01, Helix Medical, USA) with
an inner diameter of 0.31 mm and an outer diameter of 0.64 mm was fixed at the bottom
of a silicone phantom, which had a thickness of 0.8 cm. Then, the tube was immersed in a
37 °C water tank to mimic the body temperature. The USF imaging was conducted with
various-sized LNPs mixed with either DI water or mouse blood serum (1:1 v/v). The
mixture was injected into the tube and waited for 10 min to equilibrate the temperature. A
2.5 MHz HIFU transducer (H-108, Sonic Concepts Inc., USA) was mounted at the bottom

of the water tank and focused on the silicone tube. The HIFU transducer was used to elevate
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the temperature and switch ON the LNPs within the focal volume. The estimated HIFU
power used during USF imaging was 0.19 W and the MI was 0.97. The scan area was 5.08
mm x 5.08 mm and the step sizes were 2.54 mm and 0.254 mm in the X and Y directions,
respectively. A 785 nm laser (MDL-III-785-2W, CNI, China) was utilized as the excitation
light (121 pW/cm2) and filtered through a 785/62 nm band-pass filter (Semrock, USA).
The excitation light intensity was measured with the power and energy meter (PM100D,
Thorlabs, Germany). The emission light was collected using a fiber bundle and passed
through one 830 nm absorption filter (Semrock, USA) and two 830 nm LP filters before
being collected by a photomultiplier tube (H7422-20, Hamamatsu, Japan). A total of three

replicates were conducted.

A depth-study was conducted with the tube model with different thicknesses (1.0 cm and
2.5 cm) of chicken breast tissue stacked on top of the phantom. Similarly, various-sized
LNPs were injected into the tube and conducted USF imaging with the same scan area and
step sizes. The HIFU power was 0.77 W (MI: 1.93) and the laser intensity was 544 uW/cm?2
and 7.6 mW/cm2 for USF imaging at 1.0 cm and 2.5 cm thicknesses, respectively. A total

of three replicates were conducted.

2.4 Release Test and Encapsulation Efficiency

The HIFU triggered release test was conducted by adding 500 uLL ICG-encapsulated LNPs
into a cylindrical vessel with the bottom sealed with parafilm and the top enclosed with a
rubber stopper. Then, the vessel was immersed in a 37 °C water bath. A 2.5 MHz HIFU

transducer was fixed at the bottom of the water tank and focused on the LNPs solution. A
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pulsed cycle (pulse repetition period: 15s, pulse on: 400 ms) was generated using a function
generator (33500B, Agilent, USA) and amplified by a 50 dB-gain radio frequency power
amplifier (A075, E&I, USA). Three different HIFU powers of 0.19 W (MI: 0.97, P1), 1.74
W (MI: 2.90, P2), and 4.82 W (MI: 4.83, P3) were implemented to break LNPs. A two-
dimensional scan was conducted using a three-axis motorized translational stage (XSlide™
and VXM™, Velmex Inc., USA). The scanning area was 5.08 mm x 5.08 mm with a step
size of 0.508 mm in both X and Y directions. After scanning, the LNPs solution was
transferred into a 1.5 mL microcentrifuge tube and centrifuged at 10,000 xg for 45 min at
4 °C. The intact LNPs were sedimented at the bottom and the released ICG was dispersed
in the solution, which was then transferred into a 300 uL quartz cuvette and the
fluorescence intensity was measured using the Fluoromax-Plus-C spectrometer. In addition,
to study the effects of HIFU exposure time on breaking LNPs, the scan using HIFU power
of 4.82 W was repeated for 5 times (P4). To exclude the effect of temperature on LNPs’
destruction and pre-existing free ICG influence, a negative control, which was not exposed
with HIFU, was kept at 37 °C with a corresponding scanning time. More, the LNPs were
completely broken with a sonic dismembrator (FB505, Fisher Scientific, USA) using 20 %
power and 30 % duty cycle for 3 minutes in an ice bath. The measured fluorescence
intensity of the completely broken LNPs was the positive control (100 % release). For all
release tests, the ultrasound triggered content release percent was quantified using Equation

2.

S—NC 0 .
e < 100% Equation 2

HIFU Triggered Release % =

S: fluorescence intensity of sample, counts
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NC: fluorescence intensity of negative control, counts

PC: fluorescence intensity of positive control, counts

The ICG encapsulation efficiency was calculated via Equation 3. First, the unencapsulated
ICG was separated from the LNPs via centrifugation. Then, a spectrometer was utilized to
acquire the fluorescence intensity of the unencapsulated ICG. Meanwhile, an ICG aqueous
solution, which had the same concentration used during LNPs synthesis (0.016 mg/mL),

was prepared and the fluorescence intensity was measured.

Unencapsulated ICG

Encapsulation Efficiency % = (1 — ) X 100% Equation 3

ICG solutoin

The number of replicates for both HIFU triggered release and encapsulation efficiency
were 5.
3. Results

The ICG-encapsulated and thermosensitive liposomes were synthesized via the hydration
method, and the size of the liposomes was controlled via an extrusion approach. To
evaluate the USF imaging feasibility of the LNPs, the fluorescence intensity profile was
studied. Factors such as background fluorescence intensity, lower critical solution
temperature (LCST), fluorescence intensity on-to-off ratio, absolute fluorescence intensity
change, and transition temperature range are critical to assessing the contrast agent. The
profile of fluorescence intensity change with respect to the change in temperature is shown
in Figure 19a and 19b for both filtered and unfiltered liposomes. It is clear to state that the
fluorescence intensity gradually increases first, followed by a sharp upsurge within the

transition temperature range, which was related to the size decrease of liposomes (Figure
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20), and finally levels off. The shapes of the fluorescence intensity profiles were similar,
although the sizes of liposomes were different. A linear relationship between the
hydrodynamic size measured with the DLS and the filter size used during extrusion is
indicated in Figure 19c. After extrusion with 30, 50, 100, and 200 nm filters, the resultant
LNPs had hydrodynamic sizes of 82.3, 94.0, 117.7, and 162.4 nm, respectively. According
to Figure 19d, smaller liposomes tended to have stronger background fluorescence. Figure
19e shows that the filtered LNPs had lower LCSTs at around 38.8 °C while the unfiltered
liposomes had an LCST at 40.4 °C. The on-to-off ratio with respect to the size of liposomes
is presented in Figure 19f, and no obvious difference was observed between various-sized
liposomes. The absolute fluorescence intensity difference between switching ON and OFF
is one of the key factors that determines the potential USF imaging depth of contrast agents.
An obvious decrease in absolute fluorescence intensity difference is recognized as the size
of liposomes increases (Figure 19g). Figure 19h reveals that small liposomes had a higher

transition temperature range compared to large liposomes.
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Figure 19. The fluorescence intensity profile of ICG-encapsulated and temperature-
sensitive liposomes. a) The profile of the emitted fluorescence intensity changes
responding to the change of temperature for all-sized liposomes. b) Normalized
fluorescence intensity changes with respect to the change of temperature. ¢) The
relationship between the hydrodynamic size of liposomes and filter size utilized during
extrusion. d) The background fluorescence intensity of various-sized liposomes. €) The
LCST of liposomes with different sizes. f) The correlation between the on-to-off ratio and
the size of liposomes. g) The absolute fluorescence intensity difference between switched
on/off for various-sized liposomes. h) The differences in the transition temperature range

of different-sized liposomes.
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Figure 20. The relationship between the fluorescence intensity of 200 nm and 50 nm
filtered LNPs and the temperature (Black line). Temperature dependent size change (red

line). A total of replicates n = 3.

Since ICG dye is very easily oxidized, examining the spectrum of synthesized liposomes
is necessary to understand the status of the encapsulated ICG dye. The excitation and
emission spectra of LNPs were shown in Figure 21 b and c, respectively. Apparently, the
size of LNPs does not affect the spectra. In addition, compared to the spectra of ICG
aqueous solution (Figure 21a), a slight red shift can be noted for the emission peak of LNPs

from 809 nm to 831 nm.
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Figure 21. a) Excitation and emission spectra of ICG aqueous solution. b) Excitation

spectrum and c¢) emission spectrum for various-sized LNPs.
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It is vital to have a stable USF contrast agent for both ex vivo and in vivo applications. The
KClI aqueous solution was utilized to mimic the physiological ionic strength with various
concentrations. As shown in Figure 22a, 22b, 22¢, and 22d, the shape of the fluorescence
intensity profile remains unchanged in different concentrations of KCI compared to that of
the liposome solution in 0 mM KCIl, which indicates that LNPs were stable in solution with
different ionic strengths. In addition, the pH level varies in different human body fluids
and tissues [58]. Therefore, it is essential to study the stability of LNPs in solutions with
different pH values. Figure 22e, 22f, 22g, and 22h demonstrate that LNPs were stable

within a pH range from 5.2 to 9.2.
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Figure 22. The effect of ionic strength (KCI) on the stability of a) 30 nm, b) 50 nm, c¢) 100
nm, and d) 200 nm filtered LNPS. The effects of pH on the stability of €) 30 nm, f) 50 nm,

g) 100nm, and h) 200 nm filtered LNPs. Number of replicates n = 3.

To further understand the USF imaging performance of LNPs in physiological conditions,

LNPs were mixed with blood serum to conduct both the cuvette test and USF imaging with
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a tube phantom model. The cuvette system measured results in Figure 23 show that after
mixing with blood serum, the LCST slightly shifted to the left at around 37 °C and the
absolute fluorescence intensity difference between switch-ON/OFF increased. After
mixing the LNPs with water, the USF imaging results indicated 30 nm and 100 nm filtered
LNPs had a stronger intensity compared to that of 50 nm and 200 nm filtered LNPs. After
mixing the LNPs with blood serum, 30 nm LNPs were shown to have the highest USF

signal intensity.
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Figure 23. The fluorescence intensity profile was measured with the in-house built cuvette
system and USF imaging for different-sized LNPs mixed with either water or blood serum

inside a silicone tube embedded phantom model. Number of replicates n = 3.

Based on cuvette results reported in Figure 19 and USF imaging results presented in Figure

23, different-sized liposomes resulted with various USF imaging signal strengths. A depth-
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study was conducted to compare USF imaging signal strength at both 1.0 cm and 2.5 cm
for filtered LNPs and unfiltered liposomes. Figure 24a and 24b exhibit images of 1.0 cm
and 2.5 cm thick chicken breast tissues stacked on a silicone tube embedded phantom,
respectively. Figure 24c¢ indicates that 30 nm LNPs had the highest USF signal strength,
while un-filtered liposomes had the lowest USF signal strength. After increasing the
thickness from 1.0 cm to 2.5 cm, we can barely see the USF signal from the un-filtered
liposomes but still recognize USF signals from all LNPs. Again, 30 nm LNPs were

confirmed to have the strongest USF signal strength at 2.5 cm.

0.15
0.10

0.05

Figure 24. Depth-study of various-sized liposomes for USF imaging. The image of a 0.8
cm thick tube phantom was stacked with a) 1.0 cm and b) 2.5 cm thick chicken breast tissue.
USF imaging of various-sized liposomes at ¢) 1.0 cm and d) 2.5 cm. Number of replicates

n =3.
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The combination of USF imaging with ultrasound-controlled content release opens
possibilities for applications such as monitoring the accumulation of liposomes in the
centimeter-deep tissue using USF imaging and breaking liposomes to release encapsulated
drugs with the help of HIFU when desired. Therefore, the study of encapsulation efficiency
and HIFU triggered release with various HIFU powers is in demand. As presented in Figure
25a, larger-sized LNPs (100 nm and 200 nm filtered) had a higher encapsulation efficiency
of more than 80 %, while the smaller-sized LNPs (30 nm and 50 nm filtered) possessed an
encapsulation efficiency of 60 %. For HIFU triggered release tests, four HIFU power
conditions were tested. Condition P1 mimicked the HIFU power used during USF imaging.
According to Figure 25b, 7.38 + 1.85 % release was observed for 50 nm filtered LNPs in
condition P1 and the ICG release for 200 nm filtered LNPs can be neglected. After
increasing HIFU powers, we can clearly see the ICG release increased to 13.47 + 2.36 %
(condition P2) and 24.56 + 5.92 % (condition P3) for 50 nm filtered LNPs and 4.53 +2.69 %
(condition P2) and 5.09 + 1.07 % (condition P3) for 200 nm filtered LNPs. The results state
that by increasing the HIFU power, we can achieve higher ICG release. Furthermore,
instead of increasing the power of HIFU, extend the HIFU exposure time to 5 times more
and keep the HIFU power the same as condition P3 can also increase the ICG release
dramatically (condition P4). The ICG release reached 48.01 + 11.76 % and 9.17 £ 3.85 %
for 30 nm and 200 nm filtered LNPs, respectively. In general, 50 nm filtered LNPs had a

higher release than the 200 nm filtered LNPs.
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Figure 25. a) ICG encapsulation efficiency of various-sized LNPs. b) HIFU induced ICG
release for 50 nm and 200 nm filtered LNPs. HIFU power conditions used during the
release test included P1: 0.19 W (MI 0.97), P2: 1.74 W (2.90), P3: 4.82 W (MI 4.83), and

P4: 4.82 W (MI 4.83; repeated 5 times).

4. Discussion
The contrast agents used for USF imaging have constraints on both dyes and vesicles. First,
the dye should be polarity sensitive while having a high quantum yield in a low polarity
environment and a low quantum yield in a high polarity environment [17]. Next, the vesicle
used to encapsulate the dye needs to be temperature sensitive so that the vesicle will shrink
when the temperature increases and create a relatively low-polarity environment to increase
the fluorescence intensity of the dye. In addition, as the vesicle is flexible enough to change
size with respect to the change in temperature, the vesicle should also be stable enough so
that increasing temperature, exposing it to ultrasound mechanical force, and exposing it to
the physiological environment will not break it. Unilamellar LNPs have numerous

advantages over multilamellar liposomes, including the ability to cross biological barriers
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such as the blood-brain-barrier [59] and excellent enhanced permeability and retention
effect for passive accumulation in tumor cells [60]. In addition, LNPs within 20 — 200 nm
exhibit better cellular targeting efficiency and LNPs are also favored for vaccine
application since only liposomes in the nanometer range can reach lymph nodes and
directly contact B cells [61]. These properties of LNPs provide potential applications such
as targeted USF imaging in both brain and tumor. Therefore, LNPs were synthesized, and
the eligibility for USF imaging was also assessed. Despite the fact that LNPs have
extensive advantages compared with micro-sized liposomes, LNPs are considered more
vulnerable due to their single bi-layer structure. The polyethylene glycol chain can be
decorated on the surface of LNPs to improve stability by preventing self-aggregation and

prolonging circulation time [62,63].

The formulated LNPs had a higher absolute fluorescence intensity change between
switching ON and OFF compared to those of unfiltered liposomes. This indicates that
LNPs tend to have a stronger USF signal strength and are therefore suitable for deeper USF
imaging, which was confirmed by the depth-study. Although unfiltered liposomes were
eligible for USF imaging at 1 cm with reasonable signal strength, LNPs had greater USF
signal strength and can be used for USF imaging at 2.5 cm. Additionally, LNPs had an
LCST of around 38.8 °C, which was closer to the body temperature than the LCST (40.4
°C) of unfiltered liposomes. This is beneficial for potential in vivo USF imaging since less
HIFU energy is required to switch ON the contrast agent, making it safer to implement.
The background fluorescence intensity of LNPs was found to be higher than that of

unfiltered liposomes. This could be useful when fluorescence imaging is needed first to
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roughly localize the region of interest. In addition, the emission peak of LNPs shifted from
809 nm to 831 nm, which is desired since the tissue absorption and autofluorescence

interference are minimized.

The ability to monitor the accumulation and release status of liposomes in the centimeter-
deep tissue is valuable. The combination of USF imaging with ultrasound-controlled
release offered an opportunity to achieve this goal. LNPs were shown to be stable enough
and eligible for USF imaging in a tube model after mixing with blood serum, using a HIFU
power of 0.19 W (MI 0.97). This HIFU power only caused a 7.38 % and a 0.89 % release
of ICG for 200 and 50 nm LNPs, respectively. Higher release quantities could be attained
by either increasing the HIFU power or the HIFU exposure time. Thus, implementing USF
imaging to monitor the accumulation of LNPs and initiate release by adjusting HIFU
intensity and exposure time is feasible. In addition, the size effect on the release percentage
and loading efficiency was observed. A trade-off was expected as larger-sized LNPs (200
nm filtered) had a higher encapsulation efficiency but a lower release percentage and vice
versa for smaller-sized LNPs (50 nm filtered). Thus, larger-sized LNPs were more suitable
for content that required the slow release, but the high encapsulating quantity and smaller-
sized LNPs were applicable for content that required quick and sudden release in low

quantity.

This study confirmed the feasibility of combining USF imaging with ultrasound-controlled
release using LNPs. The developed LNPs have strong USF signals for deep tissue USF

imaging, LCSTs close to body temperature, and a NIR emission spectrum. However, the
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stability and shelf-life were reduced compared to unfiltered liposomes. Sugars, such as
sucrose and isomaltose, could be added to the liposome solution for possible better
preserving practices [64]. This study also led to numerous potential future research projects,
such as in vivo folate-targeted USF imaging and ultrasound-controlled drug release for

tumor imaging and treatment.

5. Conclusion
The thermosensitive and PEGylated liposomes encapsulated with ICG were first
implemented for USF imaging and various sizes of LNPs were characterized. Compared
to micro-sized liposomes, LNPs had an LCST shifted to around 38 °C and the transition
band width increased to more than 2.5 °C. The fluorescence intensity profile indicates that
smaller LNPs had higher fluorescence and a stronger absolute fluorescence intensity
change after switching ON. LNPs also showed outstanding physiological stability in
solution with various ionic strengths and pH values, and USF imaging was successfully
conducted with the mixture of LNPs and blood serum. In addition, a depth-study showed
USF imaging could be conducted with both micro and nano-sized liposomes at 1.0 cm, but
USF imaging at 2.5 cm could only be conducted with nano-sized liposomes. Moreover, the
feasibility of combining USF imaging with ultrasound-controlled release was verified in
this study. While negligible release was noticed during USF imaging with a HIFU power
of 0.19 W (MI: 0.97), increasing the HIFU power and extending the exposure time could
lead to an obvious increase in release. Above all, this research suggests that the LNPs could
be used for high-resolution USF imaging-guided and ultrasound-controlled drug release in

centimeter-deep tissue.
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Chapter 5
Gold Nanoparticles and ICG-loaded PNIPAM Nanogels for Computed Tomography and
Ultrasound-Switchable Fluorescence Dual Modality Imaging.
1. Introduction
Fluorescence imaging has been widely used in both research studies and clinical
applications. Recently, researchers developed a cubic-phase erbium-based rare-earth
nanoparticle for in vivo molecular imaging and immunotherapy [65]. The emission light in
the NIR range allows them to have a high-resolution image. Except using fluorescence
imaging for research, it has also been widely used for imaging guided surgery [7,66]. Since
ICG dye is an FDA approved contrast agent to be used for in vivo applications, fluorescence
guided surgery using ICG is studied to increase survival rate, less tissue damage, and

improve safety [67].

The CT imaging scan is one of the useful diagnostic imaging tools to create a detailed 3-D
image of internal organs, bones, and soft tissues. The usage of CT for tumor identification,
tracking, and monitoring was favored due to its fast, painless, and accurate imaging. The
use of contrast agents during CT scan improved target-to-background contrast and
specification. Iodine-based CT contrast agents were widely used to enhance CT images
and were usually injected via a vein. The other commonly used contrast agent is Barium-
sulfate, which is usually taken by mouth. Recently, using AuNPs as a contrast agent for
CT scans has attracted lots of attention due to its high X-ray attenuation, simple surface

chemistry, and easy surface decoration [68—71].
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This chapter synthesized an AuNPs and ICG-loaded PNIPAM (AuNP-ICG-PNIPAM)
nanogel for CT and USF dual-modality imaging. We conducted nanogel characterizations
include size measurement using DLS and TEM, zeta potential, effect of temperature on
fluorescence emission, temperature-dependent size measurement, stability tests, and
spectra. The results showed that the nanogel has a size of around 200 nm and the
encapsulated AuNP has a size of around 10 nm. The fluorescence profile confirmed that
the emitted fluorescence intensity increases with an increase in temperature, and the
switch-ON position was at 37.5 °C. We conducted an ex vivo study with a tissue model to
verify the CT contrast, followed with CT and USF imaging in a silicone tube model to
verify the imaging capability. Finally, we injected the AuNP-ICG-PNIPAM into the thigh

of a mouse and successfully conducted CT and USF imaging.

2. Materials and Methods
2.1 Synthesis of AuNP and ICG-loaded PNIPAM Nanogel
In Figure 26, the schematic diagram of the process of synthesizing the AuNP-ICG-

PNIPAM nanogel was presented.
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Figure 26. The schematic diagram of AuNP-ICG-PNIPAM nanogel synthesis. Three
major steps, including the AuNP synthesis, ICG/B-CD preparation, and AuNP-ICG-

PNIPAM nanogel synthesis, were demonstrated.

2.1.1 AuNP synthesis

The synthesis of AuNP is based on the Turkevich method with some modifications [72].
In brief, 90 mL of DI water was added to a 250 mL Erlenmeyer flask. Then, 7.7 mL of
sodium hydroxide aqueous solution (7.7 mM) was added to the flask to adjust the pH. Next,
2.5 mL of gold (III) chloride trihydrate solution (2.5 mM) was transferred to the flask. The

flask with the mixture was then placed on a hotplate and heated at 250 °C until boiling,
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with a stir at 800 rpm. A reflux was placed on top to avoid the escape of water vapor. 2.851
mL of trisodium citrate solution (50 mg/mL) was then injected into the flask quickly.
Trisodium citrate can not only reduce Au’" to gold nanoparticles but also act as a stabilizing
agent to avoid aggregation. After adding the trisodium citrate, the color of the solution in
the flask changed from golden yellow to wine red. The reaction took place for 30 minutes
and then cooled down to room temperature. Synthesis was repeated 3 times to acquire a
total volume of about 300 mL of gold nanoparticle solution. Next, gold nanoparticle
solution was transferred to four 50 mL ultra-centrifugal filter tubes (MWCO 10kDa) and
centrifugation was conducted using a refrigerated centrifuge (Multifuge X1, Thermo
Scientific, USA) with a rotor (Fiberlite F15, Thermo Scientific, USA) for 10 min at 1,500
xg and 4 °C. The centrifugation process was repeated until the final volume of AuNP

reached 50 mL. Finally, the AuNP solution was stored at 4 °C.

2.1.2  AuNP and ICG-loaded PNIPAM nanogel synthesis

Synthesis of PNIPAM nanogel followed the procedures mentioned in our previous study
with some modifications [73]. The beta-cyclodextrin (B-CD)/ICG complex was
synthesized first. 4.5 mg of ICG was dissolved in 3 mL anhydrous ethanol with the help of
bath sonication for 5 minutes. At the same time, 17 mg B-CD was dissolved in 10 mL of
DI water. Then, the ICG solution was added into the B-CD solution dropwise with a stir.
The mixture was mixed for six hours. A reaction tube was filled with 1.5 g NIPAM
(monomer), 0.15g AAm (adjusting Switch-ON temperature point), 22 mg BIS (linker), 150
mg SDS (surfactant), 40 mL of concentrated AuNP solution, 13 mL of B-CD/ICG mixture

with 2 mL of washing DI water, and 50 mg of azobisisobutyronitrile (AIBN, initiator). The
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mixture was stirred for 30 minutes to allow the complete dissolution of reagents. Then, the
solution was purged with nitrogen for 1 hour while stirring. Afterward, a rubber stopper
was used to seal the tube, followed by 3 cycles of vacuum and nitrogen purge to ensure a
nitrogen-rich environment within the reaction tube. Next, the reaction tube was immersed
in a pre-heated oil bath (65 °C) and reacted for 1.5 hours. During this period, 0.15 g sodium
ascorbate (SA) was dissolved in 2 mL DI water. After 1.5 hours reaction, SA solution with
1 mL additional washing DI water was injected into the reaction tube using a 5 mL syringe
and a 27-gauge needle. The total reaction time was 13 hours and dialysis against DI water
was took place for 3 days. Dialysis water was changed every day. Freeze-dry was
conducted for long-term storage and 150 mg/ml AuNP-ICG-PNIPAM was prepared in DI

water for the following experiments.

All chemicals used in sections 2.1.1 and 2.1.2 were purchased from Fisher Scientific.

2.2 AuNP-ICG-PNIPAM Nanogel Characterizations

2.2.1 DLS and zeta potential

The hydrodynamic size of both AuNP and AuNP-ICG-PNIPAM nanogel was measured
using the DLS (NanoBrook 90PlusPALS, Brookhaven Instruments, USA). For AuNP, the
solution was diluted 10 times with DI water to avoid aggregation during measurement, and
a 3.5 mL quartz cuvette was used to hold the sample. After that, the AuNP sample was
placed in the DLS and allowed to settle for 10 minutes before being measured.
Measurement was repeated five times to acquire the average hydrodynamic size of AuNP.

Similarly, 1 mg/mL of AuNP-ICG-NIPAM solution was transferred into a 3.5 mL quartz
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cuvette. The measurements were conducted at room temperature and repeated at least three
times. The AuNP-ICG-PNIPAM nanogel size change with respect to the change in
temperature was also measured with the DLS. The temperature was measured from 30 °C
to 54 °C with an increment of 2 ‘C. The temperature was held for 10 min at each

temperature point to allow equilibration before measuring.

The zeta potential was measured by transferring 1 mg/mL AuNP-ICG-PNIPAM nanogel
into a 3.5 mL gold electrode quartz cuvette. Then, the PALS (NanoBrook 90Plus PALS,
Brookhaven Instruments, USA) was used to conduct zeta potential measurements at room

temperature. Measurement was repeated five times.

222 TEM

A TEM (H-9500, Hitachi, Japan) was used to measure the physical size and visualize the
shape of AuNP and AuNP-ICG-PNIPAM nanogel. The AuNP solution for TEM was
prepared by first diluting it 100x with DI water. A 200-mesh copper grid was fixed using
forceps. A 10 uL AuNP solution was dropped on the grid and left overnight to allow
complete solvent evaporation. Then, the sample was loaded into the TEM for imaging.
Similarly, the PNIPAM nanogel was diluted by 30 times to avoid aggregation during
imaging. A 10 uL PNIPAM nanogel was dropped on the grid and left overnight to allow
complete solvent evaporation. Then, 5 pL. of 0.5 % uranyl acetate was dropped on the grid
to negatively stain the sample. After 2 hours to dry the sample, it was then placed in the

TEM for imaging.
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2.2.3 Absorption and emission spectra

The absorption spectra of both AuNP and AuNP-ICG-PNIPAM nanogel were
characterized using a microplate reader (Tecan, Switzerland). 30x diluted AuNP solution
and 4 mg/mL AuNP-ICG-PNIPAM were prepared. 200 pL sample was transferred into a
96-well plate for the absorption test. The spectrometer (Fluoromax-Plus-C, Horiba, Japan)
was used to measure the emission spectrum of AuNP-ICG-PNIPAM. A 300 pL quartz
cuvette (Hellma, Germany) was used to hold a 200 uL AuNP-ICG-PNIPAM sample (4
mg/mL). The cuvette was placed inside a holder with stirring and the temperature was set
at 25 °C. The emission spectrum was scanned from 600 nm to 850 nm using an excitation
light of 500 nm and an integration time of 0.1 s. A 550 nm long-pass filter (Semrock, USA)

was used to avoid leakage of excitation light.

2.2.4 Fluorescence profile

An in-house built cuvette system was used to examine the relationship between the
fluorescence intensity emitted from the AuNP-ICG-PNIPAM nanogel with respect to the
change in temperature (fluorescence profile). The 3 mL AuNP-ICG-PNIPAM nanogel
solution was diluted 10x before loading into a 3.5 mL quartz cuvette and placed in a
temperature-controlled holder (Quantum Northwest, Inc., USA) with stirring. An 808 nm
excitation laser (MGL-II-808-2W, Dragon lasers, China) was used to excite the sample.
The emitted light from AuNP-ICG-PNIPAM nanogel was collected by a modular USB
spectrometer (USB2000+, Ocean Inlight, USA) after passing through an 830 long-pass
filter (Semrock, USA). The temperature measurement range was from 30 °C to 50 °C with

an increment of 0.1 “C. A temperature probe was immersed in the sample to measure and
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record the sample temperature. At the same time, fluorescence intensity values at various

temperature points were recorded.

2.2.5 Stability test

The switch-ON/OFF cycle test was implemented using the in-house built cuvette system
to determine the stability of the AuUNP-ICG-PNIPAM. The temperature was set at 30 °C
(switch OFF) at the beginning, and fluorescence intensity was recorded. Then the
temperature was quickly increased to 50 °C (switch ON) and the fluorescence intensity was

measured again. A total of 10 cycles were conducted to examine the stability of the AuNP-

ICG-PNIPAM nanogel.

2.3 Ex vivo Imaging

2.3.1 CT imaging of AuNP

The CT imaging of AuNP was conducted to examine the capability of using it as a CT
contrast agent. The micro-CT (Bruker, USA) was used during the experiment. First, AuNP
was placed into a 1.5 mL centrifuge tube and CT imaging was conducted with the AuNP
and porcine tongue tissue (1 cm thick). Acquired images were processed with NRecon to
reconstruct the image and CTvox to acquire the 3-D CT image. In CTvox, the threshold
can be adjusted to remove noise. In addition, AuNP and water were injected and sealed
into two silicone tubes (0.76 mm inner diameter and1.65 mm outer diameter, HelixMark,
USA), separately. Both tubes were embedded in one piece of porcine tongue tissue. A CT
image was acquired with the micro-CT and the data was processed using NRecon and

CTvox.
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2.3.2 CT and USF imaging of AuNP-ICG-PNIPAM

The AuNP-ICG-PNIPAM solution was injected into a silicone tube (0.76 mm ID, 1.65 mm
OD), which had a length of 1.1 cm. Two ends of the tube were sealed with glue to avoid
leaking. A negative control with water injected into the tube was also implemented. Both
tubes contained either AuNP-ICG-PNIPAM or water was embedded in 1.5 cm thick

porcine tongue tissue. CT imaging was conducted using the micro-CT.

After embedding the tube in the porcine tissue, USF imaging was conducted using an in-
house built frequency-based USF system. The porcine tissue was placed in a customized
box with the bottom sealed with parafilm. The box was placed in a water tank filled with
water and the temperature was controlled by a temperature controller (Stanford Research
System, USA) at 37 °C. A laser light (27.87 mW/cm?) was illuminated from the bottom of
the tissue to excite the AuNP=ICG-PNIPAM. A 2.5 MHz HIFU transducer (Sonic
Concepts Inc., USA) was placed at the bottom of water tank and focused on the silicone
tube, which was embedded in the porcine tissue, to induce heat and switch ON the nanogel.
a HIFU power of 0.20 W (MI = 0.97) was used during a 2-D scan with a scan area of 7.112
mm X 7.112 mm and a step size of 0.356 mm in the Y direction and 1.778 mm in the X
direction. The burst period is 20 s with a 0.4 s burst. The emitted fluorescence was collected
by a fiber bundle located on top of the tissue and passed through two 830 nm long-pass
filters and one 830 nm absorption filter before reaching the PMT detector (Hamamatsu,

Japan).
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2.4 In vivo CT and USF Imaging

The animal protocols were approved by the University of Texas at Arlington’s Animal
Care and Use Committee. Three BALB/c mice (female, Jackson Lab, USA) were utilized
to study the in vivo imaging capability of AuNP-ICG-PNIPAM nanogel. First, the mouse
was shaved, and the thigh was exposed. A CT scan was conducted with the mouse as a
negative control. Then, 50 pL nanogel was directly injected into the thigh muscle, and the
mouse was imaged with CT again. Afterward, the mouse was transported to a customized
bed. The bottom of the bed was sealed with parafilm and placed in a water bath with a
temperature kept at 37 °C. A 3-D USF scan was conducted with a scan dimension of 8.128
mm X 8.128 mm X% 6.350 mm in the X, Y, and Z directions, respectively. The step sizes
were 1.016 mm % 1.016 mm x 1.270 mm in the X, Y, and Z directions, respectively. A
HIFU with 2.50 W (MI = 3.38) power and a 0.4 s burst with a 20 s burst period was used
to switch ON the nanogel. An excitation light with an intensity of 19.23 mW/cm? was
utilized to excite the nanogel. Three replicates were conducted to verify the success in vivo
CT and USF dual modality imaging. The imaging reconstruction and co-registration were

conducted according to a previously published method [21].

The mouse was anesthetized with the anesthesia machine (Supera Anesthesia Innovations,
USA) during both CT and USF imaging. During CT imaging, 3.0 % isoflurane (Miller
Veterinary Supply, USA) and a flow rate of 1 L/min were implemented. During USF

imaging, 1.8 % isoflurane and a flow rate of 0.8 L/min were used.
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3. Results

3.1 Characterizations of AuNP-ICG-PNIPAM Nanogel

The hydrodynamic size of AuNP was characterized using a DLS. The result in Figure 27al
shows that AuNP has a mean diameter of 24.2 = 0.2 nm with a polydispersity of 0.147 +
0.026. Further characterization with TEM revealed a round-shaped size and a homogenous
size distribution as shown in Figure 27a2. The hydrodynamic size of AuNP-ICG-PNIPAM
was also measured using the DLS. At 30 °C, the nanogel has a hydrodynamic size of 122.5
+ 20.8 nm and the hydrodynamic size decreased to 51.7 = 2.6 nm when the temperature
reached 46 °C. The nanogel has a relative homogenous size distribution of 0.171 + 0.081
at 30 °C. As shown in Figure 27bl, the size of the nanogel started to decrease after 36 “C.
In addition, the emitted fluorescence intensity change with respect to the change in
temperature was shown in Figure 27b1. It is clear that the fluorescence intensity increased
around 37 °C and leveled off around 45 °C. This fluorescence intensity change
corresponded to the size change of the AuNP-ICG-PNIPAM nanogel. Figure 27b2 shows
a single AuNP-ICG-PNIPAM nanogel, which had AuNPs entrapped inside or attached to
the surface. The zeta potential of the AuNP-ICG-PNIPAM at 30 °C showed that the
nanogel had a relative net neutral charge on the surface with a value of 1.64 £ 0.75 mV.
The absorption spectra for AuNP, ICG-PNIPAM, and AuNP-ICG-PNIPAM were shown
in Figure 27d and measured from 500 nm to 800 nm. AuNP (shown in the black solid line)
had an absorption peak of 520 nm. The absorption peak of ICG-PNIPAM (shown in the
red dash line) was located at 770 nm. The AuNP-ICG-PNIPAM nanogel was shown to

have two absorption peaks at 520 nm and 770 nm (shown in the purple dotted line). The
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emission spectrum of AuNP-ICG-PNIPAM nanogel was scanned from 550 nm to 850 nm.

Two emission peaks were detected, which were at 604 nm and 800 nm.

al)

b1)

242 nm 2" 1
100 - z
§ 1.0 4 {102
= &
~ 80+ %“'3‘ J120 ﬁ
2 g 061 4100 E
O 60 E g
% 0.4 e _;E-,
40 E 0.2 1 =
E 460 =
20 T 1 2 ] . . . . . . . . .-‘i-g 40
10 100 28 30 32 34 36 38 40 42 44 46 48 S50 52
Temperature (°C)
b2)
AuNP AuNP-ICG-PNIPAM
Hydrodynamic Size at 30 °C (nm) 24.2 £0.2 nm 122.5 + 20.8 nm
Hydrodynamic Size at 46 °C (hm) - 51.7+2.6 nm
Polydispersity Index 0.147 £ 0.026 0.171 £ 0.081
Zeta Potential (mV) - 1.64 £0.75
d) e) 'E‘ 604 nm
—— AuNP E‘ ]
12 - S 1CG-PNIPAM o
2ol AuNP-ICG-PNIPAM 770 nm E 0.8 -
§’ 0.8+ % 0.6+
; g 800 nm
‘E 0.6 E 04
] =
0.4 - @
0.2 -
0.0 - 2 0.0+
I S50 600 650 700 750 S00 850
Wavelength (nm)

85

Wavelength (nm)



Figure 27. Characterizations of AuNP and AuNP-ICG-PNIPAM nanogel. The size of
AuNP was measured with al) DLS (replicates n = 5) and a2) TEM with a scale bar of 20
nm. bl) The hydrodynamic size change and emitted fluorescence intensity change of
AuNP-ICG-PNIPAM with respect to the change of temperature (replicates n =5). b2) TEM
image of a single AuNP-ICG-PNIPAM nanogel, which encapsulated AuNP with a scale
bar of 100 nm. ¢) Summary of size, polydispersity, and zeta potential for both AuNP and
AuNP-ICG-PNIPAM. Zeta potential values were measured with replicates n = 5. d)
Absorption spectrum of AuNP (black solid line), ICG-PNIPAM (red dash line), and AuNP-

ICG-PNIPAM (purple dotted line). ) The emission spectrum of AuNP-ICG-PNIPAM.

3.2 Stability
As shown in Figure 28, AuNP-ICG-PNIPAM nanogel was tested with the switch-ON/OFF
test to determine its stability for USF imaging. A total of 5 cycles were conducted, and the

result showed the nanogel was stable after five cycles of switching ON and OFF.
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Figure 28. The switch-ON/OFF cycle test of AuNP-ICG-PNIPAM. A total of 5 cycles

were conducted.

3.3 Ex vivo CT and USF Imaging

To test if AuNP has enough CT contrast to tissue, the AuNP solution was placed in a 1.5
mL centrifuge tube and CT imaging was conducted with porcine tissue. As shown in Figure
29a, as the CT intensity threshold increased, we could barely identify the porcine tissue.
At the same time, we were still able to visualize the AuNP solution. The average gray-scale
intensity was evaluated based on the third image in Figure 29a using ImageJ. Porcine tissue
had an average gray-scale intensity of 2.34 £ 9.99 and AuNP had an average gray-scale
intensity of 183.67 +45.25. Furthermore, similar experiments were conducted with AuNP-
ICG-PNIPAM. After filling one silicone tube with water (labeled in blue dash line) and the
other one with AuNP-ICG-PNIPAM nanogel (labeled in green dash line), both were
embedded inside porcine tissue (Figure 29b). CT imaging was used to see if the AuNP-
ICG-PNIPAM nanogel contrasted with the tissue. After increasing the CT image threshold,
we can barely see the porcine tissue. Meanwhile, the shape of the silicone tube can be
visualized. The tube filled with water shows as hollow, and the silicone tube filled with
AuNP-ICG-PNIPAM shows as solid in the middle. The side view of the CT image shown
in Figure 29c1 and c2 further confirmed that the tube filled with water was hollow in the
middle, while the tube filled with AuNP-ICG-PNIPAM nanogel was solid. Figure 29d
shows the dimension of the porcine tissue with a thickness of 1.5 cm. Two silicone tubes
were embedded in the center of the tissue during both CT and USF imaging. Figure 29¢

shows the dimensions of the silicone tube with a length of 1.1 cm and an outer diameter of
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0.165 cm. A 2-D USF imaging scan of the silicone tube filled with AuNP-ICG-PNIPAM
was shown in Figure 29f. The dash line outlined the size of the silicone tube, and we can

clearly see the shape of the tube in the USF image.
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Figure 29. Ex vivo of both CT and USF imaging. a) CT imaging of porcine tissue (left)

and a centrifuge tube containing AuNP solution (right). The image threshold was increased
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from left to right to remove background noise and show CT contrast between tissue and
AuNP. A red dash line outlined the shape of porcine tissue, and a yellow dash line outlined
the shape of the 1.5 mL centrifuge tube. b) a silicone tube filled with water (labeled in blue
dash line) and a silicone tube filled with AuNP-ICG-PNIPAM nanogel (labeled in green
dash line) was embedded in porcine tissue (outlined in red dash line). The image threshold
was increased from left to right to remove background noise and show CT contrast between
tissue and AuNP-ICG-PNIPAM nanogel. The side view of the CT image sides for cl)
silicone tube filled with water and c2) silicone tube filled with AuNP-ICG-PNIPAM
nanogel were shown. d) image of porcine tissue with a thickness of 1.5 cm. e) the
dimension of the silicone tube with a length of 1.1 cm and outer diameter of 0.165 cm. f)
2-D USF imaging scan of the silicone tube, which was filled with AuNP-ICG-PNIPAM

nanogel and embedded in the porcine tissue.

3.4 In vivo CT and USF Imaging

Both in vivo CT imaging and USF imaging results were shown in Figure 30. A 3-D USF
image was shown in Figure 30al, which had a dimension of 8.128 mm x 8.128 mm X 6.350
mm in the X, Y, and Z directions, respectively. The imaging step size was 1.016 mm in
the X and Y directions, and 1.270 mm in the Z direction. The volume of the USF image
was 50.10 mm®. The 3-D CT scan was recorded in Figure 30a2. The CT image had the
same dimension and step size as the USF image. The total volume of the CT image was
103.63 mm?>. Figure 30b1 shows the image of a BALB/c mouse with a half-shaved body.
The blue dot on the thigh represented the local injection site. A 3-D co-registration image

of USF and CT images is shown in Figure 30b2. The USF image, CT image, and
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overlapped USF and CT were represented in green, blue, and red, respectively. The
overlapped volume was 31.25 mm?®, which meant 62.38 % of the USF image volume was
overlaid with the CT image. The sliced co-registration images were shown in Figure 30c
with various depths of 1.434,2.390, 3.346,4.302, and 5.258 mm. The USF, CT, overlapped,

and background were labeled in green, blue, red, and gray, respectively.
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Figure 30. /n vivo USF and CT imaging. The in vivo 3-D al) USF image and a2) CT image.
The intensity was normalized and represented in the color code. b1) The photo of a BALB/c
mouse with half-shaved body. The blue dot represented the location where the local
injection was conducted. b2) A 3-D co-registration of USF image (represented in green)

and CT image (represented in blue). The overlap between the two imaging modalities was
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shown in red. ¢) The X-Y plane sliced co-registration images at depth of 1.434, 2.390,

3.346, 4.302, and 5.258 mm. Number of replicates n = 3.

4. Discussion

4.1 AuNP-ICG-PNIPAM Synthesis Methods

Different approaches were conducted to encapsulate or attach AuNPs to PNIPAM nanogel.
First, a seed method by synthesizing the gold nanoparticle first and then growing the
polymer on the surface of AuNP was conducted, and the resulted AuNP-PNIPAM
apparatus had single AuNPs per nanogel and uniform size distribution [74—77]. The
second approach was to synthesize PNIPAM nanogel first and then graft PNIPAM nanogel
onto the AuNPs surface during AuNP synthesis via thiol group [78-80]. The above-
mentioned methods synthesized a single AuNP encapsulated PNIPAM nanogel. This work
described a synthesis method that not only encapsulated ICG dyes but also entrapped
multiple AuNPs in a single PNIPAM nanogel. This is desired since we can conduct dual

modality imaging using ICG dye for USF and AuNPs for CT.

4.2 Physical Property of AuNP and AuNP-ICG-PNIPAM

The synthesized AuNP showed to have a homogenous size distribution based on the DLS
and TEM results with a polydispersity index of 0.147 + 0.026. As reported in the literature,
the size and concentration of AuNP has effects on the CT attenuation [71,81]. Smaller-
sized AuNP tends to have a higher CT attenuation compared to larger size AuNP in the
same concentration. Also, higher concentration of AuNP leads to higher CT attenuation for

same-sized AuNP. Therefore, this work synthesized AuNPs with a size of 24.2 = 0.2 nm
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and later concentrating AuNP-ICG-PNIPAM was conducted to increase the concentration
of AuNP. Concentrated AuNP solution was used to synthesize the AuNP-ICG-PNIPAM
to increase the quantity of AuNP encapsulated per PNIPAM nanogel. Results showed that
The AuNP-ICG-PNIPAM synthesized with concentrated AuNP solution had a higher
AuNP quantity encapsulated in the nanogel (Appendix B). As shown in Figure 27b1, after
encapsulating AuNPs, the nanogel still remained the desired thermo-responsiveness for
USF imaging (i.e. reducing size and increasing fluorescence intensity as temperature
increased). In addition, the size of the nanogel was inversely related to the emitted
fluorescence intensity. According to the absorption spectra, AuNP had an absorption peak
at 520 nm, which was consistent with the literature [82], and ICG-PNIPAM had an
absorption at 770 nm, which was also consistent with a previously published article [73].
After encapsulating AuNP into ICG-PNIPAM, the synthesized AuNP-ICG-PNIPAM was
shown to have two absorption peaks at both 520 and 770 nm. The emission spectrum of
AuNP-ICG-PNIPAM was also similar to the previously published emission spectrum of
ICG-PNIPAM nanogel [73], which indicated that AuNP did affect the emission spectrum
of nanogel. Additional switch-ON/OFF tests confirmed that the AuNP-ICG-PNIPAM
nanogel was stable enough for repeated switch-ON/OFF, which was advantageous for

imaging applications.

4.3 Ex vivo and in vivo Dual Modality Imaging: CT and USF
The ex vivo CT imaging of the AuNP solution confirmed that synthesized AuNP had strong
CT attenuation and had CT contrast to the porcine tissue. This indicated that after injecting

AuNP solution into the body, we would be able to identify the AuNPs. The CT imaging of
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AuNP-ICG-PNIPAM further confirmed that after encapsulating AuNP into nanogel, the
synthesized nanogel had enough CT contrast to the porcine and could be used for in vivo
imaging. The comparison between a tube filled with water and a tube filled with AuNP-
ICG-PNIPAM further confirmed that the AuNP-ICG-PNIPAM inside the tube had CT
attenuation. In addition, we successfully conducted USF imaging with the AuNP-ICG-
PNIPAM tube model and proved that AuNP-ICG-PNIPAM can be used for CT and USF

dual modality imaging.

The in vivo CT and USF imaging were conducted successfully via a local intramuscular
injection, and 3-D CT and USF images were constructed for comparison. As shown in
Figure 30b2, after co-registering the CT image with the USF image, there was overlap
between the two imaging modalities, while USF tended to have a spread along the axial
direction and CT tended to have a spread along the lateral direction. It is known that USF
imaging has a non-ideal axial imaging resolution due to the inherent nonuniform shape of
the ultrasound focus. The large spatial spread of CT image might be caused by the low CT
attenuation intensity of the AuNP-ICG-PNIPAM nanogel. This issue can be improved by

further increasing the concentration of AuNP solution during nanogel synthesis.

4.4 Potential Improvements and Future Applications

Although we have proved that AuNP-ICG-PNIPAM can be used for CT and USF dual
modality imaging, several improvements can be implemented to improve the image quality
in the future. First, although AuNP-ICG-PNIPAM showed outstanding CT attenuation

intensity compared to tissue, a stronger CT attenuation was desired so that we could easily
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separate contrast agents from soft and hard tissues. It is known that a higher concentration
of AuNP results in a higher CT attenuation intensity. Therefore, a higher concentration of
AuNP solution can be used during nanogel synthesis. As we can see from the TEM image,
each nanogel still had plenty of space for additional AuNPs. Furthermore, AuNPs can be
attached to the monomer first via chemical linkers and then synthesized to form the nanogel.
In this way, the quantity of encapsulated AuNPs can be dramatically increased to increase
the CT attenuation. Second, the viscosity of AuNP-ICG-PNIPAM was high according to
visual observation. The viscosity issue can be simply solved by diluting the AuNP-ICG-
PNIPAM nanogel before utilizing it. However, this requires a high concentration of AuNPs

in each nanogel to ensure enough CT attenuation after dilution.

Future applications of AuNP-ICG-PNIPAM nanogel include biomarkers and targeted in
vivo dual modality imaging. As shown in the tube model, AuNP-ICG-PNIPAM nanogel
can be sealed within a carrier and implanted into the body as a biomarker. Both CT and
USF imaging can be conducted to track the seed. Further, in vivo dual modality imaging

can be conducted in desired organs or tumors via passive targeting and accumulating.

5. Conclusion
This study has formulated a novel AuNP-ICG-PNIPAM nanogel structure for CT and USF
dual modality imaging. The synthesized AuNPs were evenly distributed with a size of 24.2
+ 0.2 nm. After encapsulating AuNPs into PNIPAM nanogel, the thermal-responsive
feature and emission peaks were not affected and showed two emission peaks at 604 nm

and 800 nm. As the temperature increased from 30 °C to 46 °C, the hydrodynamic size of
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AuNP-ICG-PNIPAM decreased from 122.5 = 20.8 nm to 51.7 £+ 2.6 nm. Furthermore, the
stability of the AuNP-ICG-PNIPAM was confirmed with a 5-cycle switch-ON/OFF test.
The AuNPs had stronger CT attenuation compared to the CT attenuation of porcine tissue,
and the AuNP-ICG-PNIPAM nanogel also showed a CT contrast to the porcine tissue. In
addition, TEM images confirmed that increasing the concentration of AuNP solution
during nanogel synthesis led to an increased quantity of AuNPs inside a single nanogel.
The in vivo USF and CT dual modality imaging was successfully conducted on the thigh
of mice, and 3-D USF and CT images were constructed. A co-registration of USF and CT
images was conducted, and 62.38 % volume of the USF image was overlapped with the
CT image. Future applications of the AuNP-ICG-PNIPAM nanogel led to potential
biomarkers and in vivo organ/tumor targeted dual modality imaging. In addition, this
nanogel was not only the first contrast agent apparatus designed for CT and USF dual
modality imaging, but also showed the potential of encapsulating various ingredients in the
PNIPAM nanogel and was used for various applications such as multi-color imaging,

multi-modal imaging, and imaging guided drug delivery.
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Chapter 6
Conclusions and Future Work
This study advanced the USF contrast agents via improving the existing ICG-PNIPAM
nanogel, developing novel liposomal microparticles and nanoparticles, and exploring dual-
modality imaging using CT and USF imaging. First, we controlled the size of the ICG-
PNIPAM nanogel by adjusting the quantity of SDS. We conducted characterizations, such
as fluorescence profile, stability, spectra, and size. Results showed that size had minimal
effects on stability and spectra, but various-sized ICG-PNIPAM nanogels had different
fluorescence profiles. In addition, we applied different-sized ICG-PNIPAM nanogels for
in vivo USF imaging and showed accumulation in either the spleen for the larger-sized
nanogel or the liver for the smaller-sized nanogel. ICG-loaded liposomal microparticles
were first formulated and characterized with a narrower fully switched-ON temperature
range, an NIR emission peak at 836 nm, and excellent biocompatibility for USF imaging.
We demonstrated the capability for both ex vivo and in vivo USF imaging. Furthermore,
we accomplished surface decoration with PEGylated chains and folate targeting groups
with nanometer-sized liposomes. We evaluated the potential to use liposome nanoparticles
for USF-guided and ultrasound-assisted release. Last, we synthesized AuNP-ICG-
PNIPAM nanogels and conducted dual-modality imaging with CT and USF. The results
showed that AuNPs had high CT contrast to tissue and in vivo CT/USF imaging with

AuNP-ICG-PNIPAM nanogel was conducted successfully.

Currently, only ICG has been loaded into the PNIPAM. Nanogel loaded with dyes can be

used for multicolor imaging to identify targets via multi-colors. Liposomes, one of the most
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promising biocompatible particles for in vivo applications, has great potential for tumor-
targeted USF imaging. Although there is still a challenge in stability during USF imaging
with liposomes, membrane composition modifications, such as adding different lipids and
optimizing lipid ratios, and structure changes, such as using lipid nanoparticles instead of
liposomes and core/shell structure liposomes, can be done to overcome this issue. We
suspect that biological factors such as proteins might contribute to the instability of the
liposomes. Therefore, mixing liposome with plasma is an option to test the effect of
proteins on liposomes. In addition, liposome might be a great candidate for a USF imaging-
guided and ultrasound-assisted drug delivery carrier. The demonstration of the dual-
modality imaging capability of AuNP-ICG-PNIPAM nanogel showed great potential to
combine USF imaging with other imaging modalities. There is a complementary
relationship between each modality for disease diagnosis, lesion tracking, and molecular
imaging studies. Further depth-study on CT modality can be conducted to learn CT

imaging depth limitation.

In conclusion, we strongly believe that contrast agents play a critical role in advancing USF
imaging and that USF imaging has great potential to be used for centimeters-deep tissue
imaging to overcome the tissue-scattering challenge in fluorescence imaging. Potential
USF imaging guided drug delivery systems and multi-modality imaging can be achieved

with the help of innovative contrast agents in the future.
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Appendix A — Cell Culture

1. Medium Preparation
The DMEM medium was used to culture cell lines of BxPC-3, U87, and 3T3 fibroblast. 1
vol. % penicillin-streptomycin antibiotic (ATCC, USA) was added into the medium and
the prepared DMEM stock medium was stored at 4 “C. Before using the medium for cell
culture, 10 vol. % fetal bovine serum (FBS) was added into the stock medium. The ready-

to-use medium was stored at 4 °C.

2. Medium Change and Cell Passage
The cell culture was conducted in a T-75 flask (Thermal Scientific, USA). First, medium
was removed from the flask and 3 mL PBS (pH 7.4) was added into the flask to wash the
cell with gentle swirling. For medium change, PBS was removed, and new cell medium (8
mL) was added into the flask. For cell passage, after removing PBS, 3 mL trypsin (ATTC,
USA) was added into the flask. The flask was placed in an incubator for 3 minutes or until
the cell detached. 3 mL medium was then added into the flask to dilute the trypsin. Cells
were then transferred into a 15 mL centrifuge tube and centrifuged for 5 minutes at 200 xg.
At the same time, fresh medium was dispersed into new T-75 flasks. After centrifugation,
the supernatant was removed, and the cell pellet was resuspended in ImL medium.
Appropriate volume of resuspended cells was aliquoted to fresh prepared flasks. Finally,

the flask was placed into an incubator. The culture medium was changed every 2 days.
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3. Tumor Cell Implantation
The procedure was the same as cell passage until centrifuge. After centrifugation, 1 mL
medium was used to suspend the cell pellet. Cell counter (Bio-Rad Laboratories, USA) was
used to measure cell concentration and adjust the volume of cell solution to have a 3 x 10°
cells/mL cell concentration. Then, the cell solution was transferred to a cryogenic storage
vial and transported to the mice facility. Athymic Nude-Foxnlnu mutant mice (6 weeks,
female) were used. A 1 mL syringe with 27-gauge needle was used during inoculation. 100

uL cell culture was injected into the thigh of mice subcutaneously.

4. Frozen and Recover Cell
The Procedure was the same as cell passage until centrifuge. After centrifuging, 1 mL
solution (90 vol. % medium and 10 vol% dimethyl sulfoxide (DMSO)) was used to
resuspend the cell pellet. Then, the cell solution was transferred into a cryogenic storage
vial. Next, the vial was placed into a cell freezing box and the cell was frozen at -80 "C
fridge overnight. In the end, the vial was stored in a liquid nitrogen tank for long-term

storage.

To recover cells, the cryogenic storage vial was taken out from the liquid nitrogen tank and
placed into an incubator with the temperature set to 37 °C for 5 minutes. At the same time,
8 mL medium was added into a T-75 flask. Cell solution was then transferred from the vial
to the freshly prepared T-75 flask and incubated at 37 °C. The next day, the cell medium

needs to be changed.
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Appendix B — AuNP-ICG-PNIPAM Synthesized with Different Concentrations of AuNP

Figure 31 shows AuNP-ICG-PNIPAM nanogels synthesized with a 5x concentrated AuNP
solution and AuNP-ICG-PNIPAM nanogels synthesized with the original concentration of
AuNP solution. The AuNP-ICG-PNIPAM synthesized with a 5x concentrated AuNP
solution has a larger quantity of AuNPs loaded into the nanogel compared to that of the

AuNP-ICG-PNIPAM synthesized with the original concentration of AuNP solution.

5X Concentrated Original Concentration

Figure 31. AuNP-ICG-PNIPAM synthesized using 5x concentrated AuNP solution and

original concentration of AuNP solution.
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Appendix C — Fluorescence Microscopic images and TEM images of ICG-liposomes

Figure 32. ICG-liposome size measured with the fluorescence microscope. a)
Fluorescence image with 3 s exposure time. b) White image with 100 ms exposure time.

Both images used a 30x objective lens.

We used a fluorescence microscope to further confirm the size of the ICG-liposome. The
sample was diluted and observed under a microscope (Eclipse Ti, Nikon, Japan). Using an
exposure time of 100 ms, a white light source image was captured with a 30x objective
lens. A fluorescence image was acquired with a 30x objective lens using an exposure time
of 3 s. An 808 nm laser (Dragon Lasers, China) with a 785/62-25 nm band-pass filter
(Semrock Inc., USA) was used as the light source, and three 830 long-pass emission filters

were applied to a CCD camera.
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Figure 33. TEM images of the ICG-liposome at different scales a) 2 pm, b) 1 um, c) 100

nm, and d) 50 nm.

The TEM (H-7500, Hitachi, Japan) was utilized to measure the size of the ICG-liposome.
We used a voltage of 40 kV during imaging and prepared the sample with a Formvar film
on 200 square mesh copper. The range of the particle size was from nanometers to
micrometers. In Figure 33a, the clustered particles had an average size of 10.11 pm. Figure
33b shows a group of particles that had an average size of 254 nm with a standard deviation
of 196 nm. Smaller particles were also found with an average size of 136 + 19.56 nm and

167 £+ 2.64 nm in Figure 33c and Figure 33d, respectively.
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Appendix D — Sliced Images at Different Depths and Porcine Tissue Model
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Figure 34. XY-plane slices of tumor model
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Figure 35. XY-plane slices of porcine muscle tissue model
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A fluorescence image was acquired after a local injection of the mixed contrast agent into
porcine muscle tissue with a thickness of 1.2 cm (Figure 36b); the red square represents
the scanning area on a horizontal plane (XY-plane). The XY-plane of USF and CT overlaid
images at different depths sliced from (Figure 13b) are shown in Figure 36¢c1-6. The green,
blue, and red areas represent the USF image, the CT image, and the overlaid image of both
the USF and the CT images, respectively. The XY-plane slices of the overlaid USF and CT

image (Figure 13e) in the tumor model at various depths are listed in Figure 34a-f.
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Appendix E — Test of ICG-liposome Thermo-sensitivity Inside the Liver

Before Heating

6000
5000
4000
3000
2000
1000
0

Figure 36. After a 15 min IV injection of the ICG-liposome, a partial right lobe of the liver

was dissected out and put in a vial. Fluorescence image was taken under the EM-CCD

before and after heating in a water bath.

The thermal sensitivity of the ICG-liposome within the liver was examined. A partial right
lobe of the liver was put in a vial and imaged under the EM-CCD camera. Fluorescence
images were taken at room temperature (Before Heating) first, then the vial was immersed

in hot water to raise the liver temperature above the second LCST, fully switching on the

After Heating

||||||||||||||||||||iiiii||||||||||||||||||||| {:1 r

ICG-liposome (After Heating) before the fluorescence image was taken.
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Appendix F — Cell Viability Test of I[CG-liposome and ICG-PNIPAM
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Figure 37. Cell viability test via the MTT method with the 3T3 mouse fibroblast cell line.
a) ICG-liposome b) ICG-PNIPAM. The number of replicates was n = 5 (*The p-value is
greater than 0.05 with respect to the control group; **the p-value is less than 0.05 with

respect to the control group).

The cell viability test of both ICG-liposome and ICG-PNIPAM is shown in Figure 37. The
concentrations of contrast agents used for the cell viability test were determined by the
final concentration of particles inside the mouse for in vivo study. According to Figure 37,

the ICG-liposome is safer to be used for in vivo studies compared to the ICG-PNIPAM.
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