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Supervisor’s Foreword

Cancer is the most common cause of death in people aged less than 85 years, and it
is estimated that in 2012, there were more than 14 million new cancer cases
worldwide and 8 million deaths. Early detection and specific therapy has the
potential to dramatically improve cancer patient’s overall survival. Therefore, there
is an urgent need to develop novel imaging and therapy methods to improve cancer
management. Nanotheranostics, a combination of diagnostic and therapeutic
modalities into a single nanoplatform, has great potential to be used for cancer
management by offering early diagnostics, sensitive detection, real-time tracking,
image-guided therapy, and therapeutic response monitoring. In particular, the use of
nanoparticles in medicine has attracted increased attention for their unique efficacy
and specificity in diagnostics and therapy. Among nanoparticles used for imaging
and photothermal therapy, gold nanostars (GNS) are of particular interest as their
structures have multiple sharp branches that produce the “lightning rod” effect that
strongly enhances the local electromagnetic field and concentrates heating into
cancer cells. The thesis work of Yang Liu involves the development and applica-
tions of a multifunctional GNS nanoprobe for sensitive cancer imaging and specific
treatment, leading to important breakthroughs in biomedical studies. The multi-
functional GNS nanoprobes can be used for (1) surface-enhanced Raman spec-
troscopy (SERS), (2) two-photon photoluminescence (TPL), (3) X-ray computed
tomography (CT), (4) magnetic resonance imaging (MRI), (5) positron emission
tomography (PET), and (6) photothermal therapy (PTT) for cancer treatment. The
research demonstrated the GNS nanoprobe’s capability for intracranial tumor
detection down to submillimeter level in a murine model. This detection sensitivity
is superior to any currently available noninvasive imaging modality. Current
detectable tumor size limit using MRI is approximately 3–5 mm, which is not
sufficiently sensitive for early brain tumor detection. Furthermore, the thesis
research demonstrated that the use of plasmonic nanoparticles in a novel combi-
nation treatment referred to as Synergistic Immuno Photothermal Nanotherapy
(SYMPHONY), which combines local photothermal therapy (PTT) using plas-
monic GNS and immune checkpoint inhibitor-based immunomodulation, can
enhance and broaden the effect of immune checkpoint inhibitors for use in treating
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both primary tumors as well as distal tumors and also produce an anticancer
“vaccine” effect in a murine model. The important results on cancer photoim-
munotherapy of this thesis have now been successfully extended into the treatment
of a wide range of cancer diseases including breast cancer and brain cancer in
murine models. This strategy could lead to an entirely new treatment paradigm that
challenges traditional surgical resection approaches for many cancers and
metastases.

Durham, NC, USA
January 2018

Tuan Vo-Dinh
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Abstract

The prevalence of cancer has increasingly become a significant threat to human
health and as such, there exists a strong need for developing novel methods for
early detection and effective therapy. Nanotheranostics, a combination of diagnostic
and therapeutic functions into a single nanoplatform, has great potential to be used
for cancer management by allowing detection, real-time tracking, image-guided
therapy, and therapeutic response monitoring. Gold nanostars (GNS) with
tip-enhanced plasmonics have become one of the most promising platforms for
cancer nanotheranostics. This work is aimed at addressing the challenges of sen-
sitive cancer detection, metastasis treatment, and recurrence prevention by com-
bining state-of-the-art nanotechnology, molecular imaging, and immunotherapy.
A multifunctional GNS nanoprobe is developed with capabilities ranging from
noninvasive, multi-modality cancer detection using positron emission tomography
(PET), magnetic resonance imaging (MRI), and X-ray computed tomography (CT),
to intraoperative tumor margin delineation with surface-enhanced Raman spec-
troscopy (SERS) and high-resolution nanoprobe tracking with two-photon photo-
luminescence (TPL), as well as cancer treatment with photoimmunotherapy.
The GNS nanoprobe with PET scans is particularly exceptional in detecting brain
malignancies as small as 0.5 mm. To the best of our knowledge, the developed
GNS nanoprobe for PET imaging provides the most sensitive means of brain tumor
detection reported so far. In addition, the GNS nanoprobe exhibits superior per-
formance as photon-to-heat transducer and can be used for specific photothermal
therapy (PTT). More importantly, GNS-mediated PTT combined with checkpoint
inhibitor immunotherapy has been found to trigger a memorized immunoresponse
to treat cancer metastasis and prevent recurrence in mouse model studies.
Furthermore, a 6-month in vivo toxicity study including body weight monitoring,
blood chemistry test, and histopathology examination demonstrates GNS
nanoparticles’ biocompatibility. Therefore, the multifunctional GNS nanoprobe
exhibits superior cancer detection and treatment capabilities and has great promise
for future clinical translation in cancer management.
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Chapter 1
Introduction

1.1 Specific Aims

Cancer has become a significant threat to human health with more than seven
million deaths each year [1]. Early detection and specific therapy can significantly
improve cancer patients’ survival time but they are still unmet clinical needs calling
for enormous efforts from both preclinical and clinical scientists [2]. This study is
aimed at combining state-of-the-art nanotechnology, molecular imaging and
immunotherapy for nanotheranostics, a combination of cancer therapeutics and
diagnostics using a single multifunctional nanoprobe. The ideal nanotheranostics
probe should be biocompatible and capable of targeting cancer, tracking biodis-
tribution sensitively, and treating disease specifically [3, 4]. Multifunctional
nanoprobes are superior to single function agents with the following advantages:

(1) enable image-guided treatment to improve therapeutic efficiency and
specificity.

(2) can perform studies of nanoparticles’ tumor uptake, pharmacokinetics and
biodistribution without extra labeling.

(3) improve cost-effectiveness since several applications can be realized with one
nanoprobe product.

In this study, it is hypothesized that the biocompatible multifunctional gold
nanostars (GNS) probe can be used for both sensitive cancer imaging from the
subcellular to whole body level as well as specific cancer treatment using
photoimmunotherapy.

The following specific aims are proposed to investigate the above hypothesis:
Specific Aim 1: Development and optimization: Develop multimodality GNS

nanoprobe for cancer theranostics: (a) Diagnostics: positron emission tomography
(PET), magnetic resonance imaging (MRI), X-ray computed tomography (CT),
two-photon photoluminescence (TPL) and surface-enhanced Raman spectroscopy
(SERS); and (b) Therapeutics: photoimmunotherapy, a combination of photothermal
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therapy and immunotherapy. Perform in vivo evaluation to optimize the developed
GNS theranostic nanoprobe.

Specific Aim 2: Diagnostics: Apply the multimodality GNS for in vivo cancer
imaging and demonstrate the feasibility of submillimeter brain tumor detection with
non-invasive imaging methods.

Specific Aim 3: Therapeutics: Apply the multimodality GNS for in vivo cancer
therapy and demonstrate the feasibility of photoimmunotherapy to treat not only
primary tumor but also cancer metastasis.

Successful completion of this study will generate a novel multifunctional GNS
nanoprobe for applications in not only sensitive cancer detection at an early stage
but also specific treatment for both primary tumor and cancer metastasis, all of
which can provide great value for cancer management in future translational
medicine applications.

1.2 Nanotheranostics

Nanotheranostics, where diagnostic and therapeutic functions are combined into a
single nanometer-sized agent, provides an attractive means to improve cancer
management by allowing tumor identification, real-time tracking, image-guided
specific therapy, and continuous monitoring of therapeutic response [5, 6]. Gold
nanoparticles (e.g., nanorods, nanoshells, nanocages, and nanostars) have received
great attention as nanotheranostic agents due to their properties including strong
localized surface plasmon resonance, in vivo stability, biocompatibility, and facile
surface modification via strong thiol-gold chemical bonding [7–18]. They have
been designed to have strong surface plasmon resonance in the near-infrared
(NIR) region, which is considered to be the tissue optical window for biomedical
imaging and therapy due to the low optical attenuation in this spectral range (700–
900 nm) [19]. Those gold nanoparticles have been used for surface-enhanced
Raman spectroscopy (SERS), multiphoton microscopy, photothermal therapy
(PTT), photodynamic therapy (PDT), drug delivery and other applications [10, 20–
23]. PTT uses gold nanoparticles as a transducer to convert NIR light to heat and
generate a localized temperature increase [24, 25]. The distinct advantage of PTT
with gold nanoparticles is that the NIR light only causes heating within tissues
having gold nanoparticles accumulation, enabling specific treatment with minimal
damage to surrounding normal tissues [13, 17, 26]. Tumors tend to have high
uptake of nanoparticles due to the enhanced permeability and retention (EPR) effect
[27–32]. As a result, they experience large temperature increases with NIR light
exposure; surrounding tissues, which have minimal nanoparticle uptake, experience
little change in temperature even with NIR irradiation. In addition, gold nanopar-
ticles can also be used as contrast agents for X-ray computed tomography
(CT) because gold has high X-ray attenuation (*2.7-times higher attenuation than
iodine per mass) [33]. Furthermore, gold nanoparticles can be functionalized with a
wide variety of molecules suitable for magnetic resonance imaging (MRI), positron
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emission tomography (PET) and optical imaging [4, 34–37]. Therefore, gold
theranostic probes could be used to perform pre-treatment scans with PET, CT or
MRI; intraoperative tumor detection with optical imaging and SERS; effective
cancer PTT therapy with NIR light; targeted radiotherapy with loaded therapeutic
radioisotopes; and therapeutic response monitoring with various imaging
modalities.

Among those gold nanoparticles with different shapes, the GNS has unique tip
enhanced plasmonics, which enable it to have superior electromagnetic field
enhancement near their sharp spikes [38]. For example, it has been reported that
GNS has extremely high TPL cross-section (more than 4.0 � 106 GM), which is
100 times higher than gold nanorod and 8000 times higher than gold nanocube [22].
The GNS has also been found to have higher photon-to-heat conversion efficiency
than gold nanoshell (94% compared to 61%), which is currently under clinical trial
for cancer photothermal therapy [24, 39]. Our group has developed a toxic
surfactant-free method to synthesize GNS [40]. However, its tumor uptake
behavior, pharmacokinetics, biodistribution, in vivo photothermal therapy,
long-term toxicity have not yet been investigated. This study is aimed to investigate
those crucial GNS properties for future clinical translation.

1.3 Surface Enhanced Raman Spectroscopy (SERS)

Surface-enhanced Raman spectroscopy (SERS) takes advantage of the surface
plasmon resonance to amplify Raman scattering, resulting in a sensitive and specific
method for chemical analysis [41, 42]. Raman spectroscopy is a non-destructive
photon-scattering technique, which provides useful spectral information related to
specific molecular vibrational energy levels of the analyzed molecules [10, 41, 43,
44]. However, the intrinsic Raman scattering efficiency is low: even strong Raman
scatter exhibits cross-sections only on the order of 10−29 cm2 molecule−1 sr−1

while the fluorescence cross-section is usually on the order of 10−16 cm2

molecule−1 sr−1 [45]. The SERS effect was discovered in the mid-1970s [8, 9] and
the first analytical application of SERS in chemical analysis was demonstrated in
our laboratory [46–48]. Extensive research has been devoted to understanding and
modeling the Raman enhancement in SERS since the mid-1980s and results sug-
gested that the SERS effect primarily arises from electromagnetic resonance
occurring near metallic nanostructure surface [49–53]. When the metallic nanos-
tructure surface is irradiated by an external electromagnetic field, electrons within
the conduction band oscillate at the same frequency. These oscillating electrons are
known as surface plasmons, which produce a secondary electromagnetic field
added to the external electromagnetic field, resulting in the surface plasmon reso-
nance [42, 51]. The secondary electric field is typically most concentrated on the
rough metallic nanostructure surface. In addition, the SERS effect can also be due to
a chemical enhancement associated with interaction between molecules and metal
surface [54]. The resulting SERS enhancement factor can be 106 to 108-fold, and up
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to 1015-fold at “hot spots” where electromagnetic field enhancements of multiple
plasmonic nanoparticles overlap in a small space [45, 55]. With such a high sen-
sitivity, SERS has been shown to be a powerful chemical analysis technique with
sensitivity reaching the single-molecule level [56].

1.4 Two-Photon Photoluminescence (TPL)

Optical imaging has been widely used for biomedical applications including pre-
clinical study and intraoperative tumor margin delineation [15, 57–59]. It has
advantages of low cost, high spatial and temporal resolution [60, 61]. However,
traditional optical imaging like single photon fluorescence suffers from low tissue
penetration depth [62]. Two-photon photoluminescence (TPL) provides an
improved modality with deeper tissue imaging capability [63]. TPL typically
applies near-infrared (NIR) light as excitation source, which is considered as the
“tissue optical window” because NIR light with low absorption and scattering has
deeper tissue penetration [19]. For TPL, two excitation photons are absorbed
simultaneously to excite one electron from an occupied band to an unoccupied band
and then the excited electron could be moved to be closer to the Fermi level with
intraband scattering. After that, one luminescence photon can be released by the
electron-pair relaxation process. The excitation light has longer wavelength than the
emission light and the background noise, which is usually found in single photon
microscopy, can be largely reduced. TPL has quadratic dependence on the exci-
tation intensity and is highly sensitive to the local surface plasmon resonances
(LSPR), which is similar as SERS [64].

The GNS with tunable plasmonics in the NIR region provides a superior TPL
contrast agent with high intrinsic signal to investigate nanoparticle pharmacoki-
netics, biodistribution and cell uptake mechanisms in real time. GNS has signifi-
cantly higher TPL cross section than organic dyes and other gold nanoparticles and
it has been reported that GNS’s TPL cross section is several orders of magnitude
higher than other contrast agents [22]. The intrinsic high TPL signal enables GNS
to be visualized without the need of extra dye labeling, making their imaging
applications more convenient and free of potential dye leaching problems.

1.5 X-ray Computed Tomography (CT)

X-ray computed tomography (CT) reconstructs a large number of X-ray images
taken from various angles to generate tomographic images of the scanned object
[65, 66]. It is a fast and powerful anatomical imaging method and widely used in
clinical imaging and preclinical studies. CT is very useful for tumor detection and
treatment planning for both surgery and radiation therapy [67–69]. However, its
applications are limited by low contrast discrimination and usually require high
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concentration of contrast agent administration. The atomic number of gold (79) is
much higher than that of clinically used iodine, which is clinically used for CT
imaging (53). Therefore, GNS can induce stronger X-ray attenuation and have
potential to be used as contrast agent for CT scans [33]. The detection sensitivity to
gold can be enhanced by using dual energy (DE-CT) CT, which applies 2 acqui-
sitions with different X-ray energies that are used to distinguish imaging targets
with various attenuation properties [70–73]. In addition, DE-CT imaging provides
non-invasive real time dynamic information, which allows accurately determining
GNS concentrations in different tissues at any given time [73–75]. This allows
acquiring biodistribution results dynamically, without having to sacrifice animals at
each time point. It also allows visualizing well-vascularized tumor regions for
nanoparticle delivery through EPR effect.

1.6 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is an important modality for biomedical
imaging [76–81]. It has no ionizing radiation and been considered to be superior to
CT imaging despite of higher cost and longer scan time [80, 82, 83]. MRI technique
is based on the nuclear magnetic resonance (NMR) and ultra high magnetic field,
radio waves and field gradients are used to form 3D images with resonance signal
encoded in each dimensions [78, 81, 84–86]. In preclinical and clinical applications,
hydrogen atoms are typically used to generate signal and as a result, the MRI is
basically to show the tissue distribution of water and fat, which contain high
amount of hydrogen atoms [81, 87]. The voxel intensity of the tissue sample is
determined by the proton density and tissue-specific relaxation time. For molecular
imaging, the MRI’s sensitivity is typically in the range of 10−3 to 10−5 mol/L [88].
MRI sensitivity can be improved by increasing magnetic field strength but the
instrument cost can be dramatically increased. Gadolinium chelates have been
widely used to enhance MRI signal and the typical dose is 100 lmol/kg [89, 90].
Targeted MRI contrast agents have been developed by linking contrast agents to
targeting ligands such as antibody for in vivo cancer imaging [37, 85, 91]. GNS can
also be linked with contrast agent, such as Gd, by using DOTA chelator for MRI
imaging.

1.7 Positron Emission Tomography (PET)

Positron emission tomography (PET) is a noninvasive imaging technique for sen-
sitive radiotracer detection in 3D and has been used for cancer imaging in clinical
applications [92–98]. In a positron emission process (positive beta decay), a proton
of a radioisotope is converted to a neutron and produces a positron (e+, an
antiparticle of the electron with opposite charge) and an electron neutrino [99–101].
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The generated positron travels a short distance and interacts with an electron to get
annihilated, generating a pair of gamma photons emitting at almost 180 degrees to
each other. The gamma photon can create a light burst when they encounter a
scintillator. The generated light can be detected by photomultiplier tubes or other
light detectors. A real event is recognized only when the simultaneous detection of
a pair of gamma photons in opposite directions happens [62]. Photons are ignored if
they are not detected in pairs. Therefore, the detection background noise is sig-
nificantly suppressed. After measurement, coincidence events can be analyzed and
reconstructed to get the 3D distribution of the radiotracer [102]. There are several
radioisotopes used for PET imaging, including 18F, 64Cu and 124I [4, 95, 103–106].
Fluorine-18 fluorodeoxyglucose (FDG) has been widely used in clinical oncology
for cancer metastasis detection because cancer has been found to have higher
glucose uptake than surrounding normal tissues [96, 97, 107, 108]. PET imaging is
often combined with CT to show radiotracer distribution in anatomical structure
[94, 109, 110]. Currently, PET scan has also been combined with MRI, which has
better discrimination capability for soft tissue. In addition to oncology applications,
the noninvasive PET 3D imaging is also a powerful tool to investigate drug
pharmacokinetics [111]. The tissue uptake and biodistribution can be dynamically
monitored with PET scan at different time points without need of samples collection
or sacrificing animals. GNS nanoprobe can be radiolabeled with 64Cu and 124I for
PET imaging to be used for in vivo tracking and sensitive cancer detection.

1.8 Photoimmunotherapy

Photoimmunotherapy, a combination of photothermal therapy and immunotherapy,
has the potential to treat not only primary tumor with specific thermal ablation but
also cancer metastasis with triggered immune response. Activating the immune
system for therapeutic benefit in cancer has long been a goal in immunology and
oncology [112–117]. Photothermal therapy (PTT) exploiting high temperature
transduced by plasmonic nanoparticles from photon energy is a new promising
method offering efficient and specific cancer treatment [118–121]. Historically,
thermal therapy has been used to treat cancers clinically because cancer cells are
more sensitive to elevated temperature than normal cells [122–127]. With targeting
GNS accumulating in the tumor, PTT brings potential for delivering ablation more
precisely [24]. Immunotherapies have emerged as one of the most-promising
modalities to treat cancer and have involved the use of drugs that target immune
checkpoints [128]. In recent years, immunotherapy with specific immune check-
point inhibitor provides a promising way to break tumor immunosuppressive
environment [129]. Programmed death-ligand 1 (PD-L1), a protein overexpressed
on cancer cell membrane, contributes to the suppression of the immune system
[129]. PD-L1 binds to its receptor, programmed death protein 1 (PD-1), found on
activated T cells, B cells, and myeloid cells, to modulate T cell function [130]. The
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therapeutic anti-PD-L1 antibody is designed to block the PD-1/PD-L1 interaction
and reverse tumor-mediated immunosuppression [112, 128, 131, 132]. Immune
blockade inhibitors targeting PD-1 or its ligand PD-L1, have emerged as one of the
most-promising immune therapy modalities to treat systemic cancer [133, 134]. But
currently, they work only for a limited number of patients and can become inef-
fective with time. There is a strong need to combine other complementary therapies
with PD-1/PD-L1 immunotherapy to improve therapeutic response in treating
cancer metastasis.

It has been reported that damaged cancer cells after thermal treatment exposes
tumor-specific antigens to antigen-presenting cells (APCs) with the help of heat
shock proteins, resulting in the generation of immune response to kill those cancer
cells in both primary tumor location as well as metastasis regions [135–140].
Therefore, a potential synergistic effect between immunotherapy and photothermal
therapy would be expected to improve cancer therapy. Broadening and stabilizing
the effect of PD-1/PD-L1 inhibitors with plasmonic nanoparticle-mediated pho-
tothermal therapy could potentially address the challenge of metastatic cancer
treatment.

1.9 Summary and Study Outline

This study is aimed at developing and optimizing GNS multifunctional nanoprobes
for in vivo sensitive cancer detection and photoimmunotherapy. We started from
multifunctional GNS nanoprobe development and characterization (Chap. 2).
Sensitivity of different imaging modalities was compared and the photon-to-heat
conversion efficiency of GNS nanoprobe was measured in solution. The therapeutic
or diagnostic radioisotope loading capability was also demonstrated. Next, in vivo
evaluation and optimization were performed (Chap. 3). Effects of nanoparticle size,
surface coating, injection dose, and circulation time after intravenous (IV) injection,
on GNS tumor uptake were studied. The GNS toxicity was also evaluated with both
in vitro cell study and long term in vivo study with the mouse animal model
(Chap. 4). Body weight monitoring, blood chemistry test and histopathology
examination were performed to investigate potential deleterious effects after
GNS IV administration up to 6 months. After optimization, the PEGylated 30 nm
GNS nanoprobe with 124I radioisotope labeling was chosen for sensitive brain
tumor detection down to 0.5 mm using noninvasive PET imaging (Chap. 5).
The GNS nanoprobe was demonstrated to be much better than current clinically
used contrast agent, fludeoxyglucose (18F) (FDG), for brain tumor detection. The
transmission electron microscopy (TEM) was performed on brain tumor after
GNS IV infusion. GNS nanoprobes were found to be endocytosized inside brain
tumor cells after leaking through tumor-disrupted blood-brain-barrier. The
GNS-enhanced photoimmnotherapy was performed with bladder cancer mouse
model for both primary tumor and cancer metastasis treatment (Chap. 6).
Therapeutic response was observed not only for the primary tumor with
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photothermal ablation but also the distant tumor (to mimic cancer metastasis)
without photothermal treatment. It should be noted that a portion of mice had both
tumors eradicated for 4 months (complete cure) and had no tumor developed after
cancer cells injection (rechallenge test), indicating the generation of memorized
immune response like cancer vaccine effect. A conclusion and future outlook will
be discussed in the Chap. 7. The biocompatible multifunctional GNS nanoprobe
with superior capabilities for cancer detection and treatment shows great potential
for future clinical translation in cancer management.
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Chapter 2
Multifunctional GNS Nanoprobe
Development and Characterization

2.1 Multifunctional GNS Nanoprobe Development

The developed multifunctional GNS nanoprobe is illustrated in Fig. 2.1. The GNS
nanoparticles were synthesized by using a seed-mediated and surfactant-free
method [1, 2]. First, 12 nm gold nanosphere seeds were produced via the reduction
of HAuCl4 (100 ml, 1 mM) by trisodium citrate (15 ml, 1% w/v) at boiling tem-
perature in water solution. After that, GNS nanoparticles were synthesized by
rapidly and simultaneously mixing AgNO3 (1 ml, 3 mM) and ascorbic acid
(500 ll, 0.1 M) with 100 ml of solution containing 0.25 mM HAuCl4, 1 mM HCl,
and 1 ml of the 12 nm gold nanosphere seeds. The GNS nanoparticle size can be
tuned by changing the concentration ratio between HAuCl4 and 12 nm gold
nanosphere seeds. After synthesis, 2 lM (final concentration) of
para-mercaptobenzoic acid (pMBA), a Raman reporter, was added into GNS
solution and incubated for 10 min followed by adding 2 lM (final concentration)
mPEG-SH (MW 5000) for 1 h incubation. Following that, a thin layer of silica was
coated on the GNS by reaction with tetraethyl orthosilicate (TEOS). After
thiol-functionalization with 3-mercaptopropyltrimethoxysilane (MPTMS) on the
coated silica surface, maleimido-mono-amide-DOTA (1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid) (Macrocylics, TX) was added at a molar excess
ratio of 2 � 106 per nanoparticle from stock. After 8 h of reaction at room tem-
perature, synthesized GNS nanoparticles with DOTA chelator were centrifuge
washed (5000 g for 10 min) three times for purification. The gadolinium chloride
was then added to the DOTA-functionalized nanoparticles with a Gd3+ to
nanoparticle ratio of 2 � 106, in 10 mM 2-(N-morpholino) ethanesulfonic acid
(MES) buffer at pH 6.3 with 0.1% sodium dodecyl sulfate (SDS) to improve
stability. The solution was heated for 4 h to finish chelating reaction with Gd3+ and
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then nanoparticles were centrifuge washed three times to remove all non-chelated
Gd3+. The DOTA chelators could also be used to bind 64Cu2+ positron emitter for
PET imaging. In addition, we also tested 131I and 211At labeling on the GNS
nanoprobe with PEG polymer coating. They are therapeutic radioisotopes used for
cancer treatment. The reaction was performed by mixing radioisotopes with
PEGylated GNS nanoparticles in 20 mM of NaOH solution with 30 min incubation
at room temperature.

Synthesized GNS nanoprobe concentration, size distribution and f-potential were
measured with Nanoparticle Tracking Analysis (NTA) method by using the
NanoSight NS 500 (Amesbury, U.K.). Raman spectra measurement was performed
on a HORIBA Jobin Yvon LabRAM ARAMIS system (Edison, NJ) with 785 nm
excitation (40 mW) and 10 s integration time. Transmission electron microscopy
(TEM) images were acquired on an FEI Tecnai G2 Twin transmission electron
microscope (Hillsboro, OR) with 160 kV accelerating voltage. Multifunctional GNS
nanoprobes in solution were tested using a 1.5 T whole body clinical MR scanner
(GE Healthcare, WI) with a standard head coil. An inversion recovery sequence (TE/
TR = 9/5000 ms) with inversion times of 500 and 2100 ms was used to calculate the
T1 relaxation times. CT images were acquired on a clinical CT scanner (GE

Fig. 2.1 Illustration of the multifunctional GNS nanoprobe for cancer imaging and nanotherapy
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Healthcare, WI, USA) with submilimeter spatial resolution. PET/CT scan was
performed by using a µPET/CT scanner (Siemens Medical Systems, TN, USA).

2.2 Multifunctional GNS Characterization

As shown in Fig. 2.2, the synthesized GNS multifunctional nanoprobe is composed
of a 60 nm gold nanostar with a 20 nm silica shell and has a plasmonic extinction
maximum at approximately 850 nm, which is in the NIR tissue optical window.
The hydrodynamic diameter and f-potential were measured to be 73 nm and
−5.7 mV for the PEGylated GNS nanoparticles and 110 nm and −42.2 mV for the
silica coated GNS multifunctional nanoprobe with Gd3+ loading. The number of
Gd3+ ions per GNS nanoprobe was determined to be 64,200 ± 320 (mean ± S.D.)

Fig. 2.2 a TEM imaging of the developed multifunctional GNS nanoprobes. b The extinction
spectrum of 0.1 nM GNS nanoprobes in water solution. c Hydrodynamic size distribution of GNS
nanoprobes. d Radiolabeling efficiency of GNS with 131I or 211At after 3, 10, 30 and 180 min
incubation at room temperature. Three runs for each time point were performed and the error bar is
shown as the standard deviation. (Adapted from Ref. [10])
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by using inductively coupled plasma-mass spectroscopy (ICP-MS) on a Varian
ICP-MS 820. The batch-to-batch variation was estimated to be 4% from three
independent runs. Covalent-bound Gd3+ ions on the nanoprobe were examined by
acquiring T1-weighted magnetic resonance images of the supernatant after cen-
trifugation washes. The calculated relaxivity of the GNS nanoprobe is 4.1 � 106

mM−1 s−1 in H2O at a magnetic field strength of 1.5 T. The relaxivity value per
Gd3+ ion is calculated to be 63.8 mM−1 s−1 and it is comparable with previous
studies with values of 72.3 and 23 mM−1s−1 [3, 4]. The DOTA on the surface of
GNS nanoprobe can also be used for other metallic contrast agent, such as 64Cu2+

for PET imaging. Furthermore, the gold surface can be used to load iodine (I) or
astatine (At) radioisotopes by I-Au or At–Au chemical bond [5]. After radiolabeling
process, the GNS nanoprobes were centrifuge washed at 6000 rcf for 20 min three
times and the radioactivity in the pellet and supernatant fluid was measured sepa-
rately. The radiolabeling efficiency was calculated by the ratio of radioactivity in
pellet to the total radioactivity in pellet and solution. 131I and 211At radioisotopes
were labeled to GNS in 30 min with high yield of more than 90% (Fig. 2.2d). We
also tested maximum capacity of GNS nanoprobe for 211At therapeutic radioisotope
loading. Three 211At:GNS ratios were tested (140, 12 and 1.5). And radiolabeling
efficiency after 30 min incubation at room temperature was calculated to be
86.6 ± 0.6%, 95.5 ± 0.2% and 97.0 ± 0.1%, respectively. It showed that the
radiolabeling efficiency decreases slightly with increased 211At:GNS ratio.

After nanoprobe development, we performed sensitivity evaluation for each
modality. As shown in Fig. 2.3, the developed multifunctional GNS nanoprobe has
a detection limit of 2 pM (SERS), 10 pM (MRI) and 100 pM (CT). The SERS
method has higher detection sensitivity than CT and MRI. SERS takes advantage of
localized surface plasmon and can enhance Raman signal up to 1013 to 1014 folds,
allowing highly sensitive detection. The developed GNS nanoprobe has high Gd3+

loading capacity, resulting in high sensitivity under MRI scan down to 10 pM while
typical 100 µmol kg−1 of Gd3+ contrast agent dose is administrated in clinical
applications. CT imaging has relatively low contrast discrimination and 100 pM
detection limit of GNS nanoprobe was measured. Gold contrast agent with higher
atomic number can provide better contrast than iodinated contrast agent, which is
currently used in medical imaging. However, even with contrast agent enhance-
ment, CT imaging still has limits for clinical applications, especially for soft tissue
imaging.

Furthermore, we also evaluated the sensitivity and spatial resolution of PET
imaging (Fig. 2.4). PET can reach extremely high sensitivity, down to 10 fM of
124I, which is several orders of magnitude higher than MRI or CT. It should be
noted that for in vivo applications, PET imaging has almost zero background signal
in normal tissues since there are no natural positron emitters in the human body. On
the contrary, normal tissues have intrinsic signal under MRI or CT scan due to
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proton existence or X-ray attenuation. The spatial resolution of PET imaging was
tested with 1 ll of 124I labeled GNS in 1 ml agar gel. The radiolabeled GNS can be
clearly identified and 1 mm spatial resolution can be reached. With low background
signal, high sensitivity and spatial resolution, PET imaging provides a superior
method for GNS nanoprobe in vivo tracking noninvasively in 3D.

Fig. 2.3 a SERS spectra of GNS nanoprobes with different concentration. b SERS intensity at
1066 cm−1 measured in GNS solution with concentrations ranging from 1 pM to 25 pM. c MRI
images of GNS nanoprobes with different concentration. d MRI T1 intensity of nanoprobes in
solution with concentrations ranging from 0 to 0.4 nM. e CT images of GNS nanoprobes with
different concentration. f CT intensity of nanoprobes in solution with concentrations ranging from
0 to 0.4 nM. (Adapted from Re [10])
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2.3 pH Sensing with GNS Nanoprobe Using SERS

The pH sensing capability of GNS nanoprobe with pMBA reporter and PEG
coating was tested with phosphate buffer at different pH values (Fig. 2.5). In
addition, density functional theory (DFT) calculation was also performed to

Fig. 2.4 PET sensitivity and spatial resolution evaluation with 124I radioisotopes coated on GNS
nanoprobe. a 1 ml samples containing different 124I radioactivity was used for the sensitivity
evaluation. 10 fM detection limit is achieved. b 1 ll gel sample with 124I-GNS was prepared and
then the tube was filled with 1 ml gel without 124I-GNS. CT scan, PET scan and an overlap of PET
and CT. The results demonstrate PET scan can detect a sample with 1 mm in size
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investigate the vibrational mode of SERS peaks of interest. The acquired SERS
spectrum at pH 5 and pH 9 is slightly different, especially for the normalized
intensity of the peak at 1390 and 1700 cm−1. The peak intensity at 1390 cm−1

increase as the pH changes from 5 to 9. On the contrary, the peak intensity at
1700 cm−1 decreases when the pH changes from 5 to 9. The Raman peak at 1390
and 1700 cm−1 was identified to be due to deprotonated and protonated carbolic
group stretching vibrational mode, respectively [6, 7]. Therefore, the intensity of
those two peaks has different change trends with pH. Furthermore, a novel pH
sensing index, the SERS peak shift at *1580 cm−1 was observed experimentally
and explained with theoretical calculations. The peak position shift was found to be
due to the vibrational mode coupling between the benzene ring and carboxylic
group stretching. The GNS multifunctional nanoprobe has potential to be used for
pH sensing in future biomedical applications.

Fig. 2.5 a pMBA-Au complex structure used for density functional theory (DFT) calculation.
b SERS spectra comparison obtained from GNS nanoprobes at pH 5 (Black) and 9 (Red).
The spectrum is normalized with intensity at 1078 cm−1. c, d SERS peak position shift between
pH 5 and 9. (Adapted from Ref. [6])
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2.4 GNS Photothermal Conversion Evaluation

The photothermal conversion of GNS nanoprobe was evaluated for future in vivo
photothermal therapy to treat cancer. GNS transducers have no decrease in the
photon-to-heat conversion efficiency after three repetitive 10 min laser irradiations
with power density of 0.8 W/cm2 (Fig. 2.6a). Figure 2.6b shows that equilibrium
temperature varies with GNS concentration with the same laser power density.
Water alone shows minimal light absorption at 808 nm laser wavelength with 3.1 °C
temperature increase while 21.7 °C increase for 50 lg/ml GNS solution. Given the
same mass, the photon-to-heat conversion capability of 30 nm GNS is 96,000 times
higher than that of water. It demonstrates GNS nanoprobe is a superior
photon-to-heat transducer. Furthermore, a comparison experiment was performed

Fig. 2.6 Photothermal evaluation of GNS in solution. a Repetitive photothermal heating (50 µg/
ml 30 nm GNS nanoprobe in water solution, 0.8 ml total solution volume) with 0.8 W/cm2 of
808 nm laser turning on at 0, 15, and 30 min and laser turning off at 10, 25, and 40 min.
b Temperature profile for different GNS concentrations with the same 0.8 W/cm2 laser power
density. c Temperature profile of 30 nm GNS, 60 nm GNS, and gold nanoshell for photothermal
conversion efficiency calculations. d Calculated photothermal conversion efficiency for GNS
nanoprobe and gold nanoshell as a comparison (n = 3 for each group). Both 30 and 60 nm GNS
have higher photothermal conversion efficiency than gold nanoshell nanoparticles. (Adapted from
Ref. [2])
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to evaluate photothermal conversion efficiency for 30 nm GNS, 60 nm GNS and
gold nanoshell, which is one of the most well studied nanoparticles and currently
under clinical trials for photothermal therapy. Figure 2.6c shows the temperature
profiles for each of these three nanoparticles, with the 30 nm and 60 nm GNS having
a much higher equilibrium temperature (42.3 and 41.4 °C) than nanoshells (34.7 °C)
at equivalent optical density. The calculated values of photothermal conversion
efficiency (Fig. 2.6d) were 94% for 30 nm GNS, 90% for 60 nm GNS, and 61% for
gold nanoshell. The measured conversion efficiency of gold nanoshell is consistent
with previously published results [8, 9]. The difference in efficiencies between the
gold nanoshell and the two sizes of GNS was found to be statistically significant.
Experiment results demonstrate that GNS have a higher efficiency in converting the
delivered laser light into heat, which is superior for photothermal treatment.

2.5 Summary

We have developed a multifunctional GNS nanoprobe for SERS, MRI, CT, PET,
PTT and therapeutic radioisotope delivery. The GNS nanoprobe has high SERS
enhancement and could be used for in vivo sensing. PET imaging with GNS
nanoprobe has the highest sensitivity and could be used for sensitive tracking. In
addition, the superior 211At loading and photon-to-heat conversion efficiency show
GNS nanoprobe’s potential for cancer treatment. As a result, the GNS multifunc-
tional nanoprobe, with capabilities for both cancer imaging and therapy, has
potential to be used for future cancer management such as early cancer detection
and image-guided specific therapy.
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Chapter 3
In Vivo Evaluation of GNS Nanoprobe

3.1 Background

1GNS nanoparticles’ in vivo biodistribution, tumor uptake and pharmacokinetics
are of great importance for their biomedical applications [3–6]. Nanoparticles take
advantage of EPR effect from tumor leaky vasculature for cancer targeting. Particle
size plays an important role in determining the biodistribution and clearance
pathway (via liver/spleen or kidney). Nanoparticles with size less than 10 nm have
been found to be cleared by the kidney, while those greater than 200 nm are quickly
filtered by the liver and spleen [7, 8]. Consequently, a nanoparticle size between 30
and 200 nm has been considered to be ideal for accumulation in tumors through the
EPR effect. Surface charge can also affect nanoparticles’ in vivo behavior.
Nanoparticles with negative or positive surface charge could absorb plasma protein
and get cleared quickly after IV injection. On the contrary, nanoparticles with
polyethylene glycol (PEG) coating have neutral surface and been reported to
lengthen circulation time, which is preferable for tumor accumulation with EPR
effect [9–12]. PET, MRI and CT imaging modalities have been used for tracking
nanoparticles at the whole body level while optical imaging, with higher spatial
resolution, can be used to track nanoparticles at the subcellular level [13–19].
The GNS multifunctional nanoprobe, with its intrinsic high TPL signal and capa-
bilities for PET, MRI and CT imaging, provides a powerful tool to investigate how
the nanoparticles’ properties affect their in vivo behaviors.

1Parts of this chapter were adapted from the References [1, 2].
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3.2 PET Imaging with Radiolabeled GNS Nanoprobe

First, we performed dynamic PET/CT scan with radiolabeled GNS nanoprobe to
show its capability as a PET nanoprobe. The GNS nanoprobes were labeled with
64Cu2+ radioisotopes by DOTA chelators linked to the silica surface of GNS
nanoprobe. The labeling efficiency was calculated to be 86.8 ± 6.6% (n = 3). The
stability of the 64Cu2+ DOTA chelation was studied in mouse plasma before in vivo
application. Following 24 h of incubation at 37 °C, greater than 95% of the
radioactivity was retained on the nanoprobes. As shown in the Fig. 3.1a, 2-h
continuous PET scan results revealed an immediate nanoprobe uptake in the liver,
which is the major organ of the reticuloendothelial system (RES). The nanoprobe
concentration in blood increased quickly to 34.6%ID/g at 0.5 min after IV injec-
tion. At the same time, liver uptake increased to 4.7%ID/g. At 2 min, the liver

Fig. 3.1 Measured radioactivity in liver, blood (a) and tumor, muscle (b) after IV administration
of 64Cu labeled GNS nanoprobe. c Imaging of PET/CT on a mouse with flank tumor after systemic
nanoprobe injection. Images were obtained at different times points. White arrow shows tumor
location. The GNS uptake in the tumor periphery increased gradually within 24 h after IV
injection. Adapted from reference [19]
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uptake increased rapidly to 9.85%ID/g while the nanoprobe in blood decreased
dramatically to 12.5%ID/g. The rapid decrease of nanoprobe concentration in blood
could partially be due to the filtration effect of RES organs including liver. In the
initial 2 h, tumor and muscle uptake were quite similar as shown in Fig. 3.1b. The
nanoprobe uptake increased quickly to 0.85%ID/g (tumor) and 0.75%ID/g (muscle)
at the end of 2 min. Then, the nanoprobe uptake in tumor and muscle fluctuated at
around 0.8%ID/g until the end of 2 h. Between 2 and 24 h, the tumor uptake of
nanoprobe increases slowly with time. Although no preferential accumulation in
tumor was observed in the initial 2 h time period, the tumor-to-muscle ratio
increased to 2.5:1 and 3.3:1, at the end of 5 and 24 h, respectively. The results
demonstrate radiolabeled GNS nanoprobe can be used as a PET contrast agent for
in vivo imaging.

PEG polymer coating has been reported to be able to improve nanoparticles’
in vivo stability and increase blood circulation time to enhance tumor uptake with
EPR effect. Therefore, we also tested the PEGylated GNS for PET imaging. 30 nm
GNS nanoprobes with PEG coating were labeled with 124I radioisotopes by Au-I
chemical bond. The labeling efficiency was greater than 98% after 30 min incuba-
tion at room temperature. The stability of radiolabeled GNS was examined in both
phosphate buffered saline (PBS) and plasma with anti-clotting agent (heparin), and
experimental results showed that 97.2 ± 0.2% (PBS) and 97.7 ± 0.4% (plasma) of
124I was found to remain on GNS 7 days after 37 °C incubation. Figure 3.2 illus-
trates in vivo pharmacokinetics of PEGylated 30 nm GNS nanoprobe analyzed with
the two-compartment model by fitting relative plasma concentration measured in the

Fig. 3.2 GNS pharmacokinetics study with PET scan. 30 nm PEGylated GNS nanoprobe was
labeled with 124I for PET imaging. Nanoprobe relative concentration in blood measured from
dynamic PET/CT scans at 10 min, 4, 24, 48 and 120 h after intravenous injection through the
mouse-tail vein (normalized by the concentration at 10 min). The results were fitted with the
two-compartment pharmacokinetic model. The adjusted R2 for the fitted curve is 0.991. The
terminal half-life (T1/2) was calculated to be 16.3 h. 3 mice were used in this study and the error
bar is shown as the standard deviation
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heart from PET/CT scan at five time points (10 min, 4, 24, 48 and 120 h). The
terminal half-life (T1/2) of I-124 labeled GNS serum clearance was calculated to be
16.3 h. Error bar is shown as standard deviation and the adjusted R2 for the fitting is
0.991. The measured circulation half-life is similar to 15 � 50 nm PEGylated
nanorod (17.6 h), 110 nm PEGylated liposomes (16.5 h) and 20 nm micelles
(15.5 h) [20, 21]. PEG coated GNS showed improved pharmacokinetic property
over silica coated GNS and is preferable for in vivo imaging and drug delivery.

3.3 CT Imaging with GNS Nanoprobe

The GNS multifunctional nanoprobe can also be used as a contrast agent for CT
imaging. CT is one of the most commonly used imaging modalities in the clinic and
is also useful for tumor detection and treatment planning for both surgery and
radiation therapy. CT imaging also provides non-invasive real time dynamic
information and allows us to visualize which regions of the tumor are well vas-
cularized and which regions experience little nanoparticle delivery. This informa-
tion can therefore be very useful to improve our understanding of nanoparticles’
in vivo performance for efficient drug delivery. PEGylated GNS nanoprobes with
different sizes (30 and 60 nm) were used with dual energy CT imaging on mice
with primary sarcomas to investigate in vivo dynamic biodistribution and demon-
strate real-time monitoring of intratumoral accumulation. A custom-built dual-
energy micro-CT imaging system was used for this study. Two acquired datasets
(80 and 40 kVp energies) were reconstructed using the Feldkamp algorithm,
co-registered, and smoothed using joint bilateral filtration. Dual energy decompo-
sition was performed by fitting the voxel data to a CT sensitivity matrix derived
from gold concentration standards, which we have previously validated in vivo.
The result of the dual energy decomposition was a gold concentration map, in
which intensity values represent the calculated concentration of gold within each
voxel. Following segmentation, gold concentrations were measured in each region
of interest by calculating the average value of the gold maps over the entire region
of interest.

The longitudinal dual-energy CT imaging, 30 min, 24, and 72 h after gold
nanoparticles IV injection, showed gold nanoparticle distribution at various time
points (Fig. 3.3) [1]. Due to low contrast discrimination of CT, a high GNS dose
(800 mg/kg) was injected to get imaging up to a higher quality. The CT images at
30 min clearly show gold nanoparticles localized in blood vessels. It appears that
the majority of blood vessels in the tumor region were located on the outside of the
tumor, so perfusion to the core of the tumor may be limited. At the 24 and 72 h time
points, there was nanoparticle accumulation in the tumors. CT results also show a
comparison of the concentrations of gold within the tumor rim and tumor core. CT
slices through the tumors show this heterogeneous intratumoral distribution
(Fig. 3.4). The gold concentration at the rim is much higher than that in the center
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Fig. 3.3 Maximum intensity projection of CT images for primary sarcoma after GNS IV
injection. Gold is shown in green color ranging from 2 to 10 mg/ml. Other tissues are shown in
gray scale ranging from -500 to 1200 HU. Adapted from reference [1]

Fig. 3.4 Dual-energy CT scan on mice with primary sarcomas 72 h after IV administration of
30 nm or 60 nm GNS. The axial slices are shown. Gold is shown in green ranging from 2.5 to
8.0 mg/ml and all other tissues are shown in gray scale ranging from −500 to 1200 HU. Adapted
from reference [1]
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and is not evenly distributed around the tumor rim. The low concentration at the
center may reflect poor perfusion in the tumor core. In addition, 30 nm GNS
nanoprobes are found to have more even distribution than that of 60 nm GNS
nanoprobes. Experimental results demonstrate GNS nanoprobes can be used as a
CT contrast agent for in vivo applications.

3.4 In Vivo SERS Detection

SERS provides a sensitive method for molecular sensing and could be potentially
used for future intraoperative tumor margin delineation. Following CT imaging, the
SERS spectra from the 30 nm GNS that accumulated within each tumor and
contralateral leg muscle were measured with a PIXIS: 100BR_eXcelon CCD
mounted to an Acton LS-785 spectrograph (1200 grooves/mm grating), controlled
by LightField software (Princeton Instruments, Trenton, NJ). A 785 nm diode laser
was fiber-coupled to the excitation fiber of an InPhotonics Raman probe (Norwood,
MA) and the collection fiber of the Raman probe was coupled to the entrance slit of
the LS-785 spectrograph. SERS spectra were recorded for mice in the CT study
immediately after euthanasia. Spectra were recorded for all mice through the skin
over the tumor and over the leg muscle on the contralateral side as a control.

Gold nanoprobes exhibit very intense SERS signal due to strong local field
enhancement at the tips of the nanostar spikes. Our previous study showed that
GNS SERS enhancement is more than two orders of magnitude higher than that of
gold nanospheres. Figure 3.5 shows the SERS spectrum measured in the sarcoma

Fig. 3.5 SERS spectra of 30 nm GNS nanoprobe with pMBA Raman reporter measured from
mice with primary sarcoma. The measurement was performed 3 days after IV injection of 30 nm
GNS nanoprobe. The SERS peaks of pMBA reporter can only be observed in the tumor, but not in
the normal muscle of the contralateral leg. Significant amount of GNS nanoprobe accumulated in
the tumor, but not in the contralateral normal leg. The tumor is shown in black color due to high
GNS uptake. Adapted from reference [1]
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and normal muscle [1]. Tumor part was shown as black color due to a high amount
of GNS accumulation. The GNS were labeled with pMBA, a Raman reporter. The
characteristic SERS peaks of pMBA on GNS at 1067 and 1588 cm−1 were detected
in the tumor, but not in the contralateral leg muscle, which shows that SERS has the
capability to differentiate tumor from normal muscle. Those two peaks with high
intensity were assigned to be the stretching vibrational mode of the benzene ring in
pMBA based on previous combined theoretical and experimental investigations.
The in vivo SERS experiment results demonstrate our GNS nanoprobe has potential
to be used for tumor differentiation for clinical applications.

3.5 TPL for GNS Tracking at Subcellular Level

GNS nanoprobes with tip-enhanced plasmonics, have extremely strong two-photon
photoluminescence and can be used to monitor nanoparticle distribution at the
cellular level without dye labeling. The calculated two-photon absorption
cross-section for branched GNS is approximately 5 � 104 times higher than for
equivalent-sized gold nanospheres, which means that even single GNS appears very
bright when imaged with two-photon microscopy [22]. After CT imaging, tumors
were sectioned, immunostained and imaged using a two-photon microscope. TPL
imaging on immunostained tumor sections was performed using an Olympus FV
1000 multiphoton microscope (Olympus America, Center Valley, PA). The pulsed
laser used was a Ti:Sapphire laser (Chameleon Vision II; Coherent, Santa Clara,
CA) with tunable range of 680–1080 nm, 140-fsec pulse width, and 80 MHz
repetition rate. The laser beam (800 nm wavelength) was focused with a
water-immersion objective with 25X 1.05 NA (Olympus America, Center Valley,
PA). Images were acquired for each channel (red, green, and blue) and were merged
for the final TPL images. As shown in Fig. 3.6, both the 30 nm and 60 nm GNS
nanoprobes exhibit extremely strong two-photon photoluminescence [1]. The
emitted light after absorbing two photons in the NIR region, spans the visible
spectrum, so the nanoparticles appear bright white. It can be seen that the 30 nm
GNS nanoprobes penetrate more deeply into the tissue than 60 nm GNS after
leaking through tumor vasculature. In addition, the 30 nm GNS have a fairly even
distribution in tumor tissue, while the larger 60 nm GNS were restricted primarily
to the perivascular space. The experimental results show GNS nanoprobes are
superior for tracking with both high sensitivity and spatial resolution using
two-photon microscopy.
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3.6 GNS Biodistribution Study with Radiolabeling

Nanoparticles’ biodistribution is of significant importance for their applications
including drug delivery. In this study, we investigated how particle size and injection
dose affects GNS nanoprobes’ biodistribution. Furthermore, histopathology exam-
ination was also performed to show how GNS nanoprobes were cleared from blood
circulation after IV injection through tail vein. PEGylated GNS (30 or 60 nm) were
incubated with 131I (5 lCi per 200 lg gold) in phosphate buffered saline (PBS) for
2 h at room temperature. Unbound 131I was removed by pelleting and resuspending
the nanoparticles in sterile PBS. The retention of 131I on the GNS surface was
investigated in PBS with 4% albumin. After 96 h incubation at 37 °C, the solution
was centrifuged and the radioactivity of the supernatant and pellet was measured to
determine the percentage of 131I remaining on the GNS surface. Freshly radiolabeled
GNS were used for biodistribution studies. Twelve mice with xenograft sarcomas
were randomly divided into 3 groups (n = 4 in each group). Nanoparticles in PBS
were injected intravenously via the tail vein. For the first group, 100 ll of radiola-
beled 30 nm GNS (50 lg gold) was injected. For the second group, 100 ll of
radiolabeled 30 nm GNS (200 lg gold) was injected. For the third group, 100 ll
radiolabeled 60 nm GNS (200 lg gold) was used. The injection standard (5%) for
each dose was prepared by diluting 100 ll of radiolabeled GNS solution to 2 ml
with water. Mice were sacrificed 48 h after injection and organs of interest were
harvested for radioactivity measurement. The radioactivity of each organ and
internal standard was measured with an automated gamma counter (LKB 1282,
Wallac, Finland), and the measured results were used to calculate percentage of
injected dose per gram tissue (% ID/g) for each organ of interest.

Fig. 3.6 High spatial resolution TPL imaging for GNS nanoprobe tracking at subcellular level.
Both 30 and 60 nm GNS are identified in tumor. 30 nm GNS penetrate deeper into tumor
interstitial space than 60 nm GNS after leaking through tumor vasculature. Scale bar, 50 lm. Blue,
DAPI stained cell nuclei; green, dye stained CD31 showing vasculature; bright white, GNS
nanoprobes. Adapted from reference [1]
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As shown in Fig. 3.7a, tumor uptake of 30 nm GNS was higher (2.11 ± 0.64%
ID/g) than that of 60-nm GNS (0.88 ± 0.46%ID/g) with the same injection dose of
gold (200 lg) [1]. In addition, 30 nm GNS showed a higher tumor uptake with a
200-lg injection dose (2.11 ± 0.64%ID/g) than with 50-lg injection dose
(1.08 ± 0.25%ID/g). This difference was found to be statistically significant. The
reticuloendothelial system (RES), including liver and spleen, demonstrated high
uptake of nanoparticles, which is consistent with previous studies [7, 23].
Histopathology examination was performed on liver and spleen and results show
that GNS nanoparticles were cleared by macrophage cells (Fig. 3.7b, c). Relatively
low uptake levels of nanoparticles were seen in other non-target organs. Especially
for brain, minimal GNS uptake was found due to the intact blood-brain barrier

Fig. 3.7 a In vivo biodistribution of GNS nanoprobes 48 h after IV injection through tail vein.
30 nm GNS and 60 nm GNS were investigated in this study. In addition, two doses (50 and
200 µg) were chosen for 30 nm GNS for comparison. The asterisk represents a statistically
significant difference from the other two groups (p < 0.05). F4/80 immunohistochemistry
(IHC) staining (brown color) was performed for spleen (b) and liver (c) to show macrophage cells.
Most of GNS nanoparticles (black spots) are found to be overlapped with macrophages cells
(orange color). Adapted from reference [1]
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(BBB). In this study, we found the tumor uptake of the GNS to be 1–2%ID/g.
A recent in vivo study on 198Au-doped gold nanoparticles with similar PEG coating
reported that nanospheres and nanodisks have much higher tumor uptake than that
of nanorods and nanocages one day after IV injection [23]. The tumor uptake of
different shaped nanoparticles was reported to be 23.2%ID/g (nanospheres), 2.0%
ID/g (nanorods), 7.5%ID/g (nanocages) and 4.9%ID/g (nanodisks) at the end of
24 h. The differences seen in tumor uptake can be attributed not only to differences
in shape, but also to differences in tumor type and injection dose. The previous
study used EMT6 murine mammary carcinoma cells, while we used a xenograft
sarcoma tumor model. The liver uptake for different nanoparticles was reported to
be 34.9%ID/g (nanospheres), 55.0%ID/g (nanodisks), 52.1%ID/g (nanorods), and
63.4%ID/g (nanocages) at the end of 24 h [23]. The liver uptake of GNS is rela-
tively low: 16.54 ± 2.97%ID/g (30 nm GNS, 50 lg), 19.77 ± 5.76%ID/g (30 nm
GNS, 200 lg) and 19.49 ± 6.36%ID/g (60 nm GNS, 200 lg) at the end of 48 h.
The lower liver uptake in this study might be due to dense PEGylation, which
improves the ability of the GNS to evade phagocytosis. Therefore, GNS nanop-
robes with smaller nanoparticle size, dense PEG coating and higher injection show
better tumor accumulation.

3.7 In Vivo Photothermal Therapy

In vivo photothermal therapy was performed on mice bearing primary sarcomas to
evaluate GNS nanoprobes’ potential for cancer treatment. A 980-nm continuous-
wavelength laser was used for the in vivo photothermal therapy test. The tumor
temperature during laser irradiation was continuously and remotely monitored with
an infrared thermal imaging camera (Thermo Tracer TS 7302, NEC, Japan). In
addition, a thermocouple temperature probe was also used to measure tumor tem-
perature before and after laser irradiation to verify temperature measured from an
infrared thermal imaging camera. Two groups of mice with primary sarcomas
(n = 2 in each group) were used. For the treatment group, 2 mg of 30 nm GNS
were injected two days before photothermal therapy, while PBS solution was
injected for the control group. The tumors were irradiated at 0.7 W/cm2 for 10 min
on both the front and back sides. Afterwards, the mice were monitored and the
photothermal therapy effect was evaluated by observing the tumor size change.

As shown in Fig. 3.8a, NIR images depicted tumor temperature change during
the photothermal treatment process and showed temperature increase of sarcomas
with and without GNS over 10 min of laser irradiation [1]. The tumor temperature
is much higher for mice with GNS injection than for mice with PBS injection
(control). The tumor surface temperature with GNS reaches 50 °C after only 4 min
of treatment, which is high enough to kill tumor cells (Fig. 3.8b). The tumor treated
with GNS and laser irradiation regressed to an undetectable size one day after
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photothermal therapy with GNS, while tumors treated with PBS and laser irradi-
ation continued to grow rapidly. As shown in Fig. 3.8c, the mice with GNS IV
injection exhibited no sign of tumor growth for 7 days following treatment, at
which point they were sacrificed. The laser irradiation was confined primarily to the
tumor and there was no detectable tissue damage outside of the tumor region. There
was some skin burning directly over the tumor surface, but no other adverse effects
were observed in these mice.

Fig. 3.8 a Tumor temperature monitoring with near-infrared camera for the mouse with sarcoma
under laser irradiation after intravenous injection of 30 nm GNS or PBS solution (control).
T shows the mouse tumor location and H represents the mouse head. b Tumor temperature change
profile for the mouse under laser irradiation with IV injection of 30 nm GNS or PBS (control). It
can be seen that the tumor temperature is significantly higher with GNS administration than
control. c Photographs of mice before and after photothermal therapy. It shows a clear decrease in
tumor size for the mouse with GNS injection. On the contrary, the tumor size in control mouse
increased dramatically. Adapted from reference [1]
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3.8 Summary

The in vivo evaluation experiment results demonstrate the developed multifunc-
tional GNS nanoprobe can be used for imaging with PET, CT, SERS and TPL as
well as photothermal therapy for cancer treatment. Biodistribution study shows
dense PEG coating, small size and high injection dose results in better tumor uptake
of GNS nanoprobes. Pharmacokinetics study also shows GNS nanoprobes with a
smaller size and dense PEG coating have sufficient in vivo stability and enlonged
circulation time for tumor accumulation with EPR effect. In addition, high-
resolution TPL imaging demonstrates GNS nanoprobes with smaller size can
penetrate deeper into tumor interstitial space after leaking through tumor vascula-
ture. Therefore, 30 nm GNS nanoprobes with dense PEG coating are chosen for
further studies including sensitive brain tumor detection and photoimmunotherapy.
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Chapter 4
GNS Toxicity Investigation

4.1 Background

GNS toxicity study evaluating biocompatibility is crucial for their biomedical
applications and future clinical translation [1, 2]. Previous studies with various
animal models including mice, rats and dogs have demonstrated that gold
nanoparticles with a spherical shape are biocompatible [3–8]. However, few studies
have reported toxicity evaluation of nonspherical gold nanoparticles (like
star-shape). Herein, we performed both in vitro and in vivo toxicity studies to
investigate potential deleterious effect of PEGylated GNS nanoparticles after IV
administration.

4.2 In Vitro Toxicity Study

To begin assessing the potential toxicity of the GNS probe, the WST-8 assay, a
colorimetric assay for cell viability and proliferation evaluation, was used on neural
stem cells (NSCs) to quantify the proportion of cells that remained viable after
exposure to various concentrations of GNS nanoparticles. The tetrazolium salt in
the WST-8 assay can be reduced to a soluble purple formazan by a reducing agent,
NADH in cells. The produced formazan was measured with absorbance at 450 nm.
NSCs were plated one day prior to GNS administration. After the addition of GNS
in various concentrations, cells were incubated at 37° with 5% CO2 in Stem Cell
Technologies’s NeuroCult™ Proliferation Kit with 10% proliferation supplement
and 2% EGF for three days. On the third day, 10 ll of CCK-8 solution was added
to the cell culture media to incubate for an additional 6 h. The plate was then
transferred to the TECAN Infinite Pro Microplate Reader (Switzerland) to deter-
mine the absorbance reading of the treated and untreated cells. The absorbance was
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measured at 450 nm with a reference wavelength at 650 nm. As shown in Fig. 4.1,
no statistical difference was found between the treatment group and control group.

4.3 In Vivo Toxicity Study

After in vitro toxicity study, we performed a comprehensive in vivo study including
mice behavior observation, body weight monitoring, blood chemistry test and
H&E histopathology examination to assess the potential toxicity of PEGylated
GNS nanoparticles 6 months after IV administration. Statistical analysis on body
weight was performed with a mixed-model ANOVA to assess the effect of gold
nanoparticle dosage on body weight over time. One-way ANOVA statistical
analysis was performed to compare the effect of GNS dosage (PBS, 20, and 80 mg/
kg) on different aspects of blood chemistry test items including BUN, creatinine,
calcium, protein, albumin, globulin, glucose, cholesterol, ALT (GPT), AST (GOT),
ALP and bilirubin. For all comparisons, the data was considered statistically sig-
nificant for P < 0.05 (95% confidence interval).

During the 6-month toxicity study, all mice were carefully monitored and found
to not exhibit stress or any other abnormal behavior. Body weight was used as a
guideline for assessing mice’s general health condition and was monitored weekly.
Experimental results (Fig. 4.2) show no difference with statistical significance on
body weight between the control group and groups receiving GNS doses up to
80 mg/kg by mixed-model ANOVA analysis (criteria P = 0.05, 95% confidence).

Mice were sacrificed 6 months after GNS IV injection and plasma was harvested
for blood chemistry test. ANOVA statistical analyses were performed and no sta-
tistically significant difference on blood chemistry test results between the control
group and study groups receiving 20 mg/kg or 80 mg/kg GNS dose was observed

Fig. 4.1 The WST-8 assay demonstrates the biocompatibility of GNS administered on mouse
NSCs after a three-day incubation of GNS at various concentrations. Cell viability was not
significantly altered due to application of GNS at dose up to 0.2 mg/ml. The error bar is shown as
the standard deviation
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(Fig. 4.3). Blood chemistry test results showed preservation of liver and kidney
function after GNS IV injection. H&E histopathology examination of brain, heart,
liver, kidney and spleen was also performed (Fig. 4.4). No remarkable tissue

Fig. 4.2 Body weight was monitored once per week after GNS injection for 6 months.
Mixed-model ANOVA was used to perform statistical analysis and results show that there is no
difference between control group and groups with 20 and 80 mg/kg dose. The result is considered
statistically significant for P < 0.05 (95% confidence interval). Each group contained 4 mice and
error bar was shown as the standard deviation

Fig. 4.3 Mice were sacrificed 6 months after GNS injection and blood was harvested for blood
chemistry test. One-way ANOVA was used to perform statistical analysis and results show that
there is no difference between control group and groups with 20 and 80 mg/kg dose. The result is
considered statistically significant for P < 0.05 (95% confidence interval). Each group contained 4
mice and error bar was shown as the standard deviation
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structure changes indicating GNS-related toxicity up to 80 mg/kg dose were
identified by a veterinary pathologist.

After in vivo long-term toxicity, we also performed a short-term study with high
dose (500 mg/kg), 10–100 folds higher than typically in vivo used dosage, to
investigate potential acute toxicity. None of 5 mice died one week after IV
injection.

4.4 Summary

Toxicity study results including in vitro cell test, 1-week acute toxicity study with
high dose, 6-month chronic evaluation of behavior, body weight monitoring, blood
chemistry analysis, and H&E pathology examination showed that our
PEGylated GNS nanoparticles had no deleterious effects after IV injection with
dose up to 80 mg/kg. The biocompatible GNS warrants further evaluation for future
clinical translation.
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Chapter 5
Sensitive Brain Tumor Detection
Using GNS Nanoprobe

5.1 Background

Malignant brain tumors are one of the most lethal, heterogeneous, and difficult
cancer forms to treat [1–5]. For the most common malignant glioblastoma (GBM),
an advanced grade IV astrocytoma, the median overall survival (OS) is only
15 months with current standard therapies [6]. Tumor size has been found to be an
independent prognostic factor and patients having small tumors when diagnosed
have been reported to show longer OS and better prognosis [7, 8]. Therefore, novel
methods for sensitive brain tumor detection offer an important prospect for sig-
nificant improvement of patients’ outcomes. The current routine brain tumor
diagnosis method is magnetic resonance imaging (MRI) with and without contrast
agent enhancement [9, 10]. The size limit for brain tumor detection with MRI scan
has been found to be 3–5 mm and it is highly challenging for MRI to detect a brain
tumor less than 1 mm [11, 12]. Positron emission tomography (PET) provides a
sensitive 3D imaging modality (several orders of magnitude more sensitive than
MRI for contrast agent detection), and has been applied in clinics for cancer
detection using fluorodeoxyglucose ([18F]FDG) radiotracer due to higher glucose
uptake in tumors than in normal tissues [13–19]. However, PET imaging using
[18F]FDG is not ideal for brain tumor detection due to the high glucose uptake in
normal brain tissue, resulting in low tumor-to-normal (T/N) ratio and high false
positive rates [20]. To date, no study has demonstrated the feasibility of submil-
limeter brain tumor detection using noninvasive diagnostic modalities. Sensitive
submillimeter brain tumor detection is still an unmet clinical need of critical
importance. Our GNS-based nanoprobe for PET imaging has potential to provide a
novel method for early brain tumor detection.
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5.2 Serial PET Imaging for GNS Tumor Uptake Study

For in vivo brain tumor detection study, 30 nm PEGylated GNS nanoprobes were
labeled with 124I radioisotope for PET imaging. The orthotopic brain tumor mouse
model was generated by intracranial injection of mouse neural stem cells with
isocitrate dehydrogenase-1 (IDH-1), p53, and platelet derived growth factor subunit
B (PDGFB) gene mutations. The mice with injected neoplastic cells were moni-
tored for three months. PET/CT scans were performed using an animal PET/CT
scanner (Siemens Inveon PET/CT, Siemens Medical Systems, Knoxville TN USA).
Mice with brain tumor were IV injected with 124I-labeled GNS (500 µg in gold
mass and 100 µCi in 124I radioactivity) through tail vein. 10-min PET scans were
immediately started after IV injection and then CT scan was followed to show
anatomical structure. Follow-up scans were started 4, 24, 48, and 120 h post
injection. In addition, one mouse with brain tumor was used to compare [18F]FDG
and 124I labeled GNS for brain tumor detection under PET scan. For comparison
studies, 100 µCi of [18F]FDG were IV injected through tail vein and PET/CT scans
were performed 1 h post injection. One day after [18F]FDG injection, 124I labeled
GNS nanoprobes (500 µg in gold mass and 100 µCi in radioactivity) were IV
injected through tail vein. PET and CT scans were performed 24 and 48 h after
GNS IV injection. Mouse brain was harvested after PET/CT scan and fixed with
formalin for histopathology and optical imaging. TPL imaging was performed using
an Olympus FV 1000 multiphon microscope with a Ti: Sapphire fsec laser and a
25x/1.05 NA water objective. The laser is tunable in the range of 680–1080 nm and
has an 80 MHz repetition rate and a 140-fsec pulse width. Haematoxylin and eosin
(H&E) imaging was performed by using a Zeiss Axio Imager wide-field micro-
scope coupled with an Axiocam 506 color camera.

Longitudinal PET/CT scans were performed to investigate the GNS accumula-
tion kinetics in brain tumors. Figure 5.1 depicts dynamic PET/CT scans obtained at
10 min, 4, 24, 48 and 120 h following IV injection of 124I labeled GNS nanoprobes.
Starting at the 24 h time point, the tumor uptake was higher than that in normal
brain with the contrast ratio increasing as time progressed. The tumor-to-normal
ratio (T/N) is 1.0, 2.5, 3.8, 7 and 7.8 at 10 min, 4, 24, 48 and 120 h, respectively.

5.3 Comparison of GNS and FDG Radiotracer for Brain
Tumor Detection

PET imaging using 124I-GNS was compared with that using [18F]FDG for brain
tumor detection as shown in Fig. 5.2a. The [18F]FDG has a much faster clearance
speed than 124I-GNS, and therefore, the PET scan was performed one hour after
[18F]FDG IV injection while the PET scan was performed 48 h after I-124 labeled
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GNS IV injection. The tumor region had higher GNS uptake than that in normal
brain (T/N = 4.0); on the other hand, the uptake of 18F-FDG in tumor and normal
brain was almost the same. H&E examination was performed to confirm the brain
tumor area (Fig. 5.2b). High-resolution TPL imaging (Fig. 5.2c) confirmed the
GNS accumulation (white spots) inside the tumor, consistent with the PET imaging
results.

5.4 Tumor Detection Limit Using GNS Nanoprobe

We also sought to determine the size limit of brain tumor detection with our
124I-labeled GNS nanoprobe. As shown in Fig. 5.3a, a small “hot spot” was
identified in the PET/CT scan 48 h following GNS IV injection. The T/N ratio is
measured to be 4.7 and the tumor uptake was found to be much higher than
surrounding normal brain tissue. After PET/CT scan, the mouse was sacrificed and
the brain was harvested for histopathology examination. The mouse brain was

Fig. 5.1 PET/CT imaging of 124I-GNS nanoprobe accumulation in the brain tumor at five time
points. The tumor (T; green arrows) has higher 124I-GNS uptake than the contralateral normal
brain 24 h after IV injection. The tumor uptake (average) is measured to be 0.76%ID/g (10 min),
1.5%ID/g (4 h), 1.3%ID/g (24 h), 0.91%ID/g (48 h) and 0.69%ID/g (120 h). The tumor-to-normal
ratio (T/N) is calculated to be 1.0 (10 min), 2.5 (4 h), 3.8 (24 h), 7.0 (48 h) and 7.8 (120 h)
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sectioned slice by slice at the tumor location guided by the PET/CT scan. H&E
staining was performed on those sections to mark the tumor boundary and measure
the tumor size. As shown in Fig. 5.3b, c, the small tumor detected by the PET/CT
scan had a size less than 0.5 mm in diameter. A series of brain sections with H&E
staining confirmed that the tumor’s size was less than 0.5 mm in all three dimen-
sions. In addition, TPL imaging was also performed to confirm the presence of
GNS inside the detected 0.5 mm brain tumor. As shown in Fig. 5.3d, GNS (white
spots) nanoprobes were indeed inside the 0.5 mm brain tumor detected by PET/CT
imaging.

Fig. 5.2 a Comparison of 18F-FDG and 124I-GNS for brain tumor detection by PET imaging in
the same brain tumor-bearing mouse. The average tumor uptake of 124I-GNS nanoprobes is
measured to be 7.2%ID/g and the T/N ratio is calculated to be 4.0 while the T/N ratio for FDG is
1.1. b H&E histopathology examination of the brain tumor detected by PET scan as shown in
a. Green arrows are used to show tumor (T). c TPL imaging shows GNS (white spots) are inside
brain tumor detected from PET scan a. The section is stained with DAPI and nuclei are shown as
blue color. The histopathology image represents a 5 lm tissue section. Tumor came off brain
during brain harvest process and image was reconstructed to combine tumor with brain
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5.5 Study of GNS Uptake in Brain Tumor

Furthermore, we performed TEM imaging to identify the subcellular location of
GNS nanoprobes at a nanometer resolution level after IV injection. As shown in
Fig. 5.4a, b, GNS nanoprobes were found to leak through the vasculature disrupted
by tumor and tended to accumulate in the tumor’s interstitial space. Figure 5.4c, d
show that GNS nanoprobes diffused through extracellular space and were endo-
cytosized inside brain tumor cells by endosomes. On the contrary, as shown in
Fig. 5.5, in the normal brain tissue, GNS nanoprobes were blocked by the intact
blood-brain-barrier and found near the inner blood vessel wall.

Using both optical and TEM imaging, we demonstrated that the GNS nanop-
robes not only crossed a disrupted blood-brain-barrier in brain tumors and

Fig. 5.3 a 0.5 mm brain tumor (T) identified from PET/CT scan 48 h after IV injection. The
average tumor uptake is measured to be 0.66%ID/g and the T/N is measured to be 4.7. b H&E
histopathology examination confirms the identified brain tumor from PET/CT scan a. c The
identified tumor size is less than 0.5 mm measured from H&E imaging. d TPL imaging showed
the GNS (white spots, marked by red arrow) were inside the identified 0.5 mm brain tumor. The
tumor cell nuclei were stained with DAPI and shown in blue color. Certain GNS nanoprobes are
found to be near tumor nuclei
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penetrated through the tumor interstitial space, but were also endocytosed into
tumor cells following IV tail vein injection. 124I has a longer half-life (4.18 days)
than 64Cu (12.7 h) or 18F (1.8 h), which makes it more suitable for in vivo
nanoparticle tracking with PET imaging over a long time period. The observation of
GNS accumulation in brain tumors has important implications for future therapeutic
agents delivery. The accumulation effect could be further enhanced when GNS
nanoprobes are administered with vasodilating agents, which have been shown to
magnify the EPR effect [21]. Moreover, from a chemical perspective, the I-Au
chemical bond enables a simple radiolabeling process of 124I without the need of
chelators or complicated radiochemistry reactions. The simple radiolabeling process
of gold nanoparticles with 124I would be readily adaptable to future clinical PET
applications. Furthermore, the large surface area of gold nanostars can also be used

Fig. 5.4 a, b TEM imaging of GNS in the extracellular space of the tumor region. c, d TEM
imaging of GNS in endosomes inside brain tumor cells
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as an efficient carrier of chemically similar therapeutic radioisotopes such as 131I or
211At for targeted radionuclide cancer therapy.

It is of interest to demonstrate selective accumulation of these GNS nanoprobes
in the brain tumor after IV injection. The BBB in normal brain has a pore size less
than 1 nm, which limits passive flow of large particles. BBB permeability is
increased as a result of malignant brain tumor pathogenesis, which includes neo-
vascularization [22]. Tumors as small as 200 µm rely on this neovasculature to
provide nutrition, oxygen supply, as well as a means of metabolic waste product
clearance. These blood vessels often have different characteristics from normal
blood vessels, including defective endothelial cells with wide fenestrations and an
absence of the smooth muscle layer. A lack of pinocytotic vesicles within the
cerebral capillary endothelial cells lead to inefficiency of transcytosis [23].
Therefore, we propose that the major reason for PEGylated GNS accumulation in
brain tumor is passive targeting via the EPR effect due to the leaky or abnormally
formed vasculature caused by the brain tumor. Our GNS nanoprobes functionalized
with PEG polymer were designed with suitable particle size and surface properties
to leak through those gaps in the tumor vasculature and show selective accumu-
lation in brain tumor but not into surrounding normal brain tissues, which have
intact BBB. Consistent with our observations, it has been reported that nanoparti-
cles up to 114 nm with dense PEG coating can diffuse through the brain extra-
cellular space; moreover, it was estimated that the brain extracellular space has
more than 25% of pores with size larger than 100 nm [24]. The GNS nanoprobes
observed inside tumor cells are presumed to have penetrated through those pores
and enter tumor cells by endocytosis. Our results further support that the EPR effect
is an important mechanism for cancer targeting.

Fig. 5.5 a, b TEM imaging of GNS identified inside the normal brain vasculature. GNS
nanoprobes were found to be blocked by the intact blood-brain-barrier and near the inner
endothelium wall
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By using our novel GNS nanoprobes combined with highly sensitive PET
imaging, we have demonstrated the feasibility of detecting brain tumors as small as
0.5 mm, which is one order of magnitude less than current clinical imaging
modalities [8]. In addition, compared to MRI, which has high background signal in
normal brain tissue and relatively low contrast discrimination due to compositions
with high protons like water and fat, our method using radiolabeled GNS shows
minimal background in normal brain tissue and a high tumor-to-normal ratio. To
the best of our knowledge, the developed GNS nanoprobe for PET scan provides
the most sensitive means of brain tumor detection reported so far. It is well known
that early detection of the smallest brain tumor volume (or cell number) at the time
of cancer diagnosis has significant impact on the therapeutic efficacy and overall
patient prognosis. The tumor volume is directly proportional to the 3rd power of the
diameter. Therefore, tumor volume is three orders of magnitude smaller if the
detection limit in diameter is one order of magnitude less. The developed GNS
nanoprobes with high tumor-to-normal ratio and submillimeter brain tumor detec-
tion capability is of great importance to improve brain tumor patients’ outcome. In
addition to whole body scan using PET/CT, the developed multifunctional GNS
nanoprobe can also be imaged using optical imaging and electron microscopy
without the need of extra dye labeling or staining, which provides a superior tool to
investigate how nanoparticles can be used for brain tumor drug delivery through
BBB.

5.6 Summary

We have developed a multifunctional 124I-labeled GNS nanoprobe for sensitive
in vivo brain tumor detection using PET imaging as well as for high-resolution
nanoparticle tracking using both optical and TEM imaging. PET imaging using
124I-GNS achieved ultrasensitive brain tumor detection down to 0.5 mm in size in a
laboratory mouse model. After IV injection, GNS nanoparticles were found inside
brain tumor cells by using both TPL and TEM imaging. The GNS nanoprobes
permeated the disrupted brain tumor vasculature and subsequently entered tumor
cells by endocytosis. Therefore, GNS nanoparticles can be used as a promising
nanoplatform for future early brain tumor detection and therapeutic agent delivery.
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Chapter 6
Photoimmunotherapy for Cancer
Metastasis Treatment

6.1 Background

Cancer metastasis has caused more than 90% of cancer deaths [1]. When the cancer
cells have spread throughout the body, limited therapeutic options, such as systemic
chemotherapy, are often not quite effective to control the disease [2–8].
Immunotherapies have emerged as one of the most-promising modalities to treat
cancer and have involved the use of drugs that target immune checkpoints [9–11].
The programmed death-ligand 1 (PD-L1), a protein overexpressed on cancer cell
membrane, contributes to the suppression of the immune system [12–16]. PD-L1
ligand binds to its receptor, PD-1, found on activated T cells, B cells, and myeloid
cells, to modulate T cell functions [16–20]. The therapeutic anti-PD-L1 antibody is
designed to block the PD-L1/PD-1 interaction and reverse tumor-mediated
immunosuppression [19, 21]. Blocking the PD-L1/PD-1 axis has been shown to
be highly beneficial in clinical trials [22–24]. Although PD-L1/PD1 immunotherapy
has emerged as one of the most-promising modalities to treat systemic cancer, they
work only for a limited number of patients and can become ineffective with time.
Broadening and stabilizing therapeutic effects of PD-L1/PD-1 inhibitors could
potentially address the challenge of successfully treating metastatic cancers.

The plasmonic GNS enhanced photothermal therapy has potential to generate
synergistic effect with immunotherapy by ablating primary tumor cells to release
tumor-specific neoantigen and trigger an immune response. The immune system
can be triggered by several temperature-induced mechanisms, such as antigen
presentation mediated by heat shock proteins (HSPs) or lymphocytes migration
to lymphoid organs, the staging ground for immune defense. Therefore,
immunotherapies could potentially benefit from targeted thermal therapies and
generate synergistic effect to treat cancer more efficiently.
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6.2 Window Chamber Imaging and In Vivo
Photothermal Study

First, we used window chamber model and two-photon microscopy to confirm GNS
accumulation in the tumor developed with the bladder cancer cells. As shown in
Fig. 6.1a, the tumor under window chamber has clear GNS accumulation (black
color) one day after IV injection through tail vein. The black color is due to strong
light absorption of accumulated GNS nanoparticles in tumor. The tumor size is
approximately 2 mm, which shows that even a small tumor exhibit the EPR effect
associated with leaky vasculature. Figure 6.1b shows the high-resolution imaging
of GNS nanoprobes in tumor through window chamber using TPL. GNS

Fig. 6.1 a Tumor with GNS selective accumulation (black color) under window chamber (8 mm
in diameter). The tumor shows black color because GNS have strong light absorption.
b Two-photon photoluminescence (TPL) imaging of GNS nanoparticles in tumor under window
chamber, due to their unique plasmonic properties, GNS nanoprobes emit strong TPL emission
allowing direct particle visualization under multiphoton microscopy. The GNS are shown as white
color under TPL imaging. The scale bar is 100 lm. c Laser treatment setup developed for
photothermal ablation. d Tumor center temperature measured with mini-invasive thermoprobe for
the mouse with GNS or PBS injection under 0.6 W/cm2 808-nm laser irradiation
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nanoprobes have exceptionally high TPL cross section and show bright white color.
GNS nanoparticles are found in both tumor vasculature and interstitial space. In
addition, a setup for photothermal treatment was built in lab (Fig. 6.1c) and a
mini-invasive thermoprobe was used to measure the tumor center temperature under
laser irradiation for the mouse with GNS nanoprobes or PBS (control) IV injection
through tail vein. It can be seen that under 0.6 W/cm2 808-nm laser irradiation,
tumor with GNS accumulation reaches ablation temperature 58 °C while tumor
without GNS just 42 °C (Fig. 6.1d). Experimental results demonstrate that GNS,
with selective accumulation in tumor and high photon-to-heat conversion effi-
ciency, can be used as a powerful thermal transducer for photothermal therapy to
ablate tumor.

6.3 Long Term Survival and Rechallenge Study
for Photoimmunotherapy

To evaluate the potential synergistic effect between plasmonic GNS-enabled PTT
and immune checkpoint inhibitor immunotherapy (anti-PD-L1), MB49 bladder
cancer cells were implanted in both right and left flanks (250,000/100,000,
respectively) of C57BL/6 mice [25]. These aggressive cancer cells took only one
week to grow to 100–200 mm3 (right flank) and 50–100 mm3 (left flank) in tumor
size. At this time point (Day 0), mice were intravenously injected with 30 nm
PEGylated GNS at a dose of 80 mg/kg in 100 ll of PBS solution through tail vein.
One day after GNS injection, an 808-nm laser (0.6 W/cm2) was used to irradiate
right flank tumor for 10 min with anesthesia using isoflurane. Immediately fol-
lowing laser treatment, mice were intraperitoneal (IP) injected with anti-PD-L1
antibodies (200 lg per mouse every 3 days until the end of the study). Tumor size
and body weight were measured every three times every week. Humane endpoint
euthanasia was performed if the mice show adverse reactions to treatments, lose
body weight greater than 15%, exhibit a single tumor volume greater than
1000 mm3 (4% body weight) or total tumor volume is greater than 1500 mm3 (6%
body weight).

As shown in Fig. 6.2a, the primary tumors (right flank) treated with laser in the
treatment group shrank starting on Day 8. Two mice (1 and 3) exhibited no mea-
surable tumors from day 26 until day 49. Two mice (2 and 4) had tumor sizes that
decreased but were sacrificed due to the large tumors on the other side. One mouse
(5) had tumor sizes that decreased first but then increased after approximately one
week. Not only is there an immediate therapeutic effect at the tumor site treated
with NIR laser, but also the PTT treatment results in a general activation of the
immune system, as evidenced by the fact that distant tumors without laser treatment
also show therapeutic effect. As shown in Fig. 6.2b, for the distant tumor (used as
cancer metastasis model), 2 mice (1 and 3) were tumor-free between Day 25 and
Day 33. Both laser treated and untreated tumors of mouse 1 in the treatment group
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disappear after Day 36. In the contrary, primary and distant tumors in the blank
control group exhibited rapid and significant growth until all mice were sacrificed.

Figure 6.3 illustrates the Kaplan-Meier (K-M) overall survival curve, which
shows significant survival improvement of the photoimmunotherapy group over the
control groups. At the end of 49 days, the survival rate for photoimmunotherapy
group is 40 and 0% for all control groups including the anti-PD-L1 antibody
therapy alone group. The anti-PD-L1 therapy alone did show therapeutic effect
compared to the blank control group receiving no treatment. However, the pho-
toimmunotherapy group had an improved therapeutic effect compared with the
anti-PD-L1 antibody alone group. Only the photoimmunotherapy group had one
survival mouse without tumor 3 months after treatment, indicating a complete cure.

In addition, we performed a rechallenge study by investigating whether the
generated immune response has a memory effect and can last for a long time. The
two mice that were tumor free for 4 months were injected with 250,000 MB49
bladder cancer cells under dorsal skin. No tumors developed 2 months after
injection (Fig. 6.4), indicating the existence of a memorized anti-cancer specific

Fig. 6.2 Primary tumor size change profile for the mice with photoimmunotherapy treatment
(a) and blank control (b). Distant tumor size change profile for the mice with photoimmuotherapy
treatment (c) and blank control (d). The laser irradiation of photothermal therapy was performed
only on the primary tumor. The line stopped (� sign in black color) if the mouse was sacrificed
due to large tumor or ulceration. (Adapted from Ref. [25])
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immunoresponse. The observed long-lasting and specific therapeutic effect from a
memorized immune responses is of significant value not only to treat primary
tumors and cancer metastasis but also to prevent cancer recurrence.

Furthermore, in order to confirm the triggered immunoresponse following the
combined photothermal therapy and immunotherapy, mice with green fluorescent
protein (GFP) expression and window chamber were used to observe immune cells
accumulation in the distant tumors after GNS-mediated laser ablation on the pri-
mary tumor and anti-PD-L1 injection. Two mice with both flank tumor (primary

Fig. 6.3 Kaplan-Meier (K-M) overall survival curve. At the end of 49 days, only photoim-
munotherapy (GNS + Laser + Anti-PD-L1) group has 2 survival mice (40%) and only this group
has one mouse survived after 100 days while all other control groups have none survival mouse.
(Adapted from Ref. [25])

Fig. 6.4 Mice with no tumor
developed after cancer
rechallenge. After
photoimmunotherapy with
IV GNS injection (a) or
intratumoral GNS injection
(b), both left and right flank
tumors disappeared. The two
mice were monitored for
3 months and there was no
tumor recurrence. The
rechallenge was performed by
injecting 250,000 MB49
bladder cancer cells under
dorsal skin and no tumor
developed after two months.
(Adapted from Ref. [25])
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tumor) and tumor under window chamber (remote tumor) were used for this study.
For the mouse in the treatment group, 2 mg GNS was IV injected on day -1. The
0.6 W/cm2 808 nm CW laser treatment was performed on the flank tumor on day 0.
The first window chamber imaging was performed prior to laser treatment. 200 µg
of anti-PD-L1 antibody were intraperitoneally injected on day 0, day 3 and day 6
after laser treatment. The only difference between the treatment and the control
mouse was that the control mouse had no laser treatment on the primary flank
tumor. Fluorescence imaging (Fig. 6.5) shows that the distant tumor under window
chamber in the treatment mouse has significantly higher fluorescence signal (more
immune cells) one week after the photoimmunotherapy. On the contrary, the
control mouse with GNS IV injection and anti-PD-L1 IP injection doesn’t show
increased fluorescence signal with time, indicating no immunoresponse existence.

Fig. 6.5 Window chamber imaging for mice with green fluorescence protein expression in
immune cells. Tumors were developed in both flank (primary tumor) and under window chamber
(distant tumor). For the treatment mouse, 2 mg GNS was IV injected on day -1 and 10 min 0.6 W/
cm2 laser treatment was performed on the flank tumor on day 0. 200 lg anti-PD-L1 antibody was
IP injected on day 0, day 3 and day 6 after laser treatment. For the control mouse, GNS and
anti-PD-L1 antibody were administrated the same as the treatment mouse but no laser irradiation
was performed. It can be seen that green fluorescence signal in the treatment mouse increases
significantly one week after laser irradiation on the flank tumor, showing more immune cells
accumulation in the distant tumor under window chamber
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The observed therapeutic effect of photoimmunotherapy could be explained by
the synergistic effect between photothermal therapy and checkpoint inhibitor
immunotherapy. Localized PTT with GNS and NIR irradiation selectively and
effectively kills primary tumor cells. Given the same mass, GNS nanoparticles have
4–5 orders of magnitude higher photon-to-heat conversion efficiency than water. As
a result, with GNS selective accumulation in tumors, PTT can ablate tumor
specifically with limited damage to surrounding healthy tissues with water as main
NIR light absorber. The ability to perform specific tumor ablation offers significant
advantages compared to other thermal therapies. Microwaves, radiofrequency and
ultrasound can control macroscopically heating around the tumor region, but cannot
precisely ablate cancer cells in a timely manner. After PTT with GNS enhancement,
dying tumor cells could release cancer-specific antigens, damage-associated
molecular pattern molecules (DAMPs), heat shock proteins (HSPs), etc. DAMPs
are intracellular molecules that are normally hidden in live cells. When cells are
damaged or dying, DAMPS are released and trigger specific immune response.
APCs, which are present in the tissue or in local draining lymph nodes, process the
tumor antigens and present tumor-derived peptides to T cells. DAMPS have been
shown to exert various effects on antigen-presenting cells (APCs), such as matu-
ration, activation and antigen processing/presentation. The anti-PD-L1 antibodies
inhibit a key pathway by which tumor cells escape from immune monitoring. By
suppressing this tumor defense mechanism, the tumor cells are now vulnerable to
the cytotoxic T cells that have been stimulated by cancer-specific antigens released
by GNS-enabled photothermal therapy. Therefore, a combination of photothermal
therapy and checkpoint inhibitor immunotherapy could generate synergestic effect
with specific cytotoxic T cells to attack vulnerable cancer cells in the body.

6.4 Summary

In summary, photoimmunotherapy, a combination of photothermal therapy and
checkpoint inhibitor immunotherapy, shows a synergistic effect of immune trig-
gering resulting from precise tumor ablation with NIR light and tumor immune
suppression inversion with checkpoint inhibitor, anti-PD-L1 antibody. Our exper-
imental results show the photoimmunotherapy has great promise to treat not only
unresectable primary tumors but also distant cancer metastasis. Furthermore, the
identified long-lasting therapeutic effect from memorized immune response also
shows great potential to prevent cancer recurrence. Further studies including PTT
thermal dose optimization and full immune response mechanism investigation
should be explored to optimize our novel photoimmunotherapy for future cancer
treatment.
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Chapter 7
Conclusion and Future Outlook

7.1 Conclusion

The developed multifunctional GNS theranostic nanoprobe has multiple capabilities
ranging from in vivo tracking at the subcellular all the way up to the whole body
level as well as specific cancer treatment with photoimmunotherapy, providing a
superior nanoplatform for both pre-clinical basic research and clinical translation in
cancer management. In vivo tracking and biodistribution studies have shown that
dense PEG coating, small particle size and higher injection dose increase GNS
accumulation in tumor. With immunohistochemistry analysis, GNS nanoparticles
were found to be cleared by macrophage cells in liver and spleen after IV sys-
tematical administration. Intraoperative tumor detection was demonstrated as a
proof-of-principle with GNS multifunction nanoprobe using the SERS detection
method. High-resolution sensitive TPL imaging showed that smaller nanoparticles
have deeper tumor penetration depth after leaking through tumor vasculature. 124I
labeled GNS nanoprobe with selective accumulation in brain tumor but not in
normal brain has been applied for early brain tumor detection down to 0.5 mm in
diameter using exceptionally sensitive PET imaging. TEM imaging was also per-
formed to confirm that GNS nanoprobes are endocytosized into brain tumor cells
after IV tail vein injection. In addition, the GNS nanoparticles were demonstrated to
have much higher photon-to-heat conversion efficiency than water, the main light
absorber in tissues. The plasmonic GNS-enhanced photothermal therapy with NIR
laser has been shown to produce specific therapeutic effect on tumor with high GNS
accumulation. The generated photothermal ablation has been observed to generate
immune triggering effect (cancer vaccine), which is combined with checkpoint
inhibitor immunotherapy to treat cancer metastasis. It should be noted that, the
generated immune response was found to exhibit a memorized long-term effect that
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can prevent tumor development after rechallenge, indicating its potential to be used
to prevent cancer recurrence. What is more, the 6-month long-term toxicity study
including body weight monitoring, blood chemistry test and histopathology
examination demonstrated GNS nanoparticles’ biocompatibility. As a result, bio-
compatible GNS nanoprobes with superior properties for cancer detection and
specific therapy have great promise for future clinical translation in cancer man-
agement with the ultimate aim to improve patients’ overall survival.

7.2 Future Outlook

In this study, the developed multifunctional GNS nanoprobes have demonstrated
their great potential for future clinical applications. However, extensive efforts are
still required in the future to further investigate several key questions before clinical
translation. (1) How to improve GNS uptake in tumor? PEGylated GNS nanoprobes
have typically 2–5% ID/g tumor uptake with passive targeting (EPR effect). It
might be sufficient for imaging purposes as demonstrated in sensitive brain tumor
detection, but it is barely adequate for anti-cancer drug delivery. Active targeting
mechanism might be applied to improve tumor accumulation although it is still
controversial whether antibodies can improve nanoparticles accumulation in
tumors. (2) How to clear GNS nanoprobe from body following injections? Most of
GNS nanoprobes in this study were found to be cleared from blood circulation by
macrophage cells in liver and spleen after IV injection. Although long-term toxicity
has demonstrated GNS nanoprobes are biocompatible, clearable nanoparticles are
still preferable for future clinical applications. Nanoparticles with size less than
10 nm can be cleared through the kidney. It would be worth trying to synthesize
star-shaped plasmonic nanoparticles with size less than 10 nm. Alternatively,
biodegradable GNS could be tried so that they might degrade after application and
eventually get cleared from body. (3) How to perform GNS synthesis to meet Good
Manufacturing Process (GMP) requirements. It is crucial to synthesize GNS
nanoparticles consistently for future commercialization. The automatic synthesizer
might be used to control quality and make synthesized GNS nanoparticles con-
sistent across batches. (4) Further in vivo toxicity studies with other animal models.
Food and Drug Administration (FDA) requires toxicity results from at least two
animal models before clinical trials. Therefore, other animal models such as rats,
dogs or pigs could be used to further demonstrate the biocompatibility of GNS.
(5) Mechanism investigation of photoimmunotherapy. The observed immune
triggering effect like cancer vaccine, is of significant value since it has the potential
to provide a novel method to treat cancer metastases as well as to prevent recur-
rence with memorized specific cytotoxic immune cells. Detailed immune mecha-
nism studies are required to optimize our novel photoimmunotherapy strategy
before clinical applications.
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The promising results obtained from this study have shown great potential of
GNS nanoprobes for future clinical translation. However, we should realize that
there is still a long way to go before clinical applications to improve patients’
overall survival. It is exactly what we would like to pursue in the coming years.

We choose to fight against cancer, not because it is easy, but hard!

Yang Liu
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