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Abstract

Cancer is among the leading cause of death around the world, causing close to 10 million deaths
each year. Significant efforts have been devoted to developing novel technologies that can detect
and treat cancer early and effectively to reduce cancer recurrences, treatment costs, and mortality.
Gold nanoparticles (GNP) have been given particular attention for its use with photo-induced
hyperthermia coupled with novel immunotherapy methods to provide a new platform for highly
selective and less invasive cancer treatment. Among the various GNP platforms, gold nanostars
(GNS) have a unique star-shaped geometric structure that allows superior light absorption and
photothermal heating. This photothermal effect have also been found to amplify the anti-tumor
immune response and can be exploited with adjuvant treatments using immune checkpoint
inhibitors. This combination treatment known as Synergistic Immuno Photo Nanotherapy
(SYMPHONY) has been shown to reverse tumor-mediated immunosuppression and has led to
effective and long-lasting immunity against not only primary tumors but also cancer metastasis.
This overview highlights the development and applications of GNS-mediated therapy developed in
our laboratory for cancer treatment. This paper also presents recent results of experimental studies
to illustrate the superior performance of GNS for photothermal treatment applications.
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. Introduction

Recently, gold nanoparticles have seen widespread usage as platforms for imaging,
diagnosing, and treating cancer. They have been widely studied due to gold being relatively
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inert in the body and their flexibility in size allows for selective distribution around the leaky
vasculature of tumor sites [1]. Additionally, their gold surface allows for flexible chemical
conjugation of dyes unto these particles making them excellent platforms for tumor imaging
and detection. Furthermore, their most important property for therapy is their ability to
convert photons to heat at a very high efficiency. Upon excitation with laser light, these
nanoparticles act as a conduit for producing heat that can effectively heat and ablate tumor
as needed. This unique feature is due to the effective plasmonic effect well known in GNPs,
which have been used to great effect for photothermal conversion as well as other use cases
in diagnostics utilizing optical phenomena such as Surface Enhanced Raman Scattering
(SERS) [2]-[4]. Their facile synthesis, surface modifiability, tunable size, shape, optical
properties, and biocompatibility have thus brought GNPs to the forefront in cancer research
[2], [5], [6]- Photo-induced hyperthermia and ablation has long been used as a standard
treatment of tumors by direct laser light contact, typically delivered via optical fibers [7]—
[12]. Hyperthermia (HT) is a specific treatment wherein heat is applied to a tumor until
temperatures of over 55 °C is reached, inducing immediate cell death at the target site [7],
[8], [10]. These methods, however, have distinct disadvantages in that they require high
amounts of laser power and are not spatially precise [13]. Commercial medical laser
equipment used for tumor ablation can reach up to 10 W at 100% profile power for 2-second
pulses with a 6-mm laser aperture [14]. Gold nanoparticle-mediated therapy provides an
improved photon and heat delivery platform that promises to effectively treat tumors
specifically, noninvasively, and at lower power requirements such as using less than 1
W/cm? [13]. This is important as it allows for more selected, targeted, and controlled heating
at the target site for inducing cell death, rather than ablating large amounts of target and non-
target surrounding tissue. Ideally the laser power should be at or lower than 0.2 W/cm?,
which is below the maximal permissible exposure of skin per ANSI regulation. In addition,
the use of GNP offers the advantage of multiple treatment and imaging modalities to be used
in conjunction with photothermal therapy (PTT) [15], [16]. For instance, additional uses
include radio-sensitization of hypoxic regions, enhancement of drug delivery, activation of
thermosensitive agents, and boosting the immune system [17]-[21]. In this paper we provide
an overview of the GNS and its use in photothermal and immunotherapy of cancer /n-vivo.
Furthermore, we present the latest results of /n vitro studies in solutions and gel phantoms to
investigate the photothermal properties of GNS /n-vitro to investigate the superior
performance of GNS in light absorption and heat generation using different laser setups.

Il. Nanoparticle Properties

A. Plasmonics and Gold Nanostars

Various nanoplatforms have been developed for photothermal therapy including gold
nanospheres, gold nanoshells, gold nanorods, and gold nanostars [13], [22]-[28]. Among the
different nanoparticles used for light induced PTT, gold nanostars (GNS) offer a particular
advantage due to its unique star-shaped geometry and optical tunability [2], [5], [29]. Fig. 1
(a) depicts a contour plot of the magnitude of the electric field, which shows that the largest
E-field enhancement that occurs at the tips of the branches of the star [3]. The large field
enhancement at the tips of the star is due to a combination of the resonance enhancement
and the lightning-rod effect associated with the large curvature at the tips. This curvature
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creates a larger surface charge density and, consequently, a higher electric field. As a result,
the nanostar can generate E-field hot spots that can greatly exceed the enhancement of
smoother particles such as nanospheres. Fig. 1 (b) and (c) shows the transmission electron
microscopy (TEM) image of the GNS along with a three-dimensional (3D) model of the EM
field around the whole nanostar. The multiple sharp branches act as a “lightning rod” that
enhances the local (EM) field dramatically resulting in the strong SERS effect in medical
diagnostics and the effective heating seen in PTT for killing tumor cells in cancer therapy
[2], [16], [19], [29]. Our team has devoted research efforts on the engineering and tuning of
this tip-enhanced plasmonic property to target the ‘diagnostic-therapeutic’ optical window, a
wavelength range in the near IR (700-1100 nm) wherein photons travel the farthest through
tissue and thus have the most effective treatment range for the photothermal heating [5],
[29]. More generally the optical windows can be divided in three groups NIR-I (700-1100
nm), NIR-I1 (1100-1350 nm), and NIR-111 (1600-1870 nm) [30]. These optical windows
represent other wavelength ranges that offer tradeoffs between less tissue scattering but more
water absorption. Additionally, more specialized InGaAs camera detectors must be used for
NIR-11 and NIR-I11 spectral range; this requirement may limit more widespread applications
than the usual silicon camera detectors used for UV to NIR-I spectral ranges. Since the peak
plasmon absorption of GNS lies in the NIR-1 region, the tissue optical window mostly
involves the NIR-I range.

Gold nanostars are nanoparticles with several unique properties that make them highly
effective for not only as photothermal agents but also as a contrast agent, immunotherapy
adjuvants, and more [15], [16], [18], [29]. For example, we utilized the intrinsic TPL of
GNS, acting as a contrast agent to track particles /n-vivoto delineate vasculature and GNS,
demonstrating the extravasation of nanostars [29]. In other applications, we demonstrated
the synergistic effect of photothermal treatment with GNS coupled with an immunotherapy
utilizing antibody immune checkpoint inhibitors [18]. Additionally, GNS may also be
functionalized with other molecules to add functionality in fluorescence or Raman
spectroscopy and imaging. Coupling a Raman-active dye on the surface of the GNS will
produce a strong SERS signal that can be used for quantitative bio-sensing applications [3],
[31]. Furthermore, the choice of Raman dye may also have a strong impact on the SERS
signal as molecules whose absorption band coincides with the laser wavelength will exhibit
a resonant SERS effect, often referred to as Surface-Enhanced Resonant Raman Scattering
(SERRS). Conjugating other molecules such as the transactivating transcriptional activator
(TAT) from human immunodeficiency virus 1 (HIV-1) can give the ability for the Raman-
labeled GNS to penetrate the intracellular membrane of cells and be detected inside the
nucleus [32]. These applications illustrate the versatility of the GNS platforms for a wide
variety of use cases.

Numerous methods have previously been developed to generate the anisotropic features of
the gold nanostars, utilizing surfactants such as Cetyltrimethylammonium Bromide (CTAB)
or Polyvinylpyrrolidone (PVP) in order to facilitate its growth from colloidal gold particles
[33], [34]. However, these surfactants are not biologically inert and thus prevents the gold
nanostar’s wider use in biological experiments. To overcome these issues, our group has
developed surfactant-free gold nanostars which are synthesized from 12 nm gold
nanospheres that are reduced with gold chloride (HAuCly), silver nitrate (AgNO3), and
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ascorbic acid in a controlled manner under intense stirring [2], [29]. The GNS nanoparticles
have multiple sharp branches that result in tip-enhanced plasmonics for imaging and PTT.
The intrinsic absorption of the gold nanostar along with the source excitation play a crucial
role in the conversion of light energy to heat. When a metallic nanostructured surface is
irradiated by an EM field such as a laser, electrons in the conduction band are thrown into
oscillations called surface plasmons. These oscillating electrons in turn produce a secondary
electric field that adds to the incident field, thereby greatly increasing the conversion of
photons to heat. This model was mainly derived from the Drude model of electrical
conduction constrained at the nanometer scale of the particle [29]. The spectral absorption
response of the respective nanoparticles across a large wavelength range were then simulated
using analytical solutions with the simpler shapes such as the spheroid and finite element
software (COMSOL Multiphysics) for the gold nanostar. The results of those theoretical
studies show a the distinctly strong absorption for the GNS at the NIR wavelength range
[35]. We have also investigated the electromagnetic field of various other plasmonic
nanosystems such as nanospheres, nano-dimers, and nanoshells [22], [27], [28], [36], [37]-
This EM field also gives rise to a very strong two-photon photoluminescence (TPL) from the
resonant coupling of the GNS plasmon band and the incident laser [29]. The two-photon
excitation is carried out by pulses of a femto-second laser, causing the simultaneous
absorption of two photons on the GNS. The strong TPL effect is said to result from a
recombination of electron-hole pairs as seen in other nanoparticles such as nanorods and
produces among one of the highest two-photon action cross sections [29].

We have successfully demonstrated the effective us of GNS properties in imaging and
therapy using glioblastoma (GBM) models in vivo [30]. Fig. 2 (a) and (b), which depicts the
TPL image of the blood-brain barrier before and after photothermal treatment, effectively
demonstrates the ability for selective, optically modulated delivery of nanoprobes into the
tumor parenchyma with minimal off-target distribution by allowing the GNS to penetrate the
blood-brain barrier (BBB) after thermal treatment [38]. The study illustrated the possibility
for the use of GNS combined with a near IR laser to selectively open BBB for drug delivery
into the brain for GBM treatment. We also performed electron microscopy to identify the
subcellular location of the GNS in the brain tumor after intravenous injection through tail
vein [39]. The brain tumor vasculature was found to be disrupted and became permeable for
GNS. As shown in Fig. 2 (c), GNS were in both the tumor interstitial space and vasculature,
suggesting GNS nanoparticles penetrate through the brain tumor vasculature via the
enhanced permeation and retention (EPR) effect. Fig. 2 (d) shows that the GNS
nanoparticles were localized in intracellular vesicles within the brain cancer cell. With 1241
labeled GNS nanoparticles, we used PET/CT scan to measure brain tumor uptake of GNS to
be about 7.2% ID/g [39].

Furthermore, we have extensively studied the multimodal functions of the GNS for
combined capabilities for theranostics (i.e., therapy and diagnostics). This theranostics
capability allows the GNS nanoprobe to be used for image-guided therapy for example. Fig.
2 (e) and (f) shows the different possible uses of the GNS diagnostic tool in imaging and
spectroscopy [6], [16]. Fig. 2 (e) depicts the use of GNS labeled with positron emitter 84Cu
for PET imaging in 3D in vivo spatiotemporal tracking. In particular, the figure shows the
selective accumulation of GNS around tumor periphery around after 24 hours. In Fig. 2 (f),
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the Raman-active dye 4-Mercaptobenzoic (PMBA) are attached to the GNS to produce a
strong and uniquely enhanced Raman spectral signal. This SERS effect is especially strong
with GNS due to the tip-enhanced effect of the sharp branches of the nanoparticle. The
figure shows the appearance of the unique SERS spectral peak at 1067 and 1588 cm-1
Raman shifts in the tumor site only, demonstrating the selectiveness of the GNS to
accumulate in the tumor sites as confirmed with the other imaging modalities [16].

B. Synergistic Photothermal Immunotherapy

Immunotherapy has emerged as one of the most promising modalities to treat cancer.
Immunotherapy with specific immune checkpoint inhibitor provides a promising way to
break the tumor immunosuppressive environment [18], [20], [40]. Programmed death-ligand
1 (PD-L1), a protein overexpressed on cancer cell membrane, contributes to suppression of
the immune system. PD-L1 binds to its receptor, PD-1, found on activated T cells, B cells,
and myeloid cells, leading to modulation of T cell function [41]. The therapeutic anti-PD-L1
antibody is designed to block the PD-L1/PD-1 interaction and reverse tumor-mediated
immunosuppression. Blocking the PD-L1/PD-1 axis has been shown to be highly beneficial
in many human tumors and used as a cancer treatment modality [41]-[44]. However, current
antibodies work only for a limited number of patients and can become ineffective with time.
Generally, these anti-PD-L1/PD-1 antibodies play a role in inducing T cells to recognize
tumors and allow for their destruction.

We have demonstrated that the combination of immune checkpoint inhibitor-based
immunotherapy with GNS-mediated photothermal therapy has produced an effective two-
pronged treatment modality referred to as Synergistic Immuno Photo Nanotherapy
(SYMPHONY), which is designed to treat both primary and secondary tumor cell [18]. Fig.
3 (a) shows a schematic diagram of the operating principle of SYMPHONY using a dual
flank tumor model in laboratory animal studies. First, localized PTT with GNS and NIR
irradiation is used to kill primary tumor cells located in left flank of the mouse model (inset
of Fig. 3 (a)). Upon GNS-PTT treatment, dying tumor cells after thermal ablation could
release tumor associated antigens (TAAS), damage-associated molecular pattern molecules
(DAMPs), heat shock proteins (HSPs), etc. when the cells are alive. DAMPSs are intracellular
molecules that are normally hidden. However, following cell damage or death DAMPS are
released and acquire immunostimulatory properties. DAMPS exert various effects on
antigen-presenting cells (APCs), such as maturation, activation and antigen processing/
presentation [45]. 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. Combining anti-
PDL1 treatment with tumor antigen presentation will activate tumor-specific T cells that will
attack both in the primary and distant/metastatic cancer cells. Therefore, following the
combination treatment (PTT + anti-PDL1), the immune response can target the distant right
flank tumor. This is particularly important in the primary tumor bed, hypoxic-oxygenated
boundary, where it is believed metastatic/differentiating/proliferating potential is maximum.
The Kaplan Meier curve in Fig. 3 (b) details the mouse survival of different treatment groups
and shows the SYMPHONY group with a better outcome in survival. Additionally, a
rechallenge was done on the SYMPHONY group after 150 days to show the treatment
group’s resilience from tumor recurrence. Fig. 3 (c) shows the mouse studies that revealed
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that the two-pronged therapeutic approach, combining immune-checkpoint inhibition and
GNS-mediated photothermal therapy, was effective in destroying primary treated tumors as
well as untreated distant tumors in mice implanted with the MB49 bladder cancer cell line
[18]. Specifically, distant tumor sizes did not increase in the SYMPHONY group. The effect
of the combination of plasmonic GNS-enabled photothermal ablation and PD-L1
immunomodulation was demonstrated to be synergistic and not just additive. Furthermore,
the delayed rechallenge with repeated MB49 tumor injections into cured mice did not lead to
new tumor formation, indicating that the combined treatment induced effective long-lasting
immunity, i.e., an anticancer ‘vaccine’ effect [18], [46].

C. Gold Nanostar-Mediated Photothermal Nanotherapy

As a principle, hyperthermia (HT), which is a treatment where heat is applied to a tumor or
organ, aims to increase tumor temperature above physiologic body temperature with the goal
of directly inducing cellular damage, as well as promoting local and systemic antitumor
immune effects. Conventionally, hyperthermia is delivered using microwave, radiofrequency;,
high-intensity focused ultrasound, or heat applicators. However, these methods are not
suitable for deep-seated tumors and the heating distribution is often not well controlled.
Specifically, the optical penetration depth of a laser photon is inversely proportional to the
square-root of the product of the absorption and scattering coefficients of the tissue [47].
This means that laser light is expected to decrease in energy before reaching deep-seated
tumors farther away depending on the type of medium and tissue. It is noteworthy that
Raman-labeled GNS could be detected in tissue phantom through the a monkey skull 5 mm
thick, opening up the possibility for simultaneous heating and tumor detection [31]. These
traditional methods are only macroscopically confined to the tumor area but cannot target or
ablate cancer cells at the microprecision scale. Nanoparticle-mediated thermal therapy has
recently received increasing interest [40], [48]-[54]. The ability to safely target single tumor
cells with a high level of efficacy and specificity can be achieved with GNS. Their multiple
sharp branches acting like “lightning rods” can convert safely and efficiently light into heat.
We have performed a direct measurement of photothermal conversion efficiency for the 30
nm and 60 nm GNS, and we compared their efficiency to gold nanoshells, which are one of
the most well-studied nanoparticles used for photothermal therapy. The results showed the
temperature profiles for each of these three nanoparticles, with the 30 nm and 60 nm GNS
having a much higher equilibrium temperature than nanoshells (34.7 °C) at equivalent
optical density [49].

Rapid ablation can be achieved using GNS-mediated photothermal therapy by exploiting the
natural propensity of nanoparticles to extravasate the tumor vascular network and
accumulate in and around cancer cells. The significant reduction of the laser energy needed
to precisely destroy the targeted cancer cells in which GNS preferentially accumulate due to
the EPR effect [54], [55]. As shown before in Fig. 2, GNS selectively accumulate in tumors
and we have even shown that we can use PTT to optically modulate delivery of nanostars
into brain tumor in live murine models. Photothermal treatment on tumor vasculature may
induce inflammasome activation, thus increasing the permeability of the blood brain-tumor
barrier. Using GNS functionalized with cell penetrating peptides to facilitate the intracellular
delivery followed by irradiation with a femto-second pulsed laser, a successful in vivo
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photothermal therapy was achieved under an irradiance of 0.2 W/cm? [56]. These studies
demonstrated that GNS have great potential for use in photothermal cancer therapy.

lll. Investigations of photothermal effect of GNS

A. GNS Photothermal Heating

The choice in laser wavelength for excitation is also important because there is a marked
difference in depth penetration as the laser source is further redshifted. Laser-based
hyperthermia treatments are limited by the biological absorbers within tissue that effectively
cut down the effective kill range possible. In the visible wavelength range (400-700 nm),
hemoglobin is the primary absorber and may not be the intended target for a cancer therapy
looking to ablate tumor masses that may be deeply embedded below the surface of the skin.
In the NIR region (700-1100 nm), other chemical components such as melanin still play a
major role in this absorption further blocking light. The ability for light to penetrate and heat
tissue is thus a function of laser wavelength and the sum of the chemical absorbers in tissue.

One solution is the use of longer wavelength light to obtain better penetration depth through
the skin. Most of the absorbing components in tissue typically decrease in absorptivity in
longer wavelengths. By around 1100 nm, only water is a significant absorber in tissue.
Another solution is to use fiberoptic delivery of laser directly to the tumor site through a
small incision. Today, an emerging FDA-approved treatment for patients harboring
intracranial tumors is laser interstitial thermal therapy (LITT), a minimally invasive
technique that uses a stereotactically-guided laser at 1064 nm to ablate tumors. These
devices are typically used to penetrate hard to reach targets like brain tumors. However, a
major downside to their use is their non-specificity and high-power usage. Due to mentioned
absorbers above, there is a potential for non-target heating and can possibly complicate the
treatment. In addition, high powers are typically required to ablate tissue, leading to more
uncontrolled heating or ablation of non-tumor tissue. GNS-mediated PTT attempts to solve
this problem by reducing the need for high powered lasers and gaining more control in what
is heated and for how long. The following studies evaluate the following options of laser
wavelength and delivery method to evaluate an optimal configuration for GNS heating.

In this work, we investigated GNS-mediated PPT using the FDA-approved 1064-nm laser
excitation. We evaluated the viability of 1064-nm excitation for PTT by quantifying the
absorption coefficient of the GNS. This value is directly related to the absorption cross-
section of the nanoparticle itself based on its shape as previously calculated theoretically and
the concentration of GNS in the solution [35]. The absorption coefficient of GNS thus
characterizes the heating characteristic of the GNS. Fig. 4 (a) shows the optical transmission
configuration with a power sensor measuring the amount of light passing through a glass
cuvette of GNS solution of different concentrations. Thermal measurements were collected
for the duration of heating using thermocouples. The absorption of the GNS can then be
calculated as a function of concentration using Beer’s law from a simple transmission setup.
It is assumed that the attenuation of light is predominantly composed of the GNS absorption
in the solution. A collimated beam delivered 0.3 W/cm2 power through the solution in the
cuvette. The resulting collected data is displayed in Fig. 4 (b) which shows the exponential
increases of GNS absorption at orders of magnitude dilutions near nanomolar concentration.
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This result highlights the intense absorption of GNS at 1064-nm wavelength excitation.
Furthermore, it underscores the fact that a very small amount of GNS (on the order of
nanomolar concentration) was needed to absorb enough energy. As a point of comparison,
the absorption coefficient of water at 1064 nm is about 0.144 cm-1 while that of GNS is
1.168 cm-1 at 0.1 nM concentration [57]. This stark difference in absorption indicated that
there was much more selective and localized heating around GNS rather than the
surrounding volume of water, showing the effectiveness of GNS-mediated PTT modality.

B. Quantitative Studies of GNS-Mediated Spatio-Temporal Heating

To quantify the photothermal characteristics of plasmonic nanoparticles, the well-known 2nd
order differential heat flow equation was used to model the time evolution of heating of a
volume of nanoparticles [58]. The source term was assumed to be a constant rate of heat
production arising from a uniformly illuminated liquid volume of nanoparticles of specific
concentration and specific absorption cross-section (calculated previously using the
mentioned modified EM Drude models). The solutions to the heat equation yielded a
dramatic increase in temperature within the first few minutes before slowly leveling off. Fig.
5 (a) shows the theoretical time-dependent heat equation solution for the GNS. In this study,
this increase in heating was confirmed experimentally in Fig. 5 (b) which show the
temperature of the solution starting at room temperature (21 °C) as a function of time by
different concentrations of GNS. In particular, the rate of heating dramatically increases
after 0.01 nM concentration while the water sample never increased more than a few degrees
above ambient temperatures. It is noteworthy that the theoretical model reached higher
temperatures as it assumed no heat perfusion, while the samples in the experiments have an
air interface through which heat can be lost. To reach the temperatures obtained by GNS-
mediated PTT, bare LITT (i.e., only laser without GNS) would require orders of magnitude
higher power and possibly much longer treatment periods, all of which could lead to non-
specific and off-target heating.

Since GNS preferentially accumulate due to the enhanced EPR effect, we also investigated
the improved photothermal treatment efficiency of GNS-mediated PTT using tissue
phantoms [16], [35]. In this study we investigated the improved effectiveness in heating
GNS by using an experimental set-up like LITT that uses an optical fiber to deliver laser
light directly into the target volume of a tissue phantom system. In previous photothermal
mouse studies, we used inductively coupled plasma mass spectroscopy (ICP-MS) to
determine that the concentration of GNS in tumors was approximately 0.1 nM. We used a
lower concentration of GNS in our investigation of the heating change within the volume of
GNS after laser irradiation. Fig. 6 (a) details the configuration where a gel phantom
containing 0.04 nM concentration of GNS is heated using a fiber placed in the middle to
deliver 808-nm laser light. The GNS-embedded gel phantom was used as the model system
simulating a tumor that are infiltrated by GNS via the EPR effect. Three thermocouples at
distances of 10 mm, 13 mm, and 15 mm were used to collect thermal data. Data collected
using a thermal camera were also used to confirm the temperature measurements obtained
with the thermocouples. The results in Fig. 6 (b) show a radially thermal heat map of the gel
phantoms containing GNS (tumor model) and the gel phantom without GNS (normal tissue
model). The heat map data clearly show the increase of heating radii in the GNS-containing

IEEE J Sel Top Quantum Electron. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Odion et al. Page 9

gel phantom compared to that without GNS at the same time point after 400 seconds. The
result demonstrates that laser treatment delivered via an optical fiber can achieve superior
effectiveness using GNS-mediated PTT.

[V. Conclusion

Gold nanostars fulfill an important need in expanding hyperthermia towards more effective
and synergistic therapy modalities. Traditional hyperthermal therapies cannot target or ablate
cancer cells at a precise enough scale and are thus bound to off-target heating and to its
unintended effects. Nanoparticle-mediated PTT can selectively target tumor sites either by
the EPR effect or through targeted binding towards specific cells. Photothermal treatment
can be performed at much lower and safer laser powers as GNS more efficiently convert
photons to heat than the surround water and tissue. Additionally, GNS with different sizes
and branch numbers can be tuned to absorb laser energy at different wavelengths, allowing
more flexibility towards additional modalities such as for imaging or spectroscopy. This
multimodal functionality extends to additional therapeutic uses for the GNS as well,
allowing them to act as trojan horses for drug delivery. Finally, GNS can be utilized for
combined therapies, such as SYMPHONY, to leverage and enhance the effects of each
individual therapies. Most promising is SYMPHONY acting as a cancer vaccine that not
only eradicates primary ‘treated’” tumors but also results in the immune-mediated destruction
of distant ‘untreated” metastatic tumors.

The following could be further pursued to improve cancer imaging and treatment using
GNS. In addition to passive targeting via the EPR effect, future studies can investigate active
targeting using peptides or antibodies linked to GNS to improve tumor uptake. Of special
interest is the synergistic combinatorial approach such as SYMPHONY that can reverse
tumor-mediated immunosuppression, showing promise to treat not only unresectable
primary tumors, but also distant cancer metastasis by enhancing the systemic activity of
specific and adaptive immune responses and inducing an anticancer “vaccine” effect. Further
studies will provide better understanding of the mechanisms underlying the novel synergistic
treatment modalities of SYMPHONY to enhance and broaden the effect of immune-
checkpoint inhibitors for successful eradication of metastatic cancer. Identifying,
characterizing, and investigating the specific immune cells and molecular processes involved
in this synergistic interaction will pave the way for successful treatment of locally advanced
and metastatic cancer, and recurring tumors.
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1382

Fig. 1:

(a)gContour plot of the magnitude of the electric field showing the largest E-field
enhancement occurring at the tips of the branches of the star (Adapted from Ref. 3). Scale
bar is 50 nm. (b) Transmission electron microscopy image of GNS. (c) Whole 3D model and
simulation of electromagnetic field around a GNS (Adapted from Ref. 29)
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Fig. 2:

(a?b) Two-photon photoluminescence image of blood-brain barrier interface of glioblastoma
model on mice treated with GNS and PTT (scale bar: 100 um). GNS (white) initially only
inside blood vessels, but after some time they are found extravasating into the surrounding
parenchyma (Adapted from Ref. 38). (a) Image just before treatment. The red arrow denotes
vascular tortuosity. (b) Image 48 hours after laser treatment. (c) Electron microscopy also
shows that GNS nanoparticles penetrate through brain tumor vasculature and (d) can get
inside the brain cancer cell (Adapted from Ref. 39). (e) PET/CT of GNS 64Cu 0.4 min, 1h
and 24h after IV injection. The GNS accumulate in tumor over time (Adapted from Ref. 6)
(f) SERS spectra of PMBA labeled GNS in tumor flank compared to SERS at nearby muscle
tissue (Adapted from Ref. 16)
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Fig. 3:

(a)gSYMPHONY treatment with dual flank bladder cancer tumor (Adapted from Ref. 18)
Colored orange are tumor cells. After PTT at the primary tumor, tumor cells with GNS are
selectively destroyed and subsequently invokes an immune response. Afterwards, the
immune response can target the distant right flank tumor. (b) Kaplan-Meier survival curve of
mice in SYMPHONY study. The tumor-free mouse in SYMPHONY group was monitored
for 3 months and no tumor recurred. A rechallenge was performed after 150 days and no
tumor developed (Adapted from Ref. 18) (c) Tumor size for both the primary and distant
tumor was also monitored. Note that only the primary tumor received laser treatment, thus
indicating the SYMPHONY treatment’s effectiveness in reducing distant tumor sizes despite
not having direct thermal treatment (Adapted from Ref. 18).
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Fig. 4:

(a) Optical transmission configuration for determining optical and photothermal properties
of GNS at 1064-nm excitation. (b) Log-scale plot of absorption coefficient of GNS as a
function of concentration in nanomolar.
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(a) Theoretically derived time evolution of heating of a GNS solution under excitation of the
plasmon resonance (Adapted from Ref. 35). (b) Experimentally collected heating data over
time showing a similar heating profile as the theoretical model.
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(a) Spatial heating data collection configuration with thermocouples placed at 10 mm, 13
mm, and 15 mm away from the center heating probe of gel phantom containing GNS. (b)
Spatial map extrapolation of heating of GNS-embedded gel phantom measured after 400
seconds. The left plot shows the heating of the gel with no GNS while the right plot shows
the heating of the gel having GNS. The increase in spatial heating of the GNS-containing gel

is clearly shown after the same time point.
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