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Chapter 1
INTRODUCTION

1.1 Motivation

According to the World Health Organization (WHO), cancer has been the second leading
cause of death globally for many years. The idea of a “magic bullet” to deliver therapeutic agents
to a targeted site was first introduced by Paul Ehrlilch more than a century ago.' Inspired by his
ideas, countless different drug delivery platforms have been explored to transform anti-cancer
treatment, starting an era of nanoparticle-mediated drug delivery and imaging. One of the most
well-known nanorugs is Doxorubicin HCI liposomal formula, Doxil, which was first approved by
the FDA in 1999 to treat ovarian cancer. Clinical results have shown improved drug bioavailability
and a decrease in cardiotoxicity. Nanoparticle albumin-bound paclitaxel, Abraxane, a therapeutic
that can decrease immunotoxicity was approved in 2005. Following these initial successes, a
second generation of nanoparticles, polymeric nanoparticles, and a third generation, inorganic
nanoparticles were then engineered for cancer therapy and contrast imaging. For example, FDA-
approved ultra-small superparamagnetic iron oxide (USPIO) nanoparticles are currently used for
magmatic resonance imaging (MRI).? However, few FDA-approved nanomedicine product are
currently used in standard clinical settings despite all the progress that has been made.

Among the many nanoparticles that are being investigated, gold nanoparticles have shown
tremendous promise. In fact, silica-gold nanoshells coated with polyethylene glycol (PEG)
(AuroLase) are currently under clinical trials to thermally ablate prostate, head and neck, and lung
cancers.” Gold nanoparticles are inert nanomaterials that are non-toxic. Their surface can be easily
modified with polymers to provide biocompatibility or active targeting entities to target tumor

cells. Moreover, the optical characteristics, size, and shape of gold nanoparticles can be easily



tuned for desired application. The plasmonic property of gold nanoparticles can be utilized for
light-to-heat conversion (photothermal therapy) and surface enhanced Raman scattering (SERS).
Overall, gold nanoparticles provide endless opportunities to be exploited for cancer therapy and
imaging.

Cancer is an evolving and complex disease. A single modality of treatment is generally not
sufficient to achieve remission-free outcome. Thus, we are inspired to combine gold nanoparticle
mediated hyperthermia/photothermal therapy with a second therapy modality for synergistic
therapeutic effects. These gold nanoparticles can also be utilized as an imaging contrast agent.
Cancer immunotherapy has shown recent success, but also face limitations. To address these
challenges, we are motivated to design a gold nanoparticle based molecular imaging platform to
provide information for accurate immunotherapy patient selection. In addition, the ease of surface
conjugation of gold nanoparticles allows us to further engineer gold particles for multimodal

imaging by utilizing imaging techniques that complement one another.

1.2 Hallmarks of Cancer

Cancer is an extremely complex neoplastic disease that despite devoted effort and research,
remains one of the leading causes of death in most developed countries. Many targeted therapies
have been developed to specifically tackle each hallmark capability of cancer. The idea of
hallmarks of cancer was first proposed in 2000 by Hanahan and Weinberg and the hallmarks
provide a logical framework for understanding of the progression of normal cells to a neoplastic
state. As more shared traits between different cancers were discovered, Hanahan and Weinberg
added four additional hallmarks to rationalize the progression of such complex disease (Figure

1.1).}
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The first hallmark of cancer is sustaining proliferative signaling. As normal cells carefully
control the production and release of growth-promoting signals to maintain homeostasis, cancer
cells generally deregulate such signals to increase both cell size and rate of cell division. Cancer
cells also go through somatic mutation to activate additional downstream pathways that
constitutively activate growth factor receptors.” Next, cancer cells acquire the ability to evade
growth suppressors that negatively regulate cell proliferation. Tumor suppressor genes that are
involved in decisions between cell growth or cell death (activation of senescence or apoptosis) are
generally dysfunctional or lost in many cancers. Tumorous cells are also capable of resisting cell

death by altering damage sensors that lead to apoptosis. P53 is one of the most important tumor



suppressor genes that initiates repair mechanism when DNA is damaged and chromosomes
abnormalities are detected. P53 also controls and arrest cell cycle and when necessary, induce
apoptosis. This “guardian of the genome” is either mutated or completely lost in half of human
cancers.® Further, cancer cells acquire replicative immortality through expressing a significant
level of telomerase. The function of this specialized DNA polymerase is to add telomere segments
to the ends of DNA, allowing unlimited cycles of growth-and-division. To supply enough nutrients
and oxygen to the tumor microenvironment to facilitate rapid growth, tumor-associated
neovasulatures are generated. Tumor cells induce angiogenesis often by upregulate angiogenesis
inducers, vascular endothelial growth factor-A (VEGF-A) or downregulating inhibitor,
thrombospondin-1 (TSP-1). The last hallmark of cancer of the original six is activating invasion
and metastasis. The ability for cancer cells to invade local tissues and achieve distant metastasis
is supported by “epithelial-mesenchymal transition” (EMT) and the degradation of the
extracellular matrix (ECM). After initial invasion, metastatic dissemination of cancer cells is
achieved by the reverse process, “mesenchymal-epithelial transition” (MET), allowing formation
of new colonies.

In 2011, Hanahan and Weinberg added the following four hallmarks, genome instability
and mutation, tumor-promoting inflammation, deregulating cellular energetics, and evading
immune responses to the original six. Genome instability and mutation describes the defective
DNA/chromosome maintenance and repair mechanism of cancer cells in order to accumulate
favorable genotypes that are advantageous for tumor progression. Next, tumor cells are found to
transition their metabolism pathway largely to glycolysis (aerobic glycolysis). Cancer cells also
can promote favorable inflammation and evade immune responses to orchestra a growth-

promoting tumor microenvironment (TME). Tumor-associated macrophages have found to



facilitate tumor growth, angiogenesis and ECM degradation. Tumor cells also over-expressed
immune checkpoint receptors, CTLA-4 and PD-L1 that inhibit T cell activation.

Research and understanding of cancer progression provide a valuable tool box for
engineers to rationalize more efficient cancer therapeutics and design imaging/detection platforms
that can provide further insight to tumor progression and treatment responses of the disease. In this
PhD. dissertation, nanomaterial, gold nanostars, are utilized to improve anti-cancer therapeutic

outcomes and to image cancer cells at the molecular level.

1.3 Plasmonic Nanoparticles

1.3.1 Fundamentals of Plasmonics

Localized surface plasmon resonance, or LSPR is the collective oscillation of the
conductive electron cloud upon light stimulation. LSPR can generate strong electromagnetic
enhancement. Following light absorption, the plasmon energy must decay through a series of
relaxation events and eventually release the energy as either light scattering (radiative relaxation)
or heat transfer (non-radiative relaxation) to its surroundings. By modulating the size of gold
nanoparticles (AuNPs) the relative contribution of radiative and non-radiative decay to the total
extinction can be controlled. Smaller nanoparticles (<40 nm) mainly absorb light while larger
nanoparticles (t£>80) predominately scatter light. But in complexed anisotropic nanostructures, geometry
generally contributes to the absorption and scattering properties of particles rather than overall size.
High scattering nanoparticles are an excellent contrast agent for optical imaging and sensing. Plasmonic
nanoparticles with high polarizability and large scattering cross-section can significantly enhance
Raman scattering of molecules. Surface-enhanced Raman scattering (SERS) based imaging platforms

have been widely studied in preclinical setting for various biological applications (see more details in



chapter 1.5.3). For biological applications, the plasmon resonance of gold nanostructures are often
designed and tuned to the near-infrared (NIR) region, or “biological window” (680—900 nm) of light,
where both protein scattering and water absorption are minimized. As a result, deep tissue light
penetration can be achieved for both imaging and treatment purposes without damaging tissues.’

As the size of AuNPs increase, a corresponding increase in the LSPR is observed due to
phase retardation effects. Red-shift in plasmon resonance is attributed to the increase in plasmon
lifetime and a decrease in wave frequency, which inversely increases the wavelength of the
plasmon. LPSR wavelength can also be altered by changing the geometry of gold nanostructures.
For example, by increasing the number of arms/protrusions of gold nanostars, a significant red-
shift in the plasmon resonances can be achieved. Additionally, assembling more than one gold
nanoparticles (dimer, trimer or higher order) red-shifts LPSR due to plasmon hybridization models.
Formation of gold nanoparticle clusters, whether ordered or disordered results in intense
electromagnetic fields, also known as “hot-spots” within the junctions of interacting gold
nanoparticles in the vicinity. The hot spots substantially enhance SERS and the light-to-heat

conversion ability of gold nanoparticles, enabling sensitive detection and effective treatment of

cancer.””
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Figure 1.2 Schematic describing the mechanism of light to heat conversation by plasmonic
nanostructures. Image produced from Webb ez al.'® with permission from the Royal Society of
Chemistry publishing group.



In addition to radiative decay, strong electromagnetic fields generated from plasmon can
also relax nonradiatively, which can be harvested for light-to-heat conversion to induce
photothermal therapy to treat various diseases. To understand the fundamentals of the
photothermal process, Ultrafast dynamics systems were used as many events happen in femto-
seconds to picoseconds. Rapid and non-equilibrium heating first occurs as the plasmonic
nanostructures are excited with resonant photons (Figure 1.2). The initial intense plasmon energy
is first relaxed through electron-electron scattering, generating a rapid increase in the surface
temperature of the metal. The heat then cools off to equilibrium by transferring the energy from
the hot electrons to the lattice phonons (electron-phonon relaxation). Eventually, the lattice cools
off via phonon-phonon coupling and the resulting heat is transferred to the surrounding medium.

The heat dissipated from gold nanoparticles is then harnessed to ablate cancer cells.''

1.3.2 Biological Applications

Gold nanoparticles (AuNPs) are inert and non-toxic nanomaterials that have tremendous
therapeutic potential in cancer detection and treatment. AuNPs shape and size are both tunable for
desired applications by adjusting the facile synthesis method, making them versatile in theraputic
and imaging applications. Bioconjugations of AuNPs surface can be achieved though thiol-gold
and amine-gold interactions. Various designs of AuNPs have been developed to improve the limits
of cancer detection and therapeutic outcomes of cancer treatments.

AuNPs have been engineered as contrast agents for different clinical and pre-clinical
imaging techniques. First, AuNPs were used extensively for emission enhancement of
fluorophores for both one-photon and two-photon fluorescence imaging. FDA-approved near-
infrared fluorophores, indocyanine green (ICG) was incorporated with gold nanoshells for in vivo

imaging in breast cancer tumors.'”> AuNPs also exhibit high x-ray attenuation, allowing better



contrast for both x-ray imaging and Computed Tomography (CT). Compared to traditional iodine-
based or barium sulfate-based CT contrast molecules, AuNPs have longer vascular retention time,
which increase available imaging windows."> Meir et al. designed 20 nm gold nanoparticles
conjugated with anti-PD-L1antibodies (aPDL1-GNPs) for CT imaging of tumors and detection of
immune checkpoint receptors.'* Cancer specific T cells were also labelled with gold nanoparticles
for longitudinal CT imaging and quantitative tracking of T cell migration and accumulation in
tumors.” Positron emission tomography (PET) imaging requires the use of radioactive isotopes.
Due to their small size, radiolabeles experience rapid renal clearance and uptake by the
mononuclear phagocytes system (liver and spleen), resulting in short plasma half time.
Radiolabelling AuNPs allowed the PET contrast agent to remain longer in the bloodstream to
achieve time course imaging up to several days. Several studies have shown time-course in vivo
PET imaging with ®Cu labelled gold nanoparticles to image tumor xenograft.'®!” AuNPs
incorporated with positron-emitting radionuclides have recently been studied to label both T cells
and dendritic cells (DC) for immuno-PET imaging."*"” Gold nanoparticles can also enhance
contrast for dark field confocal imaging, optical coherence tomography (OCT), and photoacoustic
imaging. In addition, the strong electromagnetic field generated from gold nanoparticles can be
harvested to enhance Raman scattering for surface enhanced Raman spectroscopy (SERS).
AuNPs are also widely used in cancer therapy for drug and gene delivery, or to ablate tumor
directly using heat. Photothermal therapy with gold nanoshells is currently under FDA trials to
treat prostate cancer. Gold nanoshell-mediated in vivo PTT in glioma tumor models demonstrated
a 3-month survival rate in mice compared to a 3-week survival rate of control mice.*® Shao et al.
designed gold nanospheres coated with thermosensitizing cytokine, tumor necrosis factor-

alpha (TNF alpha) for PTT in mice bearing mammary tumor cells. Complete tumor regression was



achieved 9 days after treatment and no visible tumor mass was observable after 2 weeks.”' AuNPs
have also been investigated to deliver drugs such as oxaliplatin to lung cancer by 30 nm AuNP or
doxorubicin in mesoporous silica encapsulated gold nanoraods.*>>* Therapeutic oligonucleotides
(siRNA , shRNA, pDNA and ssDNA) generally undergo fast intracellular degradation and rapid
uptake by lysozymes. Lee et al. designed multicomponent AuNPs that can facilitate cellular uptake
and endosomal escape to deliver siRNA.** Overall AuNPs have shown promising capability for

both cancer therapeutics and imaging/detection.

1.3.3 Gold Nanostars

While the optical resonance of simple isotropic shaped nanostructures can be easily
manipulated through size, the resonances for anistropic nanostrucutres are functions of their
geometry. By tuning the morphologies of complex anistropic nanostrucutures, the optical
characteristics can be designed and controlled to achieved desired properties. The plasma
resonance of branched nanoparticles such as gold nanostars are easily tunable by modulating the
length and density of protrusion without relying on overall dimension. Gold nanostars have
spherical cores that function as efficient antennas. The absorbed incident light by the cores can
then be routed to the protrusions, intensifying at the tips of each branch and directing to different
directions. This intense nanoantenna effect results in strong electronmagnetic near-fields at the end
of sharp protrusions which can be utilized for both surface enhanced spectroscopies and
photothermal applications.”

The synthesis process of gold nanostars is a straightforward one-step approach without the
need of using gold seed precursors. Biological buffer, HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) acts as both capping and reducing agent. HESPS-mediated gold

nanostar fabrication has several advantages. First, the length of protrusions on gold nanostars can



be easily manipulated by changing the HEPES concentration during the synthesis process.
Therefore, geometry-dependent optical properties of gold nanostars can be altered to achieve a
desired goal. Second, without the need of gold seed precursors, the synthesis process of gold
nanstars can be easily scaled up. Lastly, gold nanostars synthesized in HEPES buffer have shown
high biocompatibly. The surface of gold nanostars allows bioconjugation without the need for
tedious ligand or solvent exchange.

Gold nanostars are promising nanomaterials for both cancer imaging and therapy. The
plasmon resonance of gold nanostars can be adapted to the near-infrared region of light without
increasing their overall size. Gold nanostars have excellent photothermal ability that can be utilized
for both direct tumor ablation using heat and controlled drug delivery. Gold nanostars can generate
strong EM field and “hot spots” that can enhance Raman scattering to several orders of magnitude,

which allows sensitive detection for both in vivo studies and biosensing applications.

1.4 Nanoparticles for Cancer Medicine

1.4.1 Hyperthermia and Photothermal Therapy in Cancer

Hyperthermia which exposes a targeted area (local, regional or whole body) to
approximately 42 °C has been shown to facilitate chemotherapy drug delivery, radiation therapy
and immunotherapy in clinical trials (Figure 1.3). Methods used to deliver the heat included the
use of high-intensity focused ultrasound, radiofrequency ablation, regional perfusion, and isolation
perfusion. Hyperthermia can also be achieved through photothermal therapy with plasmonic
nanostructures and near-infrared laser. The use of nanostructures and light activation can deliver

heat to the tumor microenvironment without harming healthy tissues.
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Figure 1.3 Hyperthermia and its impact in cancer therapy. Image produced from Mahmood ef al.*°
with permission from the MDPI publishing group.

Hyperthermia can influence physical properties of cell membranes, especially their
permeability and fluidity. Hyperthermia can block DNA and RNA synthesis by influencing DNA
polymerase and ligation enzymes. The heat can also cause damage to lysosomal membranes and
result in autolysis of the cell. Hyperthermia, combined with anti-cancer drugs has demonstrated
synergistic effects. Adriamycin, bleomycin, carboplatin, mitomycin C, fluorouracil, and cisplatin
have all been evaluated in conjunction with hyperthermia and the combination of the two have
shown better outcomes than a drug-only approach. Hyperthermia can enhance chemotherapy drug
uptake, improve cellular membrane permeability, and alter physiological behavior of cells, making
them more susceptible to apoptosis. Furthermore, hyperthermia can amplify enhanced
permeability and retention (EPR) effects by increasing blood flow and pore size of tumor
vasculatures even in impermeable vessels.””?’ Hyperthermia combined with radiotherapy has

demonstrated better outcomes for breast, head and neck, cervical, and esophagus cancer.>*
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Hypothermia acts as sensitizer of tumor ablation through ionizing radiation (IR). Since heat can
alter protein structure and folding, the treatment can be used to influence DNA damage
responses.”!

Recently, hyperthermia combined with radiotherapy has shown to alter tumor immunity by
activating both innate and adoptive immune responses. Local irradiation in association with mild
hyperthermia results in upregulation of heat shock protein (HSP70). HSPs are stress proteins that
play an important role in folding/unfolding, sorting and transporting of proteins, singling pathways
and protection of cells against stress. HSPs can influence and modulate tumor immunogenicity by
inducing Major Histocompatibility Complex (MHC) class I expression and acting as inflammatory
signals that facilitate the production of cytokines. HSPs can also activate antigen-presenting cells,
such as dendritic cells by delivery HSPs-peptide complex. As a result, hyperthermia is now being
studied to aid immunotherapies.””>* Liu et al. has shown to successfully induce long-lasting
immunity against unresectable and metastatic cancer by combining photothermal therapy and

checkpoint blockage therapy (anti-PD-L1 therapy).*

1.4.2 Low Temperature Sensitive Liposomes

Drug encapsulated Low Temperature Sensitive Liposomes (LTSLs) have gained interest
from researchers due to their clinically relevant phase transition temperature (Ty,) at 41.7 C. Ty, is
defined as the temperature required for the well-packed and fully extended hydrocarbon chains to
transform to a non-ordered liquid crystalline phase. When the hydrophobic tails of the
phospholipids become randomly oriented, the drug contents inside the liposomes can diffuse freely
out of the bilayer membrane. Ty, of LTSLs is only a few degrees higher than the human body
temperature (5 C). Thus, LTSLs have been used as temperature-activated drug carriers.

Doxorubicin (DOX), a widely used chemotherapy drug, has been demonstrated as a model drug
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in many LTSLs delivery studies. LTSLs has demonstrated superior drug delivery capability.
Studies have shown a LTSLs delivery system results in 25 times great tumor drug concentration
than using free drug dispersal, and 5 times greater than traditional non-thermal sensitive
liposomes.*® These promising results are attributed to the intravascular release of small molecule
drug, which can accumulate in tumor mass simply through diffusion. Doxorubicin-encapsulated
LTSLs (ThermoDOX) combined with local mild hyperthermia is currently undergoing phase III

clinical trials.>¢

1.5 Raman Spectroscopy

1.5.1 Basics of Raman Spectroscopy

Raman scattering is the inelastic scattering of photons from chemical or biological samples.
The excitation of photons to the virtual energy state can relax and result in either a loss (stoke) or
gain (anti-stocke) of energy that occurs from the interaction between light and the vibrational
modes of the chemical bonds of polarizable molecules. Measuring the shift in energy or Raman
scatterinsg reveals the vibration phenomonon, which further reveals different vibrational, bending
and streching modes of the molecule. Detecting Raman scattereing provides information such as
chemical composition and strctural conformation of molecules. As a result, Raman spectroscopy
was first introduced as material identification and analysis tool.

Recently, Raman spectroscopy has been used in variety of biological applications through
either label-free, or labeled Raman. NIR lasers, either at 785 nm or 1064 nm are commonly utilized
for biological samples to minimize biological fluoresence background. A typical Raman study can

accumulate a large number of spectra data sets, which makes extracting useful data challenging.
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As aresult, multivariate analysis approaches (principle component analysis, k-mean clustering etc)

is generally required to effectively rationalized the obtained data.

1.5.2 Surface Enhanced Raman Scattering (SERS)

Raman spectroscopy has been widely investigated for biological sample detection and in
vivo biomedical applications. However, Raman scattering is a rare phenomenon that occurs only
~ 1 in 10 million scattered photos, thus it is quite weak compared to Rayleigh scattering. To further
enhance Raman scattering, and improve signal-to-noise and spectral resolution, surface enhanced
Raman scattering is introduced. Samples are usually placed on or in the vicinity of plasmonic
nanoparticles or substrates, where the enhancement occur. Gold and silver nanostructures are
commonly used as SERS substrate since they do not have intrinsic Raman active modes.

Two common theories have been proposed to explain surface enhanced Raman scattering,
electromagnetic (EM) enhancement and chemical enhancement. EM enhancement is the dominant
effect of SERS, where the enhancement can be in the order of 10°-10'%. EM occurs when incident
light polarizes the electron of plasmonic nanoparticles, their localized surface plasmon resonance
then generates a strong EM field and excites the molecule of interest. The strength of induced
dipole is a function of both the incident electric field strength and the polarizability of the SERS
nanostructure. Next, the emitted Raman scattering of the molecule of interest is further enhanced
by the localized electric field of the gold nanoparticles. Chemical Enhancement involves a charge
transfer mechanism between the SERS substrate and detecting molecule. Chemical Enhancement

contributes to SERS at a lower extent with an enactment factor in the order of 10°-10°.
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Figure 1.4 Surface enhanced Raman Scattering (SERS) with electron hot spots to further enhance
Raman intensity. Figure adopted from Wei et al. with permission from the Royal Society of
Chemistry publishing group.”’

Anisotropic nanostructures such as gold nanostars with sharp tips have shown high
sensitivities and strong SERS capability. Multiple pointed tips can generate junctions with
neighboring nanostars, providing electron hot spots that result in ultra-strong near-field (Figure
1.4). The resulting enhancement can be utilized for SERS detection in cells, tissues and in vivo

animal studies (see Chapter 3 and 4).

1.5.3 SERS in Biological Application

SERS for biological and medical applications is achieved through either label-free
detection, or indirect approaches by applying SERS tags. Label-free detection can be used to detect
biomolecules through direct interaction between the SERS substrate and the target of interest. Thus,
intrinsic biological fingerprints of the samples can be obtained with enhanced intensity. For
labelled-SERS, the bare nanostructures are generally conjugated with Raman reporters, coated
with a layer of polymer for biocompatibility and stability. SERS nanostructures can also be further

functionalized with targeting entities such as antibodies, peptides or aptamers. The Raman reporter
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molecules usually have strong and distinct Raman peaks, which are further enhanced by plasmonic
nanostructures. As a result, ultra-sensitive in vivo imaging, SERS-based diagnostic/detection, or
sensing of biological samples can be achieved. SERS has been utilized for multiplexed detection
of more than one target due to the narrow bandwidth of Raman peaks, which minimizes cross-
talks between Raman tags.

SERS has been studied extensively for detection, identification and investigation of biological
processes at the cellular level. Xie ef al. incubated common food pathogens with gold colloids for
rapid and sensitive (10" to 10" enhancement factor) label-free SERS detection. They employed
cluster analysis (principal component analysis, PCA) and dendrogram construction (hierarchical
cluster analysis, HCA) to classify bacteria.’® Jiang et al. grew cells on silver nanoparticles-
decorated silicon wafers to observe apoptosis at single cell resolution by performing SERS
mapping.”’ Gold nanoparticles modified with pH sensitive Raman tag, 4-MPy (4-
mercaptopyridine) were used to detect extracellular pH (pHe) of cells. Xu and coworkers showed
the capability of SERS imaging to monitor live cell pHe changes due to apoptosis.*’ Similarly, a
SERS-based technique was also designed for carbon monoxide (CO) sensing by observing the
reaction of palladacycle carboxylation of gold nanoparticles.*' SERS or Raman imaging in live cell
and at single cell resolution is of great value as one can observe the real-time dynamic of cellular
processes upon external stimulation.*

In vivo SERS detection has been applied to various applications and has shown tremendous
potential as a pre-clinical imaging technique. Nima ef al. constructed silver-gold nanorod hybrids
that were modified with four different Raman-active molecules and their corresponding four breast
cancer-specific antibodies to detect circulating tumor cells (CTC). The concentration of CTC in blood

is extremely low, but with SERS detection, individual breast cancers cells in unprocessed blood can be
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identified with high specificity (a single cell within 7 million of blood cells).** Another in vivo example
utilizes SERS and hand-held Raman spectroscopy to delineate tumor margins during real time tumor
resection surgery. By using gold-silica SERS nanoparticles, image-guided, near real-time
craniotomy surgery on brain tumors was performed at high precision.** Ovarian tumors were also
identified using folate receptor targeting SERS gold nanoparticles combined with Raman
spectroscopy and bioluminescence imaging (BLI). Whole abdomen imaging was first acquired
with BLI then regions of interest were scanned with Raman spectroscopy. The multimodal imaging
platform is extremely sensitive; as a result, tumor as small as 370 um can still be detected.*

In this dissertation, labelled-SERS with gold nanostars is exploited for multiplexed Raman
imaging to detect both cancer specific biomarker, epidermal growth factor receptor (EGFR), and
checkpoint receptor, programmed death-ligand 1 (PD-L1) (Chapter 3). SERS is then combined
with a second imaging modality, positron emission tomography (PET) to achieve 3-dimeensional,
sensitive, quantified, and time-resolved detection of both PD-L1 and CD8+ T cells in melanoma

tumors.

1.6 Molecular Imaging

1.6.1 Cancer Biomarkers and Immuno-imaging

Immunotherapies including checkpoint blockage therapy, adoptive cell therapy, and cancer
vaccines have recently driven a paradigm shift in the treatment in a broad array of cancers.
Immune checkpoints are essential for the maintenance of self-tolerance and protection of healthy
tissue from inflammatory responses during pathogenic infection. The expression of immune-
checkpoint proteins is upregulated by many kinds of tumors to evade immune surveillance.

Checkpoint blockage therapy has been utilized in melanoma, lymphoma, ovarian cancers and more.
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T cell based immunotherapy has shown tremendous results in clinical trials to combat cancer and
prevent metastasis. Dendritic Cells (DC) are antigen presenting cells that activate the body’s
adoptive immune system. Successful DC vaccines have been shown to increase tumor infiltrating
T cells within a tumor and induce an immunologic response, which improves overall survival
outcome.* However, despite the clinical benefits of these approaches, only a fraction of patients
respond to these treatments across most tumor types and identifying patients likely to benefit from
these therapies remains challenging. Moreover, treatment optimization can be difficult partly due
to the lack of real time imaging techniques to track the migration of T cells and DC. Therefore,
immuno-imaging is critical to the immunotherapy drug development pipeline to select patients
who will respond to immunotherapies even before treatment begins, to monitor treatment response

and to reflect the dynamic changes in immuno-markers localization during therapeutic intervention.

1.6.2 Multimodal Imaging

This dissertation focuses on diagnoses and detection of biomarkers/immuno-markers for
patient selection for immune checkpoint blockage therapy. Tumor heterogeneity is one of the
biggest challenges in combating cancer. Among individuals, even with the same kind of cancer,
tumor pathology and the biomarkers present on the tumors may vary significantly. The causes of
cancer, age, gender, individual metabolisms, and genetic history can all give rise to the
heterogeneity of tumors. As a result, the same anti-cancer therapy might have different levels of
therapeutic outcomes among different patients. For oncologists to provide the most suitable
treatments, understanding a specific cancer case at the molecular level (i.e. cancer specific
receptors and biomarkers) is the first step to providing proper therapy. The diagnostic information

obtained from cancer molecular imaging can greatly improve both the prognosis of the disease and
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the positive responses of the treatments (Figure 1.5). Here, two imaging modalities that

complement one another are introduced for cancer multimodal molecular imaging.
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Figure 1.5 Molecular imaging of cancer specific biomarkers for cancer treatment patient
stratification. Imaged adopted from Webar et al. with permission from MDPI publishing group.*®

The first imaging modality is surface enhanced Raman spectroscopy mediated with
functionalized, active-targeting gold nanostars. SERS provides spatial and temporal resolution and
allows multiplexed detection with more than one biomarker. However, the penetration depth of
SERS is limited and the sensitivity of the signals may not be up to the clinical standards. To
overcome these shortcomings, a second imaging technique can be synergistically combined with
SERS molecular imaging. Comparing different imaging methods that are currently used in clinical
settings, we found that positron emission tomography (PET) in combination with SERS imaging

can provide the most sensitive, accurate, and informative diagnostic results (Table 1.1, red box).
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Table 1.1 Characteristics of standard imaging methods for diagnosis of biomarkers of cancer.
MRI: magnetic resonance imaging. BI: bioluminescence imaging. Fluorescence (FL). OCT:
optical coherence tomography. PET: positron emission tomography

Technique 3D Spatial Temporal Sensitivity Deep Tissue Multiplexing
Resolution Resolution Imaging

MRI X X X

Bl X X X

FL X X

OCT X X

PET X X X

Raman X X X

PET is a nuclear medicine technique that has been widely used in clinical settings to detect
and stage cancer, evaluate brain abnormalities, and in cardiology to observe the perfusion to the
myocardium. Various positron emitting radionuclides have been tailored to optimize PET contrast,
although approximately 90 percent of PET imaging in the U.S. utilize flurodeoxyglucose (F-18
FDG) to observe metabolism processes. PET has already demonstrated its high sensitivity, wide
field of view, and the capability of whole-body 3D imaging in clinical settings.”’ Therefore,
combining the strengths of both techniques, integrated PET/Raman is ideal for cancer molecular

imaging.

1.7 Organization of Dissertation

This dissertation contains 5 main chapters.
Chapter 2 demonstrates the synergistic therapeutic effects of photothermal hyperthermia
of gold nanostars with drug delivery from low temperature sensitive liposomes (LTSLs). This

combination therapy can successfully induce cell death in aggressive breast cancer cells with

20



higher efficacy than free drug delivery by providing a controlled light-activated approach and
minimal off-target toxicities.

Chapter 3 evaluates the use of gold nanostars conjugated with Raman tags for multiplexed
surface enhanced Raman spectroscopy (SERS) and simultaneous diagnosis of programmed death-
ligand 1(PD-L1) and epidermal growth factor receptor (EGFR). Longitudinal SERS showed high
sensitivity and specificity of the platform to detect both PD-L1 and EGFR levels in breast tumor.
Furthermore, ex-vivo Raman maps provided assessment of biomarker status with cellular-
resolution.

Chapter 4 utilizes gold nanostars for multimodal imaging platform to simultaneously
detect PD-L1 on melanoma tumor cells and CD8 on T cells. By combining positron emission
tomography (PET) with SERS using gold nanostars, quantitative, sensitive, and depth-resolved
whole-body imaging can be achieved. Furthermore, responses to immunotherapy can be monitored
by AuNS-mediated PET/SERS imaging to track changes in PD-L1 and CD8 levels.

Chapter 5 explores the use of Raman spectroscopy to monitor metabolic changes in breast

cancer cells treated with small molecular inhibitors.

21



Chapter 2

DESIGN, SYNTHESIS, CHARACTERIZATION OF GOLD NANOSTARS FOR CANCER
THERAPEUTICS

Adopted from: Ou, Y. C.; Webb, J. A.; Faley, S.; Shae, D.; Talbert, E. M.; Lin, S.; Cutright, C.
C.; Wilson, J. T.; Bellan, L. M.; Bardhan, R., Gold nanoantenna-mediated photothermal drug
delivery from thermosensitive liposomes in breast cancer. ACS Omega 2016, 1 (2), 234-243 with
permission from the American Chemical Society.

2.1 Summary

In this work, we demonstrate controlled drug delivery from low temperature sensitive
liposomes (LTSLs) mediated by photothermal heating from gold nanostars (AuNS) in triple
negative breast cancer cells in vitro. The unique geometry of AuNS enables the generation of mild
hyperthermia (~42 °C) by converting near-infrared light to heat and effectively deliver doxorubicin
(DOX) from LTSLs in breast cancer cells. We confirmed cellular uptake of AuNS by both
fluorescence confocal Z-stack imaging and TEM imaging. We performed cellular viability assay,
and live/dead cell fluorescence imaging of the combined therapeutic effects of AuNS with DOX-
loaded LTSLs, and compared them with free DOX, and DOX-loaded non-temperature sensitive
liposomes (NTSLs). Imaging of fluorescent live/dead cell indicators and MTT assay outcomes
both demonstrated significant decreases in cellular viability when cells were treated with the
combination therapy. Due to the high phase transition temperature of NTSLs, no drug delivery
was observed from DOX-loaded NTSLs. Notably, even at low DOX concentration of 0.5 pg/ml,
the combination treatment resulted in a higher (33 %) cell death, relative to free DOX (17% cell
death). The results of our work demonstrate that the synergistic therapeutic effect of photothermal

hyperthermia of AuNS with drug delivery from LTSLs can successfully treat aggressive breast
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cancer cells with higher efficacy than free DOX by providing a controlled light-activated approach

and minimum off-target toxicities.

2.2 Introduction

Nanostructures have been used as carriers for transporting cargo where drug delivery is
controlled endogenously by biological cues, such as pH or ions,*”! or exogenously by plasmonic
photothermal materials with near-infrared light-triggered release. Plasmonic gold nanostructure-
mediated drug delivery has been extensively studied in the past decade to combat cancer and other
inflammatory diseases.”> >’ There are several advantages to exploiting the light-to-heat
conversion abilities of gold nanostructures for exogenous control of drug delivery. First, by tuning
the laser flux density and nanostructure concentration, the light-triggered approach generates mild
hyperthermia (4043 °C) that is sufficient for drug release with minimal damage to healthy
tissue.”*® Second, light activation enables controlled drug delivery at the tumor site while
minimizing off-target toxicity. Third, photothermal hyperthermia is highly localized and non-
invasive, thus eliminating the need for whole-body heating or invasive heating probes used in
current clinical hyperthermia. Finally, hyperthermia improves both vascular permeability and
increases blood perfusion in the hypoxic tumor areas, enhancing drug uptake and therapeutic
efficacy.”” For example, plasmonic nanostructures have been combined with thermo-responsive
polymers for controlled delivery.®'*? In this work, we demonstrate the use of Gold nanostars
(AuNS) as photothermal actuators to induce delivery of the anticancer drug doxorubicin (DOX)
from low-temperature sensitive liposomes. The intense photothermal properties of AuNS are
attributed to their unique geometry where the spherical core behaves as an antenna absorbing near-

infrared light, and the protrusions act as emitters localizing the absorbed light at the tips, thus
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efficiently converting light to heat.”> ® The 50-60 nm size of AuNS is ideal for these studies
enabling rapid endocytosis and accumulation in cells.**®” Further, their straightforward synthesis
in aqueous media with a non-toxic ligand, 2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic
acid, HEPES, improves their biocompatibility for cancer treatments.

Low-temperature sensitive liposomes (LTSLs), currently under phase III clinical trial
(Thermodox, Celsion Inc.), are ideal drug delivery vehicles due to their low phase transition
temperature, T, of ~41.7 °C.°*%° This enables drug release at mild hyperthermia, minimizing
unnecessary heating of healthy tissues. Their size can be controlled to ~100 nm, which favors
particle accumulation in the tumor microenvironment through the enhanced permeability and
retention (EPR) effect.®> " Further, they have high drug loading efficiency and minimal drug
leakage at physiological temperature, which can reduce the toxic side effects of chemotherapy.’"”
7 LTSLs have been shown to deliver 25 times more DOX into tumors than IV infusion of
unencapsulated DOX, and 5 times more DOX than Doxil (commercial non-thermal sensitive
liposomal formulation of DOX).®® For enhanced utility of LTSLs, improved hyperthermia
strategies that are noninvasive and administer heat uniformly throughout the cancerous tissue are
necessary. However, current clinical approaches to induce local hyperthermia can be invasive,
some require a heating probe directly in contact with solid tumors (e.g. radiofrequency ablation),
or can give rise to heterogeneous tumor temperatures (e.g. ultrasonic energy) resulting in
unpredictable drug release and toxicity to healthy tissues.”>”°

Here we demonstrate that AUNS-mediated photothermal heating triggered by near-
infrared light enables DOX delivery from LTSLs with high efficiency. Co-delivering liposomes
and AuNS has several advantages over encapsulating AuNS within the liposomes. First co-

delivery allows loading a higher amount of drug within the liposomes. Second, by co-delivering
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the size of liposomes can be controlled to ~100 nm increasing their accumulation in cancer cells.
Third, co-delivery also enables more nanostructures to localize in cells for enhanced photothermal
transduction and drug delivery from liposomes. Finally, nanostructures encapsulation in liposomes
is typically achieved by random mixing of the two components which often results in unsuccessful
encapsulation and compromises the overall functionality of the hybrid structure. Therefore, by co-
delivering AuNS and LTSLs, we observe AuNS-mediated release of DOX from LTSLs far
surpasses that from non-thermal sensitive liposomes (NTSLs) under similar conditions because
the phase transition temperature of NTSLs is above the clinically relevant hyperthermia range (40—
43 °C). Furthermore, our work shows the combination treatment of AuNS-mediated photothermal
hyperthermia with LTSLs-delivered chemotherapy has a higher therapeutic efficacy in triple
negative breast cancer (TNBC) than with free DOX or photothermal therapy with AuNS alone.
TNBC is highly aggressive and is known to develop multidrug resistance (MDR), limiting the
successful usage of many chemotherapy drugs, including DOX.””” Photothermal hyperthermia

8081 Wwhich is particularly useful

has been shown to reverse resistance to several anticancer drugs,
as MDR cells do not exhibit cross-resistance to hyperthermia.** ™ We envision that a combination

treatment with LTSLs and plasmonic nanostructures will ultimately provide a clinically relevant

platform for noninvasive drug delivery to TNBC.

2.3 Materials and Methods

2.3.1 Synthesis of PEG-AuNS

All reagents were purchased from Sigma-Aldrich except methoxy- polyethlyene glycol-
thiol (mPEG-SH, My, 5000, JenKem Technology). AuNS were synthesized through the one-step

HEPES mediated growth method.” First, 18 ml of Milli-Q water (18 MQ) was added to 12 m1 270
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mM HEPES (pH 7.40 £ 0.2). Next, 300 pl of 20 mM chloroauric acid (HAuCly) was then mixed
with the HEPES solution through gentle inversion and left to react at room temperature for 75
minutes. To PEGylate the AuNS, 3 ml of 50 uM mPEG-SH was added to AuNS and reacted at 4
OC for 24 hours.**® After the reaction, the AuNS solution was centrifuged at 6000 rpm for 20
minutes while discarding the supernatant and resuspending the pellet in 2 ml of Milli-Q water. To
ensure complete surface PEGylation, a second addition of mPEG-SH was performed (100 pl of 5
uM mPPEG-SH) for 10 minutes with constant stirring. Lastly, the PEG-coated AuNS were washed

with Milli-Q water twice to remove excess chemicals.

2.3.2 Characterization and Photothermal Ability of PEG-coated AuNS

PEG-coated AuNS were imaged with an Osiris transmission electron microscope (TEM)
at 200 keV to evaluate their size and morphology. Absorbance properties of AuNS and PEG-coated
AuNS were characterized with a Varian Cary 5000 UV-Vis NIR spectrophotometer. A Malvern
Nano ZS dynamic light scattering apparatus was used to measure the zeta potential of AuNS before
and after PEGylation.

Laser optics used for this project were all purchased from Thorlabs. The optics included
an 808 nm laser diode (L808P1W1I), a current controller (LDC240C), a thermoelectric controller
(TEDC300C), a collimating lens (C230TME-B), and a silver polished mirror (PF-10-03-PO1).
Calipers and a power meter (Thorlabs, PM100D) were used to measure the laser spot size and
power density. PEG-AuNS at four different concentrations, 80, 110, 140 and 170 ug/ml, were
mixed with complete cellular media, Dulbecco’s Modified Eagle’s medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, ATCC). The solution was preheated to 37° C,
added to a 35 mm cell culture dish, and illuminated with the laser at 4, 5.5 and 7 W/em? for 20

minutes. In order to mimic the biological environment, the temperature was kept constant by using
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a temperature controller and a heating mantle. Culture dishes with PEG-coated AuNS suspensions
were placed on top of an aluminum block wrapped with anti-reflecting black films and a heating
mantle. The temperature of the solution was monitored using an infrared camera (FLIR T400)

taking images incrementally over time.

2.3.3 Synthesis and Characterization of Doxorubicin-loaded Liposomes

All lipids, dipalmitoylphosphatidylcholine (DPPC), 1-stearoyl-2-hydroxy-sn-glycero-3-
phosphocholine (MSPCO), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000), cholesterol and hydrogenated-L-a-
phosphatidylcholine (HSPC), were purchased from Avanti Polar Lipid. Doxorubincin
hydrochloride was purchased from Fisher Scientific.

LTSLs and NTSLs were synthesized by a reverse-phase evaporation method *"*°. Briefly,
5 mg of lipid (for LTSLs: DPPC:MSPC:DSPE-PEG2000 = 90:10:4; NTSLs =
HSPC:CHOL:DSPE-PEG2000 = 75:50:3 in molar ratio)’"> was dissolved in 1 ml of chloroform,
then dried by nitrogen air and subsequent vacuum. To form the liposomes, the lipid film was
hydrated with 300 mM citrate buffer (pH 4.0) for 60 minutes (at 55 °C for LTSLs and 60 °C for
NTSLs). Liposomes were then extruded 10 times through a 400 nm and a 100 nm polycarbonate
membrane to obtain the desired size. The outside pH of liposome solution was titrated to pH 7.5
by 0.5 M sodium carbonate. As a result, a pH gradient was generated across the lipid bilayer’°.
DOX was then added to the liposome solution at a 1:20 DOX:lipid weight ratio and mixed for 60
minutes (at 37 °C for LTSLs and 60 °C for NTSLs). The final product was passed through a PD10

column to remove excess DOX. A Malvern Nano ZS dynamic light scattering was used to measure

the hydrodynamic size of DOX-LTSLs and DOX-NTSLs. The encapsulation efficiency (EE) of
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DOX was monitored at 480 nm by UV-vis spectroscopy.’’ Triton X-100 (2% wt/v) was added to

DOX-loaded LTSLs and NTSLs solution to fully lyse the liposomes.

2.3.4 Temperature-triggered DOX Release Measurement

DOX release from LTSLs and NTSLs was monitored at three different temperatures, 37,
42 and 45 °C. First, 0.9 ml of 25 mM HEPES buffer saline (HBS) was pre-warmed in an incubator
to the above listed temperatures. At time zero, 100 ul of DOX-LTSLs or DOX-NTSLs was then
added into the HBS and incubated for a given time point. De-quenching of DOX fluorescence was
monitored at 480 nm by using a UV-Vis spectrophotometer.”’ Cumulative drug release was

calculated by,

% Cumulative DOX Release = ———
Aoo - AO
where Ay, Ao, A, are the absorbances at a given time point, at time zero, or when the

liposomes were fully lysed with Triton X-100 respectively.

2.3.5 Cellular Internalization and Localization of PEG-coated AuNS

Alexa Fluor 647 NHS Ester conjugate (ThermoFisher Scientific) was attached to PEG-
coated AuNS through OPSS-PEG-amine (JenKem Technology) linker which creates a covalent
amide bond between the NHS ester and amine. Alexa Fluor was mixed with OPSS-PEG-amine
linker in 3:1 molar ratio at room temperature for 2 hours. The product was then added to AuNS
solution and reacted at 4 °C for 3 hours. An additional mPEG-SH layer was then added to the
fluorophore-conjugated AuNS for further stability. The final product was centrifuged at 4000 rpm
for 10 minutes. Alexa-conjugated AuNS were added to cells and incubated for 24 hours. Calcein

was used to stain live cells. Z-stack images were taken at both time zero (when the AuNS were
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just added to cells) and after 24 hours of AuNS incubation. A Zeiss LSM 710 confocal microscope
was used for the imaging.

For transmission electron microscope imaging, MDA-MB-231 cells were incubated with
PEG-coated AuNS for 24 hours. Cells were then washed with buffer, fixed in 2.5% gluteraldehyde
in 0.IM cacodylate buffer at room temperature for 1 hour and 4°C overnight. Samples were
processed and imaged in the Vanderbilt Cell Imaging Shared Resource-Research Electron
Microscope facility. The cell samples were post-fixed in 1% osmium tetraoxide at room
temperature, then washed with 0.1M cacodylate buffer 3 times. Following fixation, the samples
were dehydrated through a graded ethanol series followed by incubation in 100% ethanol and
propylene oxide (PO) and 2 exchanges of pure PO. Lastly, samples were embedded in epoxy resin
and polymerized at 60°C for 48 hours. To obtain thin sections of the sample, 70-80 nm ultra-thin
sections were cut from the block and collected on copper grids. The copper grids were stained with
2% uranyl acetate and with lead citrate. Samples were imaged on the Philips/FEI Tecnai T12

electron microscope at different magnifications.

2.3.6 Invitro Temperature-Triggered Release of DOX

MDA-MB-231 cells were purchased from ATCC (HTB-26) and cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were maintained at 37 °C and
5% COx. 48 hours prior to the experiments, 330,000 cells were seeded on a 35 mm cell culture
dish. On the day of the experiment, fresh media containing DOX-LTSLs, DOX-NTSLs or DOX
at 2 ug DOX/ml was then added to the cells. Cells were either incubated at 37 °C, or 42 °C for 15
minutes. After 12 hours, the media was changed to fresh cDMEM and cultured for an additional
18 hours. Cells were stained with calcein (5 uM) and propidium iodide (PI, 1 uM) for 20 minutes.

A Zeiss LSM 710 confocal microscope was used for fluorescent imaging of the cells.
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2.3.7 Invitro Photothermal Drug Delivery and Fluorescence Imaging

MDA-MB-231 cells were passaged for at least 14 days before seeding for the experiment.
Approximately, 11,000 cells per well were seeded on a 96 well plate and allowed to adhere and
grow. After 48 hours, 65 ul of PEG-coated AuNS (170 ug/ml) in DMEM were added to cells and
incubated at 37 °C for 24 hours. The media was then removed and the cells were washed with
cDMEM twice. A Zeiss Observer Z1 microscope was used to visualize cellular uptake of PEG-
coated AuNS.

To show DOX release by LTSLs or NTSLs (Figure 4 results), 24 hr after AuNS incubation
DOX-LTSLs at 2 ug/ml were added to the cells. Cells were then allowed an hour to equilibrate.
An hour later, an 808 nm laser was applied to the cells and illuminated at 5.5 + 0.1 w/cm? for 15
minutes with a laser spot size of approximately 3.5 mm®. An infrared camera was used to monitor
the temperature changes during laser irradiation. The culture media was removed 3 hours post laser
treatment and washed with phosphate-buffered saline twice. This process removed any AuNS +
LTSLs (or AuNS + NTSLs) from the cells but DOX that was already released from LTSLs (or
NTSLs) remained internalized in cells. The cells were then stained with Hoechst and imaged with
a confocal microscope.

For in vitro photothermal therapeutic study (Figure 5 and 6), a similar procedure was
followed as stated above. However, the culture media was changed to fresh cDMEM 12 hours
after laser irradiation instead of 3 hours after laser treatment. The cells were left undisturbed (with
the fresh media) for an additional 18 hours. So, after a total of 30 hours post laser treatment, cells
were stained with calcein and PI and imaged using the confocal microscope to evaluate cellular
viability qualitatively. For apoptosis study, Annexin V, Pacific Blue (ThermoFisher Scinetific) at

25 ul/100 ul was used to stain cells 16 hours post laser treatment.
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2.3.8 Cellular Viability Assay

MDA-MB-231 cells were passaged and seeded identically on 96 well plates as stated
previously. Cells were incubated with 170 pg/ml PEG-coated AuNS for 24 hours and washed with
cell medium twice. DOX-LTSLs or DOX-NTSLs at DOX concentrations of 0.5, 2 or 20 pg/ml
were then added to the cells. An 808 nm laser at 5.5 W/cm? was applied for 15 minutes. The drug
was removed, and the culture media was refreshed after 12 hours of laser irradiation. After an
additional 18 hours of incubation (30 hours total), old media was removed and replaced with 100
ul of fresh media mixed with 10 pl of 12 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, ThermoFisher Scientific) solution. After 2 hours of MTT
incubation, 85 pl of media was removed and 50 pl of DMSO was added to solubilize and dissolve

the formazan. A Biotek Synergy H1 plate reader was used to read the absorbance at 540 nm.

2.3.9 Statistical Analysis

All data are presented as mean + standard deviation. Student’s t tests were performed to

evaluate the statistical differences. Statistical significance is considered when p < 0.05.

2.4 Results and Discussion

We synthesized AuNS by following our previously described procedure using a one-step
seedless growth mechanism.” In this synthesis, the gold precursor Au®" is reduced in the presence
of HEPES, which plays the role of both a reducing and capping agent. HEPES is a widely used
biological buffer that promotes the overall biocompatibility of AuNS. The weak adsorption of
HEPES along the <111> planes enables kinetically driven protrusion growth along that direction,
where the core-to-protrusion ratio is controlled by [HEPES]. By using 270 mM HEPES, the size

of AuNS (tip-to-tip distance) was controlled to 56 = 4 nm (Figure 2.1a), which is ideal for
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therapeutic applications. This size regime tunes the plasmon resonance of AuNS to the near-
infrared biological window (700-980 nm) where deep tissue penetration can be achieved with
incident light.”® AuNS have 3 distinct plasmon resonances (Figure 2.1b): a bonding plasmon mode
at 800 nm, an antibonding plasmon mode at 550 nm, and a shoulder peak at 1100 nm. The
antibonding mode is primarily contributed by the core plasmons while the bonding plasmon
resonance is predominantly composed of AuNS protrusions, but with a finite contribution of the
core plasmons.” *° The shoulder peak arises from the hybridization of the plasmons of multiple
protrusions of a AuNS.'” The AuNS were further coated with polyethylene glycol (PEG) to
enhance biocompatibility, reduce cytotoxicity, and provide steric stabilization.'”"'* Successful
PEG coating was confirmed by detecting a clear 10 nm shift in the plasmon resonance (Figure
2.1b) due to the higher refractive index of PEG relative to water. A decrease in the surface charge
of AuNS is also indicative of successful PEG coating. The surface charge of AuNS before coating
was -35.3 mV, which was reduced to -2.9 mV after PEG coating. A near-neutral surface charge on
nanoparticles is desirable to reduce non-specific binding of AuNS to cell surface.** 1%

The light-to-heat conversion ability of AuNS was studied to evaluate their photothermal
efficiency, and efficacy in drug delivery from LTSLs. The photothermal behavior of AuNS in
cellular media was evaluated at four different concentrations (80, 110, 140, and 170 pg/ml) by
illuminating with an 808 nm laser at 5.5 W/cm? (Figure 2.1c) and measuring media temperature
over time with a thermal camera. With 170 pg/ml of PEG coated AuNS, the temperature within
the laser spot reached 57 °C within a minute of illumination. Varying the laser flux (4, 5.5, and 7
W/cm?) revealed a linear relationship between photothermal temperature and AuNS
concentrations (Figure 2.1d). The light to heat conversion by AuNS is initiated by electronic

excitation of AuNS followed by relaxation which gives rise to rapid non-equilibrium heating of
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the metal. This is followed by cooling to equilibrium during which heat is dissipated from AuNS

into the surrounding medium. This dissipated heat is then harnessed by LTSLs enabling efficient

drug delivery."
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Figure 2.1 Characterization of PEG-coated AuNS. (a) TEM micrograph of AuNS. (b) Extinction
spectra of AuNS before and after coating with PEG showing near-infrared resonance.
Photothermal characteristics of PEG-coated AuNS showing (c) Temperature at the laser
illumination spot at 5.5 W/cm?” achieved by varying concentrations of PEG-coated AuNS. (d) The
photothermal steady state temperature of PEG-coated AuNS after 10 minutes of laser irradiation

at 4, 5.5, and 7 W/cm” at varying concentrations showing photothermal tunability with particle
density and laser flux.

The photothermal ability of AuNS was exploited to enable light-activated drug release
from LTSLs with a phase transition temperature (T,,) of ~41.7 °C. We synthesized LTSLs
following a previously described procedure® ™ by mixing the lipids DPPC:MSPC:DSPE-

PEG2000 at 90:10:4 ratio in chloroform.””°? The desired size of 110.1+ 6.5 nm (Figure A. 2.1a)
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of LTSLs was achieved by reverse-phase evaporation and subsequent extrusion. At the Ty, of the
LTSLs, the fully extended hydrocarbon chains of the lipids transform into a disordered liquid
crystalline phase enabling drugs to diffuse through the bilayer membrane.”’ To evaluate the drug
release ability of LTSLs, DOX was loaded into the LTSLs using the well-established pH gradient
method.”**® This approach resulted in ~98 % DOX encapsulation efficiency within the LTSLs.
Rapid release of DOX from LTSLs (within 5 min) with a 90% efficiency was achieved at a mild
hyperthermia temperature of 42 °C (Figure 2.2a). At higher temperature, 45 °C, >97 % of DOX
was released from LTSLs in less than 5 minutes. The long-term stability of DOX-loaded LTSLs
(DOX-LTSLs) at 37 °C was also evaluated for 12 hours (Figure A. 2.2a). DOX Leakage studies
showed <5 % of DOX escaped from LTSLs at 37 °C, demonstrating very low cytotoxicity of
LTSLs at physiological temperature (Figure 2.2a). Highly efficient and rapid drug release from
LTSLs with mild hyperthermia enhances the bioavailability of chemotherapy drug in cancer cells
with minimal damage to healthy cells. We also compared the efficacy of LTSLs with the traditional
non-temperature sensitive liposomal DOX formulation, NTSLs. NTSLs were synthesized by
mixing the lipids HSPC:CHOL:DSPE-PEG2000 in a molar ratio of 75:50:3 and achieved a
hydrodynamic diameter of 152.7 + 0.7 nm (Figure A. 2.1b).”">* DOX was loaded in NTSLs similar
to the procedure followed for LTSLs. DOX release studies were performed, demonstrating <10%
release at all three temperatures, 37 °C, 42 °C, and 45 °C (Figure 2.2b). In additional, long-term
stability of DOX-loaded NTSLs (DOX-NTSLs) also shows minimal DOX leakage from NTSLs

(Figure A. 2.2b).
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Figure 2.2 Cumulative release of doxorubicin, DOX, at 37 °C, 42 °C, and 45 °C for (a) DOX-
LTSLs, and (b) DOX-NTSLs. (¢) Confocal images of MDA-MB-231 breast cancer cells incubated
with DOX-LTSLs (left panel), DOX-NTSLs (middle panel) and free DOX (right panel) at 2 ug
DOX/ml. The cancer cells were incubated at 37 °C and 42 °C for 15 minutes and cellular viability
was assessed 30 hours after treatment. Cells were stained with calcein (live cells, green) and
propidium iodide (dead cells, red).

The therapeutic ability of LTSLs in controlled drug release was evaluated in MDA-MB-
231 triple negative breast cancer (TNBC) cells (Figure 2.2c). TNBC is one of the most lethal types
of breast cancer due to the lack of response to endocrine treatment and other targeted therapies.''""
"1 Neoadjuvant and adjuvant chemotherapy currently remain the backbone of treatment in
TNBC.'"" The survival of MDA-MB-231 cells was compared after treatment with DOX-LTSLs,
DOX-NTSLs, and free DOX for 15 min at 37 °C and 42 °C to evaluate the effectiveness of LTSLs

as a chemotherapy drug carrier to treat TNBC. After 15 min, all cells were left undisturbed at 37
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°C for 30 hours to induce apoptosis. A live/dead cell assay was performed by staining live cells
with calcein and dead cells with propidium iodide. Free DOX (2 pg/mL) resulted in cell death at
both physiological temperature (37 °C) and 42 °C showing its severe toxicity at physiological
temperatures which leads to off-target cell death with chemotherapy (Figure 2.2, right panel).
DOX-NTSLs did not induce cell death at either temperature, showing unsuccessful drug delivery
from NTSLs with mild hyperthermia (Figure 2.2, middle panel). Notably, DOX-loaded LTSLs
were not cytotoxic to cells at physiological temperature and drug release was triggered only at
their phase transition temperature (42 °C) resulting in cell death (Figure 2.2, left panel). These
results reinforce the temperature controllability of drug release for LTSLs, an advantage for co-
delivery strategies with plasmonic nanostructures.

By co-delivering AuNS with LTSLs in breast cancer cells, the photothermal ability of
AuNS is harnessed to directly release DOX in cells for a highly controlled, light-activated cancer
therapy. We confirmed AuNS internalization in cell by confocal fluorescence imaging (Figure
2.3a,b) and by TEM imaging (Figure 2.3c-e). To visualize cellular uptake, PEG-coated AuNS
were covalently conjugated to fluorescent tag Alexa Fluor 647 via an amide bond and incubated
with MDA-MB-231 cells for 24 hours and then imaged with a confocal microscope. At time point
zero, when Alexa-Fluor conjugated AuNS was added to the culture media, Z-stack confocal
fluorescence images show no AuNS were co-localized at the same focal plane of the cells (Figure
2.3a). Here cells are stained green with calcein and Alexa Fluor conjugated AuNS appear as red
fluorescence. Following 24 hours of incubation, clear red fluorescence from Alexa Fluor
conjugated AuNS were observable inside cells (Figure 2.3b). Orthogonal view of the z-stack image
(right panel in Figure 2.3b) confirmed that AuNS were localized inside the cells in both x-z and y-

z directions. To further confirm the uptake and distribution of AuNS inside cells, TEM
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micrographs of MDA-MB-231 cells were obtained after 24 hours of incubation with PEG-coated
AuNS. The dark clusters in Figure 2.3c¢ indicate that AuNS were endocytosed in cells and
entrapped in membrane-bound cytoplasmic vesicles.'*'* We note AuNS were not observed in
the nucleus (indicated by arrow in Figure 2.3¢) or the mitochondria (indicated by arrows in Figure
2.3d). High magnification TEM micrograph (Figure 2.3e) shows that PEG-coated AuNS

maintained their characteristic anisotropic morphologies cellular internalization.

Figure 2.3 Cellular uptake of PEG-coated AuNS by MDA-MB-231 cells. Z stack confocal
fluorescence images of cells incubated with PEG-coated AuNS at time zero (a) and after 24 hours
of incubation (b). Orthogonal views (right panel in b) at both x-z and y-z direction show PEG-
coated AuNS were delivered into the cells. (c-e¢) Transmission electron micrographs of PEG-
coated AuNS show internalization by cells and localization in intracellular vesicles. In addition,
PEG-coated AuNS were not found in the nucleus indicated by arrow in (c), nor in the mitochondria
indicated by arrows in (d). High magnification micrograph in (e) shows AuNS maintain their
anisotropic morphology in cells.

Following uptake of PEG coated AuNS, cells were incubated with either DOX-LTSLs or
DOX- NTSLs at 2 pg DOX/ml and subsequently treated with an 808 nm laser at 5.5 W/cm? for 15

minutes. An infrared camera was used to monitor the temperature elevation during laser irradiation
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(Figure 2.4a). The temperature profile of cellular media with AuNS during these in vitro

experiments is shown in Figure 2.4b.
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Figure 2.4 (a) Infrared images and (b) the temperature profile of the culture dish during AuNS-
mediated photothermal therapy. Cells were incubated with 170 pg/ml of PEG-coated AuNS for 24
hours, washed and illuminated with 5.5 W/cm? laser for 15 minutes.

We note that at this laser flux, AuNS generated 42 +1 °C in the culture dish within the laser
beam (3 - 3.5 mm” spot size), sufficient to release DOX from LTSLs. Three hours post laser
treatment the culture media was removed and cells were washed with PBS buffer. The cells were
then stained with Hoechst and imaged with a confocal microscope. Cellular uptake and
translocation of DOX into the nucleus was visualized by utilizing DOX’s intrinsic fluorescence
(excitation at 488 nm, emission at ~570 nm).""> After drug delivery, a concentration gradient of
DOX is generated across the cellular membrane which drives DOX influx into cells; DOX then
translocates into the nucleus.''®'"™ DOX is known to induce cytotoxicity through both the
inhibition of DNA synthesis and the production of free radicals.'"”""?° Confocal fluorescent images
demonstrate the ability of LTSLs to successfully deliver DOX in cells by utilizing the
photothermal hyperthermia induced by AuNS (Figure 2.5, bottom panel). Due to the high phase
transition temperature of NTSLs, no DOX delivery was achieved (Figure 2.5, top panel) at mild

hyperthermia.
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Figure 2.5 Confocal fluorescence images of cells incubated with PEG-coated AuNS, illuminated
with an 808 nm laser and treated with either DOX-LTSLs (bottom), or DOX- NTSLs (top). Left
panel shows cell nucleus stained with Hoechst, middle panel shows DOX fluorescence at ~570
nm, and right panel is the overlay of left, and middle panel, and bright field.

Light activation of AuNS not only enables highly controlled and localized drug delivery
from liposomes, the hyperthermia enhances drug uptake and cytotoxicity of anticancer drugs.”’**
Mild hyperthermia improves cellular membrane permeability and alters physiological behavior of
cells, making them more susceptible to apoptosis.’* ** '2!"122 We have performed both fluorescence
imaging (Figure 2.6) and MTT viability analysis (Figure 2.7) to demonstrate that photothermal
hyperthermia induced by AuNS can successfully deliver DOX from LTSLs, resulting in significant
dell death. Calcein/PI live/dead cell assays were performed in MDA-MB-231 cells that were
illuminated with an 808 nm laser for 15 minutes. Cells were incubated with PEG-coated AuNS in
the presence of either DOX-LTSLs (Figure 2.6a) or DOX-NTSLs (Figure 2.6b). Due to the high

phase transition temperature (>46 °C) of NTSLs, no cell death was observed with NTSLs with

AuNS (Figure 2.6b) or without AuNS (Figure A. 2.3b). This demonstrates that drug delivery from
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NTSLs is not achievable under the mild hyperthermia (40-43 °C) generated by AuNS. However,
LTSLs in the presence of PEG-coated AuNS successfully released DOX, resulting in intense cell
death (Figure 2.6a) where dead cells were stained red with propidium iodide (PI). In the absence
of AuNS, DOX-LTSLs did not induce cell death indicating that laser itself does not generate
enough heat to release DOX from LTSLs (Figure A. 2.3a). We note that unlike photothermal
therapy with gold nanoparticles in vitro where necrotic cell death occurs within the laser spot, in
photothermal drug delivery in vitro cell death is localized in the vicinity of the liposomes, but due
to concentration gradient of DOX apoptotic cell death extends slightly beyond the laser spot. This
process has been observed previously in light-mediated drug delivery in vitro.'>'** However this
does not imply, photothermal DOX release in vivo will pose a risk of off-target toxicity since DOX
remains within the tumor microenvironment, and successful tumor treatment with this approach
has been previously shown.”> Apoptotic cell death by chemotherapeutic drug is strongly preferred
over necrotic cell death incurred during photothermal therapy by gold nanoparticles since necrosis
gives rise to uncontrollable inflammation, and undesirable immunogenic responses due to loss of
cellular membrane integrity.'>>'?® To confirm apoptotic cell death, Annexin was used to stain the
phosphatidylserine of apoptotic cells 16 hours post treatment with PEG-coated AuNS + DOX-
LTSLs + laser (Figure 2.6¢). Calcein and PI were also used to indicate live and dead cells. The
overlay image (Figure 2.6d) of Annexin (blue) with calcein (green) and PI (red) clearly shows cells
that were undergoing apoptosis where the arrows indicate live cells that were in their apoptotic
cell cycle. We note that AuNS themselves alone (Figure A. 2.4a), or laser radiation alone at 5.5

W/cm? do not induce significant cell death (Figure A. 2.4b).
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Figure 2.6 Therapeutic effect of photothermal drug delivery from liposomes. MDA-MB-231 cells
were incubated with PEG-coated AuNS and (a, c-d) DOX-LTSLs or (b) DOX-NTSLs. Cells were
treated with an 808 nm laser at 5.5 W/cm? for 15 minutes, laser spot size was ~3.5 mm®. Cells
were stained with calcein (live cells, green) and PI (dead cells, red) 30 hours post-treatment. (c)
Cells were also stained with Annexin V (blue) to evaluate apoptotic cell death 16 post-treatment.
(d) Overlay image of Annexin V with calcein/PI and arrows indicating the live cells that underwent
apoptosis (stained with both blue and green).

Quantitative assessment of the therapeutic outcome of photothermal drug delivery was
achieved with MTT cellular viability assays (Figure 2.7). MDA-MB-231 cells were incubated with
different concentrations of DOX-LTSLs, DOX-NTSLs, and free DOX for 12 hours both with and
without PEG-coated AuNS. At low DOX concentration (0.5 or 2 pg/ml), DOX-LTSLs and DOX-
NTSLs did not induce significant cell death, showing >90% survival. Cellular viability decreased
to ~77 % using both DOX-LTSLs and DOX-NTSLs at a DOX concentration of 20 pg/ml, likely
attributed to the increase in liposomes uptake or leakage of DOX at such high concentrations. Cells

treated with DOX-LTSLs alone and irradiated with 808 nm laser do not result in significant cell
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death since the laser alone does not generate sufficient heat to reach the phase transition
temperature of LTSLs. However, the difference in cellular viability between cells that were treated
with DOX-LTSLs + laser, and cells treated with DOX-LTSLs + AuNS + laser at all three DOX
concentrations, were statistically significant (p = 0.005 for 0.5 ug/ml, p = 0.003 for 2 ug/ml and p
= 0.003 for 20 pg/ml). The photothermal hyperthermia induced by PEG-coated AuNS initiated
rapid drug delivery from DOX-LTSLs resulting in cellular viability of 67%, 42% and 39% at 0.5
pg/ml, 2 pg/ml and 20 pug/ml DOX concentrations, respectively. Notably, the combination of
AuNS with DOX- LTSLs resulted in higher cell death than free DOX alone at all three
concentrations of DOX (84%, 50%, and 43%). For clarity, we also re-plotted the MTT assay data
from Figure 6a for the DOX-LTSLs samples (DOX- LTSLs, DOX-LTSLs + laser, and DOX-
LTSLs + AuNS + laser) to clearly show a significantly higher cell death is observed due to DOX
release from LTSLs in the presence of AuNS (Figure 2.7b). Since NTSLs are not thermally
responsive at mild hyperthermia, negligible cell death was observed for all cells incubated with

DOX-NTSLs independent of the presence of AuNS.
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Figure 2.7 (a) MTT assay of all samples and (b) MTT assay summarizing the cellular viability of
cells treated with DOX- LTSLs, DOX-LTSLs + laser, and DOX-LTSLs + AuNS + laser. All
samples for this assay was illuminated with 808 nm laser at 5.5 W/cm? for 15 minutes. Error bars
represent n=4 samples. Data is shown in mean =+ standard deviation.
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Our results convey that the AuNS-mediated mild hyperthermia results in successful drug
delivery from LTSLs with high therapeutic efficacy below the United States Food and Drug
Agency (FDA) approved DOX concentration. FDA standards for DOX treatment in a 60 kg adult
human is ~2 ug/mL every 3 weeks, not to exceed a total of 13.5 ug/mL."*”"'*’ In summary, while
free DOX will induce toxicity even to healthy cells when translated to a clinical setting, targeted
photothermal drug delivery with AuNS is light activated, highly controlled, and can minimize off-

target toxicities.

2.5 Conclusion

In this study, we synergistically combined the therapeutic effects of PEG coated AuNS
with DOX-loaded LTSLs to induce cell death in aggressive triple negative breast cancer (TNBC)
cells with a highly controlled, light-activated approach. The unique nanoantenna-like geometry of
AuNS, consisting of a core with multiple sharp protrusions, enables strong light-to-heat conversion,
allowing rapid and highly efficient drug delivery from LTSLs. We chose a model TNBC cell line,
MDA-MB-231, to both qualitatively (calcein/PI live/dead cell assay and apoptosis assay) and
quantitatively (MTT assay) assess the therapeutic outcome of AuNS combined with DOX loaded
LTSLs. Our results provide strong evidence that photothermal heating by AuNS gives rise to mild
hyperthermia sufficient to reach the phase transition temperature of LTSLs, resulting in 58% cell
death at a DOX concentration of 2 pg/ml. We envision the co-delivery of LTSLs with AuNS will
ultimately facilitate a clinically applicable technology, enabling the delivery of dose-controlled
treatment and minimizing off-target toxicities that are associated with chemotherapy. Future
integration of this approach to include imaging capabilities would enable longitudinal tracking to

further improve detection, treatment, and assessment of therapeutic outcomes with a platform that
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can be externally-triggered by near-infrared light. In addition, LTSLs can ultimately be loaded
with a range of drugs, and when combined with AuNS this platform will facilitate targeted

treatment of multiple diseases, including cancer, multiple sclerosis, and many infectious diseases.
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Figure A. 2.1 Dynamic light scattering (DLS) showing the hydrodynamic diameter of (a) DOX-
LTSLs and (b) DOX- NTSLs.
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Figure A. 2.2 DOX release from (a) DOX-LTSLs and (b) DOX-NTSLs at 37, 42 and 45 °C. Long-
term stability of DOX-LTSLs and DOX-NTSLs at physiological temperature is also shown for 12
hours.
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Figure A. 2.3 MDA-MB-231 cells were incubated without PEG-coated AuNS, but with (a) DOX-
LTSLs and (b) DOX-NTSLS. Cells were treated with an 808 nm laser at 5.5 W/cm? for 15 minutes,
laser spot size was ~3.5 mm®. Cells were stained with calcein (live cells, green) and PI (dead cells,
red) 30 hours post-treatment.

Figure A. 2.4 Confocal image of MDA-MB-231 cells (a) incubated with PEG-coated AuNS for
24 hours but not treated with laser, and (b) illuminated with an 808 nm laser alone (without AuNS)

at 5.5 W/cm® for 15 minutes. Cells were stained with calcein (live cell, green) and propidium
iodide (dead cell, red).
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Chapter 3

MULTIPLEXED SURFACE ENHANCED RAMAN SPECTROSCOPY WITH GOLD
NANOSTARS FOR DETECTION OF CANCER SPECIFIC BIOMARKER

Adopted from: Webb, J. A.; Ou, Y. C.; Faley, S.; Paul, E. P.; Hittinger, J. P.; Cutright, C. C.; Lin,
E. C.; Bellan, L. M.; Bardhan, R., Theranostic gold nanoantennas for simultaneous multiplexed
raman imaging of immunomarkers and photothermal therapy. ACS Omega 2017, 2 (7), 3583-3594
with permission from the American Chemical Society.

And

Ou, Y. C.; Webb, J. A.; O'Brien, C. M.; Pence, I. J.; Lin, E. C.; Paul, E. P.; Cole, D.; Ou, S. H.;
Lapierre-Landry, M.; DeLapp, R. C.; Lippmann, E. S.; Mahadevan-Jansen, A.; Bardhan, R.,
Diagnosis of immunomarkers in vivo via multiplexed surface enhanced Raman spectroscopy with

gold nanostars. Nanoscale 2018, 10 (27), 13092-1310 with permission from the Royal Society of
Chemistry.

3.1 Summary

In this work, we demonstrate the targeted diagnosis of immunomarker programmed death
ligand 1 (PD-L1) and simultaneous detection of epidermal growth factor receptor (EGFR) in breast
cancer tumors in vivo using gold nanostars (AuNS) with multiplexed surface enhanced Raman
spectroscopy (SERS). Real- time longitudinal tracking with SERS demonstrated maximum
accumulation of AuNS occurred 6 h post intravenous (IV) delivery, enabling detection of both
biomarkers simultaneously. Raman signals correlating to both PD-L1 and EGFR decreased by

~30% 1in control tumors where receptors were pre-blocked prior to AuNS delivery, indicating both

the sensitivity and specificity of SERS in distinguishing tumors with different levels of PD-L1 and
EGFR expression. Our in vivo study was combined with the first demonstration of ex vivo SERS
spatial maps of whole tumor lesions that provided both a qualitative and quantitative assessment
of biomarker status with near cellular-level resolution. High resolution SERS maps also provided

an overview of AuNS distribution in tumors which correlated well with the vascular density. Mass
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spectrometry showed AuNS accumulation in tumor and liver, and clearance via spleen. Electron
microscopy revealed AuNS were endocytosed in tumors, Kupffer cells in the liver, and
macrophages in the spleen. This study demonstrates that SERS-based diagnosis mediated by AuNS
provides an accurate measure of multiple biomarkers both in vivo and ex vivo, which will
ultimately enable a clinically-translatable platform for patient-tailored immunotherapies and

combination treatments.

3.2 Introduction

T cells are an important effector of the immune system and are critical for inhibition of
tumor development, growth, and invasion. Therefore, tumors evolve to evade immune surveillance
by orchestrating a tumor microenvironment that suppresses productive antitumor immunity.'*%"*!
The overexpression of immune checkpoint receptor programmed death protein-1 (PD-1),
expressed in activated T cells, and the subsequent engagement of PD-1 to its ligand PD-L1 results
in inhibition of T cell proliferation, reduced secretion of effector cytokines, and
immunosuppression.'** PD-L1 is upregulated in numerous tumor types including breast cancer,'*?
renal-cell cancer,13 4 non-small cell cancer,13 > and melanoma'® among others. This underscores the
significance of PD-L1 as a predictive biomarker for immunotherapies. Inhibition of PD-L1 with
therapeutic antibodies has shown to activate antitumor immunity and long term patient survival.*”
% However, <25% of patients respond to PD-L1 blockade incurring high costs of unsuccessful
therapies and toxic side-effects from prolonged antibody treatment."**'* Current clinical
standards rely on immunohistochemistry (IHC) of biopsies, which often provide poor assessment

of PD-L1 status in tumors. First, there are no clear criteria to define PD-L1 positivity by IHC which

makes this approach prone to misinterpretation due to heterogeneous PD-L1 expression in inter-
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and intra-tumoral lesions.'**'*! Second, retrieval of PD-L1 antigen is also difficult in fixed tissue
which results in significant variability in PD-L1 assay across clinical trials."** Further, IHC of PD-
L1 expression on archival tissue samples should be determined with caution, as prior treatment
procedures can alter PD-L1 status in the tumor microenvironment.'*'** And last, IHC is also
limited in validation of multiple biomarkers in the same biopsy requiring repeated invasive
procedures and patient discomfort. Therefore, a clinical need exists for noninvasive diagnostic
tools that can both accurately identify PD-L1 in vivo and concurrently detect other biomarkers to
identify patients who will respond to single checkpoint blockade, as well as accelerate clinical
decisions by diagnosing patients who will benefit from combinatorial therapies.

In this work we address this critical need and demonstrate the diagnosis of PD-L1 in vivo
and simultaneously diagnose EGFR (epidermal growth factor receptor) in triple negative breast
cancer (TNBC) tumors. TNBC is a highly aggressive phenotype of breast cancer characterized by
the lack of estrogen receptor, progesterone receptor, and HER2/neu. Despite high rates of
pathologic complete response after neoadjuvant chemotherapy, patient survival rates remain low.
Recent work has shown TNBC tumors are highly immunogenic with high PD-L1 gene expression
and higher rates of CD8" T-cell infiltration than ER/PR positive breast cancer.'* Further, many
TNBC tumors are known to overexpress EGFR, which is a transmembrane glycoprotein.'*® The
upregulation of EGFR promotes tumor progression by enhancing cell growth, angiogenesis,
metastasis, and anti-apoptosis. Several EGFR-tyrosine kinase inhibitors, for example, gefitinib and
erlotinib, have demonstrated clinical efficacy in blocking the signal transduction pathways
involved in tumorigenesis. Recent studies have also demonstrated that EGFR mutation status is
directly correlated to the upregulation of PD-L1 which motivates us to diagnose both biomarkers

with high sensitivity and specificity.'*’""** We have achieved this with noninvasive, multiplexed,
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surface-enhanced Raman spectroscopy (SERS) using gold nanostars (AuNS) labeled with
targeting antibodies and Raman active molecules. SERS has rapidly emerged from a simple
analytical technique to a preclinical screening tool for both qualitative and quantitative measure of
biomarkers in tumors and for identification of cancerous cells."”*'** SERS seamlessly enables
multiplexed detection of multiple biomarkers due to the narrow linewidths of vibrational
signatures of Raman molecules that can be simultaneously tracked both in vivo and ex vivo.'>* !>
The high spatiotemporal resolution of SERS has also enabled delineation of tumor margin from
healthy tissue, and facilitated intraoperative tumor resection followed by identification of any
residual disease.'>*"**

In this work we demonstrate longitudinal tracking of both PD-L1 and EGFR in vivo
showing the localization of each marker with high sensitivity and specificity after intravenous
delivery of AuNS in mouse models of TNBC. We note that whereas nanoparticles are often
intratumorally delivered in vivo to achieve high SERS signal,'>> '**'® our approach of intravenous
delivery is more clinically relevant for biomarker assessment. The strength of this work is in vivo
time course study was combined with the first demonstration of ex vivo SERS maps of whole
tumor lesions, that provided both a qualitative assessment of biomarker status and quantitative
measure of their expression levels. High spatial resolution SERS maps also revealed distribution
of AuNS in tumors that correlated well with highly vascularized areas of the tumor. Further, we
examined the bioavailability and clearance of AuNS and corresponded those trends to in vivo
endpoints. We anticipate the findings of this work will ultimately be extended to large animals and

humans, and enable a clinically-translatable technology towards the emerging fields of

immunoimaging and immunotherapies.
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3.3 Materials and Methods

3.3.1 Synthesis and Functionalization of Gold Nanostars (AuNS)

Both (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) and gold(IIl)
chloride trihydrate (HAuCl4) were purchased from Sigma-Aldrich. AuNS were synthesized
through the one-step, seedless, HEPES-mediated method.” First, 18 mL of Milli-Q water at 18
MQ was mixed with 12 mL of 270 mM HEPES (pH 7.40 + 0.2) by gentle inversion. Next, 300 uL.
of 20 mM chloroauric acid (HAuCly) was added. The solution was left undisturbed at room
temperature and reacted for 75 minutes.

SERS tags, 4-mercaptobenzoic acid (pMBA) and 5,5’-Dithiobis(2-nitrobenzoic acid)
(DTNB) were purchased from TCI America. Methoxy-polyethlyene glycol-thiol (mPEG-SH, M,,
5000) and orthopyridyl-disulfide poly(ethylene glycol)-N-hydroxysuccinimide ester (OPSS-PEG-
NHS ester, My, 2000) were purchased from JenKem Technology. To conjugate Raman tags to the
AuNS surface, pMBA or DTNB were dissolved in 100% ethanol. Small concentrated volume (6
uL of 10 mM) of pMBA or DTNB solution was added to 60 mL of AuNS and reacted for 10
minutes with constant stirring at 4 °C. The solution was centrifuged at 6000 rpm for 10 minutes to
remove excess, unreacted Raman tag. To bind active targeting antibody to AuNS, OPSS-PEG-
NHS linkers were first reacted with the monoclonal antibodies, Human EGF R/ErbB1 antibody
(antiEGFR, R & D Systems) or Human CD274 (B7-H1, PD-L1) antibody (antiPDL1, BioLegend).
Briefly, lyophilized OPSS-PEG-NHS was dissolved in 100 mM pH 8.6 £ 0.1 sodium bicarbonate
(NaHCO:s3) buffer at a concentration of 160 mg/mL. Note, high pH is crucial for ester and amine
chemistry in forming amide bonds. As a result, the antibody chemistry was tailored to achieve this
desirable pH. At 1:9 volume ratio, 72 uL of 1 mg/mL antiEGFR antibody (reconsistuted in pH 8.6

NaHCOs; buffer) was added to 8 puL. of OPSS-PEG-NHS solution. AntiPDL1 antibody was
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received at pH 7.4 phosphate buffer saline. To maintain the favorable pH for linker-antibody
reaction, OPSS-PEG-antiPD-L1 was prepared in the concentration and volume ratio as with the
OPSS-PEG-antiEGFR reaction, but it was further diluted 5-fold with pH 8.6 NaHCOs. The OPSS-
PEG-antibody chemistry was performed on an inverter at 4 °C for 24 h.

After the OPSS-PEG-antibody reaction was completed, 80 uL of OPSS-PEG-antiEGFR or
OPSS-PEG-antiPDL1 was added to 6 ml of Raman tag-labeled-AuNS (DTNB-AuNS or pMBA-
AuNS) at 1.14 mg/mL. Antibody-AuNS solution was left on an inverter at 4 °C and reacted for 24
h. Post 24 h antibody-AuNS reaction, an additional layer of polyethylene glycol (mPEG-SH, M,
5000) chemistry was performed to passivate any free surface area on the gold, neutralize surface
charge, and provide particle stability. Briefly, 700 uL of 5 uM mPEG-SH was added to the AuNS
solution and mixed for 10 minutes at room temperature. Lastly, the functionalized AuNS
(antiEGFR-pMBA-AuNS or antiPDL1-DTNB-AuNS) were centrifuged at 4000 rpm for 10
minutes. The pellet was then resuspended in sterile phosphate buffered saline (pH 7.40 + 0.1) at 6

mg/mL.

3.3.2 Characterization of Functionalized AuNS

A 2:1 mixture of antiEGFR-pMBA-AuNS and antiPD-L1-DTNB-AuNS were visualized
using an Osiris transmission electron microscope (TEM) at 200 keV. Plasmon resonance of AuNS
and functionalized AuNS were monitored with a Varian Cary 5000 UV-Vis NIR
spectrophotometer. Raman spectra of antiEGFR-pMBA-AuNS, antiPD-L1-DTNB-AuNS, and the

2:1 mixture were obtained by using the custom portable Raman setup with a 785 nm laser.

3.3.3 In Vitro SERS Multiplex Imaging of MDA-MB-231 cells

Multiplex with (1:1) Cocktail with MDA-MB-231 cells
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CaF, disks were seeded with MDA-MB-231 cells. Cells were incubated with media (no
FBS, nDMEM) supplemented with 170 pg/mL (1:1) cocktail antiEGFR-pMBA-AuNS to
antiPDL1-DTNB-AuNS for 16 h at 37 °C. Next, cells were washed with nDMEM (x2),
equilibrated for 2 h at 37 °C. After 2 h in cDMEM, cells were fixed, washed and dried overnight
at 4 °C. Using an 100x objective, a video montage of the cells was captured, and the resulting
brightfield image provided X,y coordinates for the Raman instrument to record SERS chemical
footprints of a rectangular area of ~100 um by 100 pum. Recording spectra with 0.75 um steps, the
Raman microscope took measurements of the cells with a 785 nm wavelength laser source with
1200 lines/mm grating in high confocal mode. Static spectra (1200 cm™ center) were recorded
using a 100x objective with a ~1 um spot size at a power of 1| mW with a 10 s acquisition time.

Multiplex with (1:1) Cocktail with 231 cells after Blocking PD-L1 Receptor

To test the fidelity of the multiplex technology, a blocking PD-L1 receptor control
experiment was performed to determine the specificity and mapping capability of this (1:1)
cocktail of functionalized antibody-specific AuNS. MDA-MB-231s were seeded on CaF, disks
and pre-blocked by incubating with nDMEM supplemented with 4 pg/mL Human CD274 (B7-H1,
PD-L1) antibody (monoclonal antiPDL1) for 1 h at 37 °C.'*"'® Cells were then washed,

equilibrated in cDMEM, fixed and dried.

3.3.4 MDA-MB-231 Xenograft Model and in vivo SERS Raman Imaging

All animal procedures were followed and approved by Vanderbilt University Medical
Center Animal Care and Use Program (IACUC #M1600097-00). Athymic nude mice at 3-4 week
old (Hsd: Athymic Nude-Foxn1™; Envigo) were used in this study. MDA-MB-231 cells were
cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal

bovine serum (FBS, Denville Scientific). The cells were maintained at 37 °C and 5% CO, and
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were cultured at least two weeks prior to injection into mice. The cells were diluted 1:1 with
matrigel (GFR Membrane Matrix, Corning). One million MDA-MB-231 cells per 100 pl were
injected into the left mammary fat pad of each mouse. The tumor was monitored with calipers
every two days. SERS experiments started once the tumor reached 5 mm in diameter. SERS spectra
of 5 different spots of the tumor xenograft were measured with 10 s acquisition time before
functionalized AuNS were injected (0 h). Functionalized AuNS, antiEGFR-pMBA-AuNS and
antiPDL1-DTNB-AuNS at 2:1 ratio were injected retro-orbitally. Raman measurement was done
at 6, 12, 24, 48 and 72 h post particle injection. For each time point, mice were anesthetized with
isoflurane. All room lights were turned off during SERS measurement. The Raman fiber optic
probe was gently placed on the tumor xenograft for a spectral measurement (1 s acquisition time
per spectrum with 10 accumulations). A 785 nm near-infrared diode laser (Innovative Photonics
Solutions) was operated at 80 mW. A neon-argon lamp, acetaminophen, and naphthalene were
used as standards to calibrate the absolute and relative wavenumber axis of the system in
determining and calculating Raman shifts. Raman scattering was collected with an imaging
spectrograph (Kaiser Holospec), and a -70 °C cooled CCD camera (Princeton Instruments) was
used to capture the data, which was further processed by the connected computer system.

All obtained spectra were processed through steps including spectral response calibration
with a NIST calibrated lamp, smoothing using a (2,7) Savitzky-Golay filter, and background
subtraction using a modified (7" order) polynomial fit method.'®*'®” To clearly visualize the
appearance of DTNB and pMBA peaks, 1325 cm” and 1580 cm™ were normalized to the
biological peak, 1440 cm™ at each time point. For pre-block control, mice were injected (IP) with
200 pg of antiEGFR antibody and 200 pug of antiPDL1 antibody (I mg/mL in pH 7.40 £ 0.1

phosphate buffered saline) 2 h before functionalized AuNS injection. Note, the antibodies used for
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pre-blocked controls were the same products used to functionalize the active targeting AuNS.
Raman measurement for the pre-block control group was performed in the same manner as the

experiment group.

3.3.5 Inductively Coupled Plasma-Mass Spectrometry (IC-PMS)

Mice bearing MDA-MB-231 cells were injected with functionalized AuNS, antiEGFR-
pMBA-AuUNS and antiPDL1-DTNB-AuNS at 2:1 ratio. Per mouse, the tumor, stomach, liver,
spleen, kidneys, heart, lungs, and brain were retrieved at maximum accumulation time (6 h post
particle injection) or at the end of the study (72 h post particle injection) and were frozen
immediately in liquid nitrogen.

Sample Preparation

Tumors and major organs were then freeze dried using a lyophilizer. Next, acid digestion
was used to dissolve gold contents. Dried tumors and organs were place in scintillation vials and
weighed. Trace metal grade HCI (Fisher, A508-P500) and HNO; (Fisher, A509-P500) were used
to prepare 75 vol. % aqua regia (4:1 volume ratio HCl: HNO3), which was then added to the
organ/tumor. Samples were soaked in aqua regia for 72 h. Aqua regia was then boiled off with
gentle heating. The semi-dried samples were re-dissolved in 10 ml of 2 vol. % aqua regia.
Impurities were removed with syringe filtering prior to IC-PMS reading. Organs with high gold
accumulation: liver, spleen, and tumor were further diluted 10-fold with 2 vol. % aqua regia.

IC-PMS Analysis

IC-PMS Analysis IC-PMS measurements of aqueous samples were carried out at
Vanderbilt University, Department of Civil and Environmental Engineering. Perkin Elmer model
ELAN DRC II in standard mode was used for readings. A six-point calibration curve between

approximately 0.05 pg/L and 500 pg/L was used for gold isotope 197. For every 3-5 samples,
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analytical blanks and analytical check standards (0.5 pg/L) were measured and confirmed to be
within 15% of the specified value. The instrument was set at 1.5 kW radio frequency (RF) power,

15 L/min argon plasma flow, 1 L/min nebulizer flow, and 1 s integration time for 3 replicates.

3.3.6 Transmission Electron Microscope Imaging of Tumor and Organs

Mice bearing MDA-MB-231 cells were injected with functionalized AuNS, antiEGFR-
pMBA-AuNS and antiPDL1-DTNB-AuNS at 2:1 ratio. SERS spectra were measured at 6 h post
particle injection to ensure the increase in DTNB/pMBA signal was observed. The mouse was then
sacrificed, and the tumor xenograft was retrieved. Additionally, the heart, liver, and spleen of a
different set of mice were removed 72 h post functionalized AuNS injection to evaluate the
clearance of the particles. Samples were fixed in 2.5% gluteraldehyde in 0.1M cacodylate buffer
(pH 7.4 = 0.1) at room temperature for 1 h and then 24 h at 4 °C. Specimens were processed for
transition electron microscopy (TEM) and imaged in the Vanderbilt Cell Imaging Shared
Resource-Research Electron Microscopy facility.

Sample Preparation

The samples were fixed with 1% osmium tetraoxide for 1 h at room temperature and further
washed with 0.1 M cacodylate buffer. Dehydration was done through a graded ethanol series. Next,
3 exchanges of 100% ethanol and 2 exchanges of pure propylene oxide (PO) were performed.
Subsequently, 25% Epon 812 resin and 75% PO were used to infiltrate the samples for 30 min at
room temperature. They were then infiltrated with 50% Epon 812 resin and 50% PO for 1 h and
overnight, respectively. The samples went through a Epon 812 resin and PO (3:1) exchange for 4
h and finally were incubated with pure epoxy resin overnight. Lastly, two changes of pure epoxy
resin were used to embed the samples. Polymerization was done for 2 days at 60 °C. Ultra-structure

identification was first achieved with thick sections at 500-1000 nm. Once regions of interest were
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identified, 70-80 nm ultra-thin sections were cut. Samples were placed on 300-mesh copper grids
and were stained with 2% uranyl acetate, followed by Reynold’s lead citrate. The final tissue

samples were imaged with the Philips/FEI Tecnai T12 electron microscope.

3.3.7 Ex vivo Raman Mapping

Mice bearing MDA-MB-231 were injected with functionalized AuNS (antiEGFR-pMBA -
AuNS and antiPDL1-DTNB-AuNS at 2:1 ratio) retro-orbitally. The tumor xenograft was retrieved
and cryo-embedded 6 h post particle administration. Frozen tumor samples were cryo-sectioned
on CaF, disks by Vanderbilt University TPSR (5 um thick). Samples were thawed at 4 °C
overnight and then room temperature for 2 h prior to Raman mapping. Montages of brightfield
images were obtained with a 20x (NA) objective. A rectangular Raman map with a 50 pm step
size was acquired with 10 s integration time, L50x objective (NA), and a 785 nm laser (30 mW).
After the Raman spectra for the entire map were obtained, cosmic ray removal with nearest
neighbor method was implemented. A custom MATLAB code was used to perform smoothing
and biological fluorescent background subtraction. Smoothing of the data was done by following
the Savitzsky and Golay method with 5™ order and coefficient value of 61. Modified polyfit
method was performed to subtract the background fluorescence. A polynomial with 9" order was
used to fit the Raman spectra with threshold of 0.0002. The Raman mapwas then generated with
wavenumber of interest (DTNB =red, pMBA = green).

To obtain quantitative analysis of both pMBA and DTNB, the raw biological peak (1440
cm™') was selected to generate the masks of whole tissues. The pixels were assigned as a part of a
mask when their intensities were higher than a specified threshold. A Gaussian function was
applied to the mask images to smooth the edges (sigma = 20 um). The residuals and the holes in

the images were removed and filled (area opening algorithm), respectively. The final masks were
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compared with the optical images to ensure the authenticities. The sub-masks of high- and low-
intensity groups were obtained in a similar fashion from the processed (smoothed and baseline
corrected) images of biological peak. These masks were separated according to a threshold and are
processed with necessary smoothing, removing, and filling. Tissue mask and sub-masks were then
applied to 1325 cm™ and 1580 cm™ for each individual tag. As a result, the Gaussian model mean

and sigma can be obtained.

3.3.8 Statistical Analysis

Statistical differences were evaluated with Student’s t tests. All data are presented as mean

+ standard deviation.

3.4 Results and Discussion

Gold nanostars (AuNS) were synthesized by a one-step seedless method as described in
our previously published procedure.” '°*'® The biological buffer, HEPES (2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) is used as both a capping and reducing agent,
enabling shape-controlled synthesis. Gold nanoparticles synthesized via biological buffer or
peptides are biocompatible with minimal toxicity.’”*® The sub-100 nm size of AuNS (~50-70 nm
tip-to-tip dimension (Figure 3.1a) allows AuNS to accumulate in the tumor microenvironment
through the enhanced permeability and retention effect (EPR), thus increasing the likelihood of
endocytosis by cancer cells.'”*!"" The unique structure of AuNS gives rise to the “nanoantenna
effect” where the spherical cores absorb incident light and route it to the protrusions where strong
electromagnetic field are concentrated at the tips.”> ®*'”? These intense near-field enhancements
at the tips of AuNS amplify the vibrational signal of proximal Raman molecules by 9 — 10 orders

of magnitude enabling high resolution SERS.**'° In this work, we show the multiplexed detection
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of biomarkers PD-L1 and EGFR through SERS by conjugating Raman tags and monoclonal
antibodies specific to these biomarkers onto AuNS surface (Figure 3.1b). We generated two sets
of bioconjugated AuNS, PD-L1 targeting set was labeled with Raman tag 5,5-dithio-bis-(2-
nitrobenzoic acid) (DTNB) and anti-PD-L1 monoclonal antibodies, and EGFR targeting set was
labeled with Raman tag para-mercaptobenzoic acid (pMBA) and anti-EGFR antibodies. Both
DTNB and pMBA were covalently linked to AuNS surface via a thiol group. Monoclonal
antibodies were conjugated with AuNS via OPSS-PEG2000-NHS linkers where the thiols on the
orthopyridyl (OPSS) group bind to AuNS, and the N-hydroxysuccinimide (NHS) ester group
forms an amide bond via the primary amines of the antibodies. Lastly, a layer of thiolated-
polyethylene glycol was added to AuNS surface to ensure charge neutrality, reduce uptake by the
mononuclear phagocytic system (MPS), and to provide in vivo stability. The biofunctionalization
of AuNS resulted in a ~25 nm shift in the plasmon resonance (Figure 3.1c¢) indicative of an increase
in the particle size as well as change in refractive index of the medium. The plasmon resonance of
functionalized AuNS was controlled in the near-infrared region (650-900 nm) to enable enhanced
tissue penetration and deep tissue imaging. The Raman spectra of the functionalized AuNS were
acquired using a custom Raman system with a 785 nm continuous wave laser (Figure 3.1d). The
signature peak of antiEGFR-pMBA-AuNS is at 1580 cm™, which corresponds to the ring
stretching mode of pMBA.'” The dominant peak, 1325 cm™ of antiPD-L1-DTNB-AuNS is
attributed to the symmetric stretching mode of the nitro group of DTNB.'”* For multiplexed SERS
a 2:1 ratio of antiEGFR-pMBA-AuNS: antiPD-L1-DTNB-AuNS was employed since the peaks
of interest for DTNB and pMBA have comparable Raman intensities at this ratio. Furthermore,
due to their distinct Raman fingerprints and narrow linewidths, both pMBA and DTNB are easily

distinguishable enabling multiplexed detection of PD-L1 and EGFR both in vitro and in vivo.
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Figure 3.1 Characterization of functionalized AuNS. (a) TEM image of antibodies and Raman tag
functionalized AuNS showing the anisotropic structure and sub-100 nm size of AuNS. (b)
Schematic representation of AuNS functionalized with Raman-active tag, pMBA or DTNB. Each
Raman tag pairs with a targeting antibody, anti-EGFR with pMBA and anti-PD-L1 with DTNB.
(c) Extinction spectra of AuNS before (bare AuNS) and after functionalization (with Raman tag
and targeting antibody). (d) Raman spectra of antiEGFR-pMBA-AuNS, antiPDL1-DTNB-AuNS
and a 2:1 mixture. The Raman peaks of interest of both pMBA and DTNB are highlighted in gray.

To confirm the receptor-antibody binding, we incubated the MDA MB-231 cells with a
mixture of antiEGFR-pMBA-AuNS: antiPD-L1-DTNB-AuNS. After 16 h of incubation, TEM
micrographs showed most of the AuNS were bound to the surface of the cancer cells with minimal
endocytosis (Figure A. 3.1).

We first performed multiplexed SERS imaging in vitro by simultaneously incubating cells
with a mixture of antiPDL1-DTNB-AuNS and antiEGFR-pMBA- AuNS in a 1:1 ratio. Because
the vibrational signature of DTNB and pMBA do not overlap, this approach allows us to detect

both PD-L1 and EGFR by mapping the signal of DTNB (1325 cm™) and pMBA (1580 cm™)
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respectively. Brightfield image (Figure 3.2a) shows an image of cells with light scattering from
AuNS localized on cell surface. A Raman spectral map of ~100 um x 100 pm was measured with
0.75 pum steps, and the intensity of 13257 peak (Isgrsiszs) and 1580 cm’™! peak (Isgrsisso) was plotted
together as a function of position (Figure 3.2b). Strong signal is observable from both DTNB and
pMBA, and the high spatiotemporal resolution of Raman allows us to qualitatively evaluate the
localization of individual receptor bound AuNS. A magnified view of local traffic map of
multiplexed SERS footprint is shown in Figure 4c¢ correlating the distribution of PD-L1 and EGFR
in the cells. Note that strong signal is observed where multiple AuNS cluster giving rise to SERS
enhancements via hot spots. Specific locations on the magnified SERS map (Figure 3.2¢) and
corresponding SERS spectra (Figure 3.2d) indicate spatial localization from both probes (Figure
3.2di), DTNB alone (Figure 3.2dii), pMBA alone (Figure 3.2diii), or signal only from cellular
lipids at 1440 cm™ (Figure 3.2div)."” We note that the intrinsic Raman peaks of biological lipids
are typically very weak, necessitating the use of labeled AuNS for characterizing receptor

expression.
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Figure 3.2 SERS multiplex mapping of MDA-MB-231cells with (1:1) mixture of antiEGFR-
pMBA-AuNS to antiPDL1-DTNB-AuNS. (a) Brightfield image of cells after 16 h incubation
provides coordinates for multiplex Raman map. (b) Overlap of spatial Raman intensity maps of
both 1325 cm™ peak for DTNB and 1580 cm™ peak for pMBA, recorded at 0.75 pm steps. (c)
Magnified view of the blue rectangular area from “b” shows Raman intensity plot of both Isgrsi32s
and Isgrsisso indicating a cellular “traffic map” with various points selected (d) demonstrating (i)
signal from both probes, (ii)) DTNB alone, (iii)) pMBA alone, and (iv) no signal from probes or
intracellular lipids (dashed box). Arrows denote peaks of interest, 1325 cm™ peak for DTNB and
1580 cm™ peak for pMBA.

Further, to demonstrate that the observed Raman signal results from specific binding of
antibody-conjugated AuNS rather than due to clustering via non-specific binding, we performed a
control study where 4 pg/mL monoclonal antiPDL1 (1 h, 37 °C) was introduced in cells to block
the PD-L1 receptors prior to incubating with a 1:1 mixture of antiPDL1-DTNB-AuNS and
antiEGFR-pMBA-AuNS (170 pg/mL). The brightfield image of the cells (Figure 3.3a) as well as

a SERS map (Figure 3.3b) at every 0.75 um step indicated that the blocking of receptors results in
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significantly fewer AuNS binding to cells (Figure 3.3c¢). The multiplexed SERS “traffic map”
presented for the experimental group (Figure 3.2b) and control group (Figure 3.3b) demonstrate
that AuNS are both sensitive and specific in detecting biomarkers of cancer when conjugated with
targeting moieties. In addition, SERS imaging provides a qualitative assessment of the distribution

of both biomarkers in the cellular environment.
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Figure 3.3 Blocking PD-L1 SERS multiplex mapping of MDA-MB-231 cells with (1:1) mixture
(antiEGFR-pMBA-AuNS to antiPDL1-DTNB-AuNS). Cells were pre-blocked with monoclonal
antiPDL1 for 1 h. (a) Brightfield image of cells after 16h incubation with (1:1) mixture provides
coordinates for multiplex Raman map. (b) Overlap of spatial Raman intensity maps of both
Isgrsi32s for DTNB and Isgrsisso for pMBA recorded at 0.75 um steps. (¢) Overlap of brightfield
and SERS map (both Isgrsi32s and Isgrsisso) to compare the effects of blocking on surface binding.
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Multiplexed in vivo SERS was performed by administering the mixture of functionalized
AuNS via retro-orbital injections to nude mice bearing MDA-MB-231 triple negative breast cancer
xenografts. Whereas SERS-active nanoparticles have been commonly delivered in vivo via

1'55- 1% or subcutaneous'” delivery, we found systemic injection is necessary for

intratumora
tracking AuNS longitudinally to assess receptor status. Furthermore, systemic delivery is
clinically-translatable enabling us to understand the uptake, biodistribution, and clearance of
AuNS, and the overall sensitivity and specificity of our approach for multiplexed detection of
biomarkers. We also note that whereas multiplexed in vivo SERS has been shown previously,
longitudinal tracking of SERS-active nanoparticles at different time-points has not been
effective.'”* '’ We performed SERS at 6, 12, 24, 48 and 72 h post AuNS delivery with a custom
Raman setup described in the methods section.'”””® The fiber optic Raman probe was gently
placed on top of the mammary xenograft to acquire one second acquisitions with ten accumulations.
A 785 nm continuous-wave laser was used at 80 mW and SERS measurements were obtained at
five different spots on the tumor and the spectra were then averaged (Figure 3.4). The acquired
Raman spectra were processed with fluorescence subtraction to remove biological auto-
fluorescence and then normalized to the 1440 cm™ biological peak. The 1440 cm™ biological band
(CH vibrations for both lipid and protein) has minimal change during time-course study in the

same mouse shown in supporting information (Figure A. 3.2) serving as an excellent internal

reference.
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Figure 3.4 Schematic representation of in vivo SERS setup where nude mice bearing MDA-MB-
231 xenografts were administered a mixture of antiEGFR-pMBA-AuNS and antiPD-L1-DTNB-
AuNS via retro-orbital injections. A custom-built portable Raman setup was used for SERS
measurement consisting of a 785 nm continuous-wave laser diode, a spectrograph, CCD camera,
and fiber-optic probe.

To evaluate the changes in the intensity of Raman peaks, baseline Raman spectra of the
tumor xenograft were also acquired immediately prior to the functionalized AuNS injection (0 h).
Both signature peaks of DTNB (1325 cm™) and pMBA (1580 cm™) increased significantly and
reached a maximum at 6 h post AuNS delivery as observed in our longitudinal study (Figure 3.5a).
Averaged of five spectra across different locations of the tumor from each mouse (n=4 total mice)
are shown in Figure A. 3.3. By tracking the Raman spectral features of DTNB and pMBA during
time-course study, the simultaneous targeted detection of checkpoint ligand PD-L1 and biomarker
EGFR is assessed in vivo. Maximum accumulation of AuNS occurs at ~ 6h, and between 48 h to
72 h both DTNB and pMBA signals returned to baseline levels (Figure 3.5b), indicating the
clearance of AuNS via mononuclear phagocyte system of liver and spleen. To demonstrate both
the sensitivity and specificity of functionalized AuNS in targeted detection of EGFR and PD-L1,
we pre-blocked both biomarkers as our negative control. Prior work in the literature has effectively
demonstrated that antibody dosage can successfully block receptors in mice tumors.'””'** We

injected 200 pg of monoclonal antibodies (anti-EGFR and anti-PD-L1) via intraperitoneal
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injection (IP) 2h prior to injection of functionalized AuNS to saturate the surface receptors and
block the binding of functionalized AuNS to these biomarkers. Longitudinal SERS comparing the
experimental group with the control group tumors (Figure 3.5b-c) showed statistically significant
differences in both PD-L1, corresponding to DTNB signal which decreased by 31% (p < 0.0005),
and EGFR, corresponding to pMBA signal which decreased by 32% (p < 0.0005). The observed
differences in SERS signal in longitudinal measurements between experimental and control groups
demonstrate (1) the specificity of our approach in rapid and accurate targeted detection of PD-L1
and EGFR in vivo, and (2) the sensitivity of our approach as AuNS amplify the SERS signal of

Raman reporters sufficiently to provide an assessment of receptor expression on tumor surface.
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Figure 3.5 Multiplexed SERS longitudinal study. (a) Averaged, normalized Raman spectra of
tumors (n=4) were plotted before (Oh) and at maximum accumulation time point, 6h-post
functionalized AuNS injection. The appearance of SERS signal of the signature peaks for both
pMBA (1580 cm™) and DTNB (1325 cm™) are indicated by gray boxes. (b) Longitudinal SERS
(n=4) performed at 6, 12, 24, 48 and 72 h post particle injections where pMBA and DTNB signals
were normalized to 1440 cm™ biological peak. In the control group both markers were pre-blocked
with monoclonal antibodies 2h prior to delivery of functionalized AuNS. (¢) SERS intensity
comparison of experimental and control group tumors at 6h time-point showing that for both PD-
L1 and EGFR detection, SERS signal decreased by ~30% (p <0.0005) in the control group.

Multiplexed in vivo monitoring of PD-L1 and EGFR has several advantages over the
current standard measure i.e. immunohistochemistry (IHC) of invasive biopsies. First, in vivo

measurements track biomarker status of whole tumor lesions which reduces misinterpretation due
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to inter- and intratumoral heterogeneity. Second, it allows monitoring of biomarker expression
during the course of the disease minimizing the need for repetitive biopsies and patient discomfort.
This is of particular clinical relevance as both PD-L1 and EGFR expression in patients are known
to alter with prior treatments. Third, in vivo SERS enabled by systemic delivery of contrast agents
such as functionalized AuNS takes into account multiple factors such as vascular permeability,
blood vessel density, necrotic regions providing a more comprehensive assessment of PD-
L1/EGFR expression than the qualitative “yes or no” type of information available through IHC.
We are not suggesting in vivo SERS should replace ITHC, which is a gold standard in clinical
histopathology, but rather supplement IHC to obtain a more accurate and reliable prognosis
enabling patient-tailored treatment strategies.

In vivo SERS is ideal for rapid molecular identification of biomarkers specifically for
subcutaneous tumors where the penetration-depth of near-infrared light and detection of Raman
scattering is less affected by the tissue characteristics. However, for clinical translation of this
technology, SERS should benefit patients with both early-stage and late-stage cancer. Whereas
current clinical pathology mostly relies on THC, it is inherently subjective, often misinterpreted
when presented with highly heterogeneous tumors, and limited in multiplexed validation of
multiple biomarkers in the same biopsy. Other ex vivo techniques, such as immunofluorescence
(IF), have enabled quantitative assessment of biomarkers; however, tissue autofluoroscence and
rapid photobleaching of commonly used fluorescent tags make this approach unreliable. Therefore,
in addition to in vivo SERS imaging, here we show that ex vivo Raman maps of tumor sections is
a powerful approach combining high spatial and temporal resolution, and address some of the

current challenges with IHC and IF.
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Tumors were retrieved at the maximum accumulation time-point (6h post AuNS delivery),
cryo-fixed, sectioned at 5 um thickness, and transferred to calcium fluoride (CaF;) disks to
minimize Raman signal from the substrate. A brightfield image of the tissue was recorded (Figure
3.6a) to show tumor sections retain their morphology on CaF, disks. We performed SERS maps
of an entire tissue section at 50 um step size (50 um in both x and y direction), providing near
cellular-level resolution. The tissues were excited with a 785 nm laser at 30 mW using a 50x
objective with 10 s acquisitions. SERS spectra were processed to remove cosmic rays, subtract
tissue autofluorescence, and subsequently intensities of DTNB and pMBA were plotted such that
each pixel generated a color map assigned with an RGB color - red for DTNB (1325 cm™) and

green for pMBA (1580 cm™) (Figure 3.6b).
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Figure 3.6 Ex vivo Raman mapping of MDA-MB-231 tumor xenograft. Tumor was collected 6 h
post functionalized AuNS injection. Raman mapping was done at 50 um x 50 um per pixel. (a)
Birghtfield imaging of the tissue. (b) The intensity map of anti-PDL1-DTNB-AuNS at 1325 cm’
(left) is assigned with red while the intensity map of anti-EGFR-pMBA-AuNS at 1580 cm™ (right)
is assigned with green.
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The intensity map shown in Figure 3.7a provides an overview of localization of the
functionalized AuNS, antiEGFR-pMBA-AuNS and antiPD-L1-DTNB-AuNS, where the signal

from each Raman tag can be correlated to the respective biomarkers targeted. We then identify
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regions of interest (Figure 3.7ai, i1) in the spatially-resolved Raman map of the tissue to
qualitatively assess biomarker status. High magnification SERS maps (Figure 3.7b) show near
cellular-level resolution of tumor areas that are PD-L1 rich (Figure 3.7bii-2), EGFR rich (Figure
3.7bii-3), rich in both biomarkers (Figure 3.7bii-4), as well as likely necrotic areas where AuNS
did not accumulate (Figure 3.7bi-1, no signal). The corresponding SERS spectra from these
regions of interest confirm the biochemical footprint of PD-L1 and EGFR targeted AuNS

distribution (Figure 3.7¢).
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Figure 3.7 Ex vivo Raman spatial maps of breast cancer tumor sections. (a) SERS intensity map
of the entire tissue section performed at 50 pm per pixel showing an overlap of both DTNB (1325
cm™) and pMBA (1580 cm™) signals. Specific regions of interest (ROI) are indicated. (b) High
magnification SERS intensity map from the ROIs indicated in ‘a’ showing (i) tissue region with
minimal AuNS accumulation and no Raman signal, (ii) tissue region with high AuNS
accumulation indicating PD-L1 and EGFR expression. (¢) Corresponding Raman spectra
indicating (1) no AuNS binding, (2) PD-L1 rich area, (3) EGFR rich area, and (4) both EGFR and
PD-L1 rich area (DTNB and pMBA signature peaks are indicated by grey boxes).

Nanoparticle accumulation in tumors through surface receptor binding and through the

EPR effect is known to occur in well-vascularized areas.'®"'® Therefore, by comparing the Raman
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intensities of both DTNB and pMBA in the tissue maps to the vascular density, we demonstrate
the accuracy of our approach where functionalized AuNS should accumulate in the high vascular
density areas with high SERS intensity. Conversely, low accumulation of AuNS is attributable to
poorly vascularized or necrotic regions of the tumor which should correspond to low SERS
intensity. We generated a SERS distribution map (Figure 3.8a-c) using the 1440 cm™ biological
peak, which remains constant throughout the tumor, to obtain a tissue mask. This mask blocks out
all the empty/no-tissue areas (Figure A. 3.4a) and enables generation of Gaussian distributions of
both DTNB (1325 cm™) and pMBA (1580 cm™). By fitting the biological peak intensities (1440
cm’') throughout the tumor with two Gaussian functions, low (Figure A. 3.4b) and high (Figure A.
3.4c) Raman intensity regions were generated with high confidence (R* = 0.995). Tissue sub-
masks of high and low SERS intensity regions of DTNB and pMBA were then generated by setting
a threshold and by fitted using the two Gaussian functions. A 2-dimensional (2D) Gaussian filter
(sigma = 20 um) was also applied to prevent any extreme pixels for biased results. By applying
the tissue sub-masks to the DTNB Raman signal map, low (Figure 3.8a top), high (Figure 3.8b
top), and combined (Figure 3.8c) SERS distribution maps were generated with good fits to the
distribution of the SERS signal (R* = 0.983 for high intensity, and R* = 0.999 for low intensity).
These high and low SERS intensity maps are useful in visualizing regions of the tissue to assess
their state of angiogenesis or necrosis. Vascular staining was performed with endothelial cell
marker CD31 to confirm the degree of angiogenesis in the tumor tissue and correlate to the SERS
intensity of DTNB and pMBA which directly corresponds to AuNS accumulation. We observed
that high SERS intensity areas correlate strongly to well-vascularized areas where the blood
vessels are indicated by arrows in Figure 3.8b bottom. However, low SERS signal regions of the

tissue did not have abundant vascular density (Figure 3.8a bottom) clearly indicating that AuNS
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accumulation and resulting SERS signal overlaps with the vascular density of the tumor. SERS
intensity distribution maps for pMBA present similar results as the DTNB maps (Figure A. 3.5).
The spatial information provided by the Raman maps enables us to provide a quantitative
assessment of biomarkers to understand the heterogeneity of receptor expression both inter-and
intra-tumorally. We retrieved n = 3 mouse tumors at maximum accumulation time-point (6h post
AuNS injection) and performed SERS mapping and obtained the mean intensity of DTNB and
pMBA for each tumor section to generate low and high signal areas corresponding to low and high
accumulation of AuNS. The quantitative (Figure 3.8d) assessment of functionalized AuNS
distribution shows (i) there is a significant difference between the SERS intensity in high
vascularized and low vascularized areas, but (ii) there is no significant difference in expression
between EGFR or PD-L1 receptor throughout this tumor. This is expected as both EGFR and PD-
L1 are in abundance in MDA-MB-231 cells and differences in expression levels in individual

tumor sections cannot be easily detected.
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Figure 3.8 Analysis of receptor status via Raman spatial maps of tumor sections at 1325 cm’™
corresponding to antiPD-L1/DTNB/AuNS. (a) Low SERS intensity map and corresponding CD31
staining (bottom) of the circled area showing poorly vascularized area of the tissue. (b) High SERS
intensity map and corresponding CD31 staining (bottom) of the circled area showing high vascular
density. The micro vessels are indicated by the black arrows. (¢) Overlay of (a) and (b) provides
an overall SERS spatial map. (d) Quantitative assessment of both antiPD-L1/DTNB/AuNS and
antiEGFR/pMBA/AuNS in low and high vascularized areas.

The SERS maps of tumors ex vivo provides (i) a qualitative assessment of both PD-L1 and
EGFR confirming multiplexed biomarker status in the same tissue section, which cannot be
assessed with IHC; (i) a distribution map of functionalized AuNS accumulation in the tumor that
can be strongly correlated to the vascular density indicating the high accuracy of our approach and
that AuNS localize in well-vascularized areas through both receptor-mediated endocytosis and
EPR effect; (iii) spatially-resolved quantitative analysis of both PD-L1 and EGFR expression

levels in the same tissue section that allows us to determine heterogeneities in receptor status; and
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finally (iv) SERS provides a highly reliable approach for both in vivo and ex vivo measurement
since it is undeterred by tissue autofluorescence or photobleaching, which typically plagues IF-
based methods. These collective attributes of SERS mediated by immunoactive AuNS will
ultimately enable patient-selection for PD-L1 checkpoint blockade as well as identify those who
will respond to combination PD-L1/EGFR treatment to improve breast cancer patient outcome, as
well other cancers where these biomarkers are upregulated.

We performed histochemical analysis of tumor sections to understand the biocompatibility
of functionalized AuNS in vivo. Haemotoxylin and Eosin (H&E) staining of the tumor sections
both with and without functionalized AuNS was also performed to ensure the biocompatibility of
AuNS (Figure 3.9). H&E identified that the cellular morphology of tumor tissues did not have any

detrimental effect in the presence of AuNS indicating that they are nontoxic to cells.

With functionalized AuNS Without functionalized AuNS
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Figure 3.9 Haemotoxylin and Eosin (H&E) staining of MDA-MB-231 tumor xenograft with (left)
and without (right) functionalized AuNS administration. The results show the morphology of
tumor does not change with functionalized AuNS indicating the particles themselves are not
detrimental to biological tissues.

Silver enhancement stains of tissue were performed which allows visualization of AuNS as
gold selectively catalyzes the reduction of silver ions and deposits metallic silver which embeds

the AuNS in kidney sections visible under a light microscope. The dark spots in tumor sections
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from the experimental group indicate the presence of functionalized AuNS bound to the cell
surface, not present in tumors without AuNS (Figure 3.10a).

Quantitative longitudinal analysis of biodistribution of nanoparticles in tissue after
systemic delivery is necessary to evaluate their pharmacokinetics, uptake in tumor relative to other
tissues, and their stability and potential toxicity in vivo. We studied the bioavailability and
clearance of functionalized AuNS with inductively coupled plasma mass spectroscopy (IC-PMS)
to measure the Au content in tumors and major organs at 6 h (maximum accumulation) and 72 h
after IV delivery of AuNS (Figure 3.10b). Acid digestion method was used to dissolve gold in the
tissues into the solution for mass spectroscopy reading. At both 6 h and 72 h, very few gold
amounts were found in the stomach (2.8 + 1.4), heart (5.2 + 3.0) and lungs (4.0 £ 3.5). Minimal
amounts of Au was found in the brain (0.5 + 0.6) since the blood brain barrier does not allow entry
of functionalized AuNS."""" The majority of gold content was found in both mononuclear
phagocyte system (MPS) organs at 72 h, spleen (724.6 £ 156.2) and liver (142.4 £ 60.9). There is
significantly higher Au content in spleen at 72 h (724.6 £ 156.2) relative to 6 h (210.9 £ 88.3)
which is statistically significant (p<0.05), demonstrating AuNS mostly clears through the spleen.
Clearance of nanoparticles through MPS is not surprising and has been reported previously for
other gold nanoparticles.®® ! The presence of Au in kidneys (20.7 + 6.7) was minimal since
nanoparticles >10 nm are less likely to have renal clearance via glomerular filtration in mice.'"*
% However, deviation to this trend has been observed previously where PEG coated Au
nanoparticles were targeted to the mesangium of the kidney, the thin membrane of cells that
supports glomerular capillaries, and accumulation in kidneys was observed for ~75 nm
nanoparticles.'”> The nanoparticle morphology, including size, shape, and aspect ratio, has been

shown to play a strong role in their clearance pathways, where anisotropic nanostructures with
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optimized aspect ratio have been shown to have renal clearance.'”*'”® Whereas clearance of AuNS
through the MPS is expected in mice, this should not hinder clinical translation of AuNS as sub-
micron and micron-sized particles have been shown to have renal clearance through the kidney in
large animals and humans."””?" We also compared the Au content in tumors from the
experimental group with the pre-blocked control tumors at maximum accumulation time-point (6
h post functionalized AuNS injection) and observed statistically significant differences in Au
content (p<0.05) (Figure 3.10c). Moreover, significantly higher AuNS uptake was observed at the
maximum accumulation time (6h) than at the end of the study (72h) for the experimental group
(p<0.05). The differences in AuNS content indicates the clearance of AuNS at the end of the study.
The trends observed in IC-PMS correlate well with our in vivo endpoints where a significant
difference in Raman signal was detected at 6h time-point and rapid decrease in signal was observed
by 72h. Lastly, AuNS content in major organs were also compared between the experimental group
with the pre-blocked control at the end of the study and no significant difference was found (Figure

A.3.6).
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Figure 3.10 Biodistribution of AuNS functionalized with Raman tags, antibodies, and PEG. (a)
Silver enhancement stain showing AuNS accumulation in tumors vs. tumors that did not receive
AuNS. (b) IC-PMS results of Au content in tumor and major organs at 6 h (n=3) and 72 h (n=4)
post IV delivery of functionalized AuNS showing AuNS presence in tumor and in the mononuclear
phagocyte system. The difference in Au content of spleen at 6 h and at 72 h is statistically
significant (p<0.05). (c¢) IC-PMS analysis of AuNS accumulation in tumors compared at 6 h and
72 h. Differences in Au content between experimental and control groups was statistically
significant for tumors retrieved at 6h post AuNS delivery (p<0.05).

Further, we obtained transmission electron microscopy (TEM) images of tumors and major
organs to understand the internalization and localization of functionalized AuNS in the tumor
microenvironment and in MPS of liver and spleen (Figure 3.11). Tumor xenografts were retrieved
at 6h post AuNS delivery in vivo, then fixed and sectioned for TEM imaging. Functionalized AuNS
were observed in intracellular vesicles in the tumor but were not found in the mitochondria, the
nucleus, or other cellular organelles. AuNS uptake and internalization in tumors is facilitated both

by the EPR effect as well as receptor-mediated endocytosis enabled by targeting antibodies on the
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AuNS surface.'”” 2% Liver and spleen were retrieved at the end of the study i.e. 72h time-point.
Functionalized AuNS were found in the Kupffer cells of the liver and macrophages of the spleen.
Nanoparticle uptake in Kupffer cells and macrophages have been previously reported in the
literature.****® In addition, AuNS were also found in lysosome-like structures within the
macrophages, indicating endocytosis was the major mechanism for particle uptake. Lastly, we also
retrieved the mouse hearts at the end of the study and did not find any AuNS which corroborates
literature findings that gold nanoparticles cannot penetrate through the continuous endothelium
cells in the arteries.””**'' Notably, TEM images also clearly demonstrated that the functionalized

AuNS maintained their structural and morphological integrity after IV delivery.

»

Figure 3.11 Transmission electron micrographs showing accumulation of functionalized AuNS in
breast cancer tumors and major organs. The functionalized AuNS maintained their structural
integrity after circulation in the body and were found in the tumor, in macrophages of the spleen,
and in Kupffer cells of the liver via intracellular vesicles (indicated by the red arrow).
Functionalized AuNS were not observed in the heart of the mouse.
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3.5 Conclusion

In summary, in this work we demonstrate the utility of AuNS labeled with Raman tags and
antibodies to diagnose immunomarker PD-L1 and concurrently detect EGFR in MDA-MB-231
breast cancer tumors in vivo and ex vivo with noninvasive surface-enhanced Raman spectroscopy
(SERS). Tracking of AuNS in vivo provide a longitudinal analysis of AuNS accumulation in
tumors and simultaneous detection of PD-L1 and EGFR. Furthermore, SERS spatial maps of tumor
sections ex vivo showed excellent correlation of AuNS distribution to vascular density, and enabled
both qualitative and quantitative assessment of biomarker status in tumors. The bioavailability and
clearance of AuNS was evaluated both with IC-PMS and TEM imaging which revealed AuNS
accumulate in the tumors likely via receptor-mediated endocytosis and cleared by MPS. This study
highlights the potential of SERS with dose-controlled AuNS to transform the diagnosis of cancer
patients and enable patient-tailored immunotherapies. We anticipate that early monitoring with
SERS will allow practitioners to determine the optimal treatment regimen of single checkpoint
blockade or combination therapies to enable remission-free survival. Since PD-L1 and EGFR
upregulation has been correlated to many cancers including non-small cell lung, renal, and colon
cancer, multiplexed SERS with AuNS will also benefit patients beyond breast cancer. The utility
of SERS as both a powerful in vivo and ex vivo diagnostic tool will ultimately eliminate the need
for unpredictable immunohistochemistry, and allow assessment of multiple immunomarkers
within the same biopsy, minimizing repeated invasive procedures and patient discomfort. We
expect this work will enable a path forward to clinically translate engineered gold nanostructures
for both detection of immunomarkers and for therapeutic delivery of immunomodualtors and

Vaccines.l‘HS’ 34,212
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3.6 Appendix

Figure A. 3.1 TEM images of MDA-MB-231 incubated with functionalized AuNS for 16 h. AuNS
were bound to the surface of the cells via receptor-antibody interactions.
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Figure A. 3.2 Raman spectra of tumor xenograft without functionalized AuNS injection showing
the intensity of the lipid peak (1440 cm™) remains consistent over time.
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Figure A. 3.3 Mammary tumor xenografts were imaged before functionalized AuNS injection (0
h). Each color indicates averaged Raman spectrum of a single mouse (n=4). Both DTNB (at 1325
cm™) and pMBA’s (at 1580 cm-1) signature peaks, indicated by the grey box, were not observed
at 0 h. Mice were then injected with 1.2 mg of a 2:1 mixture of anti-EGFR-pMBA-AuNS and
antiPD-L1-DTNB-AuNS. The tumors were imaged at 6 h post particle injection.

Figure A. 3.4 (a) Tissue mask and (b, ¢) sub-masks of the lipid peak at 1440 cm™ were used to
quantify ex vivo mapping.
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Figure A. 3.5 Quantitative analysis of Ex vivo Raman mapping at 1580 cm™ (pMBA).
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Figure A. 3.6 Biodistribution of AuNS functionalized with Raman tags, antibodies, and PEG at
the end of the study, 72 h time point in experimental group mice (n = 4). The control group (n=3)
was pre-blocked with IP delivery of anti-EGFRa + anti-PD-L1a prior to functionalized AuNS
injection.
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Chapter 4

MULTIMODAL MULTIPLEXED IMMUNOIMAGING WITH GOLD NANOSTARS FOR
DETECTION OF IMMUNOMARKERS AND TO MONITOR RESPONSE TO
IMMUNOTHERAPIES

4.1 Summary

Checkpoint blockade immunotherapy has driven a paradigm shift in the treatment of
melanoma. Immunohistochemistry (IHC) is currently the gold standard to predict checkpoint
receptor expression; however, IHC requires the collection of invasive biopsies, and the results are
often biased due to tumor heterogeneity. This underscores the critical need for accurate,
noninvasive diagnostic tools that can identify immunomarkers that engage in tumor
microenvironment (TME) to enable patient-tailored immunotherapies. Our lab developed a
multimodal imaging platform to simultaneously detect programmed death ligand 1 (PD-L1) on
tumor cells and CD8 on T cells. By combining positron emission tomography (PET) with surface-
enhanced Raman spectroscopy (SERS) using gold nanostars (AuNS), depth-resolved whole-body
imaging can be achieved with spatiotemporal resolution. AuNS were functionalized with
radioactive isotope Cu64, PD-L1 and CDS8 antibodies, and corresponding Raman molecules (anti-
PD-L1 with pMBA and anti-CD8 with DTNB). PET images showed high tumor-to-muscle ratio
in signal, indicating the specificity of the AuNS. Strong increases in SERS signals for both Raman
tags corresponding to PD-L1 and CDS8 antibodies were also observed. Furthermore, using AuNS
and PET/SERS, responses to immunotherapy can be monitored by tracking changes in PD-L1 and
CD8 levels. Mice treated with CD137 and PD-L1 antibody combination therapy were imaged.
DTNB signal corresponding to CD8 expression was increased threefold after the therapy,
indicating the success of CD8+ T cell infiltration into TME. We showed the combination of PET

and SERS with AuNS can not only accurately identify PD-L1 and CDS8 expression for

82



immunotherapy patient selection, but also provide accurate prediction on responses to

immunotherapy.

4.2 Introduction

Upregulation of immune checkpoint programmed cell death protein-1 (PD-1) and
subsequent binding of PD-1 to its ligand, PD-L1, impedes effector T cell function contributing to
immunosuppression.'** *'* Inhibition of the PD-1/PD-L1 axis with immunotherapies has recently
transformed the therapeutic landscape for a broad array of cancers. However, despite the clinical
activity of these agents, only a fraction of patients respond in most tumor types and identifying
patients likely to benefit from these therapies remains challenging.'**'® Current predictive
technologies rely on static measure of PD-L1 status in biopsies which cannot adequately
distinguish responders from nonresponders. This could be in part due to limited tissue sampling or
the spatial and temporal heterogeneity of PD-L1 among patients, and within the same patient’s
primary and metastatic lesions.”'*'* Therefore, noninvasive molecular imaging is critical in the
immunotherapy drug development pipeline to (i) enable accurate and dynamic measure of PD-L1
status in vivo and identify those who will respond to immunotherapies even before treatment
begins, (i1) allow multiplexed recognition of other immunomarkers that show engagement of the
immune tumor microenvironment (TME) to determine alternative therapies for nonresponders,
and (iii) establish new surrogate end points for monitoring treatment efficacy early in the
immunotherapy regimen and reflect the dynamic changes in immunomarker localization during
therapeutic intervention.”*****

The dynamic profiling of both PD-L1 and cytotoxic CD8" T cells in vivo is highly relevant

both pre- and post-treatment to predict the complex interplay between the immune system and
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TME. CD8" activated T cells both within the tumor and at the invasive margin is a positive
prognostic marker and demonstrate active engagement of antitumor immunity.**** Studies have
shown tumors infiltrated with CD8" T cells and expressing PD-L1 are most likely to benefit from
PD-L1 blockade.”?***" The strong correlation between PD-L1 inhibition, and CD8" activation of
T cells motivates multiplexed detection of both markers to ultimately provide translatable methods
for predicting clinical responses to immunotherapies.

In this work, we simultaneously detect both PD-L1 and CDS8 in vivo (Figure 4.1a) and
monitor response to checkpoint blockade with an innovative probe, immunoactive gold nanostars
(AuNS), which combine positron emission tomography (PET) with surface-enhanced Raman
spectroscopy (SERS). PET and SERS are complimentary imaging techniques seamlessly
integrated with AuNS, allowing depth-resolved whole-body imaging with PET to locate the
macroscopic distribution of tumors to tissue depths of many centimeters. This is followed by
multiplexed detection with SERS identifying immunomarkers that dynamically control local and
systemic immunity in the TME. We have shown SERS enables quantitative biomarker screening
where gold nanostars amplify the signal of Raman molecules by 10° allowing high signal-to-noise
data and enhanced spatiotemporal resolution.®® Our group has also shown multiplexing with SERS
in vitro and in vivo is facilitated by the narrow linewidths of vibrational signature of Raman tags
allowing minimal spectral overlap.'®**® Further, the straightforward surface chemistry of gold
allows to conjugate multiple molecules on AuNS surface. Here we show AuNS labeled with
antibodies, Raman tags, and **Cu radiolabel honed in the tumors after systemic delivery in vivo in
immunocompetent tumor-bearing mice. AuNS detected both PD-L1 expressing tumor cells and
CDS"activated T cells simultaneously in the TME with high specificity and sensitivity. Further we

demonstrate AuNS are effective in monitoring response to immunotherapy in mice treated with
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combination antiPD-L1+antiCD137 mAbs. CDI137 is a costimulatory receptor expressed on
activated T cells and shown to have synergistic therapeutic benefits with PD-L1 blockade.*****°
ImmunoPET-SERS with AuNS demonstrated both inhibition of PD-L1, and infiltration of CD8"
T cells into tumors of treatment mice that correlated well with decrease in tumor growth.
Immunohistochemistry (IHC) analysis of tumors confirmed CD8+ expansion in treatment mice
relative to control mice that received isotype-matched IgG mAbs. We envision the findings of this
work will enable a clinically translatable technology that will ultimately enable image guided

interventions ranging from noninvasive treatment planning to predicting therapeutic effectiveness

to allow remission-free survival of cancer patients.

4.3 Materials and Methods

4.3.1 Synthesis of Gold Nanostars (AuNS)

AuNS were synthesized with a biological buffer, (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES) though a one-step and seedless mediated method that was
previously described by our group. Briefly, 18 ml of ultrapure water at 18 MQ was added to 12 ml
of 270 mM HEPES buffer at pH 7.40 = 0.2. Next, 300 uL of 20 mM chloroauric acid was added.
The solution was then mixed by gentle inversion and reacted for 75 minutes at room temperature.
Both AuNS synthesis materials, gold(IIl) chloride trihydrate (HAuCl4), and HEPES were

purchased from Sigma-Aldrich.

4.3.2 Functionalization of AuNS

Raman tags, 4-mercaptobenzoic acid (pMBA) and 5,5’-Dithiobis(2-nitrobenzoic acid)
(DTNB) were purchased from TCI America. Bifunctional linker, orthopyridyl-disulfide

poly(ethylene glycol)-N-hydroxysuccinimide ester (OPSS-PEG-NHS ester, My, 2000) was
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purchased from JenKem Technology. To conjugate Raman tags to the AuNS surface, 6 uL of 10
mM pMBA or DTNB (in 100% ethanol) were added to 60 mL of AuNS and reacted for 15 minutes
at 4 °C. To remove excess Raman tags, the AuNS was centrifuged at 6000 rpm for 10 minutes. To
functionalize targeting antibodies to AuNS, OPSS-PEG-NHS ester linkers were first reacted with
anti-PD-L1 (Bio X Cell, clone 10F.9G2) and anti-CD8 (Bio X Cell, clone 53-6.7) antibody. Briefly,
8 uL of 80 mg/ml OPSS-PEG-NHS was added to 72 pL of 1 mg/mL antibody and allowed to react
in 100 mM pH 8.4 &+ 0.1 sodium bicarbonate (NaHCO3) buffer at 4 °C for 24 h. After, 80 uL of
OPSS-PEG-anti-CD8 or OPSS-PEG-anti-PD-L1 was then added to 6 ml of Raman-labeled-AuNS
at 1.14 mg/mL. The AuNS solution was then mixed on an inverter for another 24 h. Next, to
conjugate chelator, 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) to gold,
OPSS-PEG-NHS ester linkers were reacted with 1.4 mg of DOTA-amine (Macrocyclics) at 1 : 1
ratio for 10 hours. OPSS-PEG-DOTA was then reacted with AuNS for 12 h. Lastly, the fully
functionalized AuNS (anti-PD-L1-pMBA-AuNS or anti-CD8-DTNB-AuNS) were centrifuged at

4000 rpm for 10 minutes twice and resuspended at a concentration of 5 mg/ml.

4.3.3 Characterization of Functionalized AuNS

The plasmon resonance of 1.5:1 mixture of anti-PD-L1-pMBA-AuNS and anti-CDS-
DTNB-AuNS was measured with a Varian Cary 5000 UV-Vis NIR spectrophotometer. The size
and shape of AuNS were visualized with an Osiris transmission electron microscope (TEM) at 200
keV. The Raman spectra of AuNS mixture at 1.5:1 (anti-PD-L1-pMBA-AuNS and anti-CDS-
DTNB-AuNS) was obtained with a custom Raman setup with a 785 nm laser at 80nW. A Malvern
Nano ZS dynamic light scattering apparatus was used to measure both the hydrodynamic size and

the zeta potential of AuNS before and after functionalization.
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4.3.4 YUMM 2.1 Xenograft Model and in vivo Multimodal Multiplexed Imaging

YUMM 2.1 cells were provided by Dr. Ann Richmond (Vanderbilt University Medical
Center, Department of Pharmacology and Tennessee Valley Healthcare System, Department of
Veterans Affairs). YUMM 2.1 cells were cultured in Dulbecco’s Modified Eagle’s medium
(DMEM, Gibco), supplemented with 10% fetal bovine serum (FBS, Sigma Aldrich), 1% penicillin
streptomycin (Gibco), and 1x MEM non-essential amino acid (Sigma Aldrich). YUMM 2.1 cells
were cultured at 37 °C and 5% CO,. To develop xenografts in B6 (C57BL/6], Jackson laboratory)
mice, 1.5 million YUMM 2.1 cells per 100 ul were injected into the right flank of each mouse.
The xenografts were monitored with a caliper every two days. Once the tumor reached 5 mm in
diameter, functionalized AuNS, anti-PD-L1-pMBA-AuNS and anti-CD8-DTNB-AuNS at 1.5:1
ratio was administrated into mice intraperitoneally (i.p.) for PET and SERS imaging experiments.
Each mouse was injected with 1.2 mg of AuNS with 800 nCi of Cu64 activity. For blocked control,
200 pg anti-PD-L1 (Bio X Cell, clone 10F.9G2) and 200 pg of anti-CD8 (Bio X Cell, clone 53-
6.7) antibodies were injected (i.p.) concurrently with AuNS at the other side of abdominal cavity.
Note, the antibodies utilized for pre-blocked control were the same clone as the antibodies used to
functionalized AuNS.

Mice bearing YUMM 2.1 xenograft (for both experiment and pre-blocked control groups)
were first placed in a small animal imaging PET/CT machine (Inveon microPET/CT from Siemens
Preclinical, Knoxville TN). Mice were imaged at 6, 18, and 42 h post AuNS administration. The
images were uploaded in the imaging software Amide and three dimensional regions-of-interest
(ROIs) were drawn around the tumors, liver, kidneys, and muscle. Once the tumor xenografts were
identified with PET, SERS imaging was then performed at 5 different sites of the tumor xenograft
with a custom portable Raman imaging setup. The Raman fiber optic probe was gently placed on

on the xenograft. Measurements were taken for 10 s with a 785 nm laser (Innovative Photonics
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Solutions) at 80 mW. Raman measurements were done at the same time points as PET imaging (6,
18, and 42 h post AuNS administration). To calibrate the Raman spectrometer, acetaminophen,
naphthalene, and a neon-argon lamp were used as standards to determine the Raman shift from the
absolute and relative wavenumber axis of the system. Raman scattering from the samples were
first collected from the fiber optic probe, then by an imaging spectrograph (Kaiser Holospec). CCD
camera (Princeton Instruments) was used to capture the obtained spectrum.

Raman spectra were first processed for spectral response calibration with a National
Institute of Standards and Technology (NIST) calibrated lamp. Savitzky-Golay filter (2,7) was
then applied for spectra smoothing and background subtraction was performed with a modified
(7™ order) polynomial fit method. At each time point, both DTNB and pMBA peaks, 1325 cm’™

and 1580 cm™ were normalized to 1440 cm™ biological peak, which does not change over time.

4.3.5 In vivo Multimodal Multiplexed Imaging to Monitor Treatment Responses

1.5 million YUMM 2.1 cells per 100 ul were injected into the right flank of each mouse to
develop tumor xenografts. Once the tumor reached 5 mm in diameter, immunotherapy treatment
or IgG control injection commenced. Each treatment mouse received 3 doses of 115 pg of anti-
CD137 antibodies (Bio X Cell, clone 3H3) and 200 pg of anti-PD-L1 (Bio X cell, clone 10F.9G2)
antibodies every 3 days. Each IgG control mouse received 3 doses of 115 pg of IgG2a isotope
control (Bio X Cell, BE0089) and 200 pg of IgG2b isotope control (Bio X cell, BE0090) every 3
days. Tumor sizes were measured with a caliper every 2 days. Mice weight was also monitored to
ensure the therapy did not cause any extraneous side effects. A day after the last treatment, mice
were administrated with functionalized AuNS, anti-PD-L1-pMBA-AuNS and anti-CD8-DTNB-
AuNS at 1.5:1 ratio for PET/SERS imaging. PET imaging and Raman measurement were

performed in the same manner as previously described.
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4.3.6 Toxicity Study of AuNS in vivo

1.5 million YUMM 2.1 cells per 100 ul were injected into the right flank of each mouse to
develop tumor xenografts. Once tumor reached 5 mm in diameter, functionalized AuNS, anti-PD-
L1-pMBA-AuNS and anti-CD8-DTNB-AuNS at 1.5:1 ratio was administrated into mice
intraperitoneally (i.p.). Mice were sacrificed either 5 or 15 day post particle injection. Cardiac
puncture was performed as soon as the mice were euthanized to obtain 500 ul of blood per mouse
for both complete blood count (CBC) and serum liver/kidney metabolite study. In addition, tumor,
heart, liver, kidney and spleen of each mouse were retrieved and fixed in 6% formalin for
Hematoxylin and eosin (H&E) staining. The toxicity study was performed at Vanderbilt University
Medical Center — Translational Pathology Shared Resources. Complete blood counts were
performed in the Forcyte Veterinary Hematology Analyzer manufactured by Oxford Science.
Blood chemistries were performed on the Vet Axcel Chemistry Analyzer manufactured by Alfa

Wassermann.

4.3.7 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

Mice bearing YUMM 2.1 xenograft were injected with functionalized AuNS, anti-PD-L1-
pMBA-AuNS and anti-CD8-DTNB-AuNS at 1.5:1 ratio. For each mouse, the tumor, stomach,
liver, spleen, kidneys, heart, lungs, brain and muscle were retrieved either 5 or 15 days post particle
injection. After dissection, the tissues were frozen immediately in liquid nitrogen. Lyophilizer was
first used to remove any water in the tissues. Next, dried tissues were then place in 75 vol. % traced
metal grade aqua regia (HCI from Fisher Scientific, AS08-P500 and HNO; from Fisher Scientific,
A509-P500) for 72 h. Aqua regia was then boiled off and the tissue samples were then redissolved
in 10 ml of 2 vol. % aqua regia. Filters (0.4 pm) were used to remove any impurities prior to ICP-

MS readings.
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ICP-MS measurement and analysis were performed at Vanderbilt University, Department
of Civil and Environmental Engineering. Perkin Elmer model ELAN DRC II was operated in
standard mode for all readings. The setting of the instrument was 1.5 kW radio frequency power,
15 L/min argon plasma flow, 1 L/min nebulizer flow, and 1 s integration time for 3 replicates. Six-
point calibration curve was performed for gold isotope 197 between 0.05 ug/L and 500 pg/L.
Analytical blanks and check standard (0.5 pg/L) were measured for every 3-5 samples to ensure

the readings were within 15% of the specified value.

4.3.8 Transmission Electron Microscope Imaging of Tissues

Mice bearing YUMM 2.1 tumor xenograft were injected with functionalized AuNS, anti-
PD-L1-pMBA-AuNS and anti-CD8-DTNB-AuNS at 1.5:1 ratio. The mice were sacrificed at 6h
post particle administration, and the tumor xenograft, liver, and spleen were retrieved. All samples
were sectioned into 1 mm by 1 mm pieces with razor blades and fixed in 2.5% gluteraldehyde in
0.1M cacodylate buffer (pH 7.4 £ 0.1) first at room temperature for 1 h then 24 h at 4 °C. The
specimens were further processed for transition electron microscopy imaging by the Vanderbilt
Cell Imaging Shared Resource facility. The tissue samples were further fixed with 1% osmium
tetraoxide and washed with 0.1 M cacodylate buffer. Sample dehydration was done serially with
graded ethanol. Three 100% ethanol exchanges and two exchanges of pure propylene oxide (PO)
were performed. The samples were then filtrated with 25% Epon 812 resin and 75% PO for 30
minutes at room temperature then with 50% Epon 812 resin for 1 h and 50% PO overnight.
Subsequently, all samples went through a Epon 812 resin and PO (3:1) exchange and incubated
with pure epoxy resin overnight. Before sample embedding, two exchanges of pure epoxy resin
were performed. Lastly, polymerization was done at 60 °C for 48 h. Once the embedding process

was complete, the samples were first sectioned at 500-1000 nm then were cut for 70-80 nm ultra-

90



thin sections. The samples were placed on copper grids and stained with uranyl acetate (2%) and
Reynold’s lead citrate. TEM imaging was performed with the Philips/FEI Tecnai T12 electron

microscope.

4.4 Results and Discussion

Gold nanostars were synthesized with a biological buffer, HEPES (2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid), as previously described by our group.*> '
HEPES binds weakly to gold surface allowing straightforward surface modification with chelated
radiolabel, Raman tags, and antibodies for targeted detection. Two sets of AuNS were synthesized:
(1) PD-L1 detection nanostars were functionalized with antiPD-L1 mAbs, Raman tag para-
mercaptobenzoic acid (pMBA), and DOTA chelated **Cu radiolabel; (ii) for CD8 detection,
nanostars were functionalized with antiCD8 mAbs, Raman tag 5,5-dithio-bis-(2-nitrobenzoic acid)
(DTNB) and **Cu. Since PET cannot distinguish signals between radiolabels, the different Raman
tags covalently bound to AuNS surface enabled multiplexed detection. To ensure stability of AuNS
in vivo, mAbs and chelated radiolabel were covalently conjugated to AuNS via a bifunctional
linker, OPSS-PEG2000-NHS which formed amide bonds with the primary amines on the mAbs
and DOTA (Figure 4.1bi). The polyethylene glycol (PEG) in the linker stabilized the mAbs and

DOTA, and then covalently attached to the nanostars via a thiol in the orthopyridyl disulphide

(OPSS) group resulting in multimodal AuNS (Figure 4.1bii).
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Figure 4.1 (a) Schematic representation of AuNS-mediated multimodal multiplexed ImmunoPET-
SERS imaging to detect PD-L1 and CD8+ T cells in YUMM 2.1 melanoma tumors. (b) Schematic
describing the synthesis of AuNS. (i) Antibodies and DOTA chelator were modified with a
bifunctional linker OPSS-PEG2000-NHS ester forming an amide bond and terminating the PEG
stabilized antibodies and chelator with a thiol via the orthopyridyl disulphide (OPSS) group. (ii)
Gold nanostars were functionalized with Raman tags (pMBA or DTNB) via a thiol-Au reaction
followed by conjugation with PEG stabilized antibodies and DOTA, and finally **Cu radiolabels
were chelated to give rise to AuNS.

The physicochemical properties of AuNS were characterized with electron microscopy
(Figure 4.2a) showing star-shaped morphology, and dynamic light scattering (Figure 4.2b)
indicating <100 nm dimension which is ideal for accumulation in the TME through the enhanced
permeability and retention (EPR) effect.'” ?*' The increase in size of nanostars post-
functionalization results in a ~30 nm red shift in the plasmon resonance (Figure 4.2¢) allowing
them to absorb tissue-penetrating near-infrared light that has a 3-5 c¢m penetration depth®*>**,

ideal for in vivo SERS. Our previous work also show nanostars generate intense electromagnetic
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fields when illuminated with resonant light amplifying the vibrational signal of Raman molecules
by 10° amenable for high resolution SERS.®* ?*® The SERS spectra of an equimolar mixture of
AuNS consisting of AuNS/antiPD-L1/pMBA/*Cu + AuNS/antiCD8/DTNB/*'Cu show the
Raman tags have minimal spectral overlap (Figure 4.2d) enabling multiplexed immunomarker
detection. We also validated Cu chelation to AuNS with inductively coupled plasma mass
spectrometry (ICP-MS) and quantified 0.99+0.04 ug Cu/mg Au in the presence of DOTA relative
t0 0.035+0.02 ug Cu/mg Au for bare nanostars control indicating successful radiolabeling of AuNS
(Figure 4.2¢). In addition, zeta potential measurements confirmed (Figure 4.2f) PEG conjugation
on AuNS results in near neutral surface charge necessary to minimize uptake by the mononuclear

phagocyte system (MPS).
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Figure 4.2 Physicochemical properties of AuNS. (a) TEM micrograph of AuNS showing their star
shape. (b) Hydrodynamic size and (c) extinction spectra of bare gold nanostars (AuNS) and
functionalized AuNS. (d) Raman spectra of a mixture of AuNS targeting CD8 and PD-L1 via
DTNB (1325 cm™) and pMBA (1580 cm™) tags respectively; the signature peaks of the tags are
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highlighted. (¢) Amount of Cu chelated per mg AuNS quantified via ICP-MS. (f) Zeta potential of
the bare AuNS and functionalized AuNS.

Multiplexed immunomarker detection was achieved in a murine model of melanoma with
Yale University Mouse Melanoma cell line variant 2.1 (YUMM 2.1) tumors which are highly
immunogenic with intrinsically upregulated PD-L1 expression and high infiltration of CD8+ T

cells.”®

We evaluated the biocompatibility and toxicity profile of AuNS in YUMM 2.1 tumor-
bearing mice at 5, and 15 days post IP delivery of AuNS (60 pg/g) to examine both near-term and
longer-term impact. Standard serum inflammatory markers were evaluated to determine if AuNS
elicit any immune response or toxicity in mice. Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were used as indicators of liver function (Figure 4.3a) and total bilirubin
(TBIL), creatinine (CREA), and blood urea nitrogen (BUN) were used to measure renal function
(Figure 4.3b).%%7 Further, the complete blood count (CBC) including hemoglobin, red blood cell,
white blood cell, and platelet concentration (Figure 4.3¢c-¢) were also examined in mice sera. These
serum biochemical markers were comparable for mice that received AuNS relative to control mice
without AuNS indicating minimal inflammatory response or toxicity from AuNS. The monocyte
and lymphocyte counts were evaluated in mice (Figure 4.3f) which shows no obvious immune
response was elicited with AuNS post-delivery. These observations were confirmed with

hematoxylin and eosin (H&E) stain of major organs and tumor of mice that received AuNS and

no noticeable abnormalities or histopathological changes were observed (Figure 4.4).
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Figure 4.3 Toxicity and Biodistribution of AuNS. Serum inflammatory markers and complete
blood count of control mice without AuNS (n=3) and mice that received IP delivery of AuNS (n=3
for both 5 and 15 days post-delivery). Inflammatory markers including (a) liver enzyme, alanine
aminotransferase (ALT) and aspartate aminotransferase, (AST), and (b) kidney markers, total
bilirubin (TBIL), blood urea nitrogen, CREAT (creatinine), and blood urea nitrogen (BUN)
shown no significant differences in control and mice that received AuNS. Complete blood
analysis also shows no abnormality in hematology parameters including (¢) hemoglobin, (d)
red blood cell, (e) WBC (white blood cell) and platelet, and (f) white blood cell profile, %
monocyte and % lymphocyte. (g) Biodistribution and clearance of AuNS confirmed with ICP-
MS showing Au in tumor, muscle, and major organs both 5 days (n=3) and 15 days (n=3) post
AuNS delivery. TEM micrographs of AuNS in (h) Kupffer cells in liver and (i) intracellular
vesicles in tumors.

Understanding the biodistribution and clearance of AuNS in vivo is necessary to understand
their pharmacokinetics, bioavailability, and stability. Quantitative ICP-MS analysis of Au in tumor

and major organs that were retrieved 5 and 15 days post IP delivery of AuNS (Figure 4.3g)
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demonstrate both near-term and long-term clearance pathway of AuNS. AuNS amounts in all
organs are provided in detail in supporting information (Table 4.1). AuNS were retained in tumors
even at 5 and 15 days post-delivery indicative of active targeting in TME as well as accumulation
through EPR effect. Trace Au was found in brain tissue since the blood brain barrier prevents the
entry of nanoparticles larger than 10 nm, and minimal Au was found in muscles, lungs, and
stomach, as expected. Whereas the size of AuNS limits their filtration through the glomerular
capillary wall of kidneys in mice, this should not impede clinical translation of AuNS as micron-
sized particles have shown renal clearance in large animals and humans.'**>% Here, AuNS were
predominantly cleared through the MPS organs the of spleen and liver via internalization by
macrophages as expected for gold nanoparticles.”**?”> TEM micrographs confirm that AuNS were
localized in Kupffer cells in the liver (Figure 4.3h). In the tumor, AuNS were observed in
intracellular vesicles or lysosome-like structures (Figure 4.31) suggesting internalization through
receptor-mediated endocytosis.

Heart Kidney Liver Spleen Tumor

No AuNS

5 days

15 days

NS Fih i) o
NG DAL By

Figure 4.4 Hematoxylin and eosin (H&E) stain of heart, kidney, spleen, liver and tumor for AuNS
toxicity study. H&E stain of mice tissues shows AuNS does not impose any toxicity to the animal.
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Table 4.1 Quantitative ICP-MS analysis of biodistribution of AuNS in YUMM 2.1 tumor-bearing
mice 5 and 15 days post AuNS delivery.

Organ Days After AuNS Injection
5 15
Muscle 2.1+ 0.8 3.1+£2.6
Tumor 35.6 £21.0 243 +12.9
Brain 05+0.2 09=+0.5
Lung 8.1+1.2 16.5£4.0
Stomach 183+4.6 31.7+8.8
Heart 21.2+£52 33.6+£2.6
Kidney 51.2%+11.5 62.4+438
Spleen 505.0 £59.0 366.4 £138.2
Liver 187.9+46.2 125.9£71.0

Next, we demonstrated biocompatible AuNS detect both PD-L1 and CD8 in vivo in the
TME via longitudinal ImmunoPET-SERS imaging after IP delivery of AuNS (60 pg/g) in YUMM
2.1 tumor-bearing mice. First, PET and CT images were acquired in mice at 6, 18, and 42h post
AuNS administration to observe their accumulation in tumors and major organs via whole body
scans. Both coronal (Figure 4.5a) and transverse views (Figure 4.5b) indicate AuNS accumulate
in tumors but also in spleen and liver. To account for the decay of **Cu (half-life ~12 h), tumor-
to-muscle (T/M) ratio was obtained (Figure 4.5¢) which quantitatively showed an increase in PET
signal even at 42h. The continuous increase in PET signal over time in experimental group
indicates a lower background (muscle) signal which suggests that AuNS are retained in tumors
over a long period. AuNS have longer plasma half-time compared to radiolabeled antibodies which
enables an extended longitudinal imaging and immunomarker detection as shown here. The
specificity of AuNS in PD-L1 and CDS8 detection in TME was demonstrated by blocking both

immunomarkers in control mice and administering a saturating dose of antiPD-L1 and antiCD8
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mAbs (200 pg each). T/M ratio showed statistically significant differences between experimental
and blocked control group demonstrating the high specificity of AuNS in detecting
immunomarkers in the TME. However, multiplexing cannot be achieved with PET to distinguish
the signal between the two immunomarkers, which was achieved with SERS. SERS measurements
were acquired immediately after imaging using a custom portable Raman setup equipped with a
785 nm continuous-wave laser at 80 mW power and a fiber optic probe. SERS spectra was acquired
by placing the probe at eight different locations on the tumor; spectra were then averaged and
background subtracted using a Savitzky-Golay filter.”*® The SERS peaks corresponding to
detection of CD8+ T cells (DTNB, 1325 cm™) and PD-L1 tumor cells (pMBA, 1580 cm™) were
normalized to the biological peak at 1440 cm™ (corresponding to lipids and proteins) which
remains consistent within the same mouse over time. The SERS spectra (Figure 4.5d) before AuNS
delivery (Oh) and at 6h time-point clearly shows AuNS accumulate in tumors enabling highly
specific multiplexed detection of PD-L1 and CDS8 in experimental tumors relative to blocked
control. Longitudinal SERS (Figure 4.5¢) showed the maximum accumulation of AuNS occur at
6h post AuNS delivery and a decrease in SERS intensity at 42h time-point indicates clearance of
AuNS. Quantitative SERS analysis at 6h indicated a statistically significant difference in CD8
(49% lower DTNB signal) and PD-L1 (38% lower pMBA signal) detection between experimental

and receptor-blocked control mice (Figure 4.5f).
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Figure 4.5 ImmunoPET-SERS detection of PD-L1 and CD8 with AuNS. (a) Whole body PET/CT
images of mouse bearing YUMM 2.1 tumors at 6 h post AuNS delivery. In control receptors were
blocked with mAbs prior to AuNS delivery. (b) Transverse PET/CT images at 6h, 18 h, and 42 h
post AuNS delivery. In (a) and (b) tumors are indicated in circle. (¢) Longitudinal PET by
examining tumor to muscle (T/M) ratio showing statistically significant differences (p<0.05) in
uptake of AuNS in experimental tumors (n=7) relative to blocked control (n=5). (d) Normalized
SERS spectra of tumors before AuNS delivery (0 h) and at maximum accumulation time (6 h) of
experimental and blocked control mice. The dominant peak for Raman tags DTNB (1325 cm™)
and pMBA (1580 cm™) are highlighted in yellow. (¢) Longitudinal SERS analysis where pMBA
and DTNB peaks were normalized to intrinsic lipid peak at 1440 cm™. (f) SERS quantification of
PD-L1 and CD8 at maximum accumulation time indicating statistically significant differences
(~49% difference in DTNB and ~38% in pMBA) between experiment and blocked control groups
(p<0.05).
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We further validated our in vivo ImmunoPET-SERS results by examining the tumors of
experimental and blocked control mice with flow cytometry. Quantitative flow (Figure 4.6)
showed a decrease in PD-L1 positive tumor cells (42.6% to 0.34%) and CD8 positive T cells
(7.47% to 0.086%) confirming both the high sensitivity and specificity of AuNS in multiplexed
immunomarker detection. This confirms that endpoints generated with InmunoPET-SERS enable

an accurate screening tool for immunomarker detection and treatment planning.

(@) Experimental (b) Blocked-Control

034

PD-L1

CD8

rrrrr

Nuclear Stain

Figure 4.6 Flow cytometry of Yumm 2.1 tumor. Experimental tumors are both PD-L1 and CD8
positive. Blocked-control animals were introduced with blocking anti-PD-L1 and anti-CDS8
antibodies. Blocked-control tumors show significantly less PD-L1 and CDS positive cells as the
surface receptors were saturated by the blocking antibodies.

We also demonstrate that AuNS are effective in monitoring response to immunotherapies
(Figure 4.7) in YUMM 2.1 tumor-bearing mice treated with 3 doses of combination immunoagents
of antiPD-L1 (200 pg/mouse) + antiCD137 (110 pg/mouse). CD137, a member of tumor necrosis
factor receptor super family, is expressed on activated T cells. Co-stimulation of CD137 results in

expansion of effector T cells, production of cytokines, and resistance to suppression by regulatory
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T cells. The utility of CD137 agonist mAbs with PD-L1 blockade has demonstrated synergistic

antitumor effect.?>%2%
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Figure 4.7 InmunoPET-SERS imaging to monitor response to immunotherapy. (a) Mice bearing
YUMM 2.1 tumors were treated with 3 doses of combinatorial immunotherapy of anti-CD137 +
anti-PD-L1 followed by AuNS delivery and imaging 24 h after the last treatment. Control mice
received isotype-matched IgG treatment. (b) Tumor volumes indicated a decrease in tumor size
with immunotherapy. (¢) Coronal (left) and transverse (right) PET images of mouse reveal a higher
localization of AuNS in tumors of treatment group relative to IgG control. (d) Corresponding
quantitative PET analysis showing tumor/muscle ratio. (¢) Averaged SERS spectra shown for
immunotherapy group and IgG control group. (f) Corresponding SERS quantification showing a
statistically significant increase in CD8+ tumor infiltrating lymphocytes in immunotherapy group,
but minimal change in PD-L1 status.
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AuNS were delivered 24 hours after the last treatment followed by ImmunoPET-SERS to
monitor alterations in CD8 and PD-L1 status (Figure 4.7a). The body weight of the mice was
monitored to ensure minimal extraneous effects in mice during the course of their therapy (Figure
A. 4.1). A decrease in tumor volumes (Figure 4.7b) indicated response to combinatorial
immunotherapy by YUMM 2.1 tumor-bearing mice relative to control mice that received isotype-
matched anti-IgG (310 pg/mouse). Co-registered PET-CT images of mice (Figure 4.7¢c) show
AuNS accumulate in both tumors and major organs supporting our biodistribution studies.
Quantitative PET analysis of tumor to muscle ratio showed statistically significant differences
between treatment and control mice (Figure 4.7d) indicative of response to combination
immunotherapy by YUMM 2.1 tumors. However, PET cannot delineate if the observed differences
in PET intensities correspond to PD-L1 inhibition or infiltration of activated CD8+ T cells.
Multiplexed treatment response with SERS (Figure 4.7¢) clearly showed proliferation and
infiltration of CD8+ T cells in tumors of treatment group mice (indicated by 1325 cm™ DTNB
peak) which corresponds well with the trends observed in PET and decrease in tumor volumes in
treatment group. However, SERS spectral analysis of PD-L1 (indicated by 1580 cm™ pMBA peak)
showed minimal difference between treatment and control mice (Figure 4.7f). This is not
surprising as YUMM 2.1 tumors have a constitutionally high expression of PD-L1, and further
infiltration of CD8+ T cells in tumors results in interferon gamma (IFN-y) induced upregulation
of PD-L1. Our results further emphasize the importance of multiplexed imaging in vivo to identify
multiple immunomarkers that are engaged in the immune TME and provide an accurate measure

of response to immunotherapies.
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Treatment Group IgG Control Group

Figure 4.8 Immunohistochemistry of (a) tumor and (b) spleen show combination immunotherapy
results in expansion and infiltration of CD8+ tumor infiltrating lymphocytes (clone 4SM 15, brown
spots). Hematoxylin is counter stain (light blue).

In vivo ImmunoPET-SERS imaging endpoints were validated ex vivo with
immunohistochemistry analysis of tumor (Figure 4.8a) and spleen (Figure 4.8b) stained for CD8+
T cells. IHC clearly shows expansion of activated CD8+ tumor infiltrating lymphocytes in mice
treated with combinatorial immunotherapy relative to IgG control (Figure 4.9). Localization of
CD8+ T cells in the splenic T cells zones (Figure A. 4.2) also suggests systemic T cell activation
and expansion at the peripheral organ. /n vivo endpoints were further verified with standard H&E
staining of tumor sections, which showed no apparent alteration in tissue histomorphology in both

immunotherapy and control group (Figure A. 4.3).
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Figure 4.9 Immunohistochemistry of CD8 marker for (a) control tumor and (b) therapy tumor
(anti-CD137+anti-PD-L1 combination therapy).

4.5 Conclusion

In summary, we demonstrate the design and in vivo validation of an innovative and
ultimately clinically-translatable nanoprobe, AuNS, that integrates the merits of PET and SERS
imaging on a single multimodal platform providing real time immunological tumor profiling of
multiple immunomarkers engaged in the immune TME. Our results, validated in a murine
melanoma model in immunocompetent mice, show AuNS provide dynamic status of PD-L1 and
CD8 in vivo combining the depth-resolved whole body imaging of PET with high resolution
multiplexing of SERS. ImmunoPET-SERS therefore facilitates both; (i) screening before
treatment to identify targetable pathways, and (ii) monitoring response to immunotherapies to
improve the objective response rate of PD-1/PD-L1 blockade. Our imaging platform also
distinguish mice that were responders (YUMM 2.1 tumors) from nonresponders (YUMM 10.1) to
immunotherapies combining antiPD-L1 + antiCD137 to both block PD-L1 and proliferate and
activate CD8+ T cells. The results of this work will ultimately allow us to translate ImmunoPET-

SERS from preclinical mouse models to humanized mice that recapitulate primary human tumors
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and validate the efficacy of our approach for immunomarkers detection in clinically relevant
models. Further, our platform can be expanded beyond melanoma to a multitude of malignancies
by targeting other inhibitory ligands (TIM3, LAG3, PSGL-1) and other immune cell population
(CD4+ T cells, NK cells). Moreover, whereas in this proof of concept study multiplexed SERS
enabled us to track two immunomarkers PD-L1 and CD8, future work will develop cutting-edge
AuNS to detect >5 biomarkers simultaneously in vivo enabling a powerful tool for

immunoprofiling heterogeneous tumors, and monitoring response to immunotherapies.**'***
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4.6 Appendix
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Figure A. 4.1 Mice weight and tumor volume for both control group and therapy group (anti-
CD137+anti-PD-L1 combination therapy).

(a) 19G Control Group (b) Treatment Group

Figure A. 4.2 Immunohistochemistry of CD8 marker for (a) control spleen and (b) therapy spleen
(anti-CD137+anti-PD-L1 combination therapy).
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(a) lgG Control Group (b) Treatment Group

Figure A. 4.3 Hematoxylin and eosin (H&E) stain of tumor section for (a) IgG control group and
(b) treatment group (anti-CD137+anti-PD-L1 combination therapy)
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Chapter 5

LABEL-FREE RAMAN MAPPING TO MONITOR TREATMENT RESPONSE IN BREAST
CANCER

5.1 Summary

Small molecule inhibitors that target oncogenes have gained tremendous interest in cancer
therapy. Mek inhibitor (MEKi) in MAPK/ERK pathway and PI3K inhibitor (PI3Ki) in
PI3K/AKT/mTOR pathway have shown promising antitumor responses by hindering tumor
progression. To monitor treatment responses, magnetic resonance imaging and computed
tomography are used to determine changes in tumor size. Positron emission tomography can be
used to observe the changes in tumor metabolism. However, the imaging methods above are
extremely expensive. Here, we show the use of Raman spectroscopy to detect metabolic and
biochemical changes rapidly and inexpensively. Triple negative breast cancer (MDA-MB-231)
cells that are known to be responsive to MEKi but not to PI3Ki were treated with different
concentrations of each inhibitor then Raman maps were acquired. Averaged spectra of the cells
show DNA, protein, and lipid Raman footprints. To further differentiate changes in cellular
metabolism and biomolecular content post-treatment, principal component analysis (PCA) was
used. PC scores of PC1-PC3 were plotted. PC2 score for cells treated with different MEKi
concentrations showed clusters in individual boundaries while no discrimination in PC scores was
observed for cells treated solely with PI3Ki. PC2 showed cells treated with MEKi varied in choline
peaks (both phosphatidylcholine and phosphatidylinositol), indicating the responses to the
treatment since inhibition in MAPK/MEK leads to a decrease in choline transporter. However,

cells treated with PI3Ki do not show significant changes in Raman footprints or clustering in PCA.
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The results showed the ability of Raman spectroscopy to differentiate cells that are responsive

versus non-responsive to small molecular drugs.

5.2 Introduction

Small molecule inhibitors have shown promising anti-tumoral outcomes by blocking the
signaling cascade of oncogene activation. KRAS and BRAF oncogenes are two of the most
commonly mutated pathways in human cancer. Gain-of-function gene alteration such as receptor
mutation, upregulation, or amplification in intermediate signal transducers can lead to constitutive
activation of pathways that leads to cancer proliferation, survival, motility and angiogenesis.**’
Several small molecule inhibitors were approved by the FDA to target the mTor (mechanistic
target of rapamycin) and MAPK (mitogen-activated protein kinase)/ERK (extracellular signal-
regulated kinases) pathways. PI3K (Phosphoinositide 3-kinases) inhibitor was first approved in
2014 to treat leukemia and lymphoma while MEK (mitogen-activated protein kinase) inhibitor
was first approved in 2013 to treat melanoma.’** Several clinical trials are currently evaluating the
therapeutic outcomes of combining different small molecule inhibitors or combining small
molecule inhibitors with immunotherapy. Combining MEK inhibitor (MEKi) with checkpoint
blockage therapy results in reliable therapeutic response to treat melanoma by stimulating
immunity at the tumor microenvironment and increasing lymphocyte infiltration.”* The recent
success of small molecule inhibitors emphasize the significance of such targeted therapies in
combating cancer.

Clinical standards to evaluate the efficacy of small molecular inhibitors or other anticancer
treatments is to monitor the change in tumor size by using magnetic resonance imaging (MRI) or

computed tomography (CT). While tumor size is an important criterion to predict the outcome and
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efficacy of anti-cancer treatments, it is not always accurate. Some tumors can experience pseudo-
progression, which is an initial enlargement of the tumor before a decrease in size.?*® Moreover,
changes in tumor size is usually a downstream effect of cancer therapy. Thus, there is a clinical
need to accurately predict patient responses to cancer therapy during the early stages of treatment.
Probing metabolism changes of cancer cells after treating patients with small molecule inhibitor
can provide accurate therapeutic outcome prediction before a visible reduction in tumor size is
observed. For example, MEK inhibition is known to reduce choline metabolism. Choline is a
precursor major cell membrane phospholipids, phosphatidylcholine and phosphatidylinositol.
Since the ERK/MAPK pathway is linked to fatty acid metabolism, inhibition me MEK also has
shown to decrease fatty acid content.

The primary clinical imaging modalities to monitor metabolism changes are PET imaging,
mass spectroscopy, and magnetic resonance spectroscopy (MRS) but certain drawbacks exist in
their current form when tracking metabolism changes. PET imaging is an established technique,
but can be cost prohibitive and can only observe one metabolite at a time. Mass spectroscopy can
measure multiple metabolites simultaneously; however, this imaging method is destructive to
tissues and time consuming. Mass spectroscopy also requires a significant amount of tissue and
cells samples, which is challenging to obtain from clinical biopsies. Lastly, MRS can also evaluate
multiple metabolites, but each metabolite requires its own separate and specific label. To overcome
the described challenges, we propose to use label-free Raman spectroscopy to monitor metabolism
changes during small molecule inhibitor treatment. Raman scattering is an inelastic scattering of
light which reveals the vibrational states of a molecule. Raman spectroscopy can be used to
characterize and identify chemical composition of samples. Thus, biological information can be

extracted in a single Raman spectrum. The quantity of patient samples required for accurate Raman
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analysis is significantly less than what is needed for mass spectroscopy. Raman spectroscopy is an
inexpensive and non-destructive technique that is capable of monitoring multiple metabolites
simultaneously without the need for labels.

Due to its efficiency and flexibility, label-free Raman spectroscopy has been used in many
different biological applications. Raman signatures can distinguish different immune cells such as
B cells and T cells. The technique is sensitive enough to differentiate breast cancer cell lines,**"
9 and specific enough to track the delivery and cellular uptake of chemotherapy drugs.”’>"
Raman spectroscopy is also utilized to delineate tumor margins in real time brain surgery and to
even monitor the changes in a uterus and accurately predict preterm labor.'”” 2** Here, we apply
label-free Raman platform to monitor metabolic changes and treatment responses in triple negative

breast cancer cells after treatment with small molecule inhibitors. Further, by using principle

component analysis, treatment responder groups can be easily identified.

5.3 Materials and Methods

5.3.1 Invitro Raman Mapping to Monitor Metabolic Changes

MDA-MB-231 breast cancer cells were purchased from ATCC (HTB-26) and cultured in
DMEM supplemented with 10% FBS. Cells were maintained at 37 'C and 5% CO,. Cells were
seeded on 6 well plate at approximately 60% confluence. Once the cells have attached on the plate,
different concentrations of MEKi (Selleck Chemical, Trametinib), PI3Ki (Selleck Chemical,
Alpelisib), Taxol (Invitrogen, Paclitaxel) or a combination of two in complete DMEM were added.
After 3 days of incubation, old media was removed and the cells were trypsinized. Detached cells
were centrifuged at 200 g for 7 min to remove dead cells and then re-seeded on poly-I-lysine coated

calcium fluoride windows. Once the cells have reattached on the CaF, disks, media was removed.
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Next, cells were washed with phosphate buffer saline (PBS) three times, fixed in 4% formaldehyde
(methanol-free) at room temperature for 10 minutes, washed with PBS three times again then
finally dried at room temperature prior to Raman mapping.

Cells on CaF, disks were visualized using a Raman microscope. Brightfield image of the
cells were captured with 100x objective. A rectangular area capturing 3-4 cells was selected for
Raman mapping at 2 pm by 2 um resolution. Raman spectral requisition was obtained with a 785
nm laser with 1200 lines/mm grating with 10 s acquisition time. Using the Renishaw WiRE 3.4
software, cosmic ray removal was first performed with nearest neighbor method. A custom
MATLAB code was used to perform smoothing and background correction. The spectra first
underwent smoothing by using the Savitzsky and Golay filter (order of 5 and coefficient value of
61). An automated, modified polyfit method was applied to remove fluorescent background by
using a 7™ order polynomial with a threshold of 0.0005. To eliminate non-cell pixels from the
rectangular map, biological peak at 1440 cm™ was selected to generate the cellular masks. The
pixels were considered cell, or “mask” when the intensities were higher than the set threshold. A
Gaussian function was utilized to the mask images to smooth the edges of the cell. The brightfield
optical images were used to ensure the accuracy of the final cell masks. Clusters of pixels (as one
cell) in the Raman map were then averaged and defined as one cell for further principle component
analysis (PCA). PCA was performed by using custom MATLAB code. First three principle

components were plotted to discriminate each treatment group.

5.3.2 Viability Assay

MDA-MB-231 cells were passaged and seeded on 96 well plates. Once the cells were
attached on the plates (~ overnight), different concentrations of MEKi, PI3Ki, and Taxol in

complete media were added to the wells. After 72 h of treatment, old media was removed and
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replaced with 100 pul of fresh media mixed with 10 pl of 12 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, ThermoFisher Scientific). After 3 h of incubation, 85 ul of
the media solution was removed and 50 pul of dimethyl sulfoxide (DMSO) was added to solubilize
and dissolve the formazan. A Biotek Synergy H1 plate reader was used to read the absorbance at

540 nm.

5.3.3 Western Blot

MDA-MB-231 cells were passaged, counted, and seeded on 6 well plates. The number of
cells seeded on each well was counted by a scepter to ensure each sample contained the same
number of cells and proteins. Once the cells were attached on the plates (~ overnight), different
concentrations of MEKi and PI3Ki in complete media were added to the wells. After 6 h of
treatment, lysis buffer was added to the cells and incubated for 30 min at 4 C. Lysates were then
centrifuged at 18,000 g for 15 min at 4°C. Equal amounts of proteins were mixed with Laemmli
buffer and boiled for 5 min. The samples were then loaded on 10% SDS-PAGE, and subsequently
transferred onto nitrocellulose membranes through electrophoresis overnight at cold room. The
membranes were blocked before adding primary antibodies. Primary and secondary antibodies
were prepared in the blocking buffer. All antibodies were purchased from Cell Signaling
Technology. Primary antibodies were against Akt (9272S), phospho-Akt (9271S), Erk 1/2

(9102S) and phosphor Erk 2 (91018).

5.4 Results and Discussion

Raman mapping of MDA-MB-231 was performed with a NIR 785 nm laser with 100x
objective. Three cells were mapped in a single rectangular requisition at 2 um by 2 um. As a result,

each cell contains between approximately 50 to 500 pixel or spectra per cell, depending on the size
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of the cell. Bright filed image showed cells maintained their morphology after seeding and fixing
on calcium fluoride disks (Figure 5.1a). Averaged Raman spectra of the cells is plotted (Figure
5.1b). Biological peaks can be easily identified by comparing the values to literature findings.'”
The strongest biological peak is at 1440 cm™, which comes from CH, bending and deformation
mode for lipids and collagen. The strong and sharp peak at 1000 cm™ indicates the phenylalanine
of collagen and protein. Other Raman features include readings at 1300 cm™ (CH, twisting modes
from fatty acid at), 1250 cm™ ‘Amide III, protein and collagen bands), and 1090 cm™ DNA peak
(symmetric phosphate stretching vibration mode). Further, multivariate analysis and principle
component analysis (PCA) were performed (Figure 5.1¢) to show a high-resolution Raman map
can provide information regarding cytoplasmic component of the cells. PC1 map identified mainly
the proteins and lipids of the overall cell (indicated by bends between 1200 to 1500 in Figure 5.1d).
PC2 map reveals the localization of nucleus, identified by the negative features at 800 cm™ (O-P-

O stretching of DNA and RNA backbones and ring breathing modes in DNA and RNA bases).
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Figure 5.1 Raman mapping of MDA-MB-231 cells. (a) Bright filed image of three fixed MDA-
MB-231 cells on CaF, disk imaged Renishaw Raman Spectroscopy at 100x objective. (b)
Averaged spectra of MDA-MB-231 cells. (c) Principle component analysis (PCA) maps of cell.
(d) Each PCs spectrum is plotted.

To show the capability of label-free Raman spectroscopy to observe metabolism changes
after inhibition of MAPK/ERK pathway, MDA-MB-231 was treated with Trametinib for 72 hours.
Cells were then reseeded and fixed on CaF, disk for Raman mapping. Averaged cell spectra treated
with (50 nM) and without Trametinib was plotted (Figure 5.2a). Several differences can be
visualized, for example, peak intensities of the lipid and proteins peaks between 1200 cm™ to 1500
cm” decreased for cells treated with 50 nM MEK inhibitors. However, it is extremely difficult to
identify all the subtle changes in Raman peaks without using a multivariate analysis; thus, PCA
was performed (Figure 5.2b). Cells treated with different concentrations of MEKi clustered in a
concentration/linear dependency by PC2. Since 1 nM MEK:i is outside the working therapeutic
range, cells treated with 1 nM MEKi grouped closely with cell that did not receive any treatment.

PC2 consists of several important peaks such as phosphotidylcholine (890 cm™, blue box on Figure
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5.2¢) and phosphatidylinositol (780 cm™, green box on Figure 5.2¢). The two phospholipids have

been identified to be strongly affected by MEK inhibition. Other major peaks in PC2 include

mostly protein peaks such as 1655 cm™ amide I and 1230 cm™ amide III. MTT cellular viability

assay was then carried out to correlate our findings until cell death. Figure 5.2d showed MDA-

MB-231 cells activated apoptosis in concentration dependent manner. Western blot was also

performed to confirm the cell death observed in MTT assay was attributed to the inhibition of

MEK. Activation of ERK pathway produces an abundance of phospho-ERK, which transduce the

downstream signaling pathway. As a result, western blot showed that as MEK inhibitor

concentration increases, the bend for phospho-ERK reduced and disappeared (Figure 5.2¢).

(a) 30

)

Raman Intensity (a.u.

Untreated
Treated

T
600 800

1000 1200 1400 1600
Wavenumber (cm™)
(c)
— |PC1
s
i -
2
‘m |PC2
c
o
£
S |PC3
S
& 4
14
I I I I I
600 800 1000 1200 1400 1600

Wavenumber (cm™)

2.5 4 ®
2 -
1.5 < o ]
g 17
§ 0.5
o o o
S 04
4]
8 -0.5 < ®
-1 -
1.5 <
2 -
-1
( d) PC2(15.7292%)
100 { °
2 80 - ¢
s ]
S 60 L)
S 60
kS
§ 40 - Q o ol
o
o 20 -
T T T T
1 10 100 1000

Concentration (nM)

inM
50nM
® 1uM

10

2 5 PC1(55.5004%)

(e)
No drug MEKi

pErk D e

Increasing conc.

Figure 5.2 MDA-MB-231 cells treated with Trametinib (MEKi) (a) Raman spectra of cells treated
with (red) or without (black) MEKi at 50 nM. (c) PCA analysis of cell treated with various
concentration of MEKi. (d) PC1-3 of PCA analysis. Green box indicated phosphatidylinositol peak
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at 780 cm™ and blue box indicated phosphotidylcholine peak at 890 cm™) (d) MTT viability assay
and (e) western blot of cells treated with different concentration of MEKi.

Next, MDA-MB-231 cells were treated with two different control drugs, PI3K inhibitor
and the chemotherapy drug, Paclitaxel. MDA-MB-231 cells do not respond to PI3K inhibitor as
shown in MTT assay (Figure 5.3a). As a result, PCA showed no discrimination between cells
treated with or without PI3Ki (Figure 5.3b). Cells treated with a combination of MEKi and PI3Ki
(50 nM MEKi and 1 uM PI3Ki) do however differentiate into one cluster by PC2, which consist
of phosphatidylinositol peak at 780 cm™ (green box on Figure 5.3¢). MDA-MB-231 cells were
then treated with Paclitaxel as control since chemotherapy drugs should not affect the metabolism
of cells, but instead induce cellular apoptosis (Figure 5.3d). One key step during apoptosis is DNA
fragmentation, thus PC1 discriminated between cells treated with or without Paclitaxel (Figure
5.3¢) with mainly DNA/RNA peak at 800 cm™ (green box, Figure 5.3f). Cells were also treated
with Paclitaxel combined with MEKi (50 nM MEKi and 50 nM paclitaxel); however, PCA was
not able to distinguish the group. We hypothesized the effect of apoptosis is more dominant than
the subtle biochemical and metabolic changes from MEKi, thus the combined treatment group was

clustered with Paclitaxel treated groups.
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Figure 5.3 (a) MTT assay (b) PCA (c) PCs of MDA-MB-231 cells treated with PI3Ki. (d) MTT

assay (e) PCA (f) PCs of MDA-MB-231 cells treated with Paclitaxel. Treatment was performed
for 72 hours.

5.5 Conclusion

We have shown the use of Raman spectroscopy to rapidly and inexpensively detect
metabolic and biochemical changes after triple negative breast cancer cells (MDA-MB-231) were
treated with small molecule drug, MEK inhibitor (MEKi). Cells treated with high MEKi showed
decreases in both phosphotidylcholine and phosphatidylinositol peaks, indicating response to the
treatment since inhibition in MAPK/MEK leads to decrease in choline transporter. To further
differentiate changes in metabolism and biomolecular content post-treatment, principal component
analysis (PCA) was performed. PC scores discriminated cells treated with various MEKi
concentrations and showed clusters in individual boundaries. The results demonstrated the ability

of Raman spectroscopy to monitor treatment responses to small molecule drugs. We envision the

118



platform will eventually be translated to study patient derived samples and ultimately applied to a

broad spectrum of disease and treatments.
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Chapter 6

CONCLUSIONS AND FUTUREOUTLOOK

6.1 Conclusions

I have designed, synthesized and utilized gold nanostars (AuNS) for combination cancer
therapy and molecular imaging. The NIR plasmon resonance of AuNS allows deep tissue light
penetration in our in vivo studies making them flexible and versatile for biological use. Further,
the geometry of AuNS, spherical core with multiple sharp protrusions can generate strong
electromagnetic fields that is favorable for photothermal efficiencies. Moreover, Raman hot stops
can be generated between neighboring AuNS to achieve ultra-sensitive surface enhanced Raman
spectroscopy.

In chapter 2, we combined hyperthermia generated by AuNS and trigger-drug release from
low temperature sensitive liposomes to induce apoptosis in triple negative breast cancer, MDA-
MB-231. The synergistic effect showed efficient and effective therapeutic outcome. Hyperthermia
facilitated cytotoxicity of chemotherapeutic agents, thus the combination therapy resulted in 58%
cell death at doxorubicin concentration of 2 pg/ml in a drug-resisting cell line.

In chapter 3, we showed the ability of AuNS to track surface receptors and cancer specific
biomarkers through surface enhanced Raman spectroscopy in vitro, in vivo and ex vivo. First, 2-
dimensional SERS cellular map of EGFR and PD-L1 were visualized with high spatiotemporal
resolution. /n vivo longitudinal Raman analysis demonstrated the systematically delivery and
accumulation of AuNS in breast cancer tumors. Raman signals corresponding to both PD-L1 and
EGFR appeared and intensified at six-hour post-injection, indicating successful detection of both

receptors. In addition, both Raman peaks decreased by 30% when targeted receptors were pre-
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blocked, showing the sensitivity and specificity of our platform in distinguishing tumors with
varied expression of PD-L1 and EGFR. Ex vivo Raman maps of the tumor section revealed AuNS
localization in well-vascularized areas. Quantifying Raman signals allowed assessment of
biomarkers with near cellular resolution.

In chapter 4, we engineered AuNS for multimodal PET and SERS imaging to
simultaneously detect both PD-L1 and CDS8. The biocompatibility of AuNS was studied using
serum metabolite level, complete blood count, and H&E staining. PET imaging showed 3-
dimensional, whole body imaging of mice, allowing identification of melanoma tumors. SERS
spectra provided molecular information of the tumor and assessment of PD-L1 and CDS8 levels.
Raman intensities decreased by 40-50% when targeted receptors were blocked with antibodies,
again, showing the sensitivity and specificity of our platform in distinguishing tumors with varied
expression of PD-L1 and CD8. We not only examined the diagnostic capability of the designed
AuNS, we also demonstrated their ability to monitor immunotherapy treatment responses. Mice
treated with CD137 and PD-L1 therapy showed an elevation in CD8+ T cells infiltration, which
was successfully observed by PET/SERS. We validated our findings with both flow cytometry and
immunohistochemistry.

In chapter 5, labeled free Raman spectroscopy was performed on MDA-MB-231 cells
treated with small molecular inhibitor, Trametinib. Raman footprints revealed the changes in both
phosphatidylcholine and phosphatidylinositol due to the inhibition of MEK/ERK pathway.
Principle component analysis of cell treated with different Trametinib concentrations were
discriminated and showed clustering. PCA allowed us to understand the changes in cell

metabolism using Raman signatures.
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6.2 Future Outlook

Significant future work is motivated and promised by the results presented in this
dissertation. While AuNS have been shown to be of great prospects in cancer therapeutics and
imaging, further toxicity and clearance pathways of AuNS should be studied to investigate their
clinical translation potential. Understanding dosage dependent and long-term toxicity of AuNS
will help to better understand the biocompatibility and safety of AuNS. In addition, I have only
shown clearance of AuNS in vivo up to 15 days. The fate of AuNS after mononuclear phagocyte
system uptake is unclear, thus long-term clearance (months to years) of AuNS should be
investigated. The limitation for our platforms remains the delivery of light/laser and/or AuNS to
the diseased area. The blood-brain barrier does not allow entry of AuNS, thus brain cancer patients
may not benefit from this nanoparticle-based technique. Light delivery to tumor lesions for
intestinal or stomach cancer can also be challenging, thus limiting the feasibility of light-based
imaging or therapy techniques. Advanced surgical endoscopic that can potentially be combined
with laser or optical fibers might be able to overcome such limitations, but further research will be
needed.

Next, the in vitro photothermal-chemotherapy shown in this dissertation should be studied
in in vivo settings as the efficiency of co-delivery of both AuNS and LTSLs with intravenous
injection is unclear. To further improve the platform, instead of gold nanostructures and liposomes
being separate entities, gold-coated liposome hybrids will help to improve therapeutic results.
AuNS-mediated hyperthermia combined with other therapeutic modalities should be investigated.
Small molecule drugs can be potentially encapsulated in low temperature sensitive liposomes for
light-controlled triggered drug release. In addition, heat therapy and certain chemotherapies have

shown to promote cancer immunity, thus combining AuNS photothermal therapy with cancer
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vaccine or checkpoint blockage therapy can potentially result in long-term, memory T cell anti-
tumor effects.

Future work for AuNS-based SERS or multimodal PET/SERS imaging include applying
the platform to different tumor types, such as head and neck cancers, prostate cancers and
pancreatic cancers. SERS imaging of non-superficial tumors can be achieved through minimally
invasive optical probe to both deliver laser radiation and collect Raman scattering data. Thus,
AuNS-mediated SERS or PET/SERS technique is not limited to a particular type of cancer. The
challenges of a nanoparticle-based system is the accumulation in liver and spleen (mononuclear
phagocyte system). Thus, the limitation of the platform would be detecting primary tumor or
metastasis at the MPS system. To circumvent this issue, different surface modification techniques
of AuNS can be used. For example, using different molecular weight polyethylene (PEG) to coat
the surface or using higher PEG density. Next, one should evaluate the detection sensitivity and
specificity of the imaging platform in mice bearing orthotropic tumor models or patient-derived
tumor models to better show the potential of clinical translation. Due to the narrow bandwidth of
Raman peaks, additional immuno-markers or cancer-specific receptors (third or even fourth target)
can be detected simultaneously. Lastly, to achieve extended imaging study (more than 3 days),
long half-life radionuclide, **Zr and ®’Ga (3.3 days) should be explored.

Label-free Raman spectroscopy utilized to monitor treatment responses is not limited to
small molecule inhibitors. Both immunotherapy and radiation therapy can alter the content of
extracellular matrix in the tumor stroma, which should be observable through Raman signatures.
SERS substrates can also be designed to increase signal-to-noise ratio of Raman peaks without the
use of Raman labels. SERS also allows the use of lower laser power during spectral acquisition

without destruction of samples.
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All our platforms are not disease specific. For example, both Rheumatoid arthritis (RA)
and peripheral arterial disease (PAD) have shown similar enhanced permeability effects (leaky
vasculature and capillaries) and thus passive uptake of nanoparticles. Heat therapy combined with
thermosensitive liposome-mediated drug delivery (such as methotrexate) has great potential in
treating RA. PET/SRES model can be used to target/image M2-like macrophages in RA to predict
disease progression. Another inflammatory disease that can potentially benefit from our AuNS-
mediated imaging and therapy platform is atherosclerosis. Lesioned vessel walls show enhanced
permeability and neovessels of the vasa vasorum are generally leaky. By targeting the scavenger
receptor of M2-like macrophages, atherosclerosis plaques can be identified with imaging and
photothermal therapy can potentially shrink the plaque burden. Here, we show their application in
cancer therapy and imaging, but we strongly encourage exploration of application of this technique

in other disease models.
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APPENDIX A

A.1 Doxorubicin Encapsulated Low Temperature Sensitive Liposomes

Materials: Lipids, membrane filter, membrane supports are purchase from Avanti Polar
Lipid. Doxorubicin is purchase from Fisher Scientific (BP25161). PD-10 column is
purchase from GE Healthcare Life Science (can be purchased from Fisher, 45-000-148).
1. Dissolve lipids in chloroform and remove organic solvent by desiccator

10 mg of lipids: 90:10:4 (DPPC:MSPC:DSPE-PEG2000) in 2ml
2. Lipid film hydration

- Hydrate with 2 ml of 300mM, pH 4.0 citrate buffer

o Mix by vortex then mix by rotovap at 55 °C for 1 hour
- Break down to smaller size by
o Five freeze-thaw cycles using liquid nitrogen and 55 °C water bath.
o Extrude at 60 °C — through 2 stacked 0.2um (for both 2ml) then through 2 stacked
0.1 um (remember to use membrane support at both side)
3. DOX solution
- Use DOX:lipid = 0.05:1 (weight) ratio
- Prepare Dox stock solution at 2 mg/ml with sterile water
- Preheat rotovap to 37°C
4. Direct Adjustment Method to pH = 7.5-7.6

- Adjust the liposome solution to pH 7.5-7.6

- Preheat liposome solution to 37°C

- Add Dox solution to liposome solution - shaking for lhr at 37 °C.
5. Purification — removing free doxorubicin

- Use PD-10 column

e Equilibrate with sterile 25mM HEPES buffer saline for 4 times

e Load 2.5 ml of sample (if sample less than 2.5ml, load the sample first (when the
sample all go into the column, then add x amount of buffer to get 2.5ml)

e After loading 2.5ml, add 3.5ml of buffer; Start collection when add 3.5ml of
buffer
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A.2 Doxorubicin Encapsulated None Temperature Sensitive Liposomes (NTSLs)

Materials: Lipids, membrane filter, membrane supports are purchase from Avanti Polar
Lipid. Doxorubicin is purchase from Fisher Scientific (BP25161). PD-10 column is
purchase from GE Healthcare Life Science (can be purchased from Fisher, 45-000-148).

10.

. Dissolve lipids in chloroform and remove organic solvent by desiccator

10 mg of lipids: 75:50:3 (HSPC:CHOL:DSPE-PEG2000) in 2ml
Lipid film hydration
- Hydrate with 2 ml of 300mM, pH 4.0 citrate buffer

o Mix by vortex then mix by rotovap at 65 °C for 1 hour
- Break down to smaller size by
o Five freeze-thaw cycles using liquid nitrogen and 65 °C water bath.
o Extrude at 65 °C — through 2 stacked 0.2um (for both 2ml) then through 2 stacked
0.1 um. (remember to use membrane support at both side)
DOX solution
- Use DOX:lipid = 0.05:1 (weight) ratio
- Prepare Dox stock solution at 2 mg/ml with sterile water
- Preheat rotovap to 60°C
Direct Adjustment Method to pH = 7.5-7.6

- Adjust the liposome solution to pH 7.5-7.6
- Preheat liposome solution to 60°C
- Add Dox solution to liposome solution - shaking for lhr at 60 °C.
Purification — removing free doxorubicin
- Use PD-10 column
e Equilibrate with sterile 25mM HEPES buffer saline for 4 times

e Load 2.5 ml of sample (if sample less than 2.5ml, load the sample first (when the
sample all go into the column, then add x amount of buffer to get 2.5ml)

e After loading 2.5ml, add 3.5ml of buffer; Start collection when add 3.5ml of
buffer
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A.3 MTT Assay

Materials: MTT salt (ThermoFisher, M5494), DMSO (Sigma, D2650), 96 well plate (Greiner
Bio-One, 655090)

1.

Prepare MTT solution

Weight out 5 mg MTT salt, add 1 ml of sterile 1x PBS (12 mM MTT)

Pipette up and down to mix, vortex or sonicate

Each 5 mg of MTT can provide sufficient reagent for 100 tests (10 ul per well)
Protect MTT from light at store at 4 °C. Once prepared, the solution should be used

within a month

Label cells with MTT

For each test/well, prepare 100 ul of cDMEM + 10 pl of 12 mM MTT solution

After treatment is done, remove old media, and add 110 pl of MTT/cDMEM solution
Incubate at 37 °C for 2-4 hours depending on cell confluency. High confluency, 2 hours
should be enough.

Once MTT labeling is done, remove 85 pul of media

Add 50 pl of DMSO to each well, mix thoroughly with pipette

Incubate 10 minutes at 37 °C

. Reading

Make sure to pop any bubble for accurate reading

Read absorbance at 540 nm
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A.4 Animal Tissue Preparation for [CP-MS

Materials Needed:

Scintillation vials, volumetric flasks, Trace-metal grade HCI (Fisher, A508-P500), Trace-metal
grade HNOjs (Fisher, A509-P500), two 2 L plastic bottles, PVDF 0.45 um syringe filters (Fisher
50-550-494), 10 mL plastic syringes, BD 21 G needles (Fisher, 14-821-13N)

** Control blanks: samples that contain no tissue samples but go through the same sample

preparation. Prepare 2-3 control blancks

1.
2.

Tissues should be collected and immediately frozen at -80 °C (in 15 ml centrifuge tubes)
If you have access to a lyophilizer (Wilson and Guelcher’s lab both has one), then lyophilize
the tissue before proceeding to next step. This will remove water from the tissue and it will
be easier for sample preparation.

- Wrap a kimwipe on the 15 ml centrifuge with a robber band.

- Place the cap on the centrifuge tube with kimwipe(not screwed right, just simply

push it on)

. Weigh scintillation vials before and with tissue and record the weight of tissue. Make sure to

label your vials properly — We will do two readings for accuracy.

. You only need 300-500 uL of 75% aqua regia per vial. So prepare enough aqua regia, using 3

parts of trace-metal grade HCl and 1 part trace-metal grade HNO; (volume ratio would be 4:1
HCI:HNOs). The trace-metal grade is necessary since ICP-MS is very sensitive to any metal
concentrations.

- Prepare 75% aqua regia: simply assume the aqua regia you have is 100% and

dilute with Mili-Q water.

- Use our lab Mili-Q water
Now add 1-2 mL aqua regia to each vial. Since livers are a bit larger, you can add more
(enough 75% AR to cover the tissue samples)
Let the tissue stand for ~72 hrs in aqua regia for complete dissolution. But check next day in
case aqua regia has evaporated and more needs to be added to the vials.
Before covering the scintillation vials, remove paper/cardboard/aluminum piece from the
white plastic cover. If it can easily removed — if not, it should be fine.
After 48-72 hrs, boil off the aqua regia with gentle heating. Be very careful, leave some

liquid at the bottom of each vial or tissue will burn and turn brown.
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10.

11

13.

14.

15.

Weight out 15 ml centrifuge tube and tare

Add 5 ml of 2% AR to the glass vials, wash the wall and transfer the samples to 15 ml
centrifuge tube by putting a needle on a syringe to extract the samples from the glass vials
and then removing the needle/replacing with a filter and filter the sample into a 15 ml

centrifuge tube.

. Add 4 ml of 2% AR to the glass vials, wash the wall. Repeat 10 with a new filter.
12.

Put the 15ml centrifuge tube back to the scale, and add 2% AR until 10 mg (assuming
water/tissue density = 1 mg/ml, so it will be 10 ml volume total).

Some tissues have higher gold accumulation: liver, spleen and may be tumor. These samples
need to be diluted again. I diluted tumor samples by 10X (1 mL of original 10 mL diluted to
10 mL). All dilutions should be made with 2 % aqua regia.

Blanks (2% AR) between tumors and high reading samples: order...brain, lung, heart,
stomach, tumor, blank, spleen, blank, kidney, liver, blank

Rosanne will prepare the gold standards
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A.5 Nanostar Synthesis for PET/SERS

Materials: HEPES (Sigma, H4034), Gold (III) chloride trihydrate (Sigma, 520918), pMBA (TCI
America), DTNB (TCI America), OPSS-PEG-NHS ester (JenKem Technology), anti-PD-L1
(BEO101), anti-CD8 (BE0004-1)

** Assuming 300 ml AuNS reaction, which will be enough for 8 mice (total = 600 ml AuNS, 300
ml pMBA/anti-PD-L1, 300 ml for DTNB/anti-CDS)

Day 1

1. AuNS synthesis

18 mL of Milli-Q water + 12 mL of HEPES — 50 mL centrifuge tube
Shake in a yo-yo motion gently 30x
Prepare 20 mM HAuCly solution (turn off light)

o 200 uL stock (100 mM) + 800 uL Milli-Q water — 1 mL vial
Add 300 pL of 20 mM HAuCly solution to HEPE solution
Shake again in a yo-yo motion gently 50x

Leave it at room temperature for 75 minutes

Check UV-Vis (should be in 760-800 nm).

2. OPEE-PEG-NHS Ester linker and antibody reaction

We are utilizing a
e Antibody:OPSS-PEG-NHS Ester ~ 1:500 molar ratio assuming antibody MW =
150k g/mol and linker MW = 2300 g/mol
e Volume ratio for antibody:OPSS-PEG-NHS = 9:1
e Reaction buffer:100 mM sodium bicarbonate buffer at pH 8.5
Thus, make ~ 460 ul reaction
e 414 ul of 1 mg/ml antibody
o dilute antibody with 100 mM sodium bicarbonate buffer
e 46 ul of 80 mg/ml OPSS-PEG-NHS
o dissolve OPSS-PEG-NHS powder in 100 mM sodium bicarbonate buffer
Remember, OPSS-PEG-NHS Ester can hydrolyze very fast, so only add sodium
bicarbonate buffer to the powder when the antibody is ready for reaction!! Mix OPSS-
PEG-NHS Ester very fast and add to antibody immediately when ready.
React at 4 °C for 24 hr on rotator
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Day 2

1. Prepare Raman tag
DTNB MW: 396.65 g/mol; pMBA MW: 154.18 g/mol
- Prepare 10 mM pMBA and 10 mM DTNB
- Aliquot some pMBA and DTNB and weight out outside of glovebox
- Dissolve pMBA and DTNB in EtOH
- Vortex
- Dilute to 10 mM (might need serial dilution)
2. Raman tag — AulNS reaction
- Add 30 puL of 10 mM DTNB or pMBA to 300 mL batch of AuNS, gently stir at 4°C for
15 mins
- After reaction is done, check UV-Vis (Expect a 4 — 6 nm shift)
- Split into multiple 50 mL centrifuge tube (50 mL each), 6000 rpm for 20 minutes
- Remove supernatant, resuspend in ~ 15 ml miliQ water
- Check UV-Vis again
3. Antibody — AulNS reaction
- Dilute AuNS solution to Extinction 12 for antibody reaction
- For every 3.75 mL of AuNS @ extinction 12, add 50.4 uL of OPSS-PEG-antibody
- Reaction at 4 °C for 24 hr on rotator
- Check UV-Vis when reaction is done. Expect 20-25 nm shift (dilute AuNS 60x when
chcking UV-Vis)
Day 3
1. Prepare OPSS-PEG-NHS and DOTA
- NOTA MW: 655.4 g¢/mol // Linker MW: 2300 g/mol
- Molar ratio = Linker : NOTA=1:1 // Volume ratio = Linker : NOTA=1:4
- Reaction buffer:100 mM sodium bicarbonate buffer at pH 8.5
- For every 1 mg of DOTA, dissolve it in 120 pL of 100 mM NaHCOj; buffer
- Thus:
DOTA: every reaction, take 8 mg of DOTA, 960 pL of 100 mM NaHCO;OPSS-PEG-
NHS linker: take an aliquot (should be large amount, ~ 35 mg) of OPSS-PEG-NHS
dissolve in of 100 mM NaHCO;
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o 35 mg dissolved in 240 uL (a bit access of linker)
- Adjust DOTA pH to 8.4 with 0.5 M sodium carbonate (Na,COs3)
** make sure DOTA pH is adjusted and ready before dissolving linker in sodium
carbonate buffer
- Leave it on rotator at 4 °C for 8§ — 10 hrs.

2. DOTA- AuNS Reaction

- Confirm the 20-25 nm shift after antibody- AuNS reaction

- Split AuNS solution into 15 ml centrifuge tube

- Dilute the volume by 2 fold with miliQ water, so the pellet and supernatant separate well.
For example, split 15 ml of Ext 12 AuNS to three15 ml centrifuge tube, so 5 ml of
AuNS/tube, dilute with extra 5 ml miliQ water.

- Centrifuge: 4000 rpm for 10 mins

- Remove supernatant, resuspend in 5 ml trace grade water

- Check UV-Vis and dilute to Ext 12

- For every 3.75 mL of AuNS @ extinction 12, add 134.4 uL of linker-DOTA.

- Leave it on rotator at 4 °C for 12 hrs/overnight

Day 4 (Day of Cu64 Chelation = Wednesday)
- Check UV-Vis of fully functionalized AuNS (should see 3-5 nm shift)

- Dilute the volume 2 fold with trace grade water , so the pellet and supernatant separate well
- Centrifuge: 4000 rpm for 10 mins; Remove supernatant, resuspend in ~ 1 ml trace grade
water

- Check UV-Vis (120x dilution of AuNS), Calculate AuNS concentration. The target is 5.5

mg/mL. Use formula: 9.38 ey X120 mg/mL x = extinction from UV-Vis
mL 1.64%X60

- If final concentration is not 5.5 mg/m, dilute with trace grade water

- Goal is to have ~ 0.8 mCi per 250 ul AuNS = approximately 1.2 mg/mouse
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A.6 YUMM 2.1 and YUMM 10.1 Cell preparation for Injection

Materials: Media: DMEM/F-12, HEPES (11330-032) + 10% FBS (Sigma, F8067) + 1%
Penn/Strap + 1% MEM non-essential amino acid (Sigma, M7145). 1XPBS, TrypLE (notice, not
Trypsin), nDMEM and cDMEM. Needle for injection (Fisher, 22-257-136)

** Cells should be at 50-70% confluent. If the cells are not at the right confluency, do not
proceed, split again.

** remember to shave the mice a day before cell injection

Prewarm: nDMEM, 1x PBS, TrypLE, for ~1 hr at 37 °c

Remove old media with aspirator

Add 10 ml 1xPBS to wash the cell; remove with aspirator

Add 7 ml TrypLE, incubate at 37 °C for 3 minutes

Check under microscope to see make sure the cells have been successfully disassociated
Add 7 ml nDMEM to quickly wash every flask (be fast!)

Collect all the cell solutions im 50 ml centrifuge tubes

Centrifuge the cell at 2000 rpm for 2 min, remove supernatant

A e R A e

Resuspend cell pellet in 1xPBS (concentrated, only few ml)

—
=)

. Mix well, pass through cell strainer

—
—

. Remove 100 uL, dilute 100x fold with 1xPBS, count with scepter

Ju—
N

. Dilute the cell to desired concentration ( mice should be injected with 100-200 ul of cell)
a. For example, 1 million cells/mouse -> dilute to 10 million cells/ml etc
13. Place the cells on ice. Cells will be viable for 1 hour

14. Remember to inverse the Eppendorf tubes to mix before withdrawing with syringes
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A.7 Label Free Raman Mapping Cell Preparation

Materials: Trametinib (Selleck Chemical, NC0592237), Alpelisib (50-136-3003, Selleck
Chemical), Taxol (Invitrogen, P3456), CaF2 Disk (Crystran, CAFP20-2R), Fixative solution
(ThermoFisher, FB002)

1. Seeding cells

seeded on 6 well plate at ~ approximately 60% confluence.

Let the cells attach (~ overnight) before adding the drug

2. Drug incubation

Once the cells have attached on the plate, different concentrations of MEKi ,PI3Ki, taxol,
or any combination in cDMEM were added to cells (2 ml).
drugs might need to be prepared in serial dilution

Incubate for 72 hour

3. Seeding Cells on CaF2 Disk

Auto-clave CaF2 disks
Coat CaF2 disks with ~ 0.5 ml of poly-I-lysine for 15 minutes, remove poly-1-lysine
o I would suggest to place CaF2 disks on 6 well plates
Remove old media and add 2 ml of 1xPBS to wash
Add ~ 0.5 ml of trypsin to disassociate the cells, incubate at 37 °C for 3-4 minutes
Add 2 ml of cDMDM to quench reaction and wash the cells
Centrifuged detached cells at 200 g for 7 min
Remove supernatant, depending on the vability of cells, you might resuspend the cells in
different amount of cDMEM. You want to seed ~ 50% of cells on CaF2. Make sure the
cells are well mixed, so you will have single cells for mapping.
Seeding volume should be 400 ul, drop the cells on CaF2 disk
Move the CaF2 disk back to incubator - Be very careful!!

4. Fix cells

After seeding, wait for overnight so the cells can re-attach.
Remove media and wash with 1xPBS three times (~ 2 ml)
Gently dip CaF2 disk in in 4% formaldehyde (methanol-free)
Fix the cell at room temperature for 10 minutes

After fixing, washed the cells with 1xPBS three times
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- Dried at 4°C
5. Raman Mapping
- Before Raman mapping, move the CaF disk to room temperature to be completely dry
- Use 100x objective to visualize the cell
- Find 2-4 neighboring single cells for rectangular map. Make sure not to select rounded
cells that look died
- Raman mapping at 2 um by 2 um resolution with a 785 nm laser with 1200 lines/mm
grating with 10 s acquisition time.
- Mapping should take 6-20 hours depending on how big the map is
6. Data Analysis
- Use Renishaw software to remove cosmic ray (with nearest neighbor method)
- Background subtraction: Savitzsky and Golay filter (order of 5 and coefficient value of 61).

And modified polyfit method using a 7" order polynomial with a threshold of 0.0005.

For Mass Spectroscopy — follow the same procedure for Step 1 and 2
At least have 1-2x 6 well plates full of cells
3. After treatment, wash with 2 ml 1xPBS per well, add 0.5 ml of trypsin of de-attach cells,
incubate at 37 °C for 3-4 minutes, add 2 ml of cDMEEM to quench reaction
4. Centrifuge at 200 g for 7 min
5. Remove supernatant, resuspend cells in 1xPBS
6. Transfer the cells into a 15 ml centrifuge tube
- Remember to record the weight of centrifuge tube
7. Place in lyophilizer to remove any solvent (few hours should be enough)

8. Obtain the weight of cell
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