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Abstract

Nucleic acid therapeutics can be drug molecules with high programmability, minimal off-
target effects, and the capability to address “undruggable” targets for diseases. In addition, each
time a new drug is needed, one needs to only change the sequence as opposed to finding an
entirely new structure. One nucleic acid type in particular, small interfering RNA (siRNA), has
shown particular promise as a therapeutic. SIRNAs are short, double-stranded RNA molecules
that can be designed to silence any gene of interest. Due to their programmability, specificity,
and potency, siRNAs have tremendous potential as therapeutics for cancers, autoimmune
disorders, and any other diseases that are driven by the overexpression of a gene. However,
despite over two decades of research, sSiRNAs have yet to reach widespread clinical use, with the
first siRNA drug receiving FDA approval in 2018 and only four more being approved since then,
all for treating the liver. The clinical success of siRNAs has been severely restricted by poor
stability and delivery: unmodified siRNAs are rapidly degraded in biological fluids by nucleases,
have poor pharmacokinetics, and cannot enter cells without transfection agents.

To overcome these limitations, sSiRNAs can be radially arranged around a nanoparticle
core to form a spherical nucleic acid (SNA). siRNA-based SNAs (siRNA-SNASs) gain unique
properties that linear sSiRNAs lack, such as resistance to nuclease degradation and efficient entry
into cells. At the start of my PhD, all published siRNA-SNAs followed a prototypical design:
thiolated passenger strands were attached to a ~13-nm gold nanoparticle core, and
complementary guide strands were hybridized to the passenger strands. Prototypical siRNA-
SNAs have shown some success in mouse models of disease and even progressed to a first-in-
human clinical trial, but they are limited in their performance and widespread applicability.

Important biological properties critical to the efficacy of the siRNA-SNA include structural
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stability, nuclease resistance, biocompatibility, pharmacokinetics, cellular uptake, cytosolic
delivery, and therapeutic activity, and all of these properties are limited by the prototypical
SIRNA-SNA’s structure.

This dissertation investigates how structural changes to the sSiRNA-SNA can be used to
improve its biological properties. Chapter 1 introduces SiRNA, current delivery strategies,
prototypical sSiRNA-SNAs, and the structure-function relationships of SNAs. In Chapter 2, a
hairpin-like architecture for attaching siRNAs to the nanoparticle core is introduced, leading to
improved structural stability, nuclease resistance, biocompatibility, cellular internalization, and
therapeutic activity. In Chapter 3, the effect of core size on SNA behavior is investigated, with
the finding that an ultrasmall 1.4-nm gold nanocluster core improves the SNA’s drug-to-carrier
ratio, pharmacokinetics, and cellular uptake. In Chapter 4, lipid-based cores are explored as a
biocompatible alternative to gold-based cores for SIRNA-SNAs, leading to the design of next-
generation sSiRNA-SNAs with improved biocompatibility, potential suitability as an ocular drug,
and efficient cytosolic delivery. Finally, Chapter 5 concludes the dissertation with a summary of
the findings and a description of future work in the development of next-generation SNAs. While
this work primarily focuses on SiRNA-SNAs, many of the structure-function relationships
characterized herein will apply to SNAs composed of other nucleic acids as well. Overall, this
dissertation shows that control over chemical structure can be used to significantly enhance the
biological properties of SNAs, improving their therapeutic suitability. These findings will play
an important role in the design of next-generation SNAs as well as drive the progression of

siRNAs toward widespread clinical use.
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1.1. Classes of Therapeutics
1.1.1. Small Molecule Therapeutics

Historically, the vast majority of medicines have been small molecules, which still make
up 90% of current on-the-market drugs.! However, the development of small molecule drugs is
expensive, lengthy, risky, and inefficient. The discovery of a drug candidate involves screening a
library of small molecules against an array of targets (usually proteins) in the search for an
interaction that indicates an ability to treat a disease.? The following processes of research,
development, clinical trials, and regulatory approval are time consuming, labor intensive, and
expensive, and during each stage a large fraction of drug candidates are eliminated; the overall
failure rate in drug development is over 96%.> Usually, it takes 10 to 15 years and hundreds of
millions of dollars for a single drug to finally reach the market.* Even for small molecule drugs
that do manage to reach the market, the interactions between small molecules and their targets
are not perfectly specific and small molecules often bind to off-target sites, leading to harmful
side effects.> Beyond the diseases and conditions that can be treated by small molecule drugs,
many potential targets including a broad variety of disease-causing proteins are currently
considered “undruggable.”® The strategy of trying to develop random small molecules for
disease targets is highly inefficient and only effective for a narrow range of targets.
1.1.2. Biologic Therapeutics

Biologics such as antibodies are another established class of therapeutics. Unlike the
serendipitous development process of small molecule drugs, biologics are extracted from living
organisms with a known target already in mind.” For example, antibodies that target specific
antigens are produced in animals and can be used as a therapeutic for humans. Because of this,

development of biologics is much more focused than the broad screening of small molecule
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drugs against random targets, which often results in shorter development times.® While targeted
development may help with the efficiency of biologic drug development, production of biologics
is difficult due to their complexity and instability as well as strict quality controls from
generating drugs from living organisms. Since biologics naturally bind to their targets in a
manner that has been optimized by evolution, biologics are more specific to their targets and are
less prone to off-target binding than small molecule drugs.® However, the large size of antibodies
and other biologics makes delivery to their targets difficult, and they can still cause a harmful
off-target immune response.’® Like small molecule drugs, biologics often target proteins. The
three-dimensional interactions between biologics and their targets are highly complex and
development usually relies on biologic-target interactions that exist in nature. Thus, biologics are
primarily limited to known targets (e.g., antibodies with known antigens) and the vast majority
of potential targets remain undruggable. Therefore, the development of intentionally designed
drug molecules for targets beyond those currently accessible by small molecules and biologics
would vastly expand the range of diseases that can be treated, improve drug development
efficiency, and increase the specificity of the final therapeutic.

1.1.3. Nucleic Acid Therapeutics

Nucleic acids such as deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) have
tremendous potential as highly specific, intentionally designed therapeutic agents for a wide
range of diseases. Nucleic acids are primarily known as naturally occurring molecules that
function as information carriers in all living things on Earth.!* However, nucleic acids can also
be synthetically designed and constructed for therapeutic purposes.'? Unlike most small
molecules and biologics which primarily target proteins, nucleic acids can be designed to target

DNA and RNA in the body. Many diseases arise from or are exacerbated by abnormal genes or
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gene expression, including cancers, immune disorders, and degenerative diseases.>* Nucleic
acid drugs are designed to specifically manipulate these genetic defects in order to alleviate the
disease state. Since nucleic acids are composed of a simple “alphabet” of nitrogenous bases
(adenine (A), thymine (T)/uracil (U), cytosine (C), and guanine (G)), it is straightforward to
develop nucleic acid drugs with a sequence that will interact with the disease-causing gene and
either alter, eliminate, or change the expression of it.% In contrast to relying on the complex
interactions of small molecules and biologics with a limited range of targets, nucleic acid drugs
can be easily designed to target any problematic gene using the simple knowledge of sequence
complementarity (A binds to T and U, C binds to G) and can potentially target the entire
genome. There is also an inherent advantage to inhibiting the production of disease-associated
proteins by targeting genes, rather than interacting with disease-associated proteins that are
already abundant in the body and continue to be produced. The ultimate promise of the field is
that nucleic acid therapeutics can be intentionally and precisely designed to treat a wide range of
diseases. A variety of synthetic nucleic acid structures are being developed as gene regulatory
agents, %18 gene editing agents,'® immunomodulatory agents,?® and aptamers,?* and several have
reached clinical use.!?

1.2. siRNA as a Nucleic Acid Therapeutic
1.2.1. siRNA

One nucleic acid molecule in particular, small interfering RNA (siRNA), has shown
significant therapeutic promise due to its ability to silence genes via RNA interference (RNAI)
(Figure 1.1). siRNA is a short (roughly 20 base pairs in length) double-stranded RNA molecule
consisting of a guide strand and a passenger strand.?> RNA. is an endogenous pathway in which

a protein complex in the cytosol called the RNA-induced silencing complex (RISC) processes
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the siRNA molecule, hybridizes the guide strand of the siRNA to complementary messenger
RNA (mRNA), and cleaves the mRNA, preventing it from being translated into the protein it
codes for. Through this cleavage, the gene carried by the mRNA is “silenced” and the expression

of that gene and the protein it codes for are reduced.?

300€ siRNA

l

a RNA Interference

NS\ Gene Silencing

Transcription n
mRNA rotein

DNA

Figure 1.1. siRNA silences genes through RNAIi. DNA is transcribed into mRNA, which is
then translated into proteins. SIRNA (red: passenger strand, green: guide strand) is processed by
the RISC, the guide strand is hybridized to complementary mRNA, and the mRNA is cleaved,
preventing translation into the protein it codes for and silencing that gene.
1.2.2. siRNA as a Therapeutic

In principle, siRNAs can be synthetically designed to silence any gene of interest through
the RNAI pathway by designing the guide strand of the siRNA to be complementary to the
mRNA for the target gene.?>?” Since many diseases such as cancer and autoimmunity arise from,
or are exacerbated by, the abnormal overexpression of specific genes, siRNAs have tremendous
potential as a broadly applicable therapeutic class that can silence genes to treat a wide range of
diseases.'®>14?8 |n addition to its programmability, since RNAI is enzymatically driven, SiRNAs

are more potent and specific than other nucleic acid therapeutics such as antisense

oligonucleotides.?®3° The discovery of the RNAi mechanism in 19982% was eventually awarded
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the 2006 Nobel Prize in Physiology or Medicine, with anticipation that siRNAs would lead to a
therapeutic revolution.®® However, due to several limitations and challenges of developing
SiIRNAs as a therapeutic, it took until 2018 for the first SiRNA drug to be approved by the U.S.
Food and Drug Administration,323® and there are still only a small number of siRNA drugs
available for a very narrow range of targets.>*
1.2.3. Current siRNA Therapeutic Strategies

Despite the promise of siRNAs as a therapeutic, clinical development of siRNAs has
been severely restricted by several limitations. siIRNAs are highly susceptible to rapid
degradation by nucleases in biological fluids, particularly serum nucleases in blood (the half-life
of siRNAs in serum can be as low as several minutes).*® This means that after the administration
of an siRNA drug, much of the siRNA molecule is degraded before it can reach its target site.
siRNAs also have unfavorable pharmacokinetics with low accumulation in tissues of interest and
rapid clearance from the body.*®*" Finally, due to their large size (~13 kDa) and negative charge,
siRNAs are unable to independently cross cell membranes to enter cells.®3® Consequently, even
if a sufficient amount of siRNAs reach the target site, they cannot enter the cells to interact with
RNAI proteins and silence target mRNA in the cytosol. These limitations have rendered
unmodified siRNA molecules unsuitable for therapeutic use. Researchers have developed a
variety of strategies to overcome these limitations. However, it is important to consider that any
structural change to siRNA that improves nuclease resistance, pharmacokinetics, or cellular
internalization could also interfere with the RNAI pathway by inhibiting interactions with the
RISC or target mMRNA. 4041

SiIRNA molecules can be chemically modified by altering their phosphate backbone,

sugar moieties, or bases in order to improve stability, pharmacokinetics, and uptake.*>** For
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example, replacing the phosphodiester backbone with a phosphorothioate increases resistance to
nuclease degradation. Modifying the 2’ position of the sugar with 2’-O-methyl (2°’-OMe), 2’-
fluoro (2’-F), or 2’-O-methoxyethyl (2’-MOE) enhances stability and nuclease resistance and
reduces off-target effects. However, these modifications can have a detrimental effect on gene
silencing ability, especially when prominently used throughout the sequence. Only certain
modification patterns at specific points in the sequence are tolerated by the RNAI pathway,
requiring careful design and optimization of each modified siRNA sequence and limiting its
broad applicability.*34°

Viral vectors can be used to efficiently delivery siRNAs, but they induce mutations,
inflammation, and immunogenic responses, making them unsafe for clinical use.*® As a non-viral
delivery strategy, nanoparticles composed of materials such as polymers,*’ dendrimers,*® and
metal*® have been used to encapsulate or attach siRNAs. These nanoparticle-based approaches
have varied effects on protection from nuclease degradation, pharmacokinetics, and cellular
internalization, and often come with drawbacks such as endosomal entrapment and low
biocompatibility.*! Lipid-based nanoparticles have become a popular approach due to their ease
of synthesis and biocompatible composition, and can carry encapsulated siRNAs into cells via
membrane fusion.® Neutrally charged liposomes are biocompatible but can be inefficient at
transfecting siRNA into cells.*! Cationic liposomes are exceptionally efficient at delivering
siRNAs into cells, and have become the state-of-the-art transfection reagent for siRNA in vitro
for cell culture gene silencing experiments.>3® However, they are not ideal for in vivo usage
since their positive charge leads to inflammation, cytotoxicity, and rapid clearance due to
interactions with negatively charged serum proteins.®>% Solid lipid nanoparticles provide

siRNAs with effective protection from degradation and efficient cytosolic delivery.>* Lipid
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nanoparticles are one of the only siRNA delivery strategies to reach the clinic,® but they have
several drawbacks that do not make them a universal solution. Lipid nanoparticles can lead to
inflammation so severe that patients must be pre-treated with anti-inflammatory drugs before
receiving the siRNA drug.®* Additionally, the large size of lipid nanoparticles causes them to
only accumulate in fenestrated tissues such as the liver, significantly restricting their use for
treating diseases in other tissues.>®

Finally, the strategy of bioconjugation involves attaching siRNAs to molecules that
enhance delivery, such as targeting ligands.®® For example, the approach of conjugating siRNAs
to glycoproteins terminating with N-acetylgalactosamine (GalNAc) sugars that target
asialoglycoprotein receptors (ASGPR) highly expressed in hepatocytes allows for exceptionally
efficient delivery to the liver.>” While GalINAc has shown impressive efficacy in the siRNA field,
it is limited to targeting hepatocytes and has been associated with severe adverse effects.>®>°
Other targeting ligands that have been conjugated to siRNAs include cyclic arginyl-glycyl-
aspartic acid for targeting integrins on cancer cells and antibodies for targeting cell-specific
antigens. Beyond targeting ligands, siRNAs can be conjugated to cationic peptides to penetrate
tissue barriers and cell membranes as well as lipophilic molecules to improve serum stability and
pharmacokinetics.503*

At the start of my PhD in 2017, there were no Food and Drug Administration (FDA)-
approved siRNA drugs despite over two decades of development efforts, which motivated my
pursuit of siRNA research. Since then, five siRNA drugs have finally broken into the
pharmaceutical market, with several others following close behind in late-stage clinical trials. In
2018, Onpattro (patisiran) became the first sSiRNA drug to receive FDA approval.®® Patisiran

consists of chemically modified siRNAs encapsulated in a lipid nanoparticle, and it treats
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polyneuropathy associated with hereditary transthyretin (TTR)-mediated amyloidosis, a fatal
orphan disease.® Patisiran siRNA silences TTR mRNA in the liver, inhibiting the production of
TTR protein in amyloid deposits. The SiIRNA molecule features 11 2°-OMe modifications and an
unmodified phosphodiester backbone, which is fewer modifications than other prominent sSIRNA
drugs that were in development at the time.3* The lipid nanoparticle contains the ionizable lipid
(62,92,2827,31Z)-heptatriacont-6,9,28,31-tetraene-19-yl  4-(dimethylamino)butanoate (D-Lin-
MC3-DMA), which facilitates the cellular uptake of the lipid nanoparticle as well as the release
of siRNA into the cytosol.%! Due to their large size, the lipid nanoparticles highly accumulate in
the liver, making the patisiran lipid nanoparticle strategy well-suited for treating this liver disease
but not ideal for treating other tissues. In clinical trials, patisiran was highly effective and caused
only some mild adverse effects.? Patisiran is administered through intravenous infusion over 80
min every three weeks and requires premedication with anti-inflammatory drugs.?

The second siRNA drug to receive FDA approval was Givlaari (givosiran), a fully
chemically modified siRNA conjugated to GalNAc that silences aminolevulinate synthase 1
(ALAS1) mRNA in the liver to treat acute hepatic porphyria, a rare genetic disorder driven by the
overproduction of ALAS1 enzymes.®2%° Every nucleotide of givosiran is chemically modified,
consisting of a combination of 2’-F, 2°-OMe, and phosphorothioate modifications. When
givosiran is subcutaneously injected, GalNAc targets ASGPR prominently expressed in
hepatocytes, resulting in high uptake in the liver. While givosiran was highly effective in clinical
trials and most adverse effects were mild, several participants experienced severe renal and
hepatic side effects.>®%% Given that the drug was rapidly reviewed and approved in 2019, more
time is needed to evaluate its long-term efficacy due to the chronic nature of acute hepatic

porphyria and its long-term safety due to the severe adverse effects observed in clinical trials.
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Oxlumo (lumasiran) received FDA approval in 2020 as a treatment for the orphan disease
primary hyperoxaluria type 1.%* Like givosiran, lumasiran is a fully chemically modified siRNA
conjugated to GalNAc and it follows a similar chemical modification pattern.®® Lumasiran
targets glyoxylate oxidase mRNA in the liver. In clinical trials, lumasiran showed high efficacy
and resulted in only mild adverse effects.56:67:6
The first three FDA-approved siRNA drugs treat orphan diseases, meaning sSiRNA was
far from reaching the status of a widespread therapeutic class. This began to shift when Leqvio
(inclisiran) became the fourth siRNA drug to receive FDA approval in late 2021.%8 Inclisiran is a
fully chemically modified siRNA conjugated to GalNAc that treats the highly prevalent disease
hypercholesterolemia (high cholesterol), which can lead to life-threatening cardiovascular
diseases.®®"? Following subcutaneous injection, inclisiran is taken up by hepatocytes and silences
proprotein convertase subtilisin/kexin type 9 (PCSK9) mRNA to inhibit the low-density
lipoprotein cholesterol (LDL-C) metabolic pathway. In clinical trials, inclisiran demonstrated a
favorable safety profile and effectively reduced PCSK9 and LDL-C levels.”"2% However, while
decreased PCSK9 and LDL-C levels indicate successful gene silencing, they are not guaranteed
to translate into improved cardiovascular outcomes. The effect of inclisiran on cardiovascular
morbidity and mortality has not been demonstrated, and some studies show that LDL-C
reduction alone is not enough to substantially prevent cardiovascular disease.” " Thus, while it
is exciting that an siRNA drug for a widespread disease has finally reached the clinic, its ultimate
long-term therapeutic efficacy in terms of cardiovascular outcomes has yet to be proven.
Amvuttra (vutrisiran) was the fifth and most recent siRNA drug to enter the clinic,
receiving FDA approval in June 2022.7® Like patisiran, vutrisiran is also a treatment for

hereditary TTR-mediated amyloidosis through silencing TTR mRNA.”” However, while patisran
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is a partially chemically modified siRNA encapsulated in a lipid nanoparticle, vutrisiran is a fully
chemically modified siRNA conjugated to GalNAc, similar to the previous three FDA-approved
SIRNA drugs. In clinical trials, vutrisiran demonstrated efficacy and a favorable safety
profile.”®""7® Compared to patisiran, vutrisiran was more stable and more efficiently taken up by
hepatocytes, enabling less frequent dosing: patisiran is intravenously injected every three weeks
while vutrisiran is subcutaneously injected every three months.® Vutrisiran’s advantages over
patisiran have cemented full chemical modification and GalNAc conjugation as the current state-
of-the-art strategy for clinical SiRNA drugs.

Overall, the five clinically approved siRNA drugs have many things in common. They
were all developed by Alnylam Pharmaceuticals, Inc., resulting in drugs with a very similar
composition and structure utilizing the company’s proprietary technology. They were all
developed quickly, with several of the drugs receiving fast-track approval pathways from the
FDA such as Orphan Drug, Breakthrough Therapy, or Priority Review designations, raising
some questions about long-term safety and efficacy.® They all caused adverse effects in clinical
trials; most were mild to moderate, but there were some severe adverse effects.®® Four out of the
five SiIRNA drugs treat orphan diseases, while the one that does treat a widespread disease has
been met with skepticism regarding its ability to improve long-term therapeutic outcomes.”>"
The most recent four out of the five clinically approved siRNA drugs are fully chemically
modified siRNAs conjugated to GalNAc. Extensive chemical modifications have been shown to
inhibit gene silencing activity for some sequences, which may limit the genes that can be
targeted using this strategy.*>*® While GalNAc efficiently delivers siRNA to the liver, it is not an
effective strategy for targeting other parts of the body. Importantly, all clinically approved

SiIRNA drugs target the liver. Current clinically approved siRNA delivery strategies can only be
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used for diseases in which mRNA silencing in liver cells is the therapeutic mechanism; the vast
majority of diseases that could potentially be treated by gene silencing are excluded from this
mechanism, including cancers, neurological disorders, skin diseases, and countless others. Thus,
siRNAs still have a long way to go before achieving the broad applicability promised by the
nucleic acid therapy field. There is a need for an siRNA drug formulation that has favorable
pharmacokinetics and cellular internalization to targets beyond the liver, as well as minimal off-
target effects. It would also be ideal if the SIRNA drug is modular, consisting of a structure that
can be precisely controlled to strengthen the properties needed for treating a multitude of
diseases, rather than relying on an identical structure for all treatments.

1.3. Spherical Nucleic Acids
1.3.1. Properties of Spherical Nucleic Acids

Spherical nucleic acids (SNASs) have emerged as an exceptionally promising strategy for
delivering nucleic acid therapeutics.8¥8 SNAs are composed of oligonucleotides radially
arranged around a nanoparticle core (Figure 1.2).8%8 This is in contrast to other nanoparticle-
oligonucleotide constructs in which the oligonucleotides are encapsulated within the
nanoparticle. In this densely functionalized radial geometry, SNAs exhibit unique properties
distinct from their linear counterparts. Linear oligonucleotides are rapidly degraded in serum, but
SNAs are resistant to nuclease degradation due to the negatively charged nanoparticle surface
and resultant high local salt concentration.?*8® SNAs have longer circulating half-lives than
linear oligonucleotides, with favorable pharmacokinetics that have shown the penetration of
biological barriers such as the epidermis and the blood-brain barrier, as well as accumulation in
tumors.22° While many linear oligonucleotides are unable to cross cell membranes and enter

cells, SNAs efficiently enter cells via scavenger receptor-mediated endocytosis.?**° SNAs have
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exhibited the ability to enter over 50 different cell types, demonstrating that they can be used to
deliver nucleic acids to a wide range of targets.8! Finally, SNAs have shown fewer off-target

effects than linear oligonucleotides, implying better clinical safety.%

Oligonucleotide
Attachment Moiety

Core

Figure 1.2. SNA structure. SNAs consist of oligonucleotides radially arranged around a
nanoparticle core.

SNAs have been composed of a variety of nucleic acids, such as fluorescently labeled
probes, %% antisense oligonucleotides,® immunomodulatory oligonucleotides,®* and linker
strands,®® as well as a variety of core materials, such as gold nanoparticles (AuNPs)8
liposomes,® polymeric nanoparticles,® and proteins.” These SNAs have been developed as
mRNA detectors,®>% gene regulation agents,® cancer vaccines,® and nanomaterial building
blocks.2® The SNA structure is highly modular; as long as the oligonucleotides are densely
functionalized around a spherical nanoparticle core, the SNA will retain its signature behavior
regardless of composition, e.g., it will protect its nucleic acids from degradation by serum
nucleases and enter cells. The behavior of the SNA arises from the dense, radial geometry of the
oligonucleotides, not the core, as demonstrated by a study of coreless SNAs.% However, altering
the structure of the SNA can significantly impact the magnitude of its properties, such as the
degree of nuclease resistance®® or cellular internalization,*?®1%* and ultimately the efficacy of

the final therapeutic construct.812 This phenomenon has necessitated the effort to understand the
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structure-function relationships of SNAs and create design rules for controlling their properties
by altering their structure.

1.3.2. siRNA-SNAs

siRNAs can be radially arranged around a spherical nanoparticle core to form siRNA-
SNAs, in which they benefit from the properties of the spherical architecture including enhanced
cellular uptake and resistance to degradation by serum nucleases while still demonstrating gene
silencing activity.1%? siRNA-SNAs have also shown advantageous pharmacokinetics in mice,
with tumor accumulation and the ability to cross the epidermis and the blood-brain barrier.8286-8°
Due to these benefits, SIRNA-SNAs have demonstrated therapeutic success in animal models of
skin diseases®®®8® and glioblastoma multiforme,®” and have progressed to a first-in-human
clinical trial for glioblastoma.®® However, there has been difficulty developing siRNA-SNAs for
applications and diseases beyond these targets, limiting their broad usage. All siIRNA-SNAs
developed for therapeutic applications have used the same prototypical structure (Figure 1.3).
These siRNA-SNAs consist of a ~13-nm gold nanoparticle core, with a thiolated passenger
strand of the SiRNA attached to the core and the guide strand hybridized to the passenger
strand.1928-89 prototypical SIRNA-SNAs are easy to synthesize and characterize. However, this

design limits the performance of several key properties of the SIRNA-SNA.
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Figure 1.3. Prototypical siRNA-SNA structure. Prototypical sSiRNA-SNAs consist of a 13-nm
gold nanoparticle core functionalized with thiolated passenger strands with hybridized guide
strands.
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1.3.3. Biological Properties of SIRNA-SNAs
The most important property of the sSIRNA-SNA is its gene silencing activity. However,
there are many other properties in which the sSiRNA-SNA must be sufficient in order to achieve
efficacy (Figure 1.4). In the pathway from synthesis to delivery to therapeutic activity, each
biological property is critically important, and low performance in any one of these properties

significantly restricts the efficacy of the SIRNA-SNA.
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Figure 1.4. Biological properties of SIRNA-SNAs. siRNA-SNAs have biological properties that
play a critical role in each step of the pathway from synthesis to delivery to therapeutic efficacy.
The properties in this pathway include (i) structural stability, (ii) nuclease resistance, (iii)
biocompatibility, (vi) pharmacokinetics, (v) cellular uptake, (vi) endosomal escape, and (vii)
therapeutic activity. All of these properties play a significant role in the eventual therapeutic
efficacy of the sSiRNA-SNA.

Structural stability (Figure 1.4i) is the ability of the SIRNA-SNA to stay intact. Structural
stability affects the number of nucleic acid strands that can be loaded onto the SNA and
ultimately delivered to the target site. Since the nucleic acid is essentially the active ingredient of

the SNA drug, the amount of nucleic acid on each SNA can have significant implications for

therapeutic efficacy and potency. Additionally, the density of nucleic acid strands on the SNA
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surface can in turn can affect downstream properties such as nuclease resistance,
biocompatibility, and cellular uptake.’*'% The hybridized architecture of the prototypical
SIRNA-SNA severely restricts structural stability. Due to the high charge density near the core,
electrostatic repulsion causes the majority of the weakly hybridized guide strands to dissociate
from the SNA, leaving behind lone passenger strands with no gene silencing activity.1041%

Upon administration to the body, siRNA drugs are vulnerable to degradation by
nucleases present in biological fluids (especially serum nucleases in blood), which limits the
amount of intact, active siRNAs that can reach target cells. The SNA architecture confers
nuclease resistance (Figure 1.4ii) to the siRNAs due to the negatively charged nanoparticle
surface and high local salt concentration.’%%8 siRNA-SNAs have been found to have a
significantly greater half-life in serum compared to their linear counterparts.'®> However, since
serum nucleases cleave nucleic acids at specific sequence motifs, the half-life of sSIRNAs as well
as SiRNA-SNAs can vary greatly between sequences.’%®1979 For example, while firefly
luciferase-targeting siRNA-SNAs have a serum half-life of 816 min,%2 human androgen
receptor-targeting sSiRNA-SNAs have a serum half-life of only two min.1%” Thus, there are some
SIRNA-SNA sequences that are unsuitable for clinical development due to prohibitively short
serum half-lives. Generalizable strategies to increase serum nuclease resistance would benefit the
therapeutic suitability of SIRNA-SNAs of all sequences.

Biocompatibility (Figure 1.4iii), including cytotoxicity, unintentional immune system
activation, and off-target effects, can be detrimental to any drug’s clinical success. Gold
nanoparticle-core sSiRNA-SNAs have demonstrated low cytotoxicity and no harmful side effects
at therapeutic concentrations both in vitro and in vivo.1021088687.89 However, gold accumulation

can still lead to cytotoxicity from siRNA-SNAs at high concentrations.'® Gold nanoparticles are
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poorly eliminated from the body, accumulate in the liver, and are non-biodegradable, and thus
there are concerns about the effects of their long-term retention in the body.'% These issues have
limited the number of active clinical trials for gold nanoparticle-based therapeutics, and the FDA
has approved few gold nanodrugs.t® The biocompatibility of SNAs would improve with a higher
nucleic acid-to-gold ratio or a more biocompatible core material.

Pharmacokinetics (Figure 1.4iv), or the movement of drugs within the body, is also a
critical property for a drug’s efficacy. After administration, the drug must transport through the
body, with the hope that there will be high accumulation in the target tissue and low
accumulation in off-target organs. Prototypical SIRNA-SNAs are able to cross the epidermis and
blood-brain barrier, and have shown accumulation in tumors as well as the liver.8¢8 Efforts to
increase delivery to the tumor and decrease gold accumulation in the liver will improve the
therapeutic suitability of SIRNA-SNAs.

Upon reaching target cells, the cellular uptake (Figure 1.4v) of sSiRNA-SNAs determines
how much siRNA can enter the cell. SNAs have demonstrated an ability to efficiently enter over
50 different cell types, which makes them an ideal construct for delivering siRNAs to a broad
range of targets.8! Cellular uptake of SNAs is primarily driven by interactions with class A
scavenger receptors, which bind to SNAs and transport them into the cell via endocytosis.*® It
has been found that these interactions and thus cellular uptake are affected by the sequence,
secondary structure, and loading density of oligonucleotides on the SNA.100:101

Upon internalization, SiRNA-SNAs localize in the endosome. A small fraction of sSiRNA-
SNAs escape the endosome (Figure 1.4vi) and enter the cytosol, where they interact with the
RNAI machinery and silence mRNA. The remaining majority of the SIRNA-SNAs are trapped in

the endosome and traffic through the endocytic pathway into late endosomes while being



39
degraded by enzymes.!'! Endosomal entrapment is a significant issue for most nanoparticle-
based siRNA delivery systems that enter cells via endocytosis, and is often the bottleneck for the
drug’s efficacy. For many nanoparticle constructs, endosomal escape is so minimal that an
insufficient amount of siRNA is able to enter the cytosol and silence genes. Endosomal escape is
also poorly understood, with little information on the variables that affect it and no well-
established method to measure it.>>!2 For siRNA-SNAs, it is apparent that some sequences in
some cell types sufficiently escape the endosome,92868% put for other potential targets and
disease applications, endosomal entrapment is the bottleneck that limits the therapeutic efficacy
of sSIRNA-SNAs.

The final and most important property of the SiRNA-SNA is therapeutic activity (Figure
1.4vii), including gene silencing magnitude, potency, and durability. SIRNA-SNAs have
demonstrated strong, potent gene silencing for several targets, at times exceeding the magnitude
and potency of gene silencing from transfected linear siRNAs.1%28-8% Interestingly, siRNA-
SNAs exhibit slower, longer-lasting silencing than linear siRNAs.81% This is due to an
additional step in the RNAI pathway for siRNA-SNAs, in which the enzyme Dicer-2 cleaves
SiIRNA duplexes from the SNA and traffics them to the RISC for RNAI, while linear sSiRNAs
directly engage with the RISC.1® Thus, if all other properties are sufficient, SIRNA-SNAs are
capable of achieving strong, potent, durable gene silencing. Conversely, any modifications used
to increase other properties may have a detrimental effect on Dicer-2, RISC, or mRNA
interactions, which could limit gene silencing activity.*>#! When trying to improve other
properties, one must be careful to not lose sight of the importance of therapeutic activity.

Several of these properties are siRNA sequence dependent, so the performance of

SiRNA-SNAs will differ for each new target.'9"%%1%! The performance of each siRNA-SNA
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sequence is hard to predict; in one study, only two out of five siIRNA-SNAs showed gene
silencing activity, even though all five sequences had demonstrated potent gene silencing as
transfected linear siRNAs.® A sequence can negatively affect one or several properties,
restricting the therapeutic suitability of that SIRNA-SNA. While the prototypical design may
work for a certain sequence or target, it may not work for others, leading to trail-and-error
testing, extensive screening, and inefficient development of the siRNA-SNA as a drug. The
SIRNA-SNA would substantially benefit from strategies that greatly improve its biological
properties to a point at which sequence dependency will no longer restrict the performance of the
SIRNA-SNA below a critical threshold for any property. Thus, strategies for significantly
increasing all of these properties would strongly benefit the SIRNA-SNA’s suitability for broad
applications.

1.3.4. Altering the Structure of SNAs Affects Their Behavior

The SNA is highly modular and its structural features can be precisely controlled (Figure
1.5). A key advantage of the SNA is that its structure can be altered to cause changes in
properties and behavior.8-82113 The structure-function relationships of SNAs have been studied
with the goal of developing design rules to tailor SNA structure to optimally function for specific
applications. For example, it has been found that increasing the loading density of
oligonucleotides on the SNA surface increases cellular uptake.% It has also been discovered that
modifying the composition of liposome-core and lipid nanoparticle-core SNAs affects their
biodistribution and immunomodulatory activity.!**'® Finally, it has been shown that the
structural arrangement of the components of SNA cancer vaccines significantly affects their
therapeutic efficacy.*”''* While the effects of structural changes on the properties of SNAs has

been demonstrated, this relationship has not been extensively explored for siRNA-SNAs, and
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thus development efforts for the sSiRNA-SNA have used the prototypical architecture.1028-8 A
pair of initial studies showed that chemical modifications and loading density affect the nuclease
resistance of siRNA-SNAs, demonstrating the potential benefit of structural changes to the
SiRNA-SNA 1979 The modularity of the siRNA-SNA provides opportunities to improve the
stability and delivery of siRNA to meet the needs of a wide variety of diseases, providing a
significant advantage over current clinically approved siRNA drugs that utilize a single structure
that is only applicable to a narrow range of diseases. Thus, at the start of my PhD, | aimed to
update the prototypical siRNA-SNA design with generalizable structural changes to develop
next-generation SiRNA-SNAs with improved properties and ultimately improved therapeutic
suitability.
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Figure 1.5. Structural features of SIRNA-SNAs. Structural features of SNAs can be precisely
controlled to cause changes in properties and behavior.

Herein, | describe how structural changes to the SNA architecture can improve these
biological properties. Chapter 2 describes a hairpin-like architecture for sSiRNA-SNAs that

significantly improves structural stability, leading to improved nuclease resistance,
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biocompatibility, cellular uptake, calcium-enhanced cytosolic delivery, and therapeutic duration.
Chapter 3 describes the enhanced drug-to-carrier ratio, pharmacokinetics, and cellular uptake of
SNAs synthesized at an ultrasmall size regime. Chapter 4 introduces next-generation SiRNA-
SNAs with lipid-based cores and investigates their biocompatibility, pharmacokinetics, cellular
uptake, cytosolic delivery, therapeutic activity, and suitability as an ocular nanomedicine.
Finally, Chapter 5 summarizes the main takeaways from this work as well as future work for
developing next-generation SNAs. While this dissertation primarily focuses on siRNA-SNAs,
many of the design principles described herein can be applied to SNAs composed of other
nucleic acids. The structural advances described in this work substantially improve the biological
properties of SNAs, driving the development of next-generation SNA constructs and advancing

siRNAs toward clinical use.
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CHAPTER 2

Hairpin-like siRNA-Based Spherical Nucleic Acids

Reprinted with permission from Vasher, M. K.; Yamankurt, G.; Mirkin, C. A. Hairpin-like
siRNA-Based Spherical Nucleic Acids. J. Am. Chem. Soc. 2022, 144 (7), 3174-3181.
https://doi.org/10.1021/jacs.1¢12750. Copyright 2022, American Chemical Society.

Full text access: http://pubs.acs.org/articlesonrequest/ AOR-5ZGGGFHWNKDGDIU5AHSX
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2.1. Introduction
2.1.1. siRNA
siRNAs are short, double-stranded RNA molecules that silence genes via RNAi.?% Due to
the efficiency and specificity of RNAI, in principle, siRNAs can be synthetically designed to
silence any target sequence of interest, potentially serving as a gene regulation therapy for a
broad range of diseases.?>?"? Unfortunately, clinical use of siRNA has been restricted because
siRNAs have limited biodistribution, are rapidly degraded in biological fluids, and cannot enter

cells as single entities.*9118

2.1.2. Prototypical siRNA-SNAs

SNAs consist of oligonucleotides radially arranged around a nanoparticle core in high
density, and they exhibit properties that distinguish them from their linear counterparts. In
particular, their biodistribution is markedly different, allowing them to enter tissues and cells that
linear structures do not access, and they are more resistant to nuclease degradation with longer
circulating half-lives 881102890 Thys siRNA-SNAs have been shown to be promising as
therapeutics in animal models of impaired wound healing and psoriasis as well as a first-in-

human clinical trial for glioblastoma,8-8%103

Prototypical SIRNA-SNA designs exhibit a hybridized (hyb.) architecture, in which only
the passenger strand of the siRNA is directly attached to the nanoparticle core, and the
complementary guide strand is attached to the SNA conjugate via hybridization to the passenger
strand (Figures 2.1A and 2.2A).1%2 With this SNA design, the hybridization of the guide strands
to densely packed passenger strands on the nanoparticle core occurs with negative cooperativity;
each binding event increases the charge density near the surface of the core, ultimately limiting

the number of guide strands that can be loaded on the SNA due to electrostatic repulsion.'
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According to previous studies, these siRNA-SNAs have only as many as 40 guide strands
hybridized to the >80 passenger strands on the surface of the particle, a duplex efficiency of
<50%.8788 It is also possible that the guide strand can dehybridize before reaching the target cell
with this design.?? Because intact siRNA duplexes are necessary for efficient gene silencing, the
low functional siRNA concentrations delivered using this SNA design ultimately leads to limited
target site accumulation, and a large amount of SNA material is required to induce silencing.
Thus, methods for preparing sSiRNA-SNAs that bear a greater amount of active, stable siRNA are
needed so that these conjugates can be delivered to target cells and potent gene silencing can be

realized.!®

A

Passenger

Passenger

Figure 2.1. Attachment architectures of sSiRNA-SNAs. (A) Hybridized architecture, in which
the passenger strand is attached to the core and the guide strand is hybridized to it with low
duplexing efficiency, and (B) hairpin-like architecture, in which a hairpin-like siRNA, a single
RNA strand composed of a duplex and a hairpin-like region of polyethylene glycol (PEG)
spacers, is attached to the core with high duplexing efficiency. Detailed chemical structures are
shown in Figure 2.2.
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Figure 2.2. Chemistry of siRNA-SNA attachment architectures. (A) Hybridized architecture,
in which the passenger strand is attached to the core via a PEG linker with a thiol group. (B)
Hairpin-like architecture, in which both strands are attached to the core via a PEG linker with a
dithiol serinol group.

2.1.3. Hairpin-like Attachment Architecture for SiRNA-SNAs

Researchers have shown that the enzyme Dicer-2 cleaves siRNA duplexes from the SNA
for RNA-induced silencing complex (RISC) processing, opening up the possibility to explore
new, more stable chemistries (Figure 2.3).1% A straightforward approach involves attaching a
thiol group to the end of both the passenger and guide strands so that both strands can be
functionalized to the gold nanoparticle core (two points of chemical attachment). However, while
such a strategy is suitable for gold nanoparticle cores, it is not extendable to many biocompatible
cores, such as liposomes and poly(lactic-co-glycolic acid) (PLGA) nanoparticles.®>%
Hydrophobic anchor-conjugated RNA strands can separate and laterally diffuse on liposomal
cores, and the chemistry of PLGA-SNAs features separate, single points of covalent attachment
that are not conducive to the hybridization of adjacent complementary RNA strands. Lateral

diffusion is also possible with gold nanoparticle cores, so there is no guarantee that duplex
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formation is maximized.®® Thus, it is ideal that both the passenger and guide strand on an

SIRNA-SNA are attached to each other and to the nanoparticle core through a single functional

group.
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Figure 2.3. RNAI pathway for linear siRNAs and siRNA-SNAs. (A) Linear siRNAs are
processed by the RISC and hybridize to complementary mRNA strands, which are then sliced,
resulting in gene silencing. (B) For siRNA-SNAs, Dicer-2 cleaves off sSiRNA duplexes from the
SNA. The cleaved siRNAs then proceed through the canonical RNAI pathway.

Herein, we describe the design and synthesis of a hairpin-like (HP) siRNA-SNA
architecture that fulfills this key criterion. In this novel design, both strands of the siRNA duplex
are components of a single hairpin-shaped molecule, allowing for their direct attachment to the
nanoparticle core via a single functional group (Figures 2.1B and 2.2B). This design prevents
guide strand dehybridization and permits increased duplex loading compared to the previously
utilized hybridized siRNA-SNA design. As a result, improved serum nuclease resistance,
decreased cytotoxicity, and increased gene silencing duration are observed. This hairpin-like
SiRNA-SNA design can be translated for use on a variety of nanoparticle cores due to its single
functional group, making it a very attractive synthon for the development of next-generation

SiRNA-SNA:s.
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2.2. Materials and Methods
Oligonucleotide Synthesis. RNA oligonucleotides were synthesized on a MerMade 12 system
(BioAutomation) using 2’-O-triisopropylsilyloxymethyl-protected phosphoramidites
(ChemGenes). In the hybridized siRNA system, the passenger and guide RNA strands were
synthesized separately. The passenger strand consisted of RNA base cyanoethyl
phosphoramidites (Glen Research), two spacer 18 (18-O-dimethyoxytritylhexaethyleneglycol,1-
[(2-cyanoethyl)-(N,N-diisopropyl)] phosphoramidites (Glen Research), and a thiol modification
added by using 1-O-dimethoxytrityl-propyl-disulfide,1’-succinyl-lcaa-controlled pore glass
beads. The guide strand consisted of RNA base cyanoethyl phosphoramidites. For the hairpin-
like siRNA system, the single strand consisted of RNA base cyanoethyl phosphoramidites (the
guide portion of the strand), two spacer 18 phosphoramidites, a dithiol serinol phosphoramidite
(the hairpin turn and nanoparticle attachment moiety) (Glen Research), two spacer 18
phosphoramidites, and RNA base cyanoethyl phosphoramidites (the passenger portion of the
strand). After synthesis, RNA oligonucleotides were deprotected following the manufacturer’s
protocol (Bioautomation). Deprotected RNA oligonucleotides were purified using high-
performance liquid chromatography on a C18 column using 0.1 M triethylammonium acetate
and acetonitrile as the solvents. The 5’-dimethoxytrityl (DMT) group was removed from the
purified RNA oligonucleotides via treatment with 20% acetic acid at room temperature for 1 h
and extracting 3 times with ethyl acetate. The oligonucleotide solution was lyophilized and
suspended in DNase/RNase-free water. The oligonucleotide sequences used in this chapter are

listed in Table 2.1.
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Table 2.1. Sequences of RNA oligonucleotides used in this chapter. Observed (obs.)
molecular weights (MW) were measured and compared to calculated (calc.) molecular weights.

Sp18: spacer 18, SH: thiol modification, DS: dithiol serinol.

Name Sequence (5° — 3°) Calc. MW | Obs. MW
(Da) (Da)

Human Epidermal Growth GCUCAUCGCUCACAACCAAUU-(Sp18).-SH 7509 7425

Factor Receptor 2 (HER2)

Passenger

HER2 Guide UUGGUUGUGAGCGAUGAGCAC 6769 6806

HER2 Hairpin GCUCAUCGCUCACAACCAAUU-(Sp18),-Ds- 15912 15964
(Sp18),-AAUUGGUUGUGAGCGAUGAGCAC

Nontargeting (Luciferase (Luc) | CGUACGCGGAAUACUUCGAUU-(Sp18),-SH 7606 7614

Passenger

Nontargeting (Luc) Guide UCGAAGUAUUCCGCGUACGUG 6689 6729

Nontargeting (Luc) Hairpin CGUACGCGGAAUACUUCGAUU-(Sp18),-DS- 15928 15888
(Sp18),-AAUCGAAGUAUUCCGCGUACGUG

Vascular Endothelial Growth ACCUCACCAAAGCCAGCACUU-(Sp18).-SH 7531 7505

Factor (VEGF) Passenger

VEGF Guide GUGCUGGCUUUGGUGAGGUUU 6740 6713

VEGF Hairpin ACCUCACCAAAGCCAGCACUU-(Sp18),-Ds- 15904 15876
(Sp18),-AAGUGCUGGCUUUGGUGAGGUUU

Noncomplementary 1 GCUCAUCGCUCACAACCAAUU-(Sp18),-Ds- 15694 15518
(Sp18),-GACAAUCCCGACACCCUUAUUAC

Noncomplementary 2 AAUAAGGGUGUCGGGAUUGUC-(Sp18),-DS- 16129 16052

(Hybridized to (Sp18),-AAUUGGUUGUGAGCGAUGAGCAC

Noncomplementary 1 for

Cocomplementary RNA)

Hairpin-like siRNA Characterization. The masses of the hairpin-like siRNAs were measured

using matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass
spectrometry. Hairpin-like siRNAs were mixed with 2°,4’-dihydroxyacetophenone (DHAP) and
dried on a MALDI plate. MALDI-TOF was performed using an Autoflex Il Smartbeam
MALDI-TOF mass spectrometer. Conformation analysis of the hairpin-like siRNAs was
performed using native PAGE. The two cocomplementary hairpin-like sSiRNAs were mixed at an
equal molar ratio in duplex buffer (30 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (pH 7.3), 100 mM potassium acetate, 2 mM magnesium acetate). The solution was
then heated to 95 °C for 2 min and slowly cooled to room temperature to allow for hybridization

to occur. RNA samples were analyzed via native polyacrylamide gel electrophoresis (PAGE)
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using a 10% gel at 150 V for 45 min. SYBR Gold was used to stain the RNA. The gel was

imaged using an Amersham Typhoon biomolecular imager.

SNA Salt-Aging Synthesis. Citrate-capped AuNPs 13 nm in diameter were synthesized by
reducing chloroauric acid with sodium citrate in water following the Turkevich-Frens method.?
To prepare hybridized siRNA-SNAs, 100 uM passenger RNA and 100 uM guide RNA were
added to duplex buffer, heated to 95 °C for 2 min, and slowly cooled to room temperature to
allow for hybridization. The AuNPs were functionalized with these hybridized siRNAs to form
SNAs via a previously described salt-aging procedure.!® To prepare the hairpin-like siRNA-
SNAs, 100 uM hairpin-like siRNA was added to duplex buffer, heated to 95 °C for 2 min, and
slowly cooled to room temperature. Hairpin-like siRNA (final concentration = 4 puM) was then
added to a solution of 10 nM 13-nm AuNPs, 0.2% Tween-20, and 150 mM NaCl. The solution
was incubated overnight. The next day, the salt concentration was gradually increased to 1 M
NaCl by adding a concentrated solution of NaCl every 2 h while shaking. The solution was
allowed to equilibrize overnight. Unattached oligonucleotides were removed by washing with 1x
Dulbecco’s phosphate-buffered saline (DPBS) 3 times in Amicon Ultra 100K molecular weight

cutoff spin filters (MilliporeSigma). The SNAs were stored at 4 °C for up to 3 months.

SNA Characterization. SNAs and AuNPs were diluted to 1 nM in 1x DPBS and water,
respectively, and size was analyzed with dynamic light scattering (DLS) using a Malvern
Zetasizer. The SNA concentration was determined by measuring the absorbance spectra of the
SNAs using a Cary-5000 spectrophotometer (Agilent). The AuNP’s extinction coefficient is not
affected by functionalization with oligonucleotides, so AuNP (and, in effect, SNA) concentration
was calculated using the absorbance at 520 nm and an extinction coefficient of 2.27 x 108 M™!

cm .12 To measure the siRNA duplex loading of hybridized siRNA-SNAs, 3 pL of 100 nM
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SNAs were incubated with 100 pL of 9 M urea at 45 °C for 20 min, mixed with 100 pL of 0.01%
Tween-20, and centrifuged at maximum speed for 25 min to dissociate the guide strands from the
SNAs. The passenger strand-conjugated SNAs formed a pellet while dissociated guide strands
were in the supernatant. A portion of the supernatant (25 puL) was added to 75 pL of water and
100 pL of 0.5% Quant-iT OliGreen reagent (Invitrogen) in 1x tris/ethylenediaminetetraacetic
acid (EDTA) (TE) buffer. The samples were analyzed in a 96-well plate by measuring OliGreen
fluorescence (excitation wavelength (lex) = 480 nm, emission wavelength (Zem) = 520 nm) with a
BioTek Cytation 5 imaging reader and comparing to a standard curve of guide RNA. siRNA
duplex loading of hairpin-like SIRNA-SNAs was then calculated by taking the ratio of guide
RNA concentration to AUNP concentration. To measure the number of passenger strands on each
SNA, the remaining passenger strand-conjugated SNAs were added to 9 M urea to dissolve the
gold. The OliGreen assay was repeated with these SNAs to measure passenger RNA
concentration. Passenger strand loading on the SNA was then calculated by taking the ratio of
passenger RNA concentration to AuNP concentration. To measure the siRNA duplex loading of
hairpin-like SIRNA-SNAs, 7 pL of 100 nM SNAs were mixed with 7 pL of 40 mM KCN and
heated at 55 °C until the gold dissolved. The solution was diluted in 112 pL of 1x DPBS. Then,
25 pL of this solution was mixed with 175 pL of 0.28% Quant-iT OliGreen reagent (Invitrogen)
in 1x DPBS. OliGreen fluorescence was measured and compared to a standard curve of hairpin-
like sSiRNA. siRNA duplex loading of hairpin-like SiIRNA-SNAs was then calculated by taking
the ratio of hairpin-like siRNA concentration to AUNP concentration.
Serum Nuclease Resistance of SNAs. The serum nuclease resistance of siRNA-SNAs was

measured as previously described.!%” To degrade the siRNA on the SNAs with nucleases, 20 nM

SNAs were incubated in 10% fetal bovine serum (FBS) in 1x DPBS at 37 °C. As a negative
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control, 20 nM SNAs were incubated in 1x DPBS at 37 °C. At each time point, an 18-pL aliquot
was removed and mixed with 30 mM sodium dodecyl sulfate (SDS) to inactivate the nucleases
and stop the reaction. The degraded SNAs were then washed 3 times by suspending in 0.01%
Tween-20 in 1x DPBS, centrifuging at 21,000 x g for 25 min, and removing the supernatant to
remove serum and degraded RNA fragments. The amount of siRNA remaining on the SNA at
each time point was measured following the previously described SNA characterization methods.
The AuNP concentration of the SNA samples was determined by measuring absorbance at 520

nm using a BioTek Cytation 5 imaging reader.

Cytotoxicity of SNAs. In 96-well cell culture plates with 2,500 SK-OV-3 cells per well, siRNA-
SNAs in Opti-MEM were incubated with SK-OV-3 cells in triplicate for 48 h. The wells were
washed with 1x DPBS 3 times to remove dead cells and SNAs that remained outside the cells. A
mixture of 50 pL 1x DPBS and 50 L of CellTiter-Glo 2.0 reagent (Promega) was added to the
wells, and the luminescence was measured using a BioTek Cytation 5 imaging reader.
Luminescent readout from adenosine triphosphate (ATP) concentration was used to indicate live

cell count. Cell viability was normalized to cells treated with Opti-MEM only.

Cellular Uptake of SNAs. In 24-well cell culture plates with 50,000 SK-OV-3 cells per well,
SK-OV-3 cells were treated with 1 nM SNAs in Opti-MEM for 24 h. At the end of each time
point, the cells were washed with 1x DPBS 3 times to remove SNAs that remained outside the
cells. The cells were then trypsinized using 150 pL of TrypLE Express (Thermo Fisher). The
number of cells in each sample was measured by staining 10 pL of cells with 10 pL of Trypan
Blue (Thermo Fisher) and measuring their concentration using an Invitrogen Countess 1l
automated cell counter. Next, 120 uL of cells were dissolved in 50 mL of 2% HCI, 2% HNO:s.

The gold concentration in this solution was measured by performing inductively coupled plasma
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mass spectrometry (ICP-MS) on the acidified samples. ICP-MS was performed on a computer-
controlled (QTEGRA software) Thermo iCapQ ICP-MS (Thermo Fisher Scientific, Waltham,
MA, USA) operating in STD mode and equipped with a ESI SC-2DX PrepFAST autosampler
(Omaha, NE, USA). Internal standard was added inline using the prepFAST system and
consisted of 1 ng/mL of a mixed element solution containing Bi, In, °Li, Sc, Th, Y (IV-ICPMS-
71D from Inorganic Ventures). Online dilution was also carried out by the prepFAST system and
used to generate a calibration curve consisting of 2, 4, 20, 100, and 200 ppb Au. Each sample
was acquired using 1 survey run (10 sweeps) and 3 main (peak jumping) runs (40 sweeps). The
isotopes selected for analysis were *’Au (for SNA quantification) and 8%, °In, *°Th, and 2°°Bi
(chosen as internal standards for data interpolation and machine stability). Instrument
performance was optimized daily through autotuning followed by verification via a performance
report (passing manufacturer specifications). The number of SNAs taken up into each cell was
calculated by dividing the number of gold nanoparticles per sample by the number of cells per
sample. The amount of siRNA taken up into each cell was calculated by multiplying the SNA

uptake by the siRNA duplex loading on the SNA.

Quantification of Gene Knockdown by Reverse Transcription Quantitative Polymerase
Chain Reaction (RT-gPCR). In 12-well cell culture plates with 25,000 SK-OV-3 cells per well,
HER2-targeting or nontargeting siRNA or siRNA-SNAs were transfected at a 100 nM siRNA
concentration with Lipofectamine RNAIMAX (Thermo Fisher Scientific) using the
manufacturer’s instructions. After transfection for 24 h, the treatment solution was replaced with
McCoy’s 5A (modified) medium (Gibco) supplemented with 10% FBS, 1% penicillin-
streptomycin, and the cells were incubated for another 24 h. RNA was isolated from the cells

using a PureLink RNA Mini Kit (Thermo Fisher Scientific). mRNA levels were measured in
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triplicate by RT-gPCR using gScript XLT One-Step RT-gPCR ToughMix (Quanta Biosciences),
TagMan Gene Expression Assays (HER2: Hs01001580_m1, GAPDH: Hs03929097_g1; Thermo
Fisher Scientific), a Bio-Rad C1000 Touch Thermal Cycler, and a Bio-Rad CFX384 Real-time
System. Cr values were normalized to the housekeeping gene and untreated cells using the Pfaffl

method.1%

Quantification of Protein Knockdown by In-Cell Western. In 96-well cell culture plates with
20,000 SK-OV-3 cells per well, siRNA-SNAs targeting HER2 were transfected with
Lipofectamine RNAIMAX using the manufacturer’s instructions. After transfection for 24 h, the
SNA treatment solution was replaced with McCoy’s 5A (modified) medium (Gibco)
supplemented with 10% FBS, 1% penicillin-streptomycin, and the cells were incubated for the
remainder of the treatment period. The medium was replaced twice per week to continuously
provide the cells with nutrients. At the end of the treatment period, the wells were washed with
1x DPBS 3 times and fixed in methanol chilled at —20 °C for 15 min. The wells were washed
with 0.05% Tween-20 in 1x DPBS 2 times, then 1x DPBS, then incubated with Intercept
blocking buffer (LI-COR) for 90 min with shaking. The cells were then incubated with HER2
antibody (29D8) diluted 1:200 in Intercept blocking buffer (Cell Signaling) for 2 h. The wells
were washed with 0.1% Tween-20 in 1x DPBS 3 times and incubated with 2 pg/mL IRDye
800CW goat anti-rabbit secondary antibody (LI-COR) and 500 nM CellTag 700 (LI-COR)
diluted 1:500 in Intercept blocking buffer for 1 h protected from light, with shaking. The wells
were washed with 0.1% Tween-20 in 1x DPBS 3 times and imaged on an Odyssey CLx system
(LI-COR). HER?2 protein expression was normalized to cell count by normalizing fluorescence at

800 nm to fluorescence at 700 nm.
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Calcium-Salting of siRNA-SNAs. To salt SiRNA-SNAs with calcium, 70 pmol by siRNA of
SIRNA-SNAs were mixed with 2.1 pmol of CaCl,; and incubated with shaking at room
temperature for 1 h. Calcium-salted sSiRNA-SNAs were diluted in Opti-MEM and added to a 96-
well cell culture plates with 20,000 SK-OV-3 cells per well for protein knockdown studies.

Protein knockdown was measured using an in-cell Western assay.

Statistics. All statistical analyses were performed using GraphPad Prism. For comparisons
between two groups, means were compared using an unpaired, two-tailed t-test. For comparisons
between more than two groups, means were compared using an ordinary one-way analysis of
variance (ANOVA) with Tukey’s multiple comparison test. P values were multiplicity adjusted
to account for multiple comparisons. Serum nuclease resistance results were fit with an
exponential one-phase decay using a least-squares fit. Cytotoxicity results and in-cell Western

protein expression results were fit with a 3-parameter logistic curve using a least-squares fit.

2.3. Results and Discussion
2.3.1. Hairpin-like siRNA Self-Hybridizes to Form a Functional sSiRNA Duplex

The hairpin-like siRNA molecule consists of a complementary passenger and guide
strand joined by PEG spacers and a dithiol serinol group (Figure 2.4A). These constructs were
synthesized as a single 44-mer RNA oligonucleotide containing the PEG and dithiol serinol
groups in the middle using solid phase synthesis via standard protocols. Synthesis of the RNA
oligo was confirmed using MALDI-TOF mass spectrometry (Table 2.1). The average synthesis
yield was 7%, and the hairpin-like RNAs were stored at —20 °C and remained functional after six

months.
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Figure 2.4. Hairpin-like RNAs self-hybridize to function as active siRNA duplexes. (A)
Chemical structure of hairpin-like siRNA with passenger strand (light blue) and guide strand
(dark blue). The sequence shown is used for targeting HER2 mRNA. (B) Scheme showing
hairpin-like RNA conformations and predicted native PAGE band locations. (C) Native PAGE
gel of hairpin-like siRNA, noncomplementary RNA, and cocomplementary RNA. (D) Gene
silencing activity of hybridized and hairpin-like siRNA. SK-OV-3 cells were transfected with
100 nM siRNAs. Relative (rel.) gene expression (exp.) was measured 48 h after siRNA
administration by RT-qPCR, normalized to transfection agent-only treatment. Error bars are
standard deviation (SD) of 3 experimental replicates (***P < 0.001).

Next, it was confirmed that the passenger and guide strands within the hairpin-like sSiRNA
hybridize at a high efficiency to form the intact siRNA duplex required for gene silencing. In
native PAGE analysis, the hairpin-like siRNA strands appear as three bands, one with a much
higher intensity than the other two, indicating that the hairpin-like RNA likely exists in three

conformations: closed, where the RNA self-hybridized; open, where the RNA did not self-
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hybridize; and sandwich, where two of the RNA molecules dimerized due to their
complementarity (Figure 2.4B). To determine which band corresponded to which conformation,
a similar RNA with noncomplementary passenger and guide strands was used; this strand cannot
self-hybridize and only exists in the open conformation. This noncomplementary RNA was run
through the gel, revealing the location of the band for the open conformation. Then, a second
RNA molecule that could not self-hybridize, but that was entirely complementary to the previous
noncomplementary RNA was prepared. These two cocomplementary strands form a sandwich
conformation and reveal the location of that band. Based on these results, we conclude that the
majority (89% intensity according to ImageJ analysis) of the hairpin-like SIRNA molecules exist
in the closed conformation (Figure 2.4C). Thus, the hairpin-like SiIRNA molecule self-hybridizes
at a high efficiency. The hairpin-like RNA was heated to 95 °C and then slowly cooled in duplex
buffer to investigate if the percentage of strands in the closed conformation can be increased, but

this process did not significantly affect the ratios of the observed conformations (Figure 2.5).

Figure 2.5. Slow cooling does not increase self-hybridization efficiency. Self-complementary
hairpin-like sSiRNA was heated to 95 °C and then slow-cooled to room temperature in duplex
buffer at various concentrations. Upon native PAGE analysis, slow-cooling did not significantly
increase the fraction of hairpin-like siRNA that existed in a closed conformation.
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To investigate if the hairpin-like siRNA functions as an active siRNA duplex, its gene
silencing activity was compared to that of standard SiRNA that consists of two hybridized
strands. As a model system, the human epidermal growth factor receptor 2 (HER2) gene was
targeted for silencing in SK-OV-3 human ovarian cancer cells since it is a well-established
oncogene and the protein it expresses is a common therapeutic target for breast cancer.** HER2-
targeting hairpin-like siRNAs were transfected with Lipofectamine RNAIMAX into SK-OV-3
cells, and gene knockdown was measured by RT-gPCR. HER2-targeting hairpin-like siRNAs
significantly knocked down the HER2 gene as compared to a nontargeting control hairpin-like
SiIRNA, and at a similar level to a standard hybridized siRNA of the same sequence (Figure

2.4D). Thus, hairpin-like siRNAs self-hybridize and function as active siRNA duplexes.

2.3.2. Hairpin-like Design Enables Higher siRNA Duplex Loading on SNAs than
Hybridized Design

HER2-targeting hairpin-like SiRNA-SNAs were synthesized by adding hairpin-like
SiRNA to gold nanoparticles and salt aging them, then washing away unbound
oligonucleotides.®®* DLS shows an increase in hydrodynamic diameter when hairpin-like sSiRNAs
are conjugated to the gold nanoparticles, indicating the successful formation of SNAs (bare gold
nanoparticle: 10 nm, hyb. siRNA-SNA: 17 nm, HP siRNA-SNA: 23 nm) (Figure 2.6). Although
the hairpin-like siRNA-SNA is larger than the hybridized siRNA-SNA, the difference in size is
minor in the context of these experiments and may be due to a higher density of sSiRNA duplexes.
OliGreen fluorescence quantification revealed 25 siRNA duplexes per HER2-targeting
hybridized siRNA-SNA particle (14% duplex efficiency) (Figure 2.7A). Significantly, the
HER2-targeting hairpin-like siRNA-SNA has a four-fold higher duplex loading, bearing 103

SiRNA duplexes per particle (Figure 2.7B). This effect is sequence-independent, as SiRNA-
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SNAs with other sequences exhibit a similar increase in duplex loading between the hybridized
and hairpin-like architectures (Figure 2.8). Thus, the hairpin-like architecture allows for a

significantly greater loading of sSiRNA on its surface than the hybridized architecture.
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Figure 2.6. DLS analysis shows siRNA-SNA formation. (A) Diameters of bare gold
nanoparticles and hybridized and hairpin-like sSIRNA-SNAs. Diameters shown are number means
measured by DLS. Error bars are SD of 10 measurements. (B) DLS number distribution of gold
nanoparticles. Error bars are SD of 10 measurements. (C) DLS number distribution of hybridized
SIRNA-SNAs. Error bars are SD of 10 measurements. (D) DLS number distribution of hairpin-
like SIRNA-SNAs. Error bars are SD of 10 measurements (****P < 0.0001).
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Figure 2.7. Hairpin-like design increases duplex loading of HER2-targeting siRNA-SNAs.
(A) Passenger and guide strand loading for hybridized siRNA-SNAs. Error bars are SD of 3
batches of SNAs. (B) siRNA duplex loading for each SNA architecture. Error bars are SD of 3
batches of SNAs.
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Figure 2.8. Hairpin-like siRNA architecture increases duplex loading on SNAs for a variety
of sequences. Hybridized and hairpin-like sSiRNA-SNAs with sequences targeting HER2, Luc,
and VEGF mRNA were synthesized. For all sequences tested, the hairpin-like architecture
increased duplex loading. Error bars are SD of 3 batches of SNAs (**P <0.01).

2.3.3. Hairpin-like Design Increases Serum Nuclease Resistance and Decreases SNA
Cytotoxicity

In general, siRNAs bound to a particle surface in SNA form exhibit higher serum
nuclease resistance than free siRNAs due to the negatively charged surface of the SNA, steric

congestion, and high local salt concentrations.%28517 siRNA-SNAs have a higher half-life in
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serum than linear sSiRNAs, making them better suited for use as therapeutics. The hairpin-like
SIRNA-SNA, with its higher duplex density, may provide even greater serum nuclease resistance
than the prototypical hybridized siRNA-SNA. The serum stability of hairpin-like and hybridized
SIRNA-SNAs was compared by incubating them in 10% FBS and measuring the amount of
SIRNA duplex remaining on the SNA over time (Figure 2.9). Hairpin-like SIRNA-SNAs were
found to have a six-fold longer half-life in serum compared to hybridized sSiRNA-SNAs (132 min
vs. 22 min), indicating that the hairpin-like architecture improves siRNA-SNA resistance to
serum nucleases. This enhancement could enable SNAs with the hairpin-like design to deliver a
greater amount of intact SIRNA to target sites. Interestingly, hairpin-like SIRNA-SNAs with a
much lower duplex loading (39 duplexes/SNA, comparable to that of the hybridized siRNA-
SNASs) had a half-life in serum (17 min) that was closer to that of the hybridized siRNA-SNAs
(22 min), indicating that the increased serum nuclease resistance of hairpin-like SIRNA-SNAs

likely stems from their high siRNA duplex density.
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Figure 2.9. Hairpin-like design increases serum stability of siRNA-SNAs in a duplex
loading density-dependent manner. (A) Degradation of hairpin-like sSiRNA-SNAs with high
(96 duplexes/SNA) and low (39 duplexes/SNA) loading and hybridized siRNA-SNAs (24
duplexes/SNA) in 1x DPBS and 10% FBS. Error bars are SD of 3 experimental replicates. (B)
Half-lives of siRNA-SNAs in 10% FBS, derived from curves in (A). Error bars are SD of 3
experimental replicates (ns P > 0.05).
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SIRNA-SNAs are cytotoxic at high concentrations because the gold accumulates in cells,
limiting the maximum dose of siRNA that can be delivered. Since hairpin-like SIRNA-SNAs
contain more active siRNA duplexes per gold nanoparticle than hybridized siRNA-SNAs, the
hairpin-like sSiRNA-SNAs should be able to deliver greater amounts of siRNA before cytotoxic
concentrations of gold are reached. SK-OV-3 cells were treated with increasing concentrations of
hybridized and hairpin-like SiRNA-SNAs, and cell viability was measured (Figure 2.10). Indeed,
the median lethal dose (LDso) occurs at a higher siRNA concentration with hairpin-like sSIRNA-
SNAs than with hybridized siRNA-SNAs, indicating that the hairpin-like architecture is less
cytotoxic. The increased serum nuclease resistance and decreased cytotoxicity resulting from the
hairpin-like design will allow for higher amounts of active siRNA to be delivered by SNAs for
therapeutic applications.

*%*

A 7 - Hyb.sRNASNA - B 400007 ——
— ~»- HP sIRNA-SNA
2 100- - = 30000
< =
> £
£ 80- 20000+
S 60- DN —! 10000~
o o4
< r &
» Vol o
sy 5N N
U 1 1 | 1 % Qg
1 2 3 4 5 R
10 10 10 10 10 & &

[siRNA] (nM)

Figure 2.10. Hairpin-like design decreases cytotoxicity of sSiRNA-SNAs. (A) Cytotoxicity of
SiRNA-SNAs. Dotted lines are 95% confidence interval (Cl). Error bars are SD of 3 biological
replicates. (B) LDso of SiRNA-SNAs, derived from curves in (A). Error bars are SD of 3
biological replicates.
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2.3.4. Hairpin-like siRNA-SNAs Produce a More Durable Gene Silencing Effect than
Hybridized siRNA-SNAs
The gene silencing activity of hybridized and hairpin-like sSiRNA-SNAs was compared to
determine if the hairpin-like architecture affects interactions with RNAI proteins. The hairpin-
like SIRNA-SNAs were observed to enter cells as single-entity agents like their hybridized
SIRNA-SNA counterparts but delivered higher quantities of sSiRNA (hyb. sSiRNA-SNAs: 1.3 x
10° siRNA/cell, HP siRNA-SNAs: 2.5 x 10° siRNA/cell), in agreement with previous results that
cellular uptake of SNAs is affected by oligonucleotide density (Figure 2.11).1%° To remove the
difference in uptake and compare the interactions of sSiRNA-SNAs with RNAI proteins, HER2-
targeting siIRNA-SNAs were transfected into SK-OV-3 cells such that the same amount of SIRNA
was delivered for both architectures.'® Both siRNA-SNAs achieved equal gene knockdown at a
100 nM siRNA concentration, demonstrating that the hairpin-like architecture does not prevent
the surface-bound strands from interacting with RNAI proteins and allows for the same gene

silencing functionality as the hybridized sSIRNA-SNA (Figure 2.12A).
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Figure 2.11. Architecture affects cellular uptake. The cellular uptake of sSIRNA-SNAs with
hairpin-like or hybridized designs was compared. Hairpin-like sSiRNA-SNAs retain the ability to
enter cells without the use of transfection reagents and deliver more siRNA into cells than SNAs
with the hybridized architecture. Error bars are SD of 3 biological replicates (*P < 0.05).
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Figure 2.12. Hairpin-like design increases gene silencing durability of sIRNA-SNAs. (A)
Full gene silencing activity of HER2-targeting siRNA-SNAs. SK-OV-3 cells were transfected
with 100 nM siRNA equivalent SNAs. Relative gene expression was measured 48 h after SNA
administration by RT-gPCR, normalized to transfection agent-only treatment. Error bars are SD
of 3 experimental replicates. (B) Knockdown potency of HER2-targeting SiRNA-SNAs 2 days
after SNA administration. SK-OV-3 cells were transfected with a range of SNA concentrations.
Protein expression was measured using an in-cell Western assay, normalized to transfection
agent-only treatment. Dotted lines are 95% CI. Error bars are SD of 3 biological replicates. (C)
Knockdown potency of HER2-targeting SiRNA-SNAs 4 weeks after SNA administration. Dotted
lines are 95% CI. Error bars are SD of 3 biological replicates. (D) Half maximal inhibitory
concentration (ICso) of HER2-targeting SiRNA-SNAs at 2 days and 4 weeks after SNA
administration, based on protein expression curves in (B) and (C). Error bars are SD of 3
biological replicates.

Next, the effect of SNA design on gene silencing potency was compared. Specifically, it
was investigated whether RNAI machinery recognized both SNAs identically regardless of
differences in architecture and loading, or if the higher loading of hairpin-like sSiRNA-SNAs
enabled each SNA to be more potent, or if the denser loading or attachment architecture of

hairpin-like sSiRNA-SNAs inhibited interactions with RNAI machinery. To study differences due
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to these interactions, a range of SNA concentrations was transfected into SK-OV-3 cells for 24 h
so that at each concentration, the same amount of SiRNA of either design was delivered
regardless of differences in uptake.!® HER2 protein expression was measured two days after
SNA administration using an in-cell Western assay, since it is higher-throughput than RT-gPCR
and correlated the previously measured gene expression with protein expression. The potency of
both SNAs was found to be similar in terms of SNA concentration (hybridized siRNA 1Cso:
0.020 nM, hairpin-like sSiRNA-SNA ICso: 0.017 nM) (Figures 2.12B and D). The dependency of
knockdown on SNA concentration, rather than siRNA concentration, is in agreement with
previous observations that the SNA is the active entity in gene silencing.'%1% RNAI proteins
recognize both architectures of SNA similarly regardless of attachment architecture or loading,

and the hairpin-like attachment strategy does not impair gene silencing activity.

Gene silencing duration is a critical property of siRNA that affects the ability to drive a
persistent phenotypic change, the portion of treatment time during which the target protein is
below the therapeutic threshold, and the required dosing schedule.'?® The kinetics of siRNA-
SNA gene silencing is slower than that of linear siRNA; with siRNA-SNAs, it takes longer to
reach maximum knockdown as well as return to pre-treatment gene expression levels.86:102
Studies have suggested that Dicer-2 cleavage is the rate-limiting step in the SNA gene silencing
pathway, resulting in a sustained rate of siRNA removal from SNAs and slower subsequent
processing by RNAi machinery.® Thus, at early time points, both SNA architectures have a
similar gene silencing effect regardless of loading since siRNA release occurs at a similar rate
(Figures 2.12B and 2.13A). However, because the hairpin-like siRNA-SNAs have a higher
siRNA loading than the hybridized siRNA-SNAs, it will take longer for intracellular hairpin-like

SIRNA-SNAs to be depleted of siRNA so their knockdown should be more persistent than that of
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hybridized siRNA-SNAs at later time points (Figure 2.13B). Indeed, four weeks after a 24 h
SNA treatment, SK-OV-3 cells treated with the hairpin-like sSIRNA-SNAs had persistent HER2
gene silencing at lower SNA concentrations, reducing the hairpin-like SIRNA-SNA ICs to
0.00038 nM; conversely, cells treated with hybridized SIRNA-SNAs had a weakening of the gene
silencing effect, with a rise in ICsp to 0.070 nM (Figures 2.12C and D). This result suggests that
the hairpin-like siRNA-SNA allows for the release of siRNA for a longer period than the
hybridized siRNA-SNA, lengthening the duration of knockdown. Therefore, not only is the
hairpin-like architecture able to deliver more siRNA at low SNA concentrations than the

hybridized architecture, it also provides a more persistent gene silencing effect.
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Figure 2.13. RNAI pathway for hybridized and hairpin-like SIRNA-SNAs at early and late
time points. (A) At early time points, Dicer-2 cleavage releases siRNAs from both architectures
of SIRNA-SNAs at similar rates, resulting in a similar level of gene silencing. (B) At later time
points, hybridized siRNA-SNAs will be depleted of siRNAs first, after which they will no longer
sustain a further gene silencing effect. Due to their higher loading, hairpin-like sSiRNA-SNAs
will still have siRNAs remaining that can be cleaved by Dicer-2 and processed to sustain a more
durable gene silencing effect.
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2.3.5. Calcium-Salting Enhances the Cytosolic Delivery of Hairpin-like SiRNA-SNAs
Upon internalization, sSiRNA-SNAs accumulate in endosomes, while a small fraction of
the siRNA-SNAs escape into the cytosol where they engage in gene silencing.l%2! While
siRNA-SNAs towards some targets achieve efficient endosomal escape and gene silencing,10%8-
8 others are restricted by inefficient cytosolic delivery, implying a sequence dependence on
endosomal escape. To improve the efficacy of sSiRNA-SNAs for a broad range of targets, we
have investigated a generalizable calcium-salting method for enhancing siRNA-SNA cytosolic
delivery. We found that salting PLGA nanoparticle-core sSiRNA-SNAs with CaCl, enhances their
cytosolic delivery. Ca?" ions associate with the negatively charged phosphate backbone of the
siRNAs on the SNAs, and upon endocytosis, these ions promote a proton sponge effect that
facilitates efficient endosomal escape of the siRNA-SNAs.1%6127 Calcium-salted PLGA-core
SiIRNA-SNAs achieve efficient cytosolic delivery and gene silencing across multiple sequences

and cell types, without inducing any cytotoxicity.

To investigate the applicability of calcium-salting beyond siRNA-SNAs with a PLGA
core, we calcium salted hybridized and hairpin-like SiRNA-SNAs with a 13-nm gold
nanoparticle core. We used siRNA-SNAs with a HER2 sequence at a concentration at which we
did not observe gene silencing without transfection due to inadequate cytosolic delivery. Upon
treating SK-OV-3 cells, unsalted siRNA-SNAs resulted in no significant gene silencing while
calcium-salted siRNA-SNAs achieved silencing due to enhanced cytosolic delivery enabled by
the Ca?* ions (Figure 2.14). Thus, the calcium-salting strategy for improving cytosolic delivery

is applicable to SNA constructs beyond the PLGA-core siRNA-SNA.
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Figure 2.14. Calcium-salting enhances the cytosolic delivery of gold nanoparticle-core
SiIRNA-SNAs. Protein knockdown activity of HER2-targeting unsalted and calcium-salted
SIRNA-SNAs. SK-OV-3 cells were treated with 100 nM siRNA equivalent SNAs. Calcium-
salted siRNA-SNAs were at a final Ca?* concentration of 3 mM. Protein expression was
measured 48 h after SNA administration by an in-cell Western assay, normalized to untreated
cells. Error bars are SD of 3 biological replicates.

Since calcium ions associate with the negatively charged phosphate backbone of the
oligonucleotides on the SNA, we hypothesized that a higher amount of calcium ions would
associate with an SNA with a higher loading of oligonucleotides. Since hairpin-like SiRNA-
SNAs have greater loading than hybridized siRNA-SNAs, we expected them to have more
calcium ion association, leading to more efficient cytosolic delivery and more potent gene
silencing. When comparing the dose-response trends of calcium-salted HER2-targeting hairpin-
like and hybridized siRNA-SNAs in SK-OV-3 cells, hairpin-like sSiRNA-SNAs had a lower 1Cso
and therefore greater potency (Figure 2.15A). While the difference is not statistically significant,
it is still apparent and implies that the hairpin-like design may enhance the cytosolic delivery

enabled by calcium-salting.
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Figure 2.15. Knockdown potency of calcium-salted and RNAIMAX-transfected siRNA-
SNAs. (A) ICs of calcium-salted siRNA-SNAs calculated from protein expression curves. Error
bars are SD of 3 biological replicates. Error bars are SD of 3 biological replicates. (B) ICso of
RNAIMAX-transfected SiIRNA-SNAs calculated from protein expression curves. Error bars are
SD of 3 biological replicates.

To gauge the transfection efficiency of calcium salting, we compared it to the state-of-
the-art transfection reagent RNAIMAX. RNAIMAX is a cationic lipid that achieves exceptional
transfection efficiency for siRNA and siRNA-SNAs and thus is the gold standard to compare
against, but it is cytotoxic and poorly suited for therapeutic use. Calcium-salted sSiIRNA-SNAs
had a similar gene silencing potency to RNAIMAX-transfected siRNA-SNAs (Figure 2.15B),
indicating that calcium-salting achieves cytosolic delivery on the same scale as RNAIMAX
without the associated cytotoxicity. Thus, calcium-salting is a highly effective method of
enhancing cytosolic delivery for several types of SIRNA-SNAs.

2.4. Conclusion

From these data, one can conclude that the incorporation of a hairpin structure into SNA

design can lead to marked improvements in SNA performance. Indeed, the novel hairpin-like
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architecture improves siRNA-SNA duplex loading, serum nuclease resistance, biocompatibility,
cellular uptake, calcium-assisted cytosolic delivery, and gene silencing durability. These factors
should work synergistically to enhance the delivery of active siRNA duplexes to target tissues
and increase the window for gene silencing. Due to these advantages and the universality of the
design, hairpin-like siRNA-SNAs are an important synthetic advance in the development of
next-generation SIRNA-SNA constructs, potentially driving the development of SiRNA

therapeutics and significantly expanding their scope of utility.
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In Vivo Behavior of Ultrasmall Spherical Nucleic Acids

71



72

3.1. Introduction
3.1.1. Prototypical Gold Nanoparticle-Core SNAs

SNA:s are defined by the dense, highly oriented arrangement of oligonucleotides around a
spherical nanoparticle core.8® This three-dimensional architecture imbues the composite
oligonucleotides with properties distinct from their linear analogues, including rapid cellular
uptake in high quantity without the need for ancillary transfection agents,®** decreased nuclease
susceptibility,® and low cytotoxicity.1921% Since their discovery, SNAs have made a significant
impact in biomedicine,®*® with established utility in disease detection,®®® cancer
immunotherapy, 4117128115129 and gene regulation. 869

Early work on the SNA platform was based on constructs synthesized from 13-nm gold
nanoparticle cores (AuSNAs).8492102 Because the oligonucleotides are covalently conjugated to
the gold nanoparticle core, it is easy to both control the loading density and to calculate the drug-
to-carrier (i.e., DNA-to-gold) ratios with high precision, allowing for a comprehensive
understanding of the structure-function relationships of SNAs in biological settings.®*® High
surface loading of oligonucleotides increases the efficiency of SNA cellular uptake, a key
consideration when designing systems for intracellular delivery.’® Furthermore, it has been
shown that increasing the oligonucleotide surface density on the SNA not only protects the
oligonucleotides from degradation but also reduces overall cellular toxicity without negatively
affecting activity.%®1%13! Clinically, SNAs with a gold nanoparticle core have shown promise as
gene regulation agents for glioblastoma multiforme and have exhibited favorable toxicological
parameters.8”1% However, although AuSNASs possess favorable toxicological parameters and
clinical safety, long-term retention of the inorganic gold core in off-target organs, particularly the

liver, remains a concern, which is an issue rife in nanomedicine.87132.133
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3.1.2. Size Affects Nanoparticle Behavior

Size is a key factor that influences nanoparticle retention within the body, as well as
blood circulation half-life and tissue distribution following systemic administration.** Generally,
nanoparticles with hydrodynamic diameters greater than 10 nm exceed the renal filtration
threshold and accumulate in the liver and spleen, where they are retained for prolonged
periods.*>138 Conversely, nanoparticles that are smaller than 10 nm (“ultrasmall” nanoparticles)
exhibit different behavior from larger nanoparticles.'®® Ultrasmall nanoparticles are cleared
through the kidneys, an elimination route that is faster than the hepatic accumulation and slow
metabolism of larger nanoparticles. %-142139 Wwhile this leads to lower accumulation in off-target
organs (i.e., decreased off-target toxicity), it also decreases accumulation in the target organ
(e.g., tumor).*3 However, the fraction of nanoparticles that do reach the target site penetrate the
tissue more efficiently.*** Moreover, cell entry by ultrasmall nanoparticles is highly efficient.1*>
147 Thus, for many nanoparticle systems, there is a tradeoff at the ultrasmall scale and it is
important to consider if the benefits of faster elimination and lower off-target accumulation
outweigh the drawbacks of decreased accumulation at the target site.
3.1.3. SNAs at the Ultrasmall Size Scale

While SNAs have been synthesized from a variety of nanoparticle core types and sizes
(Figure 3.1)8%14896116 ranging from molecularly pure 1-nm buckminsterfullerene Ceo
scaffolds'*® to 300-nm lipid nanoparticles,* all in vivo analyses have been limited to SNAs with
cores exceeding 10 nm in diameter.87149150114116 Thys " Jittle is known about the chemical,
biological, and in vivo behavior of SNAs synthesized from ultrasmall nanoparticle cores. With
respect to SNAs in this size regime, it has been found that molecular SNAs, synthesized from Ts

polyoctahedral silsesquioxane (POSS) cores and buckminsterfullerene Ceo cores are capable of
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independently entering cells in vitro like their larger SNA counterparts; however, only molecular
SNAs synthesized from the Ceo core exhibit gene silencing activity, defining the lower limit of
size and oligonucleotide loading density required for SNA-like behavior.}*® While these

molecular SNAs were found to enter cells, their in vivo behavior has not been characterized.
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Figure 3.1. SNA core materials and sizes. Cores smaller than 10 nm exist within the ultrasmall
size regime. Image is not to scale.

To investigate the effect of an ultrasmall core on SNA in vivo properties, we synthesized
SNAs from molecularly well-defined 1.4-nm gold nanocluster cores (AuNC-SNAs) and
compared their biological behavior to conventional SNAs with 10-nm gold nanoparticle cores
(AuNP-SNAS) (Figure 3.2). The gold nanocluster was chosen as the SNA core material for these
analyses for several reasons. First, having both cores made of gold isolates our study to effects
due to differences in size, rather than material. Second, while POSS and Ceo have a finite and
fixed number of attachment sites determined by their chemical structures, the loading density of
oligonucleotides onto gold nanoclusters is only limited by the electrostatic and steric interactions
from attaching thiolated oligonucleotides to the particle surface, thus overcoming a limitation of
molecular SNAs and allowing for a higher surface loading density. Finally, gold can be

sensitively traced in cells and tissues. We hypothesized that AUNC-SNAs would possess the
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advantageous properties of traditional Au-SNAs (e.g., high cellular uptake, low cytotoxicity) and
simultaneously mitigate their biological limitations (e.g., high liver accumulation, inability to be
renally cleared, reduced targeting efficiency). Simultaneously, we hypothesized that moving to
an ultrasmall size regime would maximize both the oligonucleotide surface density and drug-to-
carrier ratio, two important parameters to consider when designing nanoscale

therapeutics. 100,105,131

1.4 nm @‘

AuNC-SNA
AuNP-SNA

Figure 3.2. Structures of AUNC-SNAs and AuNP-SNAs. AuNC-SNAs consist of a 1.4-nm

gold nanocluster core functionalized with oligonucleotides, while AUNP-SNAs consist of a 10-
nm gold nanoparticle core functionalized with oligonucleotides. Image is not to scale.

3.2. Materials and Methods

Oligonucleotide Synthesis. DNA oligonucleotides (sequence: 5° TTT-TTT-TTT-TTT-TTT-
TTT-TT-(Spacer 18)>-SH 3’) were synthesized on a MerMade 12 system (LGC Biosearch
Technologies) using 2’-O-triisopropylsilyloxymethyl-protected phosphoramidites (Glen
Research ). DNA oligonucleotides consisted of DNA base cyanoethyl phosphoramidites (Glen
Research), two spacer-18 (18-O-dimethyoxytritylhexaethyleneglycol,1-[(2-cyanoethyl)-(N,N-
diisopropyl)] phosphoramidites (Glen Research), and a thiol modification added by using 1-O-
dimethoxytrityl-propyl-disulfide, 1°-succinyl-Icaa-controlled pore glass beads. After synthesis,
DNA oligonucleotides were deprotected following the manufacturer’s protocol (Glen Research).

Deprotected DNA oligonucleotides were purified by high-performance liquid chromatography
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on a C18 column using 0.1 M triethylammonium acetate and acetonitrile as the solvents. The 5°-
DMT group was removed from purified DNA oligonucleotides by treating with 20% acetic acid
at room temperature for 1 h and extracting 3 times with ethyl acetate. The oligonucleotide
solution was lyophilized and suspended in DNase/RNase-free water.

Auinz(p-mercaptobenzoic  acid (p-MBA))a4+  Nanocluster  Synthesis.  Auio2(p-MBA)a4
nanoclusters were synthesized following the method developed by Levi-Kalisman et al.'>
Agqueous solutions of 28 mM HAuCls-3H20, 95 mM p-mercaptobenzoic acid, 300 mM NaOH,
methanol, and water were combined into a final mixture of 11.89 mL 3 mM HAuCI4, 9 mM p-
MBA, 47% (v/v) methanol and mixed in a round bottom flask for 1 h at room temperature. 500
pL 150 mM NaBH4 was added, and the reaction was allowed to continue for 12 h. The product
was precipitated by adding 2 M ammonium acetate to 80 mM in the mixture and centrifuging at
6000 rpm for 10 min. The precipitate was air-dried overnight, then re-dissolved in 200 pL water.
To purify by fractional precipitation, methanol and 2 M ammonium acetate were added to the
solution to a concentration of 0.12 M ammonium acetate, 60% methanol, and the solution was
centrifugated at 6000 rpm for 10 min. The supernatant was collected and transferred to a
centrifuge tube. Methanol and 2M ammonium acetate were added to a concentration of 0.12 M
ammonium acetate, 80% methanol, and the solution was centrifuged at 6000 rpm for 10 min. The
precipitate was lyophilized until dry, then re-dissolved in water.

AUNC-SNA Synthesis. Gold nanoclusters were functionalized with thiolated DNA
oligonucleotides via salt-aging. 62 nmol DNA was incubated in 100 mM dithiothereitol (DTT,
pH 8) for 1 h to reduce the dithiol and purified using Nap-5 exclusion columns (Cytivia). The
purified DNA was added to 2 mL 2.6 uM gold nanocluster suspension and incubated with

shaking for 30 min at room temperature. 0.05% Tween-20 was added to the solution, which was
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then vortexed thoroughly. The salt concentration was gradually increased to 0.5 M by adding
NaCl, sonicating, and vortexing every 15 min while shaking, followed by an overnight
incubation. Unattached oligonucleotides were removed by washing with 1% Tween-20 2 times,
then 1x DPBS 3 times in Amicon Ultra 30K molecular weight cutoff spin filters
(MilliporeSigma). SNAs were stored at 4 °C for up to 3 months.

AUNP-SNA Synthesis. 10-nm AuNPs (Ted Pella) were functionalized with thiolated DNA
oligonucleotides via salt-aging. 62 nmol DNA was incubated in 100 mM dithiothereitol (DTT,
pH 8) for 1 h to reduce the disulfides and purified using Nap-5 exclusion columns (Cytivia). The
purified DNA was added to 10 mL 7.7 nM 10-nm AuNP suspension and incubated with shaking
for 30 min at room temperature. 0.05% Tween-20 was added to the solution, which was then
vortexed thoroughly. The salt concentration was gradually increased to 0.5 M by adding NaCl,
sonicating, and vortexing every 15 min while shaking, followed by an overnight incubation.
Unattached oligonucleotides were removed by washing with 1% Tween-20 2 times, then 1x
DPBS 3 times in Amicon Ultra 50K molecular weight cutoff spin filters (MilliporeSigma). SNAs
were stored at 4 °C for up to 3 months.

SNA Characterization. SNA size was measured by diluting in 1 x DPBS and performing DLS
using a Zetasizer (Malvern). SNA concentration was determined by measuring the absorbance
spectra of the SNAs using a Cary-5000 spectrophotometer (Agilent). AUNC-SNA concentration
was calculated using the absorbance at 510 nm and an extinction coefficient of 1.75 x 10° M™!
cm~!. AUNP-SNA concentration was calculated using the absorbance at 515 nm and an extinction
coefficient of 1.01 x 108 M~ cm™. To measure DNA loading on SNAs, 2.5 nM SNAs were
incubated with 20 nM KCN at 50 °C until the gold dissolved. 25 pL of this solution was added in

triplicate to a 96-well plate. A standard curve of DNA in a solution identical to the SNA solution
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was prepared. 75 pL water was added to all wells. For SNAs with unlabeled DNA, 100 pL
Quanti-iT OliGreen solution (Invitrogen) was added to all wells, and samples were analyzed by
measuring OliGreen fluorescence (lex = 480 nm) with a BioTek Cytation 5 imaging reader. The
fluorescence of the SNA solution was compared to the standard curve to calculate the DNA
concentration. DNA loading of SNAs was then calculated by taking the ratio of DNA
concentration to gold core concentration. Surface loading density of DNA on SNAs was
calculated by dividing the moles of DNA on each SNA by the surface area of the gold core.
DNA-to-gold mass ratio was calculated by dividing the mass of DNA on each SNA by the mass
of the gold core.

Cellular Uptake of SNAs. In 24-well cell culture plates with 50,000 SK-OV-3 cells per well,
SK-OV-3 cells were treated with 250 nM DNA equivalent of AUNC-SNAs and AuNP-SNAs in
Opti-MEM for 30 min and 5 h. At the end of their treatment time, the cells were washed with 1x
DPBS, 1:10 heparin solution in 1x DPBS, then 1x DPBS to remove any SNAs that remained
outside the cells or dead cells. The cells were then trypsinized using 150 pyL TrypLE Express
(Thermo Fisher). 10 pL cells were stained with 10 pL Trypan Blue (Thermo Fisher) and their
concentration was measured using an Invitrogen Countess Il automated cell counter. 120 uL cells
were dissolved in 50 mL 2% HCI, 2% HNOs. The gold concentration in this solution was
measured by performing ICP-MS. ICP-MS was performed on a computer-controlled (QTEGRA
software) Thermo iCapQ ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA) operating in
STD mode and equipped with a ESI SC-2DX PrepFAST autosampler (Omaha, NE, USA).
Internal standard was added inline using the prepFAST system and consisted of 1 ng/mL of a
mixed element solution containing Bi, In, °Li, Sc, Tb, Y (IV-ICPMS-71D from Inorganic

Ventures). Online dilution was also carried out by the prepFAST system and used to generate a
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calibration curve consisting of 2, 4, 20, 100, and 200 ppb Au. Each sample was acquired using 1
survey run (10 sweeps) and 3 main (peak jumping) runs (40 sweeps). The isotopes selected for
analysis were ’Au (for SNA quantification) and Y, *°In, °Th, and 2°°Bi (chosen as internal
standards for data interpolation and machine stability). Instrument performance was optimized
daily through autotuning followed by verification via a performance report (passing
manufacturer specifications). The amount of DNA taken up into each cell was calculated by
converting gold atom amount in each sample to gold nanoparticle mole amount (which is
equivalent to SNA mole amount), converting moles of SNA to number of SNA particles,
multiplying by the number of DNA strands per SNA, and dividing by the number of cells. The
amount of SNAs taken up into each cell was calculated by converting gold atom amount in each
sample to gold nanoparticle mole amount (which is equivalent to SNA mole amount), converting
moles of SNA to number of SNA particles, and dividing by the number of cells. The amount of
gold taken up into each cell was calculated by converting gold atom amount in each sample to
gold mass and dividing by the number of cells.
Cytotoxicity of SNAs. In 96-well cell culture plates with 5,000 SK-OV-3 cells per well, SNAs
in Opti-MEM were incubated with SK-OV-3 cells in triplicate for 48 h. The wells were washed
with 1x DPBS 3 times. 50 uL 1x DPBS and 50 pL CellTiter-Glo 2.0 reagent (Promega) were
added to the wells and fluorescence was measured using a BioTek Cytation 5 imaging reader.
Cell viability was normalized to cells treated with Opti-MEM only.
In Vivo Analyses. All animal procedures were approved by the Northwestern University
IACUC. Female mice (Balb/C) were inoculated with 1 x 10® 4T1 cells in the right inguinal
mammary fat pad via subcutaneous injection. Both blood circulation and biodistribution

experiments began at day 7 post-inoculation, when tumors were palpable (n = 3 per group).
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Animals were intravenously administered either AUNC-SNAs or AuNP-SNAs (3 nmol with
respect to DNA) as a single 100 pL bolus. As a negative control, an additional set of animals
were administered saline. To calculate the SNA concentration in blood, blood samples (n = 3 per
time point) was collected in a heparinized tube via retro-orbital blood draw and stored on ice
before digestion and analysis by ICP-MS (vide infra). For the biodistribution analysis at 24 h
post-intravenous (IV) injection, animals (n = 3 per group) were humanely euthanized by cardiac
perfusion while anesthetized. Tissues (tumor, liver, spleen, kidney, heart, lung) were harvested
post-cardiac perfusion with 1x DPBS and stored on ice. For ICP-MS analysis, organs were
weighed (wet mass) and lyophilized to facilitate digestion (vide infra).
SNA Content in Blood and Organs by ICP-MS. Collected blood and organs were digested
with 50% HCI, 50% HNO3 at 37 °C for three days. The solution was diluted to 2% HCI, 2%
HNO3, and the gold concentration was measured by ICP-MS. ICP-MS was performed on a
computer-controlled (QTEGRA software) Thermo iCapQ ICP-MS (Thermo Fisher Scientific,
Waltham, MA, USA) operating in STD mode and equipped with a ESI SC-2DX PrepFAST
autosampler (Omaha, NE, USA). Internal standard was added inline using the prepFAST system
and consisted of 1 ng/mL of a mixed element solution containing Bi, In, ®Li, Sc, Th, Y (IV-
ICPMS-71D from Inorganic Ventures). Online dilution was also carried out by the prepFAST
system and used to generate a calibration curve consisting of 2, 4, 20, 100, and 200 ppb Au. Each
sample was acquired using 1 survey run (10 sweeps) and 3 main (peak jumping) runs (40
sweeps). The isotopes selected for analysis were *’Au (for SNA quantification) and %Y, 1*°In,
159Th, and 2%Bi (chosen as internal standards for data interpolation and machine stability).
Instrument performance was optimized daily through autotuning followed by verification via a

performance report (passing manufacturer specifications). The amount of DNA in each sample
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was calculated by converting gold atom amount in each sample to gold nanoparticle mole
amount (which is equivalent to SNA mole amount), converting moles of SNA to number of SNA
particles, multiplying by the number of DNA strands per SNA, and dividing by the volume of
blood or mass of tissue. The amount of gold in each sample was calculated by converting gold
atom amount in each sample to gold mass and dividing by the volume of blood or mass of tissue.
3.3. Results and Discussion
3.3.1. Synthesis and Characterization of AUNC-SNASs

To synthesize AUNC-SNAS, Auio2(p-MBA)as nanoclusters were first prepared according
to established protocols to serve as 1.4-nm AUNC cores.’®® These materials were further
functionalized with a 20-thymine thiolated DNA sequence to ensure that the effects observed in
downstream studies were due to the overall construct, rather than the oligonucleotide sequence.
Successful functionalization of the DNA to AuNCs to afford AUNC-SNAs was confirmed by the
increase in hydrodynamic diameter measured by DLS (Figure 3.3). For comparison, larger
AuUNP-SNAs were synthesized from 10-nm gold nanoparticle cores according to literature

protocols and their functionalization was confirmed via DLS.531%0
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Figure 3.3. DLS analysis shows AUNC-SNA and AuNP-SNA formation. (A) DLS of bare
AUNCs, AuNC-SNAs, bare AuNPs, and AuNP-SNAs. Diameters shown are number means
measured by DLS. Error bars are SD of 3 measurements. (B) DLS number distribution of bare
AUNCs, AuUNC-SNAs, bare AuNPs, and AuNP-SNAs. Error bars are SD of 3 measurements.
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The extent of DNA loading on both AUNC-SNAs and AuNP-SNAs was then quantified

using OliGreen fluorescence assays. As expected, the absolute number of DNA strands per
particle was higher for AUNP-SNAs (348 strands/particle) than AUNC-SNAs (11 strands/particle)
due to the significantly larger surface area of the AuNP core (Figure 3.4A). However, the surface
loading density of DNA on AuNC-SNAs was significantly higher as compared to AUNP-SNAs,
along with an 11.5-fold higher DNA-to-gold mass ratio (3.21 vs. 0.28, Figure 3.4B). Thus,
AUNC-SNAs have a higher payload-to-carrier ratio than larger AUNP-SNAs, and each AuUNC-

SNA can deliver more DNA payload relative to gold material.
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Figure 3.4. DNA loading on AuNC-SNAs and AuNP-SNAs. (A) DNA loading of AuNC-
SNAs and AuNP-SNAs, reported on a per-particle basis. Error bars are SD of 3 batches of
SNAs. (B) DNA-to-gold mass ratio of AUNC-SNAs and AuNP-SNAs. Error bars are SD of 3
batches of SNAs.
3.3.2. Cellular Interactions of AUNC-SNAs

To determine the cellular uptake of AUNC-SNAs by cells, SK-OV-3 ovarian cancer cells
were incubated with AUNC-SNAs at a concentration of 250 nM by DNA and compared to the

uptake of AuNP-SNAs at the same DNA concentration. Cellular uptake was measured as a

function of gold concentration using ICP-MS, which was used to calculate both nanoparticle and
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DNA concentration. After 30 minutes of incubation, we observed that AUNC-SNAs delivered
significantly more DNA (Figure 3.5A) and particles (Figure 3.5B) but significantly less gold
(Figure 3.5C) per cell than their larger AUNP-SNA counterparts. Thus, AUNC-SNAs are more
efficient at delivering DNA into cancer cells than AUNP-SNAs. To investigate the mechanism of
AUNC-SNA uptake in comparison to AuNP-SNA uptake, SK-OV-3 cells were pretreated with
endocytosis inhibitor fucoidan, then treated with SNAs. AuNC-SNAs and AuNP-SNAs both
showed a substantial level of uptake reduction with fucoidan, indicating that AUNC-SNAs enter

cells through endocytosis similarly to AUNP-SNAs (Figure 3.6).%
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Figure 3.5. AUNC-SNAs deliver more DNA and SNAs and less gold into cells than AuNP-
SNAs. SK-OV-3 cells were treated with AUNC-SNASs and AuNP-SNAs at a concentration of 250
nM by DNA for 30 min, and gold content in cells was measured using ICP-MS. (A) Cellular
uptake of SNAs by DNA amount. Error bars are SD of 3 biological replicates. (B) Cellular
uptake of SNAs by SNA amount. Error bars are SD of 3 biological replicates. (C) Cellular
uptake of SNAs by gold amount. Error bars are SD of 3 biological replicates.
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Figure 3.6. AUNC-SNAs and AuNP-SNAs enter cells via endocytosis. SK-OV-3 cells were
pretreated with fucoidan, then treated with AUNC-SNAs and AuNP-SNAs at a concentration of
250 nM by DNA for 30 min, and gold content in cells was measured using ICP-MS. Error bars
are SD of 3 biological replicates.

It should be noted that the cells were treated with an equivalent 250 nM DNA
concentration for both AUNC-SNAs and AuNP-SNAs, and since the AUNC-SNAs have a lower
DNA loading per SNA than AuNP-SNAs, a higher concentration of AUNC-SNAs (32 nM by
SNA) than AuNP-SNAs (0.71 nM by SNA) was needed to achieve the 250 nM DNA
concentration. Thus, it may appear that the greater delivery of SNA particles by the AUNC-SNASs
could be attributed to the fact that more AUNC-SNAs were introduced to the cells than AuNP-
SNAs (45-fold difference). However, AUNC-SNAs entered cells at a 96-fold greater particle
number than AuNP-SNAs. Thus, the difference in SNA particle internalization cannot solely be
attributed to the higher number of AUNC-SNAs treated to the cells compared to AuUNP-SNAs,

but also to more efficient uptake of AUNC-SNAs. AuUNC-SNAs have a greater surface loading

density than AuNP-SNAs, which has previously been observed to increase cellular uptake.® A
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possible additional driver of enhanced uptake of AUNC-SNASs is a lower energy requirement to
transport the smaller particles into endosomes.®*1% In addition to superior cellular uptake,
AUNC-SNAs matched the in vitro biological safety profile of AUNP-SNASs on a per particle basis

and exhibited low cytotoxicity (Figure 3.7).
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Figure 3.7. Gold-core SNAs exhibit a similar safety profile regardless of size. (A)
Cytotoxicity of AUNC-SNAs and AuNP-SNAs in SK-OV-3 cells after a 48 h treatment. Dotted
lines are 95% CI. Error bars are SD of 3 biological replicates. (B) LDso values derived from
curves in (A). Error bars are SD of 3 biological replicates.
3.3.3. Pharmacokinetic Behavior of AUNC-SNAs

Next, we investigated the in vivo biological behavior of AUNC-SNAs as compared to
AUNP-SNAs in mice bearing orthotopic 4T1 triple negative breast cancer (TNBC) tumors.
Animals were intravenously administered a 3 nmol DNA equivalent of either AUNC-SNAs or
AUNP-SNAs. At set timepoints, gold concentration in the blood was measured by ICP-MS and
used to calculate the DNA blood concentration as a function of time (Figure 3.8A). Remarkably,
AUNC-SNAs remained in circulation for significantly prolonged periods relative to AuNP-

SNAs, with detectable gold concentrations in the blood at 24 hours post-injection (Figure 3.8B).

We hypothesized that a driver of the prolonged circulation of AUNC-SNAs was reduced liver
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sequestration. Additionally, prolonged circulation of AUNC-SNAs could lead to enhanced tumor

accumulation. To investigate, we analyzed the biodistribution of both SNAs in these organs.
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Figure 3.8. AuNC-SNAs circulate longer in blood than AuNP-SNAs. (A) DNA blood
concentration as a function of time post-1V injection when delivered as AUNC-SNAs (blue) or
AUNP-SNAs (peach). Data points are 3 biological replicates. (B) Final DNA blood concentration
at 24 h post-injection. Error bars are SD of 3 biological replicates.

To assess the biodistribution of SNAs with either core size, mice bearing orthotopic 4T1
tumors were administered a 3 nmol DNA equivalent of either AUNC-SNAs or AuUNP-SNAs via
tail vein IV. At 24 h post-injection, animals were sacrificed and perfused, and tissues were
collected and processed for ICP-MS analysis (Figure 3.9). As expected, both nanoparticle
constructs accumulated in the liver and kidney, in agreement with conventional nanoparticle
clearance pathways (Figure 3.10A).7**%" However, the AuNC-SNAs showed significantly
lower liver accumulation coupled with increased kidney accumulation as compared to their
larger AuNP-SNA counterparts, resulting in a higher kidney-to-liver ratio and revealing a

distinct skew towards clearance by the kidney (Figure 3.10B). Moreover, AuNC-SNAs

delivered a much higher payload to the site of interest (i.e., DNA to tumor) than their larger
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counterparts (Figure 3.10C). This is in contrast to what has been reported for other ultrasmall
nanoparticles, 143146156157 and the greater tumor accumulation of AUNC-SNAs is likely due to a
combination of their prolonged blood circulation, greater tumor infiltration,** and more efficient
entry in tumor cells. Finally, not only do AUNC-SNAs deliver more DNA payload to the tumor
than their larger counterparts, but they also deliver significantly less gold to off-target organs

(Figure 3.9B), owing to their high DNA-to-gold ratios.
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Figure 3.9. Biodistribution of AUNC-SNAs and AuNP-SNAs. Mice with 4T1 tumors were
intravenously administered 3 nmol of DNA equivalent of AUNC-SNAs or AuNP-SNAs. Organs
were collected at 24 h post-1V injection analyzed for gold content using ICP-MS. (A)
Biodistribution of AUNC-SNAs and AuNP-SNAs by DNA. Error bars are SD of 3 biological
replicates. (B) Biodistribution of AUNC-SNAs and AuNP-SNAs by gold. Error bars are SD of 3
biological replicates.
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Figure 3.10. SNA accumulation in liver, kidney, and tumor. Mice with 4T1 tumors were
intravenously administered 3 nmol of DNA equivalent of AUNC-SNAs or AuNP-SNAs. Organs
were collected at 24 h post-1V injection analyzed for gold content using ICP-MS. (A) DNA
accumulation from AuUNC-SNAs and AuNP-SNAs in the liver and kidney. Error bars are SD of 3
biological replicates. (B) Kidney/liver ratio of DNA accumulation from each SNA. Error bars are
SD of 3 biological replicates. (C) Tumor accumulation of DNA from AuNC-SNAs and AuNP-
SNAs. Error bars are SD of 3 biological replicates.
3.4. Conclusion

Through these studies, we found that SNA-like biological properties persist down to the
sub-10-nanometer length scale in vivo, further indicating that the unique properties of SNAs arise
from the highly oriented arrangement and surface density of the DNA, rather than the identity of
the nanoscale core. Furthermore, AUNC-SNAS possess the favorable characteristics of ultrasmall
nanoparticles without their pharmacokinetic drawbacks, providing important insight into the
design of maximally effective nanoscale constructs for therapeutic applications. AUNC-SNASs
were able to independently enter cells without the use of transfection agents, functioning
similarly to larger 10-nm AuNP-SNAs. However, reducing the size of the core led to a

significantly increased drug-to-carrier ratio in AUNC-SNAs and the delivery of higher quantities

of DNA into cells than AUNP-SNAs. Moreover, AUNC-SNAs exhibited the same advantages of
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other ultrasmall nanoparticles (lower off-target organ accumulation, renal clearance) while
subverting their disadvantages, instead exhibiting longer circulation in blood and greater tumor
accumulation. Thus, we conclude that at the ultrasmall size regime, SNAs possess unique
properties that can be leveraged to develop next-generation nanoparticle therapeutics. These
findings on the behavior of AUNC-SNAs can be used to inform the design of new types of SNASs

and other nanostructures in the ultrasmall regime, such as DNA dendrons.1*8
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CHAPTER 4

Next-Generation siRNA-Based Lipid-Core Spherical Nucleic Acids
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4.1. Introduction
4.1.1. Prototypical Gold-Core siRNA-SNAs

SIRNA is a short, double-stranded RNA molecule that can, in principle, be designed to
silence any target gene of interest.?2°2" siRNAs have shown tremendous potential as a gene
regulation therapeutic, but their widespread clinical use has been restricted by stability and
delivery limitations.*%41:28 For example, siRNAs are rapidly degraded in biological fluids,® has
unfavorable pharmacokinetics,®* and cannot independently enter cells.®®3 To overcome these
limitations, siRNAs can be radially arranged around a nanoparticle core to form SNAs that
impart unique properties distinct from those of linear siRNAs.8%® siRNA-SNAs are more
resistant to nuclease degradation than linear sSiRNAs, independently and efficiently enter cells via
scavenger receptor-mediated endocytosis, and have longer circulating half-lives that favor
delivery to target sites (e.g., tumors).10287

Prototypical siRNA-SNAs consist of thiolated passenger strands attached to a gold
nanoparticle core, with guide strands hybridized to the passenger strands.'%? siRNA-SNAs using
this architecture have shown therapeutic success in in vivo models of impaired wound healing®
and psoriasis®® and have progressed to a first-in-human clinical trial for glioblastoma.?”-1%3
However, this design has several limitations that limit its clinical suitability. First, the hybridized
attachment strategy severely limits the number of siRNA duplexes that can be loaded on each
SNA. Due to the high charge density near the SNA core, electrostatic repulsion causes the
majority of guide strands to dissociate, leaving few siRNA duplexes intact.!® Recent
development of a hairpin-like siRNA attachment strategy that maximizes siRNA duplex loading
has solved this problem, albeit it has only been demonstrated on a gold nanoparticle-core siRNA-

SNA (siRNA-AUSNA).'3 The second limitation of the prototypical SIRNA-SNA design is its
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gold nanoparticle core. In particular, gold nanoparticles are known to be cytotoxic at high
concentrations, %131 poorly eliminated from the body, and non-biodegradable.’® Thus, there are
concerns about their biocompatibility and long-term safety. Conversely, sSiRNA-SNAs with a
core composed of a biocompatible material that is natural, nontoxic, and biodegradable has the
potential to overcome many of the limitations of a gold nanoparticle core.

4.1.2. Lipid-Core siRNA-SNAs

Liposomal SNAs (LSNASs) consisting of a liposome core functionalized with DNA have
showcased promising potential as a therapeutic platform for the treatment of various cancers and
infectious diseases while demonstrating favorable biocompatibility.%49°117:128.129.159 Neyertheless,
radially orienting siRNA around a liposome core has yet to be performed. Herein, we describe
the synthesis and characterization of hairpin-like sSIRNA-based liposomal SNAs (SiIRNA-LSNAS)
as a proof-of-concept sSiRNA-SNA platform (Figure 4.1). We demonstrate their ability to rapidly
enter cells and silence an angiogenesis-promoting gene in vitro, with lower cytotoxicity than
prototypical gold nanoparticle-core sSiRNA-SNAs. We then discuss their potential application for
treating eye diseases. Finally, we discuss the development of solid lipid nanoparticle (LNP)-core
SNAs with enhanced cytosolic delivery of siRNAs. The lipid-based siRNA-SNAs discussed in
this work will contribute to the development of next-generation SIRNA-SNAs and represent an

important step in the advancement of siRNAs toward widespread therapeutic use.

Figure 4.1. Structure of hairpin-like SiRNA-LSNAs. Hairpin-like siRNA-LSNAs are
composed of a 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) core functionalized with
hairpin-like siRNAs with a tocopherol anchor.
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4.2. Materials and Methods
Oligonucleotide Synthesis. RNA and DNA oligonucleotides were synthesized on a MerMade 12
system (BioAutomation) using 2’-O-triisopropylsilyloxymethyl-protected phosphoramidites
(ChemGenes). Hairpin-like siRNA consisted of RNA base cyanoethyl phosphoramidites (the
guide portion of the strand) (Glen Research), two spacer 18 (18-O-
dimethyoxytritylhexaethyleneglycol,1-[(2-cyanoethyl)-(N,N-diisopropyl)] phosphoramidites
(Glen Research), a hydrophobic anchor phosphoramidite (the hairpin turn and liposome
attachment moiety) (Glen Research), two spacer 18 phosphoramidites, and RNA base cyanoethyl
phosphoramidites (the passenger portion of the strand). Tocopherol (single (toc) and double
(toc2)) and cholesterol (single (chol) and double (chol2)) phosphoramidites were investigated as
the hydrophobic anchor, and a single tocopherol phosphoramidite was selected as the
hydrophobic anchor for LSNA synthesis. For AuSNAs, the hairpin-like siRNA contained a
dithiol serinol phosphoramidite (Glen Research) in place of the hydrophobic anchor. Hybridized
SiRNA consisted of separate passenger and guide strands. The passenger strand consisted of
RNA base cyanoethyl phosphoramidites, two spacer 18 phosphoramidites, and a tocopherol
phosphoramidite as the hydrophobic anchor. The guide strand consisted of RNA base cyanoethyl
phosphoramidites. The DNA oligonucleotides that formed the outer shell of the LNP-SNAs
consisted of DNA based cyanoethyl phosphoramidites (Glen Research) and a dithiol serinol
phosphoramidite. After synthesis, oligonucleotides were deprotected following the
manufacturer’s protocols (Bioautomation). Deprotected RNA oligonucleotides were purified
using high-performance liquid chromatography on a C4 column using 0.1 M triethylammonium
acetate and acetonitrile as the solvents. Deprotected DNA oligonucleotides were purified by

high-performance liquid chromatography on a C18 column using 0.1 M triethylammonium
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acetate and acetonitrile as the solvents. The 5’-DMT group was removed from the purified
oligonucleotides via treatment with 20% acetic acid at room temperature for 1 h and extracting 3
times with ethyl acetate. The oligonucleotide solutions were lyophilized and suspended in
DNase/RNase-free water. The masses of the oligonucleotides were measured using MALDI-TOF
mass spectrometry. Oligonucleotides were mixed with 2°,4’-DHAP and dried on a MALDI plate.
MALDI-TOF was performed using an Autoflex 111 Smartbeam MALDI-TOF mass spectrometer.
Oligonucleotide concentrations were determined using UV-vis spectroscopy. The oligonucleotide

sequences used in this chapter are listed in Table 4.1.

Table 4.1. Sequences of oligonucleotides used in this chapter. Uppercase: RNA, lowercase:
DNA, red: locked nucleotide, Sp18: spacer 18, toc: tocopherol, chol: cholesterol, NH2: amine
modification, DS: dithiol serinol.

Name Sequence (5’ — 3°)

Rat VEGF Hairpin Toc ACCUCACCAAAGCCAGCACAU-(Sp18),-toc-(Sp18).-

AUGUGCUGGCUUUGGUGAGGUUU

Rat VEGF Hairpin Toc2 ACCUCACCAAAGCCAGCACAU-(Sp18),-(toc).-(Sp18).-

AUGUGCUGGCUUUGGUGAGGUUU

Rat VEGF Hairpin Chol ACCUCACCAAAGCCAGCACAU-(Sp18),-chol-(Sp18).-

AUGUGCUGGCUUUGGUGAGGUUU

Rat VEGF Hairpin Chol2 ACCUCACCAAAGCCAGCACAU-(Sp18)2-(chol).-(Sp18).-

AUGUGCUGGCUUUGGUGAGGUUU

Human VEGF Hairpin Toc ACCUCACCAAGGCCAGCACUU-(Sp18),-toc-(Sp18).-

AAGUGCUGGCCUUGGUGAGGUUU

Human VEGF Hairpin Toc Cy5-Labeled | ACCUCACCAAGGCCAGCACUU-(Sp18),-toc-(Sp18).-Cy5-

AAGUGCUGGCCUUGGUGAGGUUU

Human VEGF Passenger Toc

ACCUCACCAAGGCCAGCACUU-(Sp18),-toc

Human VEGF Passenger

ACCUCACCAAGGCCAGCACuUU

Human VEGF Guide Cy5-Labeled

Cy5-GUGCUGGCCUUGGUGAGGUUU

Nontargeting Hairpin Toc

GGACGAGGACGAGCACUUCUU-(Sp18),-toc-(Sp18)s-
AAGAAGUGCUCGUCCUCGUCCUU

Rat VEGF Hairpin DS

ACCUCACCAAAGCCAGCACAU-(Sp18)2-DS-(Sp18)2-
AUGUGCUGGCUUUGGUGAGGUUU

Rat VEGF Capture Probe

NH,-(Sp18),-aaacctcaccaaa

Rat VEGF Detector Probe

atgtgctggcttt-(Sp18),-biotin

Luc2 Passenger

GGACGAGGACGAGCACUUCUULt

Luc?2 Guide

GAAGUGCUCGUCCUCGUCCUUtt

Nontargeting Passenger

GCAAGCUGACCCUGAAGUUCAULtt

Nontargeting Guide

GAACUUCAGGGUCAGCUUGCCGtt

LNP-SNA Outer Shell DNA

DS-tttttttttttteettettt




95
LSNA Synthesis. A 10 mg thin film of DPPC was prepared by adding 400 pL of 25 mg/mL
DPPC in chloroform (Avanti Polar Lipids) to a scintillation vial, evaporating the chloroform
under a stream of nitrogen, lyophilizing, then storing under argon at 4 °C. To prepare liposomes,
the thin film was rehydrated in 1 mL 1x DPBS, frozen in liquid nitrogen, and sonicated in a 45
°C water bath for 3 h. Liposome size was measured by diluting in 1x DPBS and performing DLS
using a Zetasizer (Malvern), while liposome concentration was determined using a
phosphatidylcholine (PC) assay kit (Sigma). DPPC liposomes were kept at 45 °C until LSNA
synthesis on the same day. siRNAs were duplexed following a previously described
hybridization method.*®! To form LSNAs, siRNAs were added to DPPC liposomes at a mole
ratio of 30 siRNA duplexes:1 liposome at a final siRNA concentration of 500 nM. Higher siRNA
duplex:liposome ratios did not result in any increase in sSiRNA duplex loading on the LSNA. The
siRNA/liposome mixture was vortexed, sonicated 30 s, then incubated with shaking at 45 °C
overnight. Unattached oligonucleotides were removed by washing with 1x DPBS 3 times in
Amicon Ultra 100K molecular weight cutoff spin filters (MilliporeSigma). The SNAs were
stored at 4 °C for up to 1 month.
LSNA Characterization. LSNA formation was confirmed using gel electrophoresis. 50 pmol
SiRNA equivalent of linear tocopherol-anchor hairpin-like siRNA or hairpin-like SIRNA-LSNA
was combined with 1 pL of purple gel loading dye (6x) with no SDS (New England Biolabs) and
brought up to a volume of 6 pL using 1x DPBS. The samples were run on a 1% agarose gel in 1x
tris/borate/EDTA (TBE) on ice at 100 V for 1.5 h. SYBR Gold was used to stain the RNA. The
gels were imaged and analyzed using a ChemiDoc MP imaging system (Bio-Rad). LSNA size
was measured by diluting in 1x DPBS and performing DLS using a Zetasizer. An OliGreen assay

was used to quantify siRNA duplex loading on the hairpin-like sSiRNA-LSNA. 5 uL of LSNAs
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were diluted in 70 pL of 1x DPBS, then mixed with 75 pL of 0.2% Triton X-100 (Sigma) in 1x
DPBS to dissociate the liposome core. 25 pL of this mixture was added to 75 pL of 1x DPBS
and 100 pL of 0.5% Quanti-iT OliGreen reagent (Invitrogen) in 1x DPBS. The samples were
then analyzed in a 96-well black, clear-bottom plate by measuring OliGreen fluorescence (Zex =
480 nm, Zem = 520 nm) using a BioTek Cytation 5 imaging reader and comparing to a standard
curve of hairpin-like siRNA to determine siRNA concentration in the sample. Liposome
concentration in the sample was determined using the previously performed PC assay and
adjusting the concentration based on the volume before and after synthesis and washing. SiRNA
duplex loading of the hairpin-like siRNA-LSNA was then calculated by taking the ratio of
hairpin-like siRNA concentration to liposome concentration. A PicoGreen assay was used to
quantify siRNA duplex loading on the hybridized sSiRNA-LSNA. 5 pL of LSNAs were combined
with 12 pL of RNase A/T1 mix (Thermo) to degrade lone passenger RNA strands, 58 pL of 1x
DPBS, and 75 pL of 0.2% Triton X-100 in 1x DPBS to dissociate the liposome core. The
mixture was incubated at 37 °C for 10 min to activate the RNase. Next, 25 pL of this mixture
was added to 75 pL of 1x DPBS and 100 pL of 0.5% Quanti-iT PicoGreen reagent (Invitrogen)
in 1x DPBS. The samples were then analyzed in a 96-well black, clear-bottom plate by
measuring PicoGreen fluorescence (lex = 480 nm, Jem = 520 nm) using a Cytation 5 imaging
multi-mode reader and comparing to a standard curve of hybridized siRNA to determine siRNA
concentration in the sample. siRNA duplex loading of the hybridized siRNA-LSNA was then
calculated by taking the ratio of hybridized siRNA concentration to liposome concentration.
Flow Cytometry of Human Umbilical Vein Endothelial Cells (HUVECSs) to Measure Uptake
of LSNAs. HUVECs (ATCC) were grown in Endothelial Cell Growth Medium-2 (EGM-2)

(Lonza) containing BulletKit growth factors. For flow cytometry cell uptake studies, HUVECs
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were seeded in a 24-well cell culture plate at 40,000 cells/well for 48 h. Cy5-labeled linear
SIRNAs or hairpin-like sSiRNA-LSNAs were added to the cells at a concentration of 100 nM
SIRNA equivalent in EGM-2. At time points of 4 h and 24 h after administration, cells were
stained and fixed. Cells were washed with 500 puL of HEPES buffer, then detached using 150 pL
Trypsin/EDTA and incubating at 37 °C for 5 min. Cells were transferred to flow cytometry tubes
and 200 pL of EGM-2 was added, then the cells were spun down and the supernatant was
removed. The cells were resuspended in 100 pL of HEPES buffer and 0.5 pL of blue fluorescent
reactive dye (Invitrogen) as a live/dead stain, then incubated for 15 min at room temperature.
Next, 600 pL of HEPES buffer was added, then the cells were spun down and the supernatant
was removed. The cells were resuspended in 150 pL of fixation buffer (BioLegend) and stored at
4 °C. Flow cytometry was performed using an A3 Symphony flow cytometer (BD Biosciences)
with data analysis performed using FlowJo.

Confocal Microscopy of HUVECSs to Observe Uptake of LSNAs. HUVECs were seeded in an
8-well slide plate at 40,000 cells/well for 24 h. Cy5-labeled linear siRNA or hairpin-like SIRNA-
LSNAs were added to the cells at a concentration of 100 nM siRNA equivalent in EGM-2. At 4 h
after administration, the cells were washed with 200 pL of 1x DPBS and subsequently fixed with
150 pL of fixation buffer (BioLegend) for 15 min at 4 °C. Cells were then washed with 200 pL
of 1x DPBS and subsequently stained for 1 min using 300 nM 4’,6-diamidino-2-phenylindole
(DAPI) in 1x DPBS to label cell nuclei. After staining, cells were briefly washed with 200 pL of
1x DPBS and stored in 1x DPBS until imaged. Confocal microscopy was performed using a
Zeiss LSM 800 confocal laser scanning microscope.

Cytotoxicity of SNAs. Hairpin-like siRNA-AuSNAs were synthesized and characterized

following a previously described method.*** HUVECSs were seeded in a 96-well cell culture plate
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at 2,500 cells/well for 24 h. Hairpin-like SIRNA-AuSNAs and hairpin-like SIRNA-LSNAs in
EGM-2 at a range of concentrations were added to the cells for 48 h. The wells were washed
with 1x DPBS 3 times to remove dead cells and SNAs that were not internalized by cells. A
mixture of 50 pL 1x DPBS and 50 pL of CellTiter-Glo 2.0 reagent (Promega) was added to the
wells, and the luminescence was measured using a BioTek Cytation 5 imaging reader.
Luminescent readout from ATP concentration was used to indicate live cell count. Cell viability
was normalized to cells treated with EGM-2 only.

Tube Formation Assay. Phenol-red free Matrigel basement membrane matrix (Corning) was
thawed overnight in the fridge. Next, 75 uL of thawed Matrigel was added to the wells of a pre-
cooled 96-well clear cell culture plate on ice using pre-cooled 200 pL pipette tips. The plate was
then taken off ice and incubated at room temperature for 10 min, then at 37 °C for 30 min to
solidify the Matrigel. For treatments, 30,000 HUVECs were combined with nontargeting hairpin-
like SIRNA-LSNAs or VEGF-targeting hairpin-like SiRNA-LSNAs at an siRNA concentration of
250 nM in EGM-2 in a total volume of 75 pL and incubated at 37 °C for 1 h. The treated cells
were then added to the Matrigel and kept at 37 °C. Images of cells in Matrigel were captured
using an Eclipse Ts2 inverted microscope (Nikon) at 4x magnification at 24 h and 48 h after
treatment. Tube formation was analyzed and quantified using ImageJ and the Angiogenesis
Analyzer tool.1%°

Biodistribution of Hairpin-like sSiRNA-AuSNAs in Mouse Eyes. Hairpin-like SIRNA-AuSNAs
were synthesized at a large scale using the previously described salt-aging method3! and purified
using tangential flow filtration, for a final concentration of 2.4 uM SNAs in 1x DPBS. The
biodistribution study was performed on 8-10-week-old male Sprague Dawley rats. Before

treatment, rats were anesthetized via an intraperitoneal injection of 10 mg/kg xylazine and 50
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mg/kg ketamine. For intravitreal injections, the pupils of both eyes were dilated with 10%
phenylephrine and 1% tropicamide, then both eyes were injected with 2 pL of SNAs (0.073 mg
of SNAs, 0.48 nmol of siRNA) using a 31-gauge needle 3-4 mm away from the limbus. For
subconjunctival injections, both eyes were injected with 20 pL of SNAs (0.73 mg of SNAs, 4.8
nmol of siRNA) using a 31-gauge needle under the conjunctiva. For topical ophthalmic
administration, 20 pL of SNAs (0.73 mg of SNAs, 4.8 nmol of siRNA) was administered to both
eyes using a precision pipette. The rats were monitored and at 12 h, 1 d, 3 d, or 7 d time points
after dosing the rats were euthanized and both eyes and blood samples were collected. The eyes
were dissected and the retina, vitreous humor, and sclera were collected. All samples were
weighed, then flash frozen and stored at —80 °C until analysis.
Gold Accumulation Analysis of Rat Tissue Samples. Retina, vitreous humor, sclera, and blood
samples were digested in HNOs, HCI, and H20.. The gold concentration in this solution was
measured by performing ICP-MS on the acidified samples. ICP-MS was performed on a
computer-controlled (QTEGRA software) Thermo iCapQ ICP-MS (Thermo Fisher) operating in
STD mode and equipped with a ESI SC-2DX PrepFAST autosampler. Internal standard was
added inline using the prepFAST system and consisted of 1 ng/mL of a mixed element solution
containing Bi, In, °Li, Sc, Tb, Y (IV-ICPMS-71D from Inorganic Ventures). Online dilution was
also carried out by the prepFAST system and used to generate a calibration curve consisting of 2,
4, 20, 100, and 200 ppb Au. Each sample was acquired using 1 survey run (10 sweeps) and 3
main (peak jumping) runs (40 sweeps). The isotopes selected for analysis were °’Au (for SNA
quantification) and %Y, $5In, °Th, and 2°Bi (chosen as internal standards for data interpolation
and machine stability). Instrument performance was optimized daily through autotuning

followed by verification via a performance report (passing manufacturer specifications). The
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volume of each tissue sample was calculated by dividing the mass of each sample by the tissue’s
density.1%11%% The concentration of SNAs in each tissue or blood was calculated by dividing the
number of gold nanoparticles in each sample by the initial volume of the tissue or blood sample.
The amount of siRNA in the sample was calculated by multiplying the SNA accumulation by the
SIRNA duplex loading on the SNA.

Hairpin-like siRNA Detection Assay. An aminated capture probe was diluted to 50 nM in
coating buffer (10 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 10 mM 1-
methylimidazole), then 50 pL was added to the wells of NucleoLink strips (Nunc) that
covalently bond to the amine groups, arranged into a plate using a NucleoLink/TopYield frame
(Nunc). The NucleoLink strips were sealed with sealing tape (Nunc) and incubated at 50 °C for
18 h. The wells were washed four times by soaking with washing buffer (1x saline-sodium
citrate (SSC) buffer (Invitrogen), 0.05% Tween-20 (Sigma)) for 5 min. Nucleic acid detection
blocking buffer (Thermo) was pre-heated to 50 °C, then 200 pL was added to each well and
incubated at 50 °C for 1 h. The VEGF-targeting target hairpin-like siRNA was diluted in
NorthernMax prehybridization/hybridization buffer (Thermo Fisher) at a range of concentrations.
The biotinylated detection probe was diluted to 1 pM in NorthernMax
prehybridization/hybridization buffer, then 30 pL of detection probe was mixed with 30 pL of
each target hairpin-like siRNA concentration and heated to 95 °C for 5 min, followed by
incubating at 37 °C for 1 h. The NucleoLink strip wells were washed four times by soaking with
washing buffer for 5 min. Next, 50 uL of the detection probe/target hairpin-like sSiRNA mixture
was added to the wells and incubated at 37 °C for 1 h. The wells were then washed with washing
buffer, three times by soaking at room temperature for 10 min and once by soaking at 50 °C for

10 min. Next, 50 uL of horseradish peroxidase (HRP)-conjugated streptavidin in 10% blocking
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buffer was added to the wells and incubated at room temperature for 30 min. The wells were then
washed four times with washing buffer. Next, 50 pL of 3,3',5,5'-tetramethylbenzidine (TMB)
substrate solution was added to each well and incubated at room temperature for 7 min, followed
by adding 50 pL of 0.1 M H2PO4 to stop the reaction. Absorbance at 450 nm was measured by a
384 plate reader (SpectraMax) as an indicator of target hairpin-like sSiRNA detection.
SIRNA-LNP-SNA Synthesis. LNPs with encapsulated siRNA were formulated using the ethanol
dilution method by combining organic and aqueous components at a volume ratio of 1:3. The
organic component contained 15 mM total lipid in ethanol, consisting of mole fractions of 21.5%
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 25% cholesterol, 50% D-Lin-MC3-DMA,
and 3.5% PEGylated lipid (DSPC-PEG2000-maleimide or 1,2-dioleoyl-sn-glycero-3-
phosphorethanolamine (DOPC)-PEG2000-maleimide). The aqueous component contained
SiRNA in 10 nM citrate buffer (pH 4) for a final amine/phosphate (N/P) ratio of 3. The aqueous
component was rapidly added to the organic component while shaking using a vortexer. After
mixing, LNPs were dialyzed using 3.5K cutoff dialysis membranes to equilibrate buffer
overnight. Then, reduced thiolated DNA was added to the LNPs at a mole ratio of 1.1 thiolated
DNA:1 maleimide, and the mixture was shaken at room temperature overnight to attach the thiol
groups to the maleimides at the ends of the PEGylated lipids.

SIRNA-LNP-SNA Characterization. LNP and LNP-SNA size were measured by diluting in 1x
DPBS and performing DLS using a Zetasizer. Encapsulation efficiency of sSiRNA was measured
with Quant-iT PicoGreen (Invitrogen) using a previously described method.

SIRNA-LNP-SNA Gene Silencing Study. Gene silencing experiments were performed using U-
87 MG-Luc2 (ATCC), which stably express luciferase. In a black, clear-bottom 96-well cell

culture plate with 12,000 U-87 MG-Luc2 cells per well, LNP-SNAs containing encapsulated
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luciferase2 (Luc2) or nontargeting siRNA were administered to the cells at a 100 nM siRNA
concentration. After 48 h, the wells were washed with 1x DPBS and the luminescence signal was
activated using a Bright-Glo Luciferase Assay System (Promega). The luminescence of the cells
was measured using a BioTek Cytation 5 imaging reader as an indicator of Luc2 protein
expression. Fluorescence was normalized to untreated cells.

Statistics. All statistical analyses were performed using GraphPad Prism. For comparisons
between two groups, means were compared using an unpaired, two-tailed t-test. For comparisons
between more than two groups, means were compared using an ordinary one-way ANOVA with
Tukey’s multiple comparison test. P values were multiplicity adjusted to account for multiple
comparisons. Cytotoxicity results were fit with a 3-parameter logistic curve using a least-squares
fit. The hybridization assay standard curve was fit with a sigmoidal 4-parameter logistic curve
using a least-squares fit.
4.3. Results and Discussion
4.3.1. Synthesis and Characterization of Hairpin-like sSiRNA-LSNAs

Hairpin-like siRNA-LSNAs were synthesized by adding hairpin-like siRNAs with a
hydrophobic anchor to a liposome core. To attach the hairpin-like sSiRNAs to the liposome, a
variety of hydrophobic anchors at the turn of the hairpin were investigated, including tocopherol,
cholesterol, double tocopherol (two tocopherol phosphoramidites linked together), double
cholesterol, and DOPC. To evaluate LSNA formation, linear hairpin-like siRNAs and LSNA
formulations were ran through an agarose gel and stained with SYBR Gold to indicate the
location of the sSiRNA. However, only the single tocopherol anchor resulted in successful LSNA
formation (Figure 4.2A). While free tocopherol hairpin-like siRNAs ran to the bottom of the gel,

the much larger LSNAs showed a prominent mobility shift higher in the gel, with excess
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unattached siRNA running to the bottom of the gel, similar to previous studies.®>!*® To confirm
that the higher band was an LSNA consisting of siRNA attached to a liposome core and not a
micelle composed of tocopherol hairpin-like sSiRNAs, an LSNA containing a rhodamine-labeled
lipid was ran through the gel. When analyzing the gel for rhodamine, a band indicating the
liposome was present at the same location as the band indicating the siRNA, confirming that the

tocopherol anchor hairpin-like siRNAs and liposomes are colocalized in the gel and are indeed

an LSNA.
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Figure 4.2. Single tocopherol hairpin-like siRNAs form LSNAs while more hydrophobic
anchors form micelles. (A) Agarose gel of LSNA formulation with a single tocopherol anchor.
(B) Agarose gel of LSNA formulation with a double tocopherol anchor.

While the other anchors are more hydrophobic, which we hypothesized would lead to
more stable LSNAs, hairpin-like siRNAs with the more hydrophobic anchors primarily formed

micelles instead of LSNAs (Figure 4.2B). Dominant micelle formation is likely due to the strong

amphiphilicity of these molecules, arising from the high hydrophobicity of the anchor and the
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strong hydrophilicity of the 44 RNA nucleotides. While previous findings have demonstrated
that more hydrophobic anchors lead to more stable LSNAS, those experiments were done using
single-stranded DNA that contained half as many nucleotides as the hairpin-like sSiRNA.1% Our
results demonstrate that if anchors are too hydrophobic and the nucleic acids are too large (i.e.,
too hydrophilic), prominent micelle formation can impede the formation of LSNAs. Thus,
successful LSNA formation requires an anchor that is sufficiently hydrophobic to stably insert
into liposomes but not so hydrophobic to the extent that micelle formation is dominant over
LSNA formation. The liposome core was composed of DPPC, since LSNAs with a DPPC core
are more stable than LSNAs with cores composed of other lipids.1%°

After synthesis, LSNAs were washed with 1x DPBS using 100K molecular weight cutoff
centrifugal filters to remove unattached siRNA. LSNA synthesis was further confirmed via DLS
(Figure 4.3). As expected, a size increase was observed between bare liposomes and liposomes

functionalized with hairpin-like siRNAs, indicating LSNA formation.
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Figure 4.3. DLS analysis shows siRNA-LSNA formation. (A) Diameters of bare liposomes
and hairpin-like sSiRNA-LSNAs. Diameters shown are number means measured by DLS. Error
bars are SD of 10 measurements. (B) DLS number distribution of bare liposomes and hairpin-
like SIRNA-LSNAs. Error bars are SD of 10 measurements.
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The amount of siRNA duplexes on the LSNA was quantified using an OliGreen assay
(Figure 4.4). Hairpin-like SiRNA-LSNAs had an average of 29 siRNA duplexes per LSNA, with
a surface loading density of 3.7 pmol/cm?. The loading density of the hairpin-like sSiRNA-LSNAs
was compared with that of LSNAs containing siRNAs attached via the prototypical hybridized
architecture. Interestingly, it was found that the hairpin-like architecture enables a significantly
higher siRNA duplex loading than the hybridized architecture for SiRNA-LSNAs (29
duplexes/particle vs. 11 duplexes/particle, respectively), similar to the increase observed with
siRNA-AUSNAs.'® The hybridized siRNA-LSNAs likely suffer from lower duplex loading due
to the high negative charge density from the siRNA near the core causing the majority of guide
strands to dissociate from the SNA.1® The hairpin-like architecture covalently attaches the
passenger and guide strand to each other, preventing guide strand dissociation and enabling
higher duplex loading on the SNA. This finding demonstrates that the ability of the hairpin-like
architecture to increase siRNA duplex loading is not limited to siRNA-AuSNAs, but can be
applied to other cores as well. With the advantage of biocompatibility, hairpin-like SiRNA-

LSNAs are a promising next-generation SIRNA-SNA.

40—
% %k %k %k
30

20

104

siRNA Duplexes/Particle

Figure 4.4. Hairpin-like design increases duplex loading of sSiRNA-LSNAs. siRNA duplex
loading on LSNAs using hybridized and hairpin-like architecture. Error bars are SD of 3
measurements.
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4.3.2. Hairpin-like siRNA-LSNAs Efficiently Enter Cells
To our knowledge, this is the first demonstration of an SiRNA-SNA with a liposome core.
Thus, it is necessary to confirm that the hairpin-like SIRNA-LSNAs exhibit the important SNA
property of independently entering cells. HUVECs were treated with Cy5-labeled linear sSIRNA
and Cy5-labeled hairpin-like SiRNA-LSNAs. Flow cytometry analysis revealed that the LSNAS
had accumulated in the cells much more efficiently than linear sSiRNAs at both 4 h and 24 h
timepoints (Figure 4.5A). This finding was confirmed with confocal microscopy, which showed
that LSNAs prominently accumulate in cells while linear siRNAs had no observable entry

(Figure 4.5B). Thus, hairpin-like sSiRNA-LSNAs retain the property of independently entering

cells.
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Figure 4.5. Hairpin-like sSiRNA-LSNAs independently enter cells. (A) Hairpin-like siRNA-
LSNAs efficiently enter HUVECs in comparison to linear siRNAs, as measured by flow
cytometry. Error bars are SD of 3 biological replicates. (B) Confocal microscopy images of Cy5-
labeled linear siRNAs and hairpin-like siRNA-LSNAs internalized in HUVECs (blue: DAPI
stain indicating nucleus, red: Cy5 indicating SiRNA).

In addition to concerns about their long-term safety, sSIRNA-AuSNAs are cytotoxic at
high concentrations.!%'3! As a test of the biocompatibility of siRNA-LSNAs compared to

SIRNA-AuSNAs, HUVECs were treated with increasing concentrations of hairpin-like siRNA-
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SNAs containing either core for 48 h and assessed for cell viability (Figure 4.6A). The LDso of
SIRNA-LSNAs was higher than that of siRNA-AuSNAs, demonstrating that they are less
cytotoxic (Figure 4.6B). The lower toxicity of SIRNA-LSNAs is an example of their improved

biocompatibility compared to SIRNA-AUSNAs.
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Figure 4.6. Liposome-core SiRNA-SNAs are less toxic than gold-core siRNA-SNAs. (A)
Cytotoxicity of hairpin-like SIRNA-LSNAs and hairpin-like siRNA-AuSNAs. Dotted lines are
95% CI. Error bars are SD of 3 biological replicates. (B) LD50 of hairpin-like sSiRNA-LSNAS
and hairpin-like sSiRNA-AuUSNAs, derived from curves in (A). Error bars are SD of 3 biological
replicates.
4.3.3. Hairpin-like siRNA-LSNAs Demonstrate Biological Activity in Vitro

The hairpin-like architecture has been previously demonstrated to have no detrimental
effect on siRNA gene silencing activity when compared to the hybridized architecture.’®! We
sought to investigate the gene silencing activity of hairpin-like sSIRNA-LSNAs in 2.5-D cell
culture using a tube formation assay. Specifically, hairpin-like SIRNA-LSNAs were designed to
inhibit angiogenesis, as excessive blood vessel formation is a hallmark of eye diseases and
cancers, making it an attractive target for silencing.'®>1% The siRNA sequence was designed to

target VEGF, a key regulator of angiogenesis. As an in vitro model of capillary blood vessels,

HUVECs were incubated in Matrigel basement membrane matrix with the growth factors
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necessary to induce angiogenesis. Under these conditions, HUVECs will form long, branching,
interconnected tubes that resemble a network of capillaries. HUVECs with reduced VEGF
expression will not form tubes, but rather remain as rounded cells.

HUVECSs were treated with nontargeting or VEGF-targeting hairpin-like SiRNA-LSNAs,
then embedded in Matrigel. Tube formation was analyzed at 24 h and 48 h after treatment via
light microscopy (Figure 4.7). Untreated HUVECs and HUVECs treated with nontargeting
SNAs showed an extensive network of tubes at both time points, indicating prevalent
angiogenesis. However, HUVECs treated with VEGF-targeting SNAs showed dramatically
reduced tube formation, with nearly complete inhibition of angiogenesis at the 48 h time point,

indicating successful VEGF silencing.
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Figure 4.7. VEGF-targeting siRNA-LSNAs inhibit angiogenesis in vitro. HUVECs were
treated with sIRNA-LSNAs and images were captured at 24 h and 48 h after treatment using a
light microscope. Yellow arrows point to capillary-like tubes.

The degree of tube formation can be quantified via ImageJ’s Angiogenesis Analyzer tool,

and it was found that treatment with VEGF-targeting SNAs reduced tube formation four-fold

(Figure 4.8). Thus, hairpin-like siRNA-LSNAs demonstrate sequence-specific silencing that
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results in an observable phenotypic change. Due to their biocompatibility, transparency, and
ability to inhibit angiogenesis, hairpin-like SIRNA-LSNAs have particular potential as a

treatment for eye diseases such as macular degeneration and diabetic retinopathy as well as

cancers.
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Figure 4.8. Quantification of angiogenesis inhibition by VEGF-targeting siRNA-LSNAs.
Images were captured at 24 h and 48 h after treatment using a light microscope. Angiogenesis
was quantified using Image]’s Angiogenesis Analyzer tool. Error bars are SD of 4 biological
replicates.
4.3.4. SNAs Efficiently Transport Through the Eye

Given the SNA’s ability to inhibit angiogenesis and its previously observed favorable
transport properties,®-8 we investigated if SNAs could efficiently transport through the eye to

function as a therapeutic for eye diseases. Wet age-related macular degeneration (AMD),

diabetic retinopathy, and macular edema are retinal diseases characterized by abnormal choroidal
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neovascularization (the aberrant formation and leakage of blood vessels at in the posterior of the
eye).X®” The prognosis in patients with advanced disease progression can be blindness. Due to the
eye’s protective barriers and dearth of active transport mechanisms, current treatment options for
the posterior of the eye are primarily limited to repeated intravitreal injections of corticosteroids,
anti-angiogenic antibodies, or other drugs using a needle through front of the eye.1%81%° patient
compliance is low (60% for 1 year) for intravitreal injections due to fear, discomfort, and
complications.!’® Intravitreal injections are invasive procedures that carry the risks of
endophthalmitis, intraocular inflammation, retinal detachment, and hemorrhage, and therefore
require monitoring after each injection.!” VEGF-targeting siRNA-SNAs could serve as a
promising alternative to currently used eye therapeutics for inhibiting choroidal
neovascularization. Nucleic acid drugs in general have shown promise as an ocular
nanomedicine featuring efficient delivery and therapeutic activity and a select few have been
granted FDA approval.}’?1® The therapeutic effect of each sSiRNA-SNA dose could be longer
lasting than current therapeutics, since mMRNA degradation typically yields longer periods of
protein reduction than antibody inhibition, the division rate of retinal cells is slow, and the
hairpin-like architecture enables longer lasting gene silencing than other siRNA architectures,
allowing for less frequent dosing.}’*13! Additionally, the ability of SNAs to transport across
difficult-to-cross biological barriers suggests that they may be able to be delivered through less
invasive routes than intravitreal administration.86-8°

We analyzed the delivery of hairpin-like sSIRNA-SNAs in rat eyes via three routes of
administration: intravitreal injection, subconjunctival injection, and topical administration
(Figure 4.9A). Intravitreal administration consists of inserting a needle through the sclera to

deliver the drug. It is the most direct method of delivery to the inside and back of the eye, but it
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can have many complications and has low patient compliance due to discomfort.
Subconjunctival injection consists of injecting into the subconjunctival tissue below the eye; it is
less invasive than an intravitreal injection, but has lower efficiency of delivery into the eye and
can be affected by conjunctival circulation. Topical administration consists of applying a drug to
the surface of the eye, usually via eye drops. It is easy to perform, can be performed by the
patient at home, is noninvasive, and has high patient compliance. However, it suffers from low
bioavailability due to the strong barriers of the eye and rapid clearance by tears and
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Figure 4.9. Biodistribution of hairpin-like SiRNA-SNAs in the eye via different
administration routes. (A) Diagram of administration routes and eye components analyzed, and
SNA accumulation following (B) intravitreal injection, (C) subconjunctival injection, and (D)
topical administration. Error bars are SD of 4-8 biological replicates.



112

Hairpin-like sSiRNA-SNAs with a 13-nm gold nanoparticle core were used for this initial
pharmacokinetic study since they are easy to detect. Biodistribution analysis of AUSNASs is easy
to perform since gold can be sensitively detected in tissue via ICP-MS. SNAs were administered
to both eyes of Sprague Dawley rats via intravitreal injection, subconjunctival injection, or
topical administration. Rats were then sacrificed at 12 hours, 1 day, 3 days, or 7 days after
administration. Eyes were dissected and cornea, retina, vitreous humor, and plasma were
collected for SNA biodistribution analysis. The tissues were dissolved in 2% HCI, 2% HNO3z and
gold content was measured via ICP-MS.

As expected, intravitreal injection (Figure 4.9B) had the highest delivery to the interior
and back of the eye. Upon initial injection most of the SNAs were in the vitreous humor, then
transported to the retina over time. Subconjunctival injection (Figure 4.9C) mostly resulted in
efficient delivery to the cornea, but a therapeutically relevant amount of SNAs still managed to
reach the retina (SIRNA-SNAs have shown gene silencing activity at SNA concentrations as low
as 50 pM).% Topical administration (Figure 4.9D) did not result in significant delivery to any
component of the eye, likely due to washing away by tears and a lack of penetration through the
sclera. These results demonstrate that subconjunctival administration of SNAs could be a
promising alternative to intravitreal injection for treating retinal diseases such as wet AMD,
diabetic retinopathy, and macular edema.t”®

This initial experiment used a hairpin-like SiRNA-AuSNA as an easy-to-detect
representative for studying SNA transport through the eye, but it is ultimately not suitable as a
therapeutic construct for ocular diseases in this form. Gold is not biocompatible, would
accumulate in the eye, and is opaque and thus would obstruct vision. An LSNA would be the

likely therapeutic construct due to its biocompatibility and transparency. Specifically, the
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hairpin-like sSiIRNA-LSNA with a 20 nm DPPC liposome core is ideal for this application due to
its stability and small size. However, sensitively detecting hairpin-like SIRNA-LSNAS in tissue is
challenging.

4.3.5. Hybridization Assay for Detecting Hairpin-like siRNA in Tissue

AUSNAs are easy to detect in tissue, since gold can be measured by ICP-MS, and thus
they were useful for the initial study of SNA delivery in the eye. However, liposomes cannot be
easily detected in tissues due to the abundance of lipids in cell membranes, so an alternative
detection method must be utilized for analyzing LSNA biodistribution. One strategy is to dye-
label the siRNA, but this could affect the transport and gene silencing activity of the SNA, and it
is also likely that the dye could be removed from the intact SIRNA due to degradation and thus
not be an accurate indicator of SIRNA-LSNA localization. In contrast, hybridization assays are
highly sensitive and directly detect the unmodified target oligonucleotide.’® Thus, we elected to
use a hybridization assay to detect unlabeled intact hairpin-like SIRNA in the tissue.

We developed a hybridization assay similar in design to an enzyme-linked
immunosorbent assay (ELISA). Following RNA extraction from the tissue, the hairpin-like
siRNA is hybridized to a capture probe for immobilization and a detection probe for signaling. A
unique advantage of the hairpin-like siRNA is that the entire SIRNA duplex can be detected
using a hybridization assay in this format, since it consists of a single intact RNA strand. Other
architectures such as hybridized or doubly-thiolated siRNA consist of two separate strands and
thus only a single strand could be detected; there would be no way to specifically detect the
therapeutically active sSiRNA duplex.

There were two important considerations when designing the detector and capture probes

for this assay (Figure 4.10A). First, the probes cannot be complementary to each other, or else
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they will hybridize and produce a signal regardless of the presence of the target hairpin-like
SIRNA. If the detector probe was complementary to the entirety of one strand of the hairpin (e.g.,
the passenger strand) and the capture probe was complementary to the entirety of the other strand
(e.g., the guide strand), then the probes would be complementary to each other. To avoid this,
each probe is only half the length of an siRNA strand and binds to a portion of the hairpin such
that the probe sequences are not complementary. The second consideration is that the two strands
of the open hairpin must hybridize to the probes more favorably than to each other. Since the two
strands of the hairpin-like siRNA are complementary, they can bind to each other, and since the
two strands have a greater length of sequence complementarity with each other than with the
shorter probes, they will more favorably bind to each other than probes composed of unmodified
DNA. To ensure that the hairpin will bind more favorably to the probes than itself, we
incorporated several locked nucleic acid (LNA) nucleotides within the probes to increase the
melting temperature of the probe-hairpin duplexes. With the final probe designs, the capture
probe/hairpin duplex and the detector probe/hairpin duplex both have higher melting
temperatures than the self-hybridized hairpin-like siRNA duplex.

For the hybridization detection assay (Figure 4.10B), the target hairpin-like SiRNA is
heated to 95 °C to denature it and make it available to bind to the probes. The biotinylated
detector probe is added to the solution, which is cooled to 37 °C to facilitate binding of the
detector probe to the hairpin-like sSiRNA. The hybridized hairpin-like sSiRNA-detector probe is
added to a Nunc NucleoLink plate with aminated capture probes covalently bound to its surface.
The mixture is incubated at 37 °C to facilitate binding of the hairpin-like siRNA to the capture
probe, then unbound nucleic acids are washed away. Streptavidin-HRP is then added, and the

streptavidin binds to the biotin on the detector probe. Finally, TMB is added and reacts with the
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HRP to form a diimine. The reaction is halted after 7 min by the addition of dihydrogen
phosphate, causing the solution to turn yellow. The optical density at 450 nm is a readout of the
amount of target hairpin-like siRNA in the solution (Figure 4.10C).

Initial experiments consisting of using the hybridization assay to detect the hairpin-like
SIRNA in solution revealed a limit of detection of 20 ng/mL (1.28 nM) siRNA. Assuming that
LSNAs will have similar a biodistribution profile to AUSNAS, we estimate that subconjunctivally
injected LSNAs will accumulate in the retina at a concentration of 2 nM SNA. Since hairpin-like
SIRNA-LSNAs have a loading density of 29 sSiRNA/SNA, it can be estimated that around 60 nM
SIRNA will be accumulated in the retina tissue. This is well above the limit of detection and falls
within the dynamic range of the hybridization assay, and any concentrations well above the
dynamic range can easily be diluted to fall within it. Thus, this hybridization assay is sensitive
enough to detect sSIRNA biodistribution in eye tissues. Current efforts are focused on optimizing
the method for extracting siRNA from tissues with consistent efficiency to accurately quantify
the amount of target hairpin-like siRNA in the tissue using this assay. Following the optimization
of this hybridization assay, it will be possible to sensitively analyze the biodistribution of

hairpin-like SIRNA-LSNAs in eye tissues.
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Figure 4.10. Hybridization detection assay. (A) Target hairpin-like siRNA, detector probe, and
capture probe designs. Uppercase: RNA, lowercase: DNA, red lowercase: LNA. (B)
Hybridization detection assay. (C) Standard curve of detection of target hairpin-like SIRNA using
hybridization detection assay.
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4.3.6. Solid Lipid Nanoparticle-Core siRNA-SNAs Achieve Efficient Gene Silencing

Inefficient cytosolic delivery is a major bottleneck for most nanoparticle-based drugs that
rely on endocytosis to enter cells, including sSiRNA-SNAs. While some siRNA-SNAs efficiently
enter the cytosol to induce gene silencing, including the VEGF-targeting hairpin-like siRNA-
LSNA developed in this chapter, others remain trapped in the endosome, indicating a sequence
dependency on endosomal escape. Thus, while VEGF-targeting hairpin-like sSIRNA-LSNAs are
well-suited for treating eye diseases characterized by excessive blood vessel formation, a
structural change to the SNA that significantly improves its cytosolic delivery would greatly
benefit its application to other disease targets.

To improve cytosolic delivery, a lipid-based core different from hollow liposomes has
been developed. SNAs composed of a solid LNP core with encapsulated therapeutic nucleic
acids and an outer shell of radially arranged DNA demonstrate efficient cytosolic delivery of the
encapsulated cargo (Figure 4.11).}1® The LNP core contains ionizable lipids that become
positively charged at endosomal pH and promote cytosolic delivery of the encapsulated cargo,
such that LNP-core SNAs (LNP-SNAs) containing encapsulated siRNA reduce the siRNA
concentration necessary to silence mRNA by two orders of magnitude in comparison with
hollow liposome-core siRNA-SNAs. Additionally, the outer shell of DNA on LNP-SNAs
provides several advantages in comparison to bare LNPs: LNP-SNAs have more efficient
cellular uptake than bare LNPs leading to more potent gene silencing, and LNP-SNAs can
accumulate in organs such as the spleen while bare LNPs are often limited to liver

accumulation.®*
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Figure 4.11. Structure of LNP-SNAs. LNP-SNAs consist of an LNP core with encapsulated
nucleic acids and an outer shell of nucleic acids. LNP-SNA image created by Alex Anderson.
With the goal of further developing LNP-SNAs as a next-generation SNA that can
efficiently delivery siRNA, we explored several compositions and compared their gene silencing
activity (Figure 4.12). LNP-SNAs with DSPC and DOPC as the PEGylated lipid both achieved
greater silencing than bare LNPs containing the same PEGylated lipids, likely due to the greater
internalization enabled by the nucleic acid shell. Additionally, LNP-SNAs with DOPC had
greater gene silencing activity than LNP-SNAs with DSPC. This is likely due to the fact that
DOPC has a lower melting temperature than DSPC (-17 °C vs. 55 °C, respectively), reducing
the stability of the LNP and enhancing the release of siRNA into the cytosol. Thus, the structure
of the LNP-SNA has a strong effect on its performance. Ongoing work is focused on exploring
additional structures and imparting the outer nucleic acids with therapeutic functionality to create

a multifunctional LNP-SNA.
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Figure 4.12. Gene silencing activity of LNP-SNAs and bare LNPs containing different
PEGylated lipids. LNP-SNAs with DOPC outperformed LNP-SNAs with DSPC, and both
LNP-SNAs outperformed bare LNPs. Error bars are SD of 3 biological replicates.
4.4. Conclusion

These results demonstrate the benefits of utilizing lipid-based cores in the development of
next-generation sSiRNA-SNAs. Hairpin-like sSiRNA-LSNAs are more biocompatible than siRNA-
AuSNAs and feature efficient cellular uptake and effective gene silencing, while LNP-SNAs
display enhanced cytosolic delivery of siRNA. Structures such as the hairpin-like attachment
architecture, hydrophobic tocopherol anchor, stable DPPC liposome core, and biocompatible
lipid core materials were utilized to form these next-generation sSiRNA-SNAs, demonstrating that
a toolkit of structural features can be combined for a synergistic benefit. The antiangiogenic
next-generation siRNA-SNAs introduced in this chapter could potentially serve as promising
therapeutics for eye diseases and cancers. The development of next-generation sSiRNA-SNAS is

an important step in the progress of siRNAs toward widespread clinical use.
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CHAPTER 5

Summary and Future Work
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5.1. Summary

Nucleic acid therapeutics have the potential to radically change the strategy for treating
diseases by offering intentionally designed, specific drugs for a broad range of conditions.
Nucleic acids can be precisely designed to interact with disease-associated genes and alter,
silence, or eliminate them. siRNAs are an especially promising nucleic acid therapeutic, since
they can potently and specifically silence any gene of interest and thus can be designed to silence
a wide range of disease-associated overexpressed genes. However, stability and delivery
limitations have prevented siRNAs from reaching widespread clinical use.

SIRNA-SNAs have beneficial properties that overcome these limitations: they exhibit
resistance to nuclease degradation, have favorable pharmacokinetics, and independently enter
cells. However, the biological properties of prototypical sSiRNA-SNAs are restricted by their
structure. siRNA-SNAs composed of a ~13-nm gold nanoparticle core functionalized with
hybridized siRNA are limited in structural stability, nuclease resistance, biocompatibility,
pharmacokinetics, cellular uptake, cytosolic delivery, and ultimately therapeutic activity. We
aimed to improve these biological properties by modifying the siRNA-SNA structure. By
changing the siRNA-SNA attachment strategy, size, and core composition, we were able to
markedly improve each of its biological properties and its overall therapeutic suitability.

First, we developed a hairpin-like architecture to attach siRNA to the nanoparticle core to
prevent the guide strand dissociation that occurs with the prototypical hybridized attachment
architecture. By attaching both strands of the siRNA with a covalent bond, the hairpin-like
design significantly improves the structural stability of the sSIRNA-SNA and leads to a fourfold
increase in SIRNA duplex loading. This in turn enhances serum nuclease resistance,

biocompatibility, cellular uptake, calcium-associated cytosolic delivery, and gene silencing
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durability of the SIRNA-SNA. By simply altering the architecture through which the siRNA is
attached to a 13-nm gold nanoparticle core and observing the changes in SNA behavior, this
work demonstrates how a small structural change can significantly alter the SiRNA-SNA’s
therapeutic suitability. Interestingly, this work also demonstrates that there is an order to
biological properties: by focusing on improving the “upstream” property of structural stability,
the hairpin-like architecture ended up significantly improving many “downstream” properties,
including therapeutic activity. This perspective can be utilized by other researchers when
developing therapeutic constructs to decide which properties to prioritize for the greatest
improvement in efficacy.

Next, we investigated the effect of size on SNA behavior. We compared the in vitro and
in vivo behavior of SNAs containing either a 10-nm AuNP core or an ultrasmall 1.4-nm AuNC
core and found substantial differences. The AUNC-SNA exhibited a greater drug-to-carrier ratio,
enhanced cellular uptake, extended circulation in blood, possible renal clearance, and increased
tumor accumulation compared to the larger AuNP-SNA. The AuNC-SNA demonstrates
advantageous biological properties that can be harnessed at the ultrasmall scale.

Finally, we developed lipid-core next-generation SiRNA-SNAs to serve as more
biocompatible constructs than gold-core siRNA-SNAs. By utilizing highly stable hairpin-like
siRNAs and DPPC liposomes, we constructed hairpin-like sSiRNA-LSNAs that exhibit efficient
cellular uptake, biocompatibility, and antiangiogenic gene silencing. We explored their
application as an ocular nanomedicine by observing efficient transport of SNAs through the eye
by multiple administration routes and developing a method of directly detecting hairpin-like
SIRNA in tissue. We also investigated LNP-SNAs as method of enhancing cytosolic delivery of

SiRNA and found that they achieved more potent gene silencing than bare LNPs. The lipid-based
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next-generation sSiRNA-SNAs that we have developed are well suited for in vivo applications and
will advance siRNA toward therapeutic use.

Overall, this work demonstrates the power of structural control by showing how advances
to the sSiRNA-SNA structure can substantially improve its biological properties and ultimately its
therapeutic suitability. These improvements to the prototypical siRNA-SNA structure have
unlocked its potential as a compelling therapeutic candidate. Combined, these structural features
form a toolkit that can be harnessed when developing next-generation siRNA-SNAs for
therapeutic applications. Each of the structural features described in this work can be utilized to
enhance SIRNA-SNAs for specific therapeutic contexts, depending on which biological
properties are most critical to meet the needs of the application. Additionally, while this
dissertation primarily focuses on improving siRNA-SNAs, many of the structure-function
relationships described herein will apply to SNAs composed of other oligonucleotides as well.
These improvements, as well as future ones yet to be characterized, will be essential in the
development of next-generation SNAS, an important step in progressing siRNAs to widespread
clinical use.

5.2. Future Work
5.2.1. Mechanistic Insights and Applications of Ultrasmall SNAs

In Chapter 3, we observed that ultrasmall SNAs have greater cellular uptake, longer
circulation in blood, possible renal clearance, and greater tumor accumulation than larger gold
nanoparticle-core SNAs. While these observations are useful, we would benefit from a more
thorough mechanistic understanding of why the decrease in SNA size leads to these changes in
properties. This fuller understanding will be helpful for designing and optimizing SNA size for

specific applications. We reasoned that AUNC-SNAs had greater cellular uptake than AuNP-
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SNAs because they have a greater oligonucleotide surface density, which has been previously
shown to enhance cellular uptake.’®® The mechanism behind this phenomenon is not well
understood, but it is likely due to altered interactions with scavenger receptors. Measuring the
binding strength of SNAs of different sizes and surface densities to scavenger receptors would
provide a better understanding of the driver of the observed enhanced cellular uptake. We
hypothesized that AUNC-SNAs had longer circulation in blood due to evasion of mononuclear
phagocyte system (MPS) cells, but we will further investigate this by comparing the interactions
and uptake of SNAs of different sizes with MPS cells in vitro. To more thoroughly investigate
the renal clearance of the AUNC-SNAS, an analysis of the mice’s urine will reveal the magnitude
and kinetics of renal clearance. Finally, to gain a greater understanding of the tumor
accumulation of AUNC-SNAs, more sensitive imaging techniques can be used to observe SNA
infiltration into the tumor tissue.

There are several applications of ultrasmall SNAs that could take advantage of its
properties. Ultrasmall SNAs containing siRNA or immunostimulatory DNA could function well
as cancer therapeutics due to their extended circulation time, enhanced tumor accumulation,
efficient cellular uptake, and renal clearance. Ultrasmall SNAs containing aptamers could be
designed as a diagnostic sensor; for example, after injection of aptamer ultrasmall SNAs, they
will bind to their target in the bloodstream and display a colorimetric signal, then be renally
cleared, and the color of the patient’s urine will indicate detection of the target.

5.2.2. Applications of Next-Generation siRNA-SNAs

In Chapter 4, we developed hairpin-like SIRNA-LSNAs as a treatment for ocular diseases

such as wet AMD. We demonstrated that hairpin-like sSIRNA-AuSNAs efficiently transport

through the eye via intravitreal injection and the less invasive subconjunctival injection. We also
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developed a hybridization assay for directly detecting hairpin-like siRNA in tissue. Once the
SIRNA tissue extraction method is optimized, the next experiment will be to observe the
biodistribution of hairpin-like sSiIRNA-LSNAs and confirm that we observe the same efficient
transport that we saw with hairpin-like SIRNA-AuSNAs. The next experiment will be to evaluate
the therapeutic efficacy of SIRNA-SNAs in a rat model of wet AMD. A laser will be fired into
the eyes of Sprague Dawley rats to induce choroidal neovascularization as a model of wet
AMD.Y" The rats will then be treated with VEGF-targeting hairpin-like SiRNA-LSNAs,
nontargeting hairpin-like siRNA-LSNAs, or a saline solution via intravitreal injection or
subconjunctival injection. At several time points, eyes will be collected and neovascularization
will be analyzed using anti-cluster of differentiation 31 (CD31) staining. If VEGF-targeting
hairpin-like sSiRNA-LSNAs inhibit neovascularization, they achieve gene silencing in rat eyes
and demonstrate further potential as a gene regulatory therapeutic for eye diseases. Furthermore,
if the subconjunctivally injected SNAs demonstrate therapeutic success, the sSIRNA-SNA will
show strong potential as a less invasive treatment than current drugs for retinal diseases. In
additional to ocular applications, hairpin-like siRNA-SNAs demonstrate promise as a
systemically delivered drug for treating cancer due to their increased serum nuclease resistance,
enhanced cellular uptake, and durable gene silencing effect. Due to the ability of SNASs to cross
the blood-brain barrier, hairpin-like siRNA-SNAs could be uniquely suited as a treatment for
brain cancers.

5.2.3. Other Structures for Hairpin-like sSiRNAs
In Chapters 2 and 4, we attached hairpin-like siRNAs to gold cores and liposome cores,
respectively. However, other cores and structures feature additional advantages that can be

combined with hairpin-like siRNAs. Since the attachment moiety at the hairpin turn can be
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modified, the hairpin-like sSiRNA can be attached to a variety of different materials. As an
example, hairpin-like siRNAs can be attached to a PLGA nanoparticle core using click
chemistry.®® PLGA nanoparticles can encapsulate hydrophobic drugs that can be released upon
degradation of the nanoparticle. Thus, PLGA-core hairpin-like sSiRNA-SNAs could be used to
co-deliver siRNAs and hydrophobic drugs as a combination therapeutic. Hairpin-like siRNAs
could also be attached to the cysteine or lysine groups on a therapeutically relevant enzyme to
form a protein-core siRNA-SNA as another combination therapeutic.®”*’® Finally, hairpin-like
siRNAs could be attached to DNA dendrons as a smaller, molecularly pure alternative to SNAs
while still achieving high structural stability, nuclease resistance, and efficient intracellular
delivery.t®®
5.2.4. Multifunctional Lipid Nanoparticle-Core Spherical Nucleic Acids

LNP-SNAs have enabled the efficient cytosolic delivery of encapsulated nucleic acids
while benefiting from increased cellular internalization driven by the outer coating of DNA on
the LNP.1!® The prototypical LNP-SNA consists of an LNP core with encapsulated therapeutic
nucleic acids, while the outside is functionalized with DNA with the sole purpose of increasing
cellular uptake. There is an opportunity to impart the outer oligonucleotides with additional
therapeutic functionality for a multifunctional LNP-SNA. As a demonstration of this concept, we
are developing LNP-SNAs as siRNA-enhanced cancer vaccines that contain encapsulated signal
transducer and activator of transcription 3 (STAT3)-targeting siRNA, while the outside of the
LNP is functionalized with toll-like receptor 9 (TLR9) agonist immunostimulatory DNA and
tumor peptide antigens. When the LNP-SNAs enter antigen-presenting cells, the TLR9 agonist
DNA functions as an adjuvant that will engage with TLR9 in the endosome to activate the

immune system, while the tumor peptide antigen will be processed and presented by the antigen-
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presenting cells to T cells for an adaptive immune response to the tumor.®* The encapsulated
STAT3 siRNA will be released from the endosome and silence the immunosuppressive STAT3
gene, lifting the brakes on immune activation and allowing the cancer vaccine to have a stronger
effect.179180 The location of each component on the LNP-SNA plays to its strengths: the SiRNA
is encapsulated within the LNP for protection from nucleases and enhanced cytosolic delivery,>
the TLR9 agonist DNA is on the outside of the LNP to promote efficient cellular uptake and
multivalent engagement with TLR9,% and the tumor peptide antigen is hybridized to the TLR9
agonist DNA for maximal immune activation.*'” By utilizing structural control and rational
design, multifunctional LNP-SNAs have the potential to serve as powerful next-generation

nucleic acid therapeutics.
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Vasher, M. K.; Evangelopoulos, M.; Mirkin, C. A. Spherical Nucleic Acids for Delivering
SiRNA Into the Eye. Biomedical Engineering Society (BMES) Annual Meeting 2021, Orlando,
FL.

Vasher, M. K.; Yamankurt, G.; Mirkin, C. A. Hairpin-like siRNA-Based Spherical Nucleic
Acids for Enhanced siRNA Duplex Delivery. BMES Annual Meeting 2020, Virtual Conference.

Vasher M. K.; Alocilja, E. C. Dengue Virus Detection Using a Biosensor. College of
Agriculture and Natural Resources Research Round-Up 2015, East Lansing, MI. Awarded third
place.

Vasher M. K.; Alocilja, E. C. Detecting Pathogens Using a DNA-Based Biosensor. University
Undergraduate Research and Arts Forum (UURAF) 2015, East Lansing, MI. Awarded first
place.
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Teaching Experience

Graduate Teaching Assistant 2020
BME 303/403: Quantitative Systems Physiology, Northwestern University

e Assisted Dr. Casey J. Ankeny in teaching over 70 students

e Helped transition the course to a virtual format during the COVID-19 pandemic

e Held weekly recitations and office hours

e Graded assignments and helped write exams

e Recognized with Biomedical Engineering Teaching Assistant Award Honorable Mention

Undergraduate Teaching Assistant 2017
BE 444/844: Biosensors for Medical Diagnostics, Michigan State University

e Assisted Dr. Evangelyn C. Alocilja in teaching over 30 students

e Served as substitute lecturer

e Graded assignments and guided students through projects

Undergraduate Teaching Assistant 2015
BE 101: Introduction to Biosystems Engineering, Michigan State University

e Assisted Dr. Bradley P. Marks in teaching over 90 students

e Provided career advice and curriculum guidance

e Held office hours and graded assignments

Leadership

Nanomedicine Subgroup Leader 2021-2022
Mirkin Lab, Northwestern University
e Managed 20 graduate students and postdocs through life science-based nanotechnology
projects
e Supervised collaborations, manuscript preparation, mentor assignments, and instrument
responsibilities
e Organized and led weekly subgroup presentations and scientific discussions
e Recruited graduate students and postdocs to the subgroup through interviews,
discussions, and recruitment events in collaboration with faculty and staff
e Mentored new graduate students and postdocs to acclimate them to the lab

Data Coordinator 2020-2022
Northwestern University Center of Cancer Nanotechnology Excellence (CCNE)

e Compiled, organized, and managed data from nanomedicine projects funded by an $11.7
million NIH grant into an online database of nanomaterials (caNanoLab) to foster
collaboration between nanotechnology labs and communicate results to the National
Cancer Institute

Lab Manager 2016-2017
Alocilja Lab, Michigan State University
e Managed research projects, lab operations, and finances
e Oversaw reagent orders, equipment installation and maintenance, and hazardous waste
disposal
e Trained and mentored 6 undergraduate research assistants



159

Community Involvement

Mentor 20182022
Science Club, Science In Society, Northwestern University
e Mentored underserved Chicago middle school students through semester-long science

projects
e One of my mentees won first prize in their school science fair and competed at the
regional level
Diversity Committee Member 2020-2021

Biomedical Engineering Graduate Students (BMEGS)
e Implemented specific, quantifiable goals for improving diversity, equity, and inclusion at
Northwestern University
e Organized monthly department-wide discussions on topics of inclusion and equity

Mentor 2020-2021
EvanSTEM, District 65
e Mentored underserved Evanston middle school students through semester-long coding
projects

Professional Development

American Association for the Advancement of Science (AAAS) Catalyzing Advocacy 2018
in Science and Engineering (CASE) Workshop
AAAS Headquarters, Washington, D.C.
e Applied for and obtained institutional support to represent Northwestern University at a
4-day science policy workshop
e Advocated to Members of Congress for increased scientific research funding

Tau Beta Pi (Engineering Honor Society) Member 2014 — present

Honors, Fellowships, and Awards

Fellowship in Leadership 2022
e Collaborated with faculty, staff, and students to study and develop leadership strategies

International Institute for Nanotechnology (II1N) Outstanding Researcher Award 2021
e Awarded for exceptional contributions to the field of nanotechnology

Biomedical Engineering Teaching Assistant Award Honorable Mention 2021

e Recognized for distinguished contributions to student learning in Northwestern’s

Biomedical Engineering department, awarded for TA work in BME 303/403:
Quantitative Systems Physiology

Ryan Fellowship 2019-2022
e Awarded to exceptional graduate students dedicated to the exploration of fundamental
nanoscale science and to advancing this knowledge into practical applications of benefit

to society

Professional Development Scholarship 2017
e Awarded by Northwestern University’s Biomedical Engineering department for academic
performance
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Board of Trustees’ Award 2017
e Awarded for graduating from Michigan State University with a perfect 4.0 GPA, ranking
1%t in my class of 5,547

Graduation from Michigan State University with High Honors 2017
e Recognized for graduating in the top 6% of the class
A.W. Farrall Scholarship 2016

e The most prestigious scholarship awarded by Michigan State University’s Biosystems
Engineering department, based on academic achievement and leadership

Undergraduate Research Scholarship 2015-2016
e Research funding for 3 semesters awarded by Michigan State University’s College of
Agriculture and Natural Resources through a competitive application process

UURAF Grand Prize 2015
e First place poster presentation and research paper out of 700+ presenters
Professorial Assistantship 2013-2015

e Research funding for 4 semesters awarded for 36 ACT score and academic achievement

Distinguished Freshman Scholarship 2013

e Full tuition scholarship awarded from 2013 Michigan State University Alumni

Distinguished Scholarship (ADS) Competition, ranked in top 3% of test scores out of
~1,200 invited competitors



