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ABSTRACT
Rational Design of Spherical Nucleic Acids as Therapeutic Constructs
Shengshuang Zhu

Nucleic acids not only are the building blocks of life but also a class of attractive
macromolecular therapeutics. However, the delivery of therapeutic oligonucleotides into cells has
been a major challenge due to their large size and highly negatively charged backbone. Spherical
nucleic acids (SNAs) are a class of emerging nano-biomaterials that overcome this challenge and
thus are highly useful as nucleic acids-based therapeutics. SNAs consist of a nanoparticle core
with a dense shell of highly oriented oligonucleotides covalently or non-covalently conjugated to
it. SNAs can freely enter numerous cell lines by engaging with scavenger receptors on their
surface. Once inside the cells, they can act as potent agents for gene regulation or
immunomodulation. In addition, SNA cores can be comprised of bioorganic materials, such as
liposomes or polymeric nanoparticles, that provide interior space for encapsulating drugs, opening
the possibility for dual therapeutics. These unusual biochemical properties of SNAs make them
lead drug candidates in gene regulation and immunomodulation therapies.

This thesis further explores the unique properties of SNAs and introduces a new class of
SNAs based on polymeric core materials that significantly expand their scope of function. Chapter
1 reviews the field of nanomedicine, especially in the context of SNA development and
biochemical properties. Chapter 2 describes the development of a SNA-based topical formulation
capable of attenuating abnormal scars. Specifically, liposomal SNAs and AuSNAs were utilized

to silence transforming growth factor 1 (TGFB1), a gene significantly implicated in abnormal



scarring, in vitro and in vivo. Limitations of conventional SNA constructs are also discussed in this
chapter. Chapter 3 describes the design and synthesis of new poly-lactic-co-glycolic acid (PLGA)-
SNAs that address these limitations. Chapter 4 further builds on this polymeric SNA construct and
details how they can be used to improve gene regulation efficiency by co-delivering two
therapeutic agents within a single SNA. The properties and functions of the PLGA-SNAs,
including their colloidal stability, peptide release kinetics, and protein knockdown efficiencies
were investigated as a function of SNA structure. Chapter 5 provides concluding remarks about
the future outlook of SNA development, building upon the knowledge described in the previous

chapters.

Thesis Advisor: Professor Chad A. Mirkin
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1.1 The properties of spherical nucleic acids
1.1.1 Nucleic acid-based therapeutics and delivery methods

Short strands of nucleic acids, known as oligonucleotides, can act as a unique class of
macromolecular therapeutics. One of the very first examples of oligonucleotide-based therapies
utilized a specific oligodeoxyribonucleotide to inhibit viral mMRNA translation!3. This concept was
introduced by Paul Zamecnik in 1978M and is now termed with antisense therapy. Antisense
treatment normally utilizes a strand of oligodeoxyribonucleotide ranging from 18-25 base pairs to
bind with a complimentary mRNA substrate. Antisense oligonucleotide can then alter the gene
expression level by RNase-H recruitment?l, exon inclusion/exclusion?l, and miRNA
sequestrationt? 31, leading to silencing of specific disease-related protein. This class of therapy is
advantageous to traditional small molecule drugs and protein therapies, since in principle, any

mRNA can be downregulated via antisense binding™ °1. A few other nucleic acid-based therapies

'S
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Figure 1.1 Strategies and limitations of therapeutic oligonucleotide intracellular delivery
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have been discovered in the past decades®, including small interference RNAE 71 which can
regulate the flow of genetic information by introducing a 19-21 base pair RNA duplex, and
immunostimulatory CpGI[#*2 which can activate immune system by engaging with toll-like
receptorst®1t 13151 Nucleic acid-based therapies are advantageous because oligonucleotide-based
therapeutics are highly specific and modular due to canonical Watson and Crick base paring.
Despite decades of efforts to discover and develop different modalities of nucleic acid
therapies, there are only five FDA-approved oligonucleotide therapeutics. One of the main
challenges is that naked oligonucleotides do not enter the cells by themselves[*6l. In addition, naked
oligonucleotides are rapidly degraded by DNase or RNasel'l in serum after systemic
administration!*®l. While there has been progress in overcoming the delivery challenges of nucleic
acids!*® 21 most delivery methods either suffer from high intracellular toxicity or low delivery
efficiency as illustrated by Figure 1.11*% 21, While viral delivery method has been tested in the
clinics, the discussion of this thesis is only confined to non-viral vector due to potential safety
issues with viral vector delivery methods. This thesis will first review the distinct biochemical

properties that define the SNA structure and discuss its potential applications.
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1.1.2 Biochemical properties of spherical nucleic acids
Spherical nucleic acids (SNASs) is a novel class of biomaterials that hold the potential to

overcome the abovementioned challenges. The first SNAs were introduced in 1996 by Mirkin et

Initial

DNA
Adsorption

—

,19‘?, = Citrate

\NANN = Alkylthiol-DNA

Figure 1.2 Preparation of AuSNAs by salt aging method. Au nanoparticle core was initially capped
with citrate, a stabilizing ligand soon displaced by thiol-modified oligonucleotides. NaCl was gradually
added to increase the salt concentration of the solution so that the negative charge of oligonucleotide
can be screened, resulting in a dense shell of oligonucleotide highly radially oriented on the nanoparticle

surface.

al?? where a 13 nm Au nanoparticle core was densely functionalized with thiol-modified

oligonucleotides by salt-aging method (Figure 1.2).



20

It turns out that densely arranging oligonucleotides radially on the nanoparticle surface

results in very distinct

A Dispersed Aggregated B g |-— Manoparticle-modified DNA

G ([P ———— properties ~ from linear
N

g . : .

g oligonucleotides. This part
£

o

: focuses on two of them:

i1 30 40 S50 60 70

Temperature () cooperative binding of the

Figure 1.3 Cooperative binding property of SNAs. (A)

Aggregation of SNAs via Watson and Crick base pairing of oligonucleotide  shell  and

complementary sequences. (B) Elevated and sharp melting  enhanced resistance to

transition of SNAs. _ _
nuclease degradation. While

SNA constructs have also been exploited as a novel programable materials and exhibit many
interesting properties in materials assembly[?%1, this review chapter will primarily focus on the
biochemical properties of SNAs pertaining to therapeutic development.  Linear nucleic acid
duplex can hybridize by means of canonical Watson and Crick base pairing. As temperature
increases, the duplex will dehybridize. The hybridization of SNAs differs greatly from that of their
linear counterpart. Following the Watson and Crick base pairing, SNAs bearing complementary
sequences can hybridize, leading to a network of polymeric structurel?? 26271 The hybridization
can be visualized by a distinct color change from red (un-hybridize) to blue (hybridize) (Figure
1.3A). Different from their linear counterpart, SNAs have a higher melting temperature and much
sharper melting transition (Figure 1.3B). These differences may arise from higher local salt

concentration surrounding SNAs and more concentrated strands confined to the SNA surface. This
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sharp melting transition creates the basis for highly sensitive and selective nucleic acid detection
and diagnostic methods(?¢-32,
The second unique property of SNAs is that the oligonucleotide shell on the SNA surface

iS more resistant to

- 8 1t panup ity set ey
Se £ -
e ® i nuclease  degradation
O 08 | = Ak
8 / "!.ﬂ*\#k“*
Sosfl ok . .
3 : than their linear
[T ~“‘
8 - e #‘"“ .
p_— Sozl [F 1 SarPNA counterpart. Figure 1.4
£ 4
0 100 200 300 400 (A) ShOWS a
Time (min)

Figure 1.4 Nuclease resistance of oligonucleotide shell of SNAs. (A) Design  fluorescence quenching

of a fluorescence turn-on assay to monitor the stability of oligonucleotide. assay performed by

(B) Degradation profile of molecular DNA or oligonucleotide shell of SNAs
Seferos B et al to

compare stability of

(A (8)

2 1} pmmenaneomion 1t oligonucleotide shell
5 [ ent e to molecular DNA. To
£ osf ,“,"’ N "¢ Increasing DNA e

[} | J - C . .

Q oaf [# ;{ SRR 0af investigate the
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Figure 1.5 Degradation profile of oligonucleotide shell on SNAs with  fluorescein was

different surface coverage. (A) Degradation profile as a function of surface .
duplexed with another
coverage of SNAs subjected to DNase I. (B) Degradation profile as a

function of surface coverage of SNAs subjected to Turbo DNase DNA labeled with a

dabcyl quencher. When the DNA duplex was degraded, a fluorescence turn-on from fluorescein
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will be detected. Molecular DNA or SNAs were subject to DNase | challenge, and fluorescence
turn-on was monitored. Figure 1.4B demonstrates that the oligonucleotide shell of SNAs degrade
significantly slower than molecular DNA. They further hypothesized that the high local salt
concentration, such as Na*, inhibits enzymatic activity of DNase I. This hypothesis was tested by
first showing more surface coverage by DNA results in slower degradation profiles of SNAs
(Figure 1.5A). Then Turbo DNase, whose activity is less sensitive to salt concentration, was
utilized to challenge a series of SNAs with different oligonucleotide coverage. It turned out that
Turbo DNase is less affected by SNA surface coverage (Figure 1.5B), implying that salt

concentration is the main driver that reduce DNase I activity in the vicinity of oligonucleotide shell.
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1.1.3 Spherical nucleic acids delivery into cells and tissues
As previous part has alluded to, arranging a dense shell of oligonucleotides radially on a
nanoparticle surface changes their biochemical properties. More remarkably, SNAs can enter cells

freely despite their large size and highly negatively charged surface potential.

i

Free ssDNA
(Cy5 labeled)

Cy5-labeled SNA 0h 0.5h 1h 2h
Figure 1.6 Cellular uptake of Cy5-labeled free DNA and SNAs into C166 cells over 2 h.
As can be seen from Figure 1.6, SNAs labeled with a Cy5 fluorophore can enter C166 cells

as early as 0.5 h while the identical oligonucleotides with the same DNA-to-DNA

concentration have minimal cellular entry®* *1  Importantly, compared to conventional

1 1
1

- 13 — transfection agent-mediated delivery of nucleic

-
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£
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© C
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+ 50 . . ..
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? N o5l Lipofectamine 2000
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g s g cellular immune response. Figure 1.8 demonstrates
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Figure 1.7 Cytotoxicity induced by SNAs as

compared to commercial transfection agent.

elicit significantly less immune response, as

measured by the amount of IFN-, IL-1p, and IL-6



24

B 25-
(A) e B Nanoparticle Conjugated DNA ( ) I Nanoparticle Conjugated DNA

;.‘— I Lipid Complexed DNA Il Lipid Complexed DNA
i 8004
@
Q - -
g 600 2
E [--%
=1 [
2 400 - i
2
@ 2004
[}
4

04

0.35 0.53 0.71 0.35 0.53 0.71
DNA Concentration (uM) DNA Concentration (uM)
©  w @) s .
I Nanoparticle Conjugated DNA [ Nanoparticle Conjugated DNA
50 I Lipid Complexed DNA I Lipid Complexed DNA
= =
E E
& g
@ ©
= =
- =
0.35 0.53 0.71 0.35 0.53 0.71
DNA Concentration (uM) DNA Concentration (uM)

Figure 1.8 Detection of innate immune response related cytokines. (A) IFN-B mRNA level induced by
AuSNA s or lipid complexed DNA. (B) IFN-B protein production induced by AuSNAs or lipid complexed
DNA. (C) IL-1p protein concentrations induced by AuSNASs or lipid complexed DNA. (D) IL-6 protein
concentrations induced by AuSNAs or lipid complexed DNA.

secreted, than the same DNA transfected by a lipid-based transfection agent®”). This result shows
that SNAs will unlikely induce innate immune response and be more compatible with living

systems.



25

A detailed mechanistic study by Choi and Wu et al demonstrates that SNAs enter these
cells by scavenger receptor A (SR-A) and caveolae-mediated endocytosis pathways* *°1, where

the three-dimensional architecture of SNAs selectively engages these receptors and lipid-raft
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Figure 1.9 Correlation of the amount of SR-A and caveolae with cellular uptake of SNAs in A549,
3T3, C166, and HaCaT cells. (A) The amount of SR-A and caveolae expressed by A549, 3T3, C166,
and HaCaT measured by Western Blot. (B) Differential uptake of SNAs into these four cell lines.

proteins, leading to efficient cellular uptake. Figure 1.9 shows a clear correlation between SR-A
and caveolae expression level and cellular uptake among four cell lines. Figure 1.9 (A) shows
A549 (adenocarcinomic human epithelial cells) and 3T3 (mouse fibroblast) express less SR-A and
caveolae than C166 (mouse endothelial cells) and HaCaT (human keratinocytes), and Figure 1.9

(B) shows that SNAs endocytosed into A549 and 3T3 with a slower kinetics than C166 and HaCaT.
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In a follow-up study, Wu et al [Exraceliular ? T N et Rl
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accessing cytosol, a place where gene

regulation via antisense or RNAI pathways occurs. This thesis will later elaborate on the rational

design of SNA structures capable of improving endosomal escape. In Wu’s work, it was also
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Figure 1.11 Intracellular fate of SNAs comprised of different core compositions. (A) SNAs synthesized
from Au, CdSe/ZnS (quantum dot), and hollow nanoparticle core. (B) and (C) Endosomal accumulation
of AuSNAs, QD-SNAs, and Hollow-SNAs in C166 cells after 4 h treatment.

demonstrated that cellular uptake of SNAs is likely independent of the identity of the chemical
composition of the core materials. Figure 1.11 shows three types of SNAs made from Au, quantum
dot, and hollow nanoparticle core end up accumulating inside endosomes of C166 cells after 4h

treatment. This result indicates SNAs’ cellular uptake profile is mainly dictated by the
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oligonucleotide shell instead of the nanoparticle core, a property underlying the future

development of biocompatible, organic SNAs.

The interplay between SNAs’ three-dimensional
oligonucleotide shell and SR-A leads to understanding
how the loading density of SNAs affects cellular uptake
First, it was shown that cellular uptake of SNAs highly
correlates ~ with  surface  loading  density  of
oligonucleotides, as demonstrated by Giljohann[! et al in
Figure 1.12, that SNA cellular uptake into A549 cells

increases as the surface loading density of oligonucleotide

=150
Q

5 + °
2100

= ¢ °

>

X 50] Gt

o

pd

2 00{e

0 20 40 60 80
Oligonucleotides per ASNP

Figure 1.12 The amount of SNA
uptake into A549 cells correlates with
surface loading density

increases from 20 strands/particle to 80 strands/particle. This observation points to the importance

of maximizing oligonucleotide loading on the nanoparticle surface.
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Figure 1.13 SNAs functionalized with different sequences exhibit differential but consistent

uptake profile in C166 and HaCaT cells.

Second, Narayan et al illustrated that SNA cellular uptake is sequence-specifict®l. G-
quadruplex is a high affinity binder to SR-A, and it was observed in Narayan’s work that SNAs
functionalized with poly(guanine) (poly-G) sequence exhibit the highest cellular uptake across
C166, HaCaT, 3T3, and A549 (Figure 1.13) cells measured by inductively coupled plasma mass
spectrometry (ICP-MS)

Lastly, Song et al studied cellular uptake of SNAs with respect to backbone modifications
of oligonucleotidest. In this study, five SNAs were prepared with different backbone
modifications of oligonucleotides, including regular DNA, locked DNA (L-DNA), RNA, 2’-
methoxy-RNA (2°’-OMe-RNA), and 2’-fluoro-RNA (2°-RNA). Flow cytometry (Figure 1.13A)
and ICP-MS (Figure 1.14B) both show that SNAs bearing 2’-fluoro-RNA have the highest cellular
uptake while SNAs bearing 2’-OMe-RNA have the lowest cellular uptake.

In addition to intracellular delivery of oligonucleotides, SNAs are also capable of

accessing tissue of interest that is conventionally deemed hard to reach by traditional delivery
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Figure 1.14 Differential uptake of SNAs made from backbone-modified oligonucleotides. (A) The
mount of uptake measured by ICP-MS. (B) The amount of uptake measured by flow cytometry.

methods for macromolecular therapeutics, such as skin. Zheng et al demonstrated that topically
applied AuSNAs were able to penetrate skintl, Figure 1.15 A shows vertical penetration of SNAs
labelled by Cy5 into intact mouse skin. The SNAs bearing antisense sequences targeting epidermal
growth factor receptor (EGFR) can silence it after skin penetration. This access to skin opens up
possibility for transdermal drug delivery mediated by the SNA construct, which will potentially
lead to a more localized, patient self-manageable therapy that exhibits less systematic side-effect.
The application of SNAs in treating skin disease will be discussed in details in the later chapter of

this thesis.
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Figure 1.15 Topically applied AuSNAs penetrate mouse skin and effectively downregulate mRNA in
skin cells. (A) Right: PBS treated mouse skin; left: Cy5-labeled AuSNAs treated mouse skin. Scale
bar = 100 um. (B) EGFR mRNA expression level after 3 weeks of topical treatment of AuSNAs
targeting EGFR.
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1.1.4 Modulating spherical nucleic acid properties by changing the core materials
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Figure 1.16 LSNAs with a narrow size distribution shows sharp melting transition, effective cellular
uptake, and biocompatibility. (A) and (B) LSNA size distribution and melting profile. (C) and (D) Cellular
uptake of LSNAs into SKOV3 cells and biocompatibility of LSNAs.

As Wu et al suggests in her work, intracellular fate of SNAs is mainly dictated by the
oligonucleotide shell instead of the nanoparticle core. Indeed, SNAs comprising of Au, CdSe/ZnS,
or hollow core mainly accumulated inside late endosomes after 4 h. This discovery leads to

research efforts focused on modulating SNA properties and designing more biocompatible SNAs
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by substituting Au nanoparticle core with benign nanoparticle cores that entail more functions. To
this end, lipid-based SNA (liposomal SNAs, or LSNA) is one of the most benign core materials
our group has developed so far. Bang et al demonstrated a facile preparation method to synthesize
monodisperse LSNA with a hydrodynamic size of ~50 nm (Figure 1.16A). LSNASs retain the
characteristic properties resembling AuSNAs, including sharp melting transition (Figure 1.16B),
rapid cellular uptake (Figure 1.16C), and biocompatibility (Figure 1.16D). Not only lipid is a more
clinically relevant material than Au, but the aqueous liposomal core of LSNAs can be utilized to
encapsulate additional therapeutic cargost?. The application of LSNAs will be discussed in the

following chapters.
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Figure 1.17 Synthesis scheme and biochemical properties of [-galactosidase ProSNAs. (A)

AF.'B'gal

ProSNA

Representation of [p-galactosidase ProSNAs, (ii) amine-reacting azide-containing N-hydroxy
succinimide linker, and (iii) cyclooctyne, dibenzocyclooctyne (DBCO)-modified DNA that can “click”
to the linker. (B) Cellular uptake of ProSNAs and unmodified B-galactosidase into three cell lines. (C)
Image-based enzymatic assay measuring intracellular activity of f-galactosidase delivered into three

cell lines.
Another example of SNA with a unique core composition is protein SNA (ProSNA)“31,

Different from other SNAs with synthetic materials as the core composition, this novel class of
SNAs comprised of a molecularly pure nanoparticle core (protein) representing a high degree of
structural control and functional homogeneity. Brodin et al functionalized p-galactosidase with
DNA strands via copper-free click chemistry that yields ~25 strands per protein (Figure 1.17A).
Importantly, B-galactosidase ProSNAs freely enter HaCaT, SKOV3 (human ovarian cancer cells),
and C166 cells, while naked, unmodified p-galactosidase shows minimal uptake into these cells in

12 h treatment at 0.1 nM B-galactosidase concentration (Figure 1.17C). In addition, $-galactosidase
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ProSNAs remain catalytically active for hydrolysing the substrate of f-galactosidase, Xgal, as can
be visualized by blue products throughout these three cell lines. Unmodified B-galactosidase does
not have catalytic activity in these three cell lines as no hydrolysis products can be visualized
(Figure 1.17B).

As demonstrated here, the SNA construct possesses a high degree of control over structure
and function via the tunability of the core composition. I will further exploit this modularity in this
thesis by creating a new class of SNAs comprised of a biodegradable and biocompatible polymeric

material that holds potential for combination therapies.
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1.2 Spherical nucleic acid-based gene regulation and immunomodulation therapies

The three-dimensional architecture of oligonucleotide shell residing on SNAs not only
serve as a communicator for engaging SR-A in the process of endocytosis, but also can be
functional for therapeutic purposes. In this part of the thesis, SNAs’ applications in gene silencing
and immunomodulation will be reviewed.

1.2.1 Spherical nucleic acid as a gene silencer
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o
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Figure 1.18 Schematic of gene regulation via siRNA- or antisense DNA-mediated cleavage of mMRNA

Gene regulation is an important class of oligonucleotide-based therapy. In gene regulation,
SiRNA or antisense DNA are introduced to cleave the target mMRNA substrate, and thus the protein
of interest can be silenced in a sequence-specific manner (Figure 1.18). The molecular mechanism
of RNAI and antisense DNA-mediated knockdown is different, but they face similar delivery
challenges, therefore, this thesis will consider these two pathways rather interchangeably. The
advantage of gene regulation therapy is that in principal, it can turn down any gene of interest
following a set of design rules to design siRNA or antisense DNA, including those targets deemed

“undruggable” by traditional small molecule drugs[® % 44 4]
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To achieve the desired therapeutic outcome, siRNA and antisense DNA need to be
delivered into cells. As chapter 1.1.1 has reviewed, most sSiRNA and antisense DNA intracellular
(A) (B) delivery methods are either
ineffective or toxic. SNAs
bearing SiRNA or antisense
DNA as a functional entity can
freely cross cell membranes

with minimal toxicity and

immunogenicity. The first
Figure 1.19 Intracellular EGFP silencing of C166 cells by

AuUSNAs. (A) Confocal image of C166-EGFP cells treated with
treated with scrambled AuSNAs.

example of gene regulation by

Rosi et al with 13 nm Au
nanoparticles functionalized with antisense oligonucleotides capable of silencing enhanced green
fluorescence protein (EGFP) in C166-EGFP cells. Cells treated with these AUSNASs show ~20%
decrease in EGFP expression level compared to scrambled AuSNAs (Figure 1.19 A and B)[ 61,

Follow-up research efforts focus on utilizing the gene silencing capability of SNAs in more
clinically relevant models. Jensen et al demonstrates that AUSNAs bearing siRNA targeting
Bcl2L12, a gene significantly implicated in glioblastoma (GBM), were able to knockdown
Bcl2L12 in US7TMG GBM cells (Figure 1.20A)%. In addition, systemically delivered AuSNAS
were able to penetrate blood brain barrier (BBB) (Figure 1.20B) and accumulated six-fold more in

tumour-bearing brain tissues than normal brain tissues (Figure 1.20C), suggesting SNAs



37

infiltration into tumour-bearing tissues may be facilitated by compromised BBB. Furthermore,
these AUSNAs were able to silence Bcl2L12 in vivo and result in tumour weight reduction and
improved survival in a xenograft mouse model compared with scrambled AuSNA treatment
(Figure 1.20D). In this work, the distribution half-life of AUSNAs is calculated to be ~ 1 minute

while the elimination half-life is ~ 8.5 hours.
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Figure 1.20 Silencing of Bcl2L12 by AuSNAs leads to improved therapeutic outcomes of GBM. (A)
Knockdown of Bcl2L12 in vitro and in vivo by AuSNAs. (B) IVIS imaging of brains with or without
U87MG or huTNS. Yellow indicates increased accumulation of AuSNAs labelled by Cy5.5. (C)
Accumulation of SNAs measured by ICP-MS in brains with or without GBM. (D) Survival curve of

TNS-derived xenorgraft mouse model treated with AUSNAs targeting Bcl2L12 or control AuSNAS.

Our group has also spent efforts on evaluating whether SNAs comprised of a benign
nanoparticle core composition were able to knock down disease related genes. Banga et al

demonstrated that LSNAs bearing DNA capable of silencing epidermal growth factor receptor 2
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(HER2) mRNA can downregulate HER2 protein by ~85% in SKOV3 cells (Figure 1.21 A and
D)2, Young et al designed a hollow core SNA by oxidatively removing the Au nanoparticle with
I. The hollow core SNAs bearing anti-EGFP sequences were able to enter cells, exhibit sharp
melting transition, and downregulate EGFP mRNA to the similar degree to AUSNASs (Figure 1.21B
and E)“®. In another work, Zhang et al demonstrated a brushed polymeric micelle SNAs
comprised of polycaprolactone was able to down regulate EGFP (Figure 1.21 C and F)*?l. All of
these studies point to the central function of the densely packed, radially oriented oligonucleotide
shell that leads to SNAs’ characteristic intracellular properties, while the nanoparticle core can be

chosen based on specific applications.
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Figure 1.21 SNAs comprised of benign core compositions that show gene knockdown. (A) LSNAs

prepared by inserting a tocopherol-modified DNA into lipid bilayer of a liposome nanoparticle core.

(B) Hollow core SNAs prepared by etching away the Au nanoparticle core with I.. (C) DNA-brushed

polymeric SNAs prepared by self-assembly of DNA-PCL conjugates. (D) knockdown of HER2 in
SKOV3 cells by LSNASs bearing HER2-targeting antisense DNA measured by gPCR and Western blot.
(E) Knockdown of EGFP in C166 cells with hollow core SNAs measured by qPCR. (F) Western blot
showing knockdown of EGFP by DNA-brushed SNAs in C166-EGFP cells.

One interesting application is to regulate mMRNA located inside the nucleus. For this

purpose, Sprangers et al® exploited the dynamic nature of the LSNA construct and a Ras-related

nuclear (RAN) protein-mediated pathway™! for importing phosphorothioate (PS) oligonucleotides

into the nucleus. Nuclear-retained metastasis associated lung adenocarcinoma transcript 1 (Malatl)
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was chosen as the target in the study due to its prevalence in several cancers. LSNAs prepared
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Figure 1.22 Co-localization of PS DNA and PO DNA with the nucleus and their downregulation of
Malatl inside the nucleus. (A) Co-localization measurement of DNA with backbone modifications to
the nucleus. The two peaks of blue curve define the edges of the nucleus and the red curves represent
Cy5 fluorescence. The middle point of the blue curve represents the center of the nucleus. (B)
Quantification of Cy5 MFI that co-localizes with the center of the nucleus (C) Downregulation of
Malatl demonstrated by fluorescence in situ hybridization (FISH) (D) Quantification of gene

regulation by FISH.



41

with PS backbone modified antisense DNA has been shown to colocalize with the nucleus in A549
lung cancer cells (Figure 1.22 A and B) by confocal microscopy while PO LSNAs do not co-
localize with the nucleus. A fluorescence in situ hybridization (FISH) assay suggests that after PS

antisense enters the nucleus, it downregulates Malatl (Figure 1.22 C and D).



1.2.2 Spherical nucleic acid as an immunomodulators

Another route of
application for SNAs is to
act as an
immunomodulator. Based
on the study conducted by
Wu et al, SNAs

endocytosed into cells

primary accumulate inside
endosomes, a cellular
compartment where many
immunomodulating  toll-

like receptors (TLRs)

essential  to  pathogen
recognition reside.
Immunostimulatory SNAs

(1IS-SNAs) bearing CpG
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Figure 1.23IS-SNAs capable of stimulating TLR9 were able to reduce

tumor burden and improve survival rate.

(A) IS-SNAs stimulating

TLR9 in a sequence-specific and concentration dependent manner. (B)

IS-SNAs as a vaccine reduce tumor volume in a statistically significant

manner. (C) IS-SNAs improve therapeutic outcome in a E.G7-OVA

transgenic mouse model.

motifs have been demonstrated to activate TLR9 in a sequence-specific manner (Figure 1.23A)?1,

Once SNAs were inside endosomes, the oligonucleotide shell resists nuclease degradation and act

as a high affinity binder to these TLRs. The densely functionalized, highly orientated CpG shell

of IS-SNAs shows significantly higher potency in agonizing TLR-9 than their linear counterpart
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(Figure 1.23B). IS-SNAs carrying OVA antigen and CpG were capable of reducing tumour growth
and doubling survival in an E.G7-OVA lymphoma model (Figure 1.23 B and C). Importantly, the
LSNA co-delivering CpG and OVA antigen outperformed the mixture of tocopherol terminated
CpG and OVA antigen, underscoring the effectiveness of the three-dimensional architecture of
SNAs in engaging receptors.

In addition to activating TLRs, LSNAs were also able to selectively suppress TLRs. Ferrer
et al showed that LSNAs bearing a TLR9 inhibitor, INH-18 or encapsulated with or a TLR4
inhibitor, TAK-242, were able to suppress the activity of TLR9 and TLR4 respectively in a
concentration-dependent manner in HEK-Blue cells (Figure 1.24)%81, SNAs supressed TLR4 or
TLR9 in a more potent manner than free TAK-242 or linear INH-18 probably due to SNAs’

superior cellular uptake into HEK-Blue cells.
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Figure 1.24 LSNAs suppressing TLR9 and TLR4 in HEK-Blue macrophages. (A) Activation of TLR9

of HEK-Blue macrophages after LSNA treatment. (B) Activation of TLR4 of HEK-Blue macrophages
after LSNA treatment.
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1.2.3 Spherical nucleic acids as a drug carrier

Being able to enter numerous cell lines provides the SNA the ability to deliver not only
functional oligonucletiodes (siRNA, antisense DNA, immunostimulatory CpG), but also small

molcule drugs that can induce cell cytoxicity. In this chapter, two such examples will be reviewed.
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Figure 1.25 Conjugating camptothecin (CPT) leads to intracellular delivery and cytotoxicity. (A)
Conjugatoin strategy for attaching CPT covalently to the periphery of a DBCO-terminated DNA. (B)
Cellular uptake and cytotoxicity of CPT-AuSNAsS.

Narayan et al demonstrated that camptothecin (CPT) can be delivered intracellularly to
A549 lung cancer cells by conjugating it to the periphery of AuSNAs via copper-free click
chemistry (Figure 1.25A)B%, CPT-AuSNAs prepared with diferent nucleic acid sequences exhibit
differential uptake to A549 cells, leading to varying toxicity with GGT sequence showing the

highest toxicity (Figure 1.25B).
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In an earlier study, Dhar et al shows that c,c,t-[Pt(NH3)2Cl2(OH)(02CCH2CH>CO2H)] (1)
conjugated to peripheral amine-terminated oligonucleitodes (Figure 1.26A) could enhance the
therapuetic outcome in certain cell lines®1. Notably, ICso of Pt-AuSNAs is lower than native

cisplatin in all four cell lines tested (Figure 1.26B). ICso of Pt-AuSNAs is less than one-tenth of
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Figure 1.26 Conjugation of cisplatin prodrug, compound 1 to AUSNA and its cytotoxicity in four cancer
cell lines. (A) AuSNAs bearing amine-terminated oligonucleotides were covalently attached to
compound 1 via EDC coupling. (B) Cytotoxicity of Pt-AuSNAs in four cancer cells compared with native
cisplatin and cisplatin prodrug, compound 1.
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that of native cisplatin in A549 cells, probably due to the fact that A549 is considered hard to

transfect.
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CHAPTER TWO

ATTUNATING ABNORMAL SCARS WITH LIPOSOMAL SNAS AND AUSNAS

Collaborators include: Adam Ponedal, Anthony J. Sprangers, Suguna Narayan, Xiaoqi Wang,

David Yeo, Chenjie Xu, Amy Paller, and Chad Mirkin
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2.1 Summary

Scarring is a natural wound closure process. Many incidents that create wounds can lead to
scarring, and scar management has been a pressing health issue for the globe®-°8, In many cases,
keloid and hypertrophic scars, resulting from exessive dermal fibroblast proliferation and
colleagen fiber deposition, form after wound-creating injuries. These abnormal scars are
asthetically unplesant, painful, and pyschologically stressful. While there has been many attempts
to develop abnormal treatments, the challenge is that there does not exist a user-friendly abnormal
management method that can effectively attenuate abnormal scar formation-62,

The molecular mechanism behind abnormal scarring is extremely complicated.
Transforming growth factor beta 1 (63671 (TGFp1) is a class of cytokines significantly implicated
in the abnormal scar formation that can lead to hyperactivity of myofibroblasts. While there has
been interest in academia and industry to develop scar management by altering the TGFp signaling
pathway, such efforts are mostly unsuccessful, mainly due to the poor permeability of skin and
ineffective manipulation of the TGFP signaling pathway!®" 8 69,

Our group has previously shown that AUSNAs can freely enter 100% of keratinocytes, the
major epidermal skin cell in vitro, within two hours. In additional, topically applied AuUSNAs were
able to penetrate human skin equivalents and intact mouse skins. Those topically applied AuUSNAs
were also able to knockdown epidermal growth factor receptor (EGFR)“! in skin cells after topical
treatment.

In this chapter, a non-invasive, SNA-mediated delivery of antisense DNA targeting

TGFbetal is introduced. AuSNAs and LSNAs capable of knocking down TGFbetal in vitro were
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prepared and characterized. TGFbetal knockdown in vivo with a rabbit ear hypertrophic scar

model and scar histology analysis will also be discussed in this chapter.
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2.2 Introduction

Scar management has evolved into a pressing issue worldwide. Scaring is a part of wound
healing process to restore tissue integrity after wound-forming injuries. It is reported that ~7
million people get burn injuries per year and over 232 million surgies are performed world-widef®>
701 'most of which result in scars. Normal scarring in the wound healing process exhibits an elegant
balance among fibroblast proliferation, cytokine screction, as well as collegan fiber deposition and
degradation. Any genetic predisposition or mismanagement of wound may perturb molecular and
signaling pathways in scarring and lead to abnormal scars, including keloid and hypertrophic scars,
characterized by exessive secretion of growth factors and collagen fiber deposition. These
abnormal scars form frequently after wound-creating injuries, with incidence rates of 91%
following burn injuries and 70% after sugeries®l. Abnormal scars are deeply aesthetically
unpleasant, painful, and create psychological stress. Patients seeking scar medication likely make
frequent visits to doctor for invasive scar management, resulting in losing vaulable time and
expensive medication cost.

Despite the need for advancing scar management, the current abnormal scar management
methods are suboptimal. For instance, surgical removal of scars results in a recurrence rate of more
than 50%, sometimes with an even larger scar reforming. Injection of corticosteroids is a popular
treatment for abnormal scars, which proves effective in certain scerions with cryotherapy or
surgery but also accompanies a high recurrence rate (9-50%)[5557- 4. 711 More importantly, these
treatments are adminstered in an invasive manner that needs the supervision of a medical

professional. Silicone or hydrogel sheets have also been utilized for scar care, but in-depth clincal
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studies found that these methods could relive the scar pain but were unable to reduce or remove
scars.

To develop a user-friendly scar treatment, transdermal delivery of topically applied drugs
targeting molecules implicated in abnormla scarring is an attractive route due to its minimized
systematic toxicity and potential to be administered by patient themselves. Unforatunately, access
to skin has proven a significant challenge and is normally reserved for a limited number of
hydrophobic small molecule drugs. For example, penetration of drugs larger than a few hundred
daltons into skin has been shown extremely difficult®l. An alternative approach is to silence genes
and proteins implicated in abnormal scar formation via antisense pathways. However, non-
invasive skin delivery of oligonucletides posed a challenge due to their large size and susceptibility
to nuclease degrdation.

To delivery antisense oligonucleotide through skin, we have previously shown that the
spherical nucleic acid (SNA) construct holds great promises. The SNA construct consists of a
nanoparticle core with a densely functionalized oligonucleotide shell. SNAs have been shown to
resist DNase degradation and have been shown to enter numerous cell lines via receptor-mediated
endocytosis. In addition, SNAs are capable of penetrating into mouse skins and human skin
equivalent. and are able to suppress gene expression of skin cellsl’?. In this work, we hypothesize
that two SNA constructs, AuSNAs (SNAs comprised of a Au nanoparticle core) and LSNAs
(SNAs comprised of a liposome nanoparticle core) bearing antisense oligonucleotides targeting

MRNA encoding growth factor 1 (TGFp1), a cytokine heavily implicated in the abnormal scarring



52

process are able to suppress TGFB1 protein expression level in vivo and improve scar histology

with a rabbit ear hypertrophic scar model.
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2.3 Results

2.3.1 SNA characterizations

AUSNAs and LSNAs were chosen for the regulation of TGFB1 expression level because
AuUSNAs are the prototypical SNA construct that is most-well characterized, and LSNAS
comprised of a biocompatible lipid material that exhibits the most promising potential in clinical
translation. Antisense oligonucleotides were adapted and modified from published studies and
screened for their ability to knockdown TGF1 mRNA in rabbit fibroblast (Rab9), human keloid
fibroblasts (KF), and human hypertrophic scar fibroblasts (HSF) by gRT-PCR. Sequence No.6

(Appendix 1) was chosen since it shows the most potent downregulation of TGF1 mRNA and
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Figure 2.3.1 Characterizations of AuUSNAs and LSNAs. (A) hydrodynamic diameter of AuSNAs (B)
hydrodynamic diameter of LSNAs (C) agarose gel electrophoresis of AUSNAs mixed with Aquaphor
(D) agarose gel electrophoresis of LSNAs mixed with Aquaphor
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the fact that this sequence is homologous to both rabbit and human, potentially making clinical
translation easier from rabbit ear model to human clinical trials.

AUSNAs and LSNAs bearing the antisense oligonucleotides targeting TGFB1 were prepared
by previously described methodst? 731, The hydrodynamic diameter of AuSNAs and LSNAs,
determined by dynamic light scattering (DLS) was 27.9 + 0.3 nm and 60.7 £ 4.0 nm (Figure
2.3.1A), respectively. Each AuUSNA and LSNA particle was functionalized with ~168 and ~100
strands of antisense oligonucleotides, determined by UV-vis spectroscopy. To increase the
viscosity of the AUSNAs and LSNAs solutions for downstream topical treatment, AUSNAs and
LSNAs solutions were mixed 1:1 wt with a commercially available ointment, Aquaphor. To test
the structural integrity of AUSNAs and LSNAs mixed with Aguaphor, the SNA and Aquaphor
mixtures were incubated at 25°C for 24 hours and resolved by the agarose gel electrophoresis.
Figure 2.3.1B suggests that no extra band or mobility shift has been observed for SNAs mixed
with Aquaphor for 24 h, indicating both SNA constructs were structurally stable after mixing with

Aquaphor.
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2.3.2 Cellular uptake of AUSNAs and LSNAs into normal and scar fibroblasts

One characteristic of SNAs is their ability to freely enter cells via receptor-mediated
endocytosis pathway. To evaluate AUSNA uptake into Rab9, HSF, and KF, inductively coupled
plasma mass spectrometry (ICP-MS) was employed to quantify the number of AuUSNAS associated
with these cell lines. As can be seen from (Appendix 2), the amount of AUSNAs uptake into KF
and HSF cells are different and shows a time-dependent uptake profile, with uptake into KF cells
the most, probably due to different amount of SR-A and caveola expressed by these cells. Figure
2.3.2 demonstrates that Cy3 labeled AuSNAs enter both HSF and Rab9 cells with a punctate
distribution pattern, characteristic of cellular uptake via the endocytic pathway.

To evaluate uptake of LSNASs into Rab9, KF, and HSF cells, the oligonucleotide was labelled
with Cy5 for fluorescence quantification measured by flow cytometry. Appendix 3A shows that
endocytosis of LSNAs into Rab9 cells lasts for at least 24 h and are both concentration and time-

dependent. It can be seen from Figure Appendix 3 B and C that free oligonucleotides do not enter

Figure 2.3.2 AuSNAs uptake into HSF cells (A) and Rab9 cells (B). Scale bars = 20 pum
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KF and HSF cells while SNAs can enter them freely. This uptake study, along with previously
published results from our group, reaffirms our claim that arranging linear oligonucleotides into a

three-dimensional structure is essential for rapid cellular uptake into different cell lines.
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2.3.3 Downreqgulation of TGFB1 protein expression In Vitro

After confirming both SNA’s structural
integrity and ability to enter normal and scar
fibroblasts, we tested our hypothesis that both

AuSNAs and LSNAs were able to
downregulate TGFB1 in vitro. First, Rab9 was
= o B
incubated with 1.0 pM TGFB1 AuSNAs and
- GAPDH - LSNAs (by DNA) at 37°C for 72 h before the

cells were lysed for protein expression

TGFB1 AuSNA

Scr AuSNA
Scr LSNA
TGFB1 L-SNA

Figure 2.3.3 Regulating TGFB1 in Rab9 cells by
LSNAs and AuSNAs analysis. Western blot result (Figure 2.3.3)

indicates that both AUSNAs and LSNAs were able to downregulate TGFB1 expression level in

A) HSF cells ®B) KF cells

< <

;  z ;3
< 2 L2 S < 9
% < Zz - < Z 4 é
< 2 == o < £ A
s =z o © O 5 O 5
n v = = v = wn

Saas o WEES

Figure 2.3.4 Regulating TGFB1 protein expression level in human-derived primary HSF (A) and KF
(B) cells.
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normal rabbit fibroblasts. Second, human-derived scar primary fibroblasts, HSF and KF, were also
treated with TGF1 AuSNAs and LSNAs. These two cell lines were tested because they represent
the two primary scar phenotypes. Remarkably, both SNA constructs totally abolished TGFB1 in
HSF cells (Figure 2.3.4A). In addition, both AuUSNAs and LSNAs were able to suppress TGFp1
expression in KF (Figure 2.3.4B). Consistent with the knockdown results, TGFB1 LSNAS were
able to inhibit proliferation of Rab9 cells as compared to scrambled LSNAs (P < 0.01 at 96 hours,
Appendix 4). Since the TGFp1 targeting sequence was designed to be homologous to both human
and rabbit, a specificity control was performed to ensure the knockdown is species specific. Mouse
fibroblasts (NIH 3T3) were treated with AUSNASs and LSNAs followed by western blot analysis,
and no change in TGFB1 expression level was observed (Appendix 5). These observations point
to the importance of the design rules employed in the sequence design in our SNA construct and
prove that these AUSNASs and LSNAs are clinically relevant.

Taken together, the in vitro knockdown experiments support our hypothesis that AUSNAs
and LSNAs were able to reduce TGFP1 expression level in a sequence- and species-specific
manner via the antisense silencing pathway. Interestingly, the knockdown effect is most
pronounced in hypertrophic scar fibroblasts, possibly due more elevated TGFB1 expression level
(Appendix 6), making us confident of our in vivo knockdown experiments with a rabbit

hypertrophic scar ear model.
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2.3.4 Requlating TGFB1 protein expression In Vivo with a hypertrophic rabbit ear model

To evaluate whether these AuUSNAs and LSNAs were able to knockdown TGFp1 protein

expression in vivo as a topically applied formulation, we chose to investigate the potency of these

Treatment Scheme

Harvest
Make Ear Wound Tissue
[ I I | S
I T 1 |
Day: 0 11 13 15 18 20 22 25

Figure 2.3.5 Treatment scheme of rabbit ear scars.

SNAs regulating TGFB1 protein in a well-established rabbit ear hypertrophic scar model.
Hypertrophic scars were created on the rabbit ear by a well-trained animal medical profession, and
rabbits were treated humanely. SNAs (500 nM, 10 pl) were thoroughly mixed with Aquaphor (1:1
wt) and topically applied to the wound sites on the rabbit ear every other day with the first
application on day 11 (Figure 2.3.5), when the wound is visibly closed. Rabbits were sacrificed,
and scar tissues were harvested and prepared for western blot analysis and histology analysis at

day 30.
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Figure 2.3.6A is a representative western blot image evaluating TGFB1 expression with
histone (H3) as an internal control. Untreated and vehicle (Aquaphor)-treated rabbit ears did not
show noticeable change in TGFB1 expression level. Both TGFB1 AuSNA and LSNA treatments
were able decrease the TGFB1 expression level to the similar amount as the unwounded rabbit ear.
We note that AUSNAs and LSNAs carrying a scrambled sequence showed protein expression level
different than untreated group. We speculate that the non-specific binding is due to the

incorporation of three locked nucleic acids into the antisense sequence. To quantify the TGFp1
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Figure 2.3.6 Assessment of SNAs regulating TGFB1 expression level in vivo. (A) Representative
western blot image of various treatment conditions. Upper band: TGFB1; lower band: histone 3 (H3).

(B) Composite protein expression level quantified by ImageJ.

protein level change, all of samples (N=6) were analyzed by western blot followed by band
intensity quantified with Image J to derive a composite protein expression statistic. Protein
expression level of each treatment group was normalized to the untreated and expressed as average
+ standard error of the mean (SEM). As Figure 2.6B shows, both AUSNAs and LSNAs bearing
the antisense sequence were able to downregulate TGFB1 expression level compared to untreated

control groups (P = 0.025 and 0.007 for AUSNAs and LSNAs, respectively), returning the TGF1
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expression level to that of the unwounded, healthy groups. We observed that effect of targeting-
AuSNAs and scrambled AuSNAs do not differ significantly despite the obvious difference in their
average (more than 80% protein expression for scrambled AuSNAs while less than 30% for

targeting AuSNAS).
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2.3.5 Downrequlation of TGFB1 protein expression results in scar histology improvement

After confirming our SNA constructs were able to suppress the TGFB1 protein expression
level in vivo, we further evaluated whether the reduction of TGFB1 protein leads to improvement
of scar histology. For this purpose, scar elevation index (SEI) was chosen as a quantitative measure
of scar histology. Briefly, harvested rabbit ear scar tissues were sectioned into a 5 um thick slice
followed by hematoxylin and eosin stain (H&E staining). H&E staining allows one to visualize
cells and collagen by coloring them blue and pink, respectively. The scarring area is normally
identified by a dense and circular collagen deposition pattern (Figure 2.3.7A) while the normal
healthy tissue is characterized by a one-directional collagen deposition pattern with relatively large
space between collagen fiber bundles (Figure 2.3.7B). SEI was measured by first defining the

epidermis scarring area and the dermal area beneath it and then taking the ratio between them

Figure 2.3.7 Representative H & E scar and healthy skin images (A) Zoom-in scarred tissue image

(B) Zoom-in healthy skin image.
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Figure 2.3.8 Scar elevation index (SEI) measurement of scar or healthy rabbit ear tissues. (A) Graphic
definition of SEI. (B) Composite SEI of different treatment groups. SEI was expressed as average +
standard error of the mean

(Figure 2.3.8A). For a healthy tissue, SEI equals one. An effective treatment of abnormal scar will
be able to decrease SEI compared to untreated group. SEI was calculated as average + SEM (N=6)
for all of rabbit ear samples. Figure 2.3.8B shows that consistent with western blot analysis of
TGFp1 protein expression, both TGFB1AuSNAs and LSNAs were able to decrease SEI of scarring
tissues to ~1.22 from ~1.32 of untreated tissue with P=0.007 for AuSNAs and P=0.0005 for
LSNAs, respectively. We note that scrambled AuSNAs were also able to decrease SEI based on
our data, an observation consistent with western blot analysis of TGFB1 protein expression. We
speculate that this might be due to the ability of Au nanoparticles to inhibit the growth and
proliferation of fibroblasts.["

Furthermore, trichrome staining was employed to analyze the change of collagen fiber

morphology induced by different treatment conditions. Trichrome staining is a three-color staining
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Figure 2.3.9 Masson’s trichrome staining of rabbit scar ear tissues with different treatment conditions.

Red arrow points to where approximately the zoom-in image was taken.

method that allows for the visualization of collagen fibers. The advantage of trichrome staining is
showing enhanced contrast for collagen fibers and its ability to distinguish cells from connective
tissues. Briefly, tissue samples were sectioned into 5 pum slices followed by a one-step Masson’s
trichrome staining protocol. Collagen fibers were stained blue and skin cells, such as keratinocytes,
as well as muscle tissues, were stained pink. Figure 2.3.9 is a panel of trichrome staining for
different treatment conditions. Qualitatively, untreated scar tissue has extremely dense collagen
fiber deposition while healthy tissue has more sparse collagen fiber deposition. The TGFp1 LSNA-
and AuSNA-treated scars have seen a reduction in the local density of collagen fiber deposition
and circular orientation of collagen fibers. Taken together, both quantitative and qualitative
assessment point to the potential use of SNAs as a topical treatment that enables reduction of

abnormal scars.



65

2.4 Conclusion

Abnormal scar management has posed a significant challenge for the biomedical
community. While there exists effective scar treatments, the majority of them need to be
administrated by a medical profession in an invasive manner, such as needle injection. This chapter
summarizes our efforts to topically deliver anti-TGFp1 DNA with the AuSNA and LSNA
nanoconjugates. Rational design of anti-TGFB1 homologous to human and rabbit TGFp1 enables
potent silencing in vitro in both healthy rabbit fibroblasts and human-derived scar fibroblasts. In
vivo results indicate that TGFB1 AuSNAs and LSNAs were able to suppress TGFB1 in a rabbit ear
hypertrophic scar model. Following our observation that both nanoconjugates were able to silence
TGFpB1 in vivo, we have also observed scar histology improvement, measured by scar elevation
index and qualitatively demonstrated by trichome staining.

This work further illustrates the ability of SNA nanoconjugates to penetrate tissues and
silence a scar-related gene. This proof-of-concept study could serve as the foundation for treating
fibrosis-related diseases such as lung fibrosis or liver fibrosis, given TGF1 is significantly

implicated in those diseases.
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2.5 Experimental methods

Oligonucletiode synthesis: all of oligonucletiodes were synthesized either on a Mermaid
12 Synthesizer or a Applied Bio (ABI). Universal controlled pore glass (CPG) was pruchased from
ChemGenes. All other DNA related reagents and thiol-modified CPG were pruchased from Glen
Research. After solid-phase synthesis, oligonucletiodes were cleaved from CPG with aqueous
ammonium hydroxide (28-30%, Sigma Aldrich) for 16 hours at room temperature or a 1:1 Vol
mix of agueous ammonium hydroxide with methyl ammine for 2 hours at room temperature.
Oligonucleotides were purified by reverse phase high performance liquid chromatography (RP-
HPLC) with a Microsorb C18 column. After HPLC purification, the molecular weight of
oligonucleotides was determined by a matrix-assisted laser desorption/ionization time of flight
mass spectrometer (MALDI-TOF) (Bruker). Oligonucleotides used in this study were tableted in
(Appendix 6).

AUSNA preparation: 13 nm citrate-capped Au nanoparticles were prepared using the
Frens method (ref) that results in a stock of Au nanoparticle solution with a concentration of ~ 10
nM. To prepare control or targeting AuSNAs, 500 molar equivalent of thiol-modified TGFp1-
control or targeting sequences were added to AUSNA solution with 0.1% Tween 20 as a stabilizing
surfactant. The mixture was briefly sonicated and shaken for 1 h at 300 r.p.m. Then at each 30
minutes interval, NaCl was added to the solution to increase salt concentration of the solution to
0.05 M, 0.1 M, 0.2 M, 0.3 M, 04 M, and 0.5 M. After last NaCl addition, the AuSNAs were
washed with a 100KDa Amicon spin filter for 4 times at 5000 g. AUSNAs concentration was

determined by a Uv-vis spectrophotometer.
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LSNA preparation: liposomal nanoparticle was prepared following a modified freeze-
thaw method. Briefly, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) dissolved in chloroform
was purchased from Avanti. 4 mL of 25 mg/ml DOPC was evaporated overnight and resuspended
in 1X HEPES-buffered saline (HBS). The DOPC solution was then frozen in liquid nitrogen and
then thawed at room temperature for 5 times to break multilamellar vesicles. The resulting
liposome solution was then extruded through a 200 nm polycarbonate membrane (T&T Scientific)
for 3 times at 0.5 mL/min and 2 mL/min, followed by additional extrusions through a 50 nm
membrane for 3 times at 0.5 mL/min and 30 times at 1 mL/min on an automated extruder
(Unitronics). To prepare LSNAs, 100 molar equivalents of tocopherol-modified oligonucleotide
was incubated with liposomes overnight at room temperature under 500 rpm.

Hydrodynamic size measurement: hydrodynamic diameter of nanoparticles and SNAs
were measured by a Zetasizer (Malvern Nano ZS) utilizing dynamic light scattering with a 660 nm
laser source. As-synthesized particles were diluted 1:100 with nanopore water before
measurement.

Measurement of oligonucleotide loading of AuSNAs and LSNAs: to measure the
number of strands chemically attached to Au nanoparticles, AUSNAs were first diluted to 10 nM
by Au and then dissolved with equal volume of KCN. The mixture was incubated until AUSNASs
were fully dissolved. The Az absorbance of oligonucleotides was measured by a Uv-vis
spectrophotometer, and then the concertation of oligonucleotides was determined by Beers’ law
with extinction coefficients of each oligonucleotide. The number of strands of LSNAs were

estimated to be ~100 as no purification was needed.
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Stability study of AuSNAs and LSNAs in Aquaphor: Equal weight of Cy3-labeled
AuSNAs and LSNAs were mixed with Aquaphor respectively and then incubated for 24 h at room
temperature. Equal volume of sample was loaded to a 1% agarose gel and run with 100 V for 20
minutes with 1X TBE buffer. The agarose gels were imaged with a Cy3 laser excited at 550 nm
on a gel imager (Typhoon 5).

Confocal microscopy: cells were seeded into a confocal dish and allowed to adhere. They
were then treated for fluorescently-tagged DNA SNAs for 12 hours in Opti-MEM media at a 100
nM by fluorescently-tagged DNA. The cells were then washed and subsequently fixed using a
3.7% formaldehyde solution in PBS for 10 minutes. The cells were then stained with a DAPI
nuclear stain and finally imaged with confocal microscopy.

Cell culture: Rab9, KF, and HSF cells were cultured with DMEM or MEM Medium
supplemented with 10% fetal bovine serum (FBS) and 1% Pen Strep (Invitrogen). Cells were
maintained in 37°C with 5% CO..

Extract primary keloid fibroblasts: Fresh patient biopsy was washed well with saline, and
incubated with dispase protease overnight at 4°C to separate dermis from epidermis. Dermis was
then washed 3 times with PBS before minced. Minced dermis was then air dried before incubating
with 0.05% trypsin/ImM EDTA for 8 hours at 370C to separate fibroblasts. Separated fibroblasts
were allowed to grow in human dermal fibroblast media for about a week before tissue debris was
removed and passaged. Fibroblast media was changed every two days to maintain nutrients for
extracted fibroblasts.

RNA expression analysis by qRT-PCR: To evaluate TGFB1 mRNA expression level, Rab9

fibroblasts were seeded into 96-well plates and allowed to adhere overnight. Antisense sequences against
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TGFpB1 were added to the cells at a concentration of 1 uM in Opti-MEM and with a transfection reagent.
After a 12 hour incubation, the media was changed to MEM with 10% fetal bovine serum and 1% penstrap.
To quantify gene expression, total RNA was extracted from cells plated in 96-well plates using the RNeasy
96 well plate kit per the manufacturer’s protocol. RNA was subsequently reverse transcribed to generate
cDNA using the High-Capacity ¢cDNA reverse Transcription Kit. cDNA was mixed with Roche’s
Lightcycler 480 Probe Master Mix along with probes and primers (per manufacturer’s protocol). GAPDH
was used as a housekeeping gene with the primers and probes generated in house using the following
sequences: Forward - 5°- CAA GGT CAT CCA TGA CAA CTT TG -3', Reverse - 5'- GGG CCA TCC
ACA GTC TTC T -3', Probe — 5’ - HEX — ACC ACA GTC CAT GCC ATC ACT GCC A - BHQL. All
other primers/probes were obtained from Life Technologies. gRT-PCR was performed on a Roche
Lightcycler 480 and the relative abundance of each mRNA transcript was normalized to GAPDH
expression.

Animal experiments: New Zealand white rabbits were used for this study. Four, 7 mm
punch wounds were made on the front of each rabbit ear. The wounds extended down to the
cartilage of the ear. The wounds were allowed to heal for approximately two weeks, or until all of
the wounds were closed. After the wounds were closed, the resulting scars were topically treated
with 20 pL of a 500 nM SNA-in-Aquaphor mixture (1:1 wt). There were 8 experimental conditions
in total, and each rabbit had a scar which was treated with one of those conditions. This treatment
was repeated three times a week for six weeks. After completion of treatment, the rabbits were
sacrificed, and the treated scars were punched out of each ear. An additional punch was taken from
an unscarred region of each ear to represent the untreated group. The punch biopsies were then cut

into near semi-circles, with one half a bit larger than the other in order to include the entire scar
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center. The half with the scar center was formalin fixed and paraffin embedded (FFPE) in order to
be used for subsequent histological analysis. The other portion was lysed in order to perform
subsequent Western blot analysis.

Scar elevation index (SEI) measurement: Harvested scar tissues were sectioned into 5
pum slice at the Northwestern Mouse Histology and Phenotyping Laboratory, followed by H&E
staining. H&E stained tissue samples were embedded onto a glass slide. Light microscopy image
was taken using a fluorescent microscope (Leica DM6B Widefield) with 10X magnification.
Determination of scar area was performed under the supervision of two dermatology doctors from
Northwestern in Image J.

Trichrome staining and imaging: Harvested scar tissues were sectioned into 5 um slice
at the Northwestern Mouse Histology and Phenotyping Laboratory, followed by trichrome staining.
Trichrome-stained tissue samples were embedded onto a glass slide. Light microscopy image was
taken using a fluorescent microscope (Leica DM6B Widefield) with 120X magnification.

Western blotting to evaluate protein expression In Vitro: Fibroblast cells were treated
with or without various nanoparticles or their relative controls for 72 hrs before lysed in RAPI
buffer. The concentration of total protein of the lysates was determined by Pierce BCA protein
assay kit (Thermo Scientific). 120 ug total protein of the whole cell lysates from each treatment
condition was loaded onto 10% SDS-PAGE mini-gel, transferred onto the nitrocellulose
membrane, and probed with anti-TGF[J1 antibody (AbCam), CTGF (AbCam), or collagen |
(AbCam). GAPDH antibody (Abcam) was used to ensure the equal loading of total protein from

each group.



71

Western blotting to evaluate protein expression In Vivo: Rabbit ear tissues were lysed
in RAPI buffer and further disrupted by a tissue homogenizer (Omni International) with ceramic
beads (Omni International, 1.4 mm Ceramic) for 20 minutes, twice. The concentration of total
protein of the whole tissue lysates was determined by Pierce BCA protein assay kit (Thermo
Scientific). 50 g total protein of the whole cell lysates from each treatment condition was loaded
onto 10% SDS-PAGE mini-gel, transferred onto the nitrocellulose membrane, and probed with
anti-TGFB1 antibody (AbCam), CTGF (AbCam), or SMA (AbCam). Anti-H3 antibody (Abcam)

was used to ensure the equal loading of total protein from each group.
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CHAPTER THREE

PLGA SPHERICAL NUCLEIC ACIDS

Portions of this chapter are adapted from Adv. Mater. 2018, 30

Collaborators include: Hang Xing, Jungsoo Park, Pavlo Gordiichuk, and Chad Mirkin
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3.1 Summary

AuSNAs and LSNAs have been demonstrated for their applications in gene regulation and
immunomodulation in various animal models. In the previous chapter, 1 have shown again that
AuUSNAs and LSNAs can be utilized as an intracellular gene regulator to silence a key gene
involved in abnormal scar formation. LSNAs are currently the most clinically advanced SNA
constructs due to biocompatibility of lipid materials.

To further leverage the unique biochemical properties of the SNA construct, one must ask
fundamental questions as to how SNAs, especially how the oligonucleotide shell defining the
SNA, behave in a physiologically relevant environment. This question is very important since most
SNAs’ properties origin from the three-dimensional oligonucleotide shell. The interaction between
oligonucleotide shell and proteins dictate how long the shell can remain intact, which will in turn
determine the time scale during which an SNA can will possess SNA-like properties.

To this end, lipid-based nanoparticles have been shown to be rather dynamic in protein rich
environments. Indeed, studies on the stability of LSNAs suggest that the oligonucleotide shell that
defines LSNA falls apart very rapidly, with a half-life of only a few minutes. While a dynamic
construct may have its own advantages in certain scenarios, it poses great challenge in studying
how biological systems interact with the construct. The second challenge that LSNAs face is the
difficulty with which a hydrophobic drug can be encapsulated inside the liposome due to the
aqueous core of liposomal nanopatrticle.

This chapter details efforts to prepare and characterize a class of novel SNAs comprised of

a biodegradable and biocompatible polymer, poly(lactic-co-glycolic) (PLGA). The properties of
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PLGA-SNAs will be discussed and the stability of the oligonucleotide shell residing on PLGA

nanoparticles will be compared to LSNAs in a protein rich environment.
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3.2 Introduction

Gene regulation via the RNA interference (RNAI) or antisense pathways has hold great

promise to silence disease-related genes®. In principal, any mRNA substrates could be

downregulated by small interference RNA (SiRNA) or antisense oligonucleotide following the
Watson and Crick base pairing with certain design rulest 5 44451 The ability of oligonucleotides
to selectively bind to specific mMRNA substrates greatly expands disease targets that can be
potentially abolished, including targets previously deemed undruggable by traditional small
molecule drugs and protein therapeutics. Unfortunately, intracellular delivery of oligonucleotides
across cell membranes has proven a challenging task!™!. The negatively charged oligonucleotide
backbone generates unfavorable electrostatic repulsion with cell membranes, and the relatively
large size of oligonucleotides impedes diffusion-based transport across cellular membranes. In
short, naked, linear oligonucleotides do not enter cells without lipid or polymeric transfection
agents, most of which proves to be very toxic.

Spherical nucleic acids (SNAs) are a class of synthetic biomaterials consisted of a
nanoparticle core with a shell of densely functionalized oligonucleotides. Despite their highly
negatively charged surface and large size, the three-dimensional oligonucleotide shell that defines
SNA can engage scavenger receptors A (SR-A) and be endocytosed via endosomal pathways. The
three-dimensional oligonucleotide shell not only serve as a transport binder to SR-A, but can also
be a functional unit inside the cells. Indeed, SNAs have been shown capable of potent gene

regulation via both RNAI and antisense pathways. Recently, our group has also demonstrated that



76

SNAs were able to engage with Toll-like receptors (TLRS) residing inside endosomes that were
able to stimulate immune response.

One important characteristic of SNAs is that the nanoparticle cores are compositionally
tunable. Since the introduction of SNA in 1996, SNAs comprised of inorganic cores (Au, QD,
silica) have been prepared. To further design clinically relevant SNA constructs, one would want
a nanoparticle core made from biodegradable materials that has a track record of being FDA-
approved. To this end, liposomal SNAs comprised of an organic liposomal nanoparticle core has
been prepared. They have shown to enter cells and silence gene of interest, such as HER2 and
TGFB1 demonstrated in the previous chapters of this thesis. However, to further enrich the
properties of the SNA construct, LSNAs face a few intrinsic limitations. First, lipid-based
nanoparticles are structurally dynamic especially in a protein rich environmentl™l. Indeed, studies
on the stability of LSNAs suggests that their half-life in 10% fetal bovine serum is only a few
minutesl’8l. This potentially makes LSNA lose its unique structures and functions in systematic
use. Second, it is challenging to encapsulate a hydrophobic drug inside liposomes due to the
aqueous core residing inside liposome nanoparticles’”l. Third, the drug release profile of liposome
is generally considered hard to control and difficult to tune.

With the goal to address these challenges and to further enrich the properties of the SNA
construct, a biodegradable, biocompatible polyester, PLGA, was utilized to form the nanoparticle
core for this new class of SNAs. PLGA was chosen to be the base materials for SNA because (i)
it can decompose into lactide acid and glycolide acid that are metabolized by human body("8-8%

and has a successful history of being FDA-approved sutures(®-®¢l biodegradable implants, and
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microparticles (ii) it has a Tq above 37°C-#% making the polymer chain movement rather limited
under physiological conditions and potentially a more stable construct, and (iii) PLGA has been
demonstrated capable of delivering hydrophobic small molecule and macromolecule drugs with
tunable release kinetics®®-%2,

In this chapter, | will demonstrate a facile preparation method for synthesizing PLGA-
SNAs. We hypothesize that PLGA-SNAs exhibit biochemical properties diagnostic of the SNA
construct, with the added benefit of being a more stable biodegradable structure with tunable drug
release profiles. This chapter also serves as a transition to my next chapter, which will further build
on some of the properties unique to PLGA-SNAs, such as co-delivery of drugs and tunable

controlled release of encapsulated therapeutic agents.
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3.3 Results

3.3.1 PLGA-SNA preparation and characterization

PLGA nanoparticles were prepared by a modified nanoprecipitation method (Figure 3.3.1).
Briefly, 12.5 mg mixture of PLGA (10 mg)/PLGA-PEG-N3z (2.5 mg) was dissolved in 5 mL
acetonitrile. PLGA-PEG-N3 polymer was utilized for downstream DNA functionalization. The
mixture was added dropwise to a beaker containing 20 mL nanopure water. The PLGA-PEG-N3
nanoparticles were formed under a nucleation growth process termed nanoprecipitationt®®: %-%I,
Mechanistically, supersaturate PLGA droplets form after acetonitrile gets into contact with water.
Nucleation growth occurs for the locally concentrated, supersaturated PLGA to gain

thermodynamic stability. It can be seen from (Appendix 7) that PLGA nanoparticles with different
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Figure 3.3.1. Preparation of PLGA-PEG-N3 nanoparticles and PLGA-SNAS via nanoprecipitation and
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Figure 3.3.2 Dynamic light scattering (DLS) measurement of as-prepared PLGA-PEG-N3
nanoparticles and PLGA-SNAs.

sizes can be prepared by adjusting the polymer concentration and the type of solvent. 50 nm PLGA
nanoparticles were the desired diameter due to their ability to penetrate the tumor environment and
ability to enter cells[®®l,

The nanoparticles were concentrated using an Amicon spin filter unit (size cutoff = 100 K)
followed by sizing with dynamic light scattering (DLS) and atomic force microscopy (AFM). DLS
shows that as-prepared PLGA-PEG-N3 nanoparticles have a hydrodynamic diameter of ~50 nm.
(Figure 3.3.2). The nanoparticle concentration was then determined by a Nanoparticle Tracking
Analysis (NTA) system. Based on the nanoparticle concentration, the surface azide can be
approximated by a method described by Zhang et al 1. To convert PLGA-PEG-N3 nanoparticles

to PLGA-SNAs, strands of oligonucleotides terminated with dibenzocyclooctyne (DBCO) was
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added to PLGA-PEG-N3z nanoparticles and incubated for 72 h at 25°C via copper-free click
chemistry due to its fast kinetics and biorthogonal reactivity. After 72 h, unreacted
oligonucleotides were washed away by passing them through an Amicon Filter unit with a size
cutoff of 100 K. PLGA-SNAs were analyzed by 1% agarose gel electrophoresis (Appendix 8).
PLGA-SNAs and linear DBCO-DNA exhibits different electrophoretic mobility due to their
different size and charge. DLS measurement (Figure 3.3.2) of purified PLGA-SNAs indicates a 15
nm size shift larger than the unfunctionalized PLGA-PEG-N3 nanoparticles, a size consistent with

a 20-mer oligonucleotides. Furthermore, the size of PLGA-SNAs was measured by AFM, which
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Figure 3.3.3 AFM image and size distribution of PLGA-PEG-N3 nanoparticles and PLGA-SNAs
provides quantitative size distribution. Compared to unfunctionalized PLGA-PEG-N3
nanoparticles, PLGA-SNAs imaged by AFM show a similar size shift as DLS, further suggesting
surface functionalization is successful (Figure 3.3.3).

Surface loading of oligonucleotides dictates many SNAs’ biochemical properties, SO being
able to quantify the number of strands per particle is essential to predicting the properties of PLGA-

SNAs. To determine surface loading of PLGA-SNAs, a batch of PLGA-SNAS were prepared with
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Cy5-labeled T2 oligonucleotides. After purification, 20 pl PLGA-SNAs were first freeze-dried
and then fully dissolved in NaOH. The oligonucleotide concentration can then be measured by
fluorescence microscopy. The nanoparticle concentration can be determined by a Nanoparticle
Tracking Analysis system (NTA). Each 65 nm PLGA-SNA has ~200 oligonucleotide strands,
resulting in a surface density of 5.2 pmole/cm?  Comparing with other SNA constructs, this surface
loading is smaller than AuSNAs (~30 pmole/cm?) but greater than the most clinically advanced

liposomal SNAs (LSNAs, ~3.2 pmole/cm?).
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3.3.2 Structure-property relationships of PLGA-SNA

One advantage of utilizing PLGA as the core for the SNA construct is being able to control
the release of therapeutic agents encapsulated inside. Indeed, studies in other groups have shown
that co-delivery of chemotherapy agents with nucleic acids has been shown to increase therapeutic
efficacy®l. However, encapsulating both hydrophobic and hydrophilic drugs in one nanoparticle
often leads to poor drug-loading efficiency®, complicated preparation processesi®H and an
increase in nanoparticle sizel'®!. The PLGA-SNA construct provides the benefits of spatially

compartmentalizing a chemotherapy drug and therapeutic oligonucleotides in one entity, so the
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Figure 3.3.4 Schematic of release of oligonucleotide shell that results in changes in FRET signal. (A)
Cartoon image showing the preparation of FRET PLGA-SNAs. (B) Rhodamine and Cy5 fluorescence
as a function of time. (C) Kinetics of FRET signal changes over time for monitored as Rhodamine and

Cy5 fluorescence
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loading and drug release profile of nucleic acids and encapsulated drugs can be independently
tuned. We hypothesize that the drug release profiles of encapsulated drugs can be adjusted by
changing the chemical composition of PLGA, but the degradation of the oligonucleotide shell that
defines SNA would remain relatively consistent for different formulations.

To test this hypothesis, Forster resonance energy transfer (FRET) PLGA-SNAs with
rhodamine-labelled PLGA and Cy5-labeled oligonucleotide (Figure 3.3.4A) were prepared to
investigate the oligonucleotide shell degradation in a protein rich environment. Three batches of
FRET PLGA-SNAs, comprised of PLGA with different chemical compositions and molecular
weight (Figure 3.3.6), were incubated in 10% fetal bovine serum (FBS). The solution of FRET
PLGA-SNAs were excited at rhodamine excitation wavelength (Aex = 530 nm), and emission from
rhodamine and Cy5 was monitored from 550 nm to 700 nm. When oligonucleotides were released

from nanoparticle surface, the rhodamine fluorescence (Aem = 573 nm) increased while Cy5 (Aem =
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Figure 3.3.5 Kinetics of release of oligonucleotide shell of PLGA-SNAs as compared to other SNA
constructs (A) PLGA-SNA oligonucleotide release as a function of different PLGA polymer (B)
Comparison between PLGA-SNAs and other SNA constructs
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Formulation PLA:PGA M.W (Da) Terminal K, [s] Half-life [95%
Capping Confidence Interval,
h]
RG 502 50:50 7000-17000 Ester (7.4 £ 0.1) x 105 2.6-2.7
RG 504 50:50 38000-54000 Ester (8.8+0.1)x 105 21-22
RG 756 S 25:75 76000-115000 Ester (8.3 +0.1) x 105 23-24

Figure 3.3.6 Chemical compositions and degradation parameters of three PLGA-SNAs formulations
synthesized

670 nm decreased) (Figure 3.3.4B). The release profiles of all three PLGA-SNAs were similar
(Figure 3.3.5A); fitting the data to a first-order kinetics indicate that PLGA-SNAs exhibit half-
lives of more than 2 h and Kobs ranging from 7.4 x 107° to 8.8 x 10 s™* (Figure 3.3.5B and Figure
3.3.6). These parameters suggest that PLGA-SNAs are almost 100-fold more stable than the most
clinically advanced LSNAs and three times more stable than the lipid-tail SNAs!®!. The increased
stability is likely due to covalent bond that grafts DNA to PLGA surface and intrinsically higher
stability of polymeric nanoparticles compared to liposomes. The nuclease resistance of
oligonucleotide shell on PLGA nanoparticle has been compared to that of linear DNA. Consistent
with our previous observation['!, PLGA-SNAs show enhanced nuclease resistance against DNase
I. Figure 3.3.7 shows nucleic staining of intact SNA or linear DNA after incubation with DNase |
for 15, 30, and 120 minutes. It can be seen that there is much more intact SNA band left than linear
DNA, quantified with the band intensity located on the bottom of the gel. This might be due high
local salt concentration surrounding the SNA particles that potentially deactivates the enzymatic
activity of DNase I. The enhanced stability of oligonucleotide shell is likely to make this construct
more advantageous in certain situations, potentially improving therapeutic efficacy in systematic

use.
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(A) SNAs incubated with DNase | (B) ot ONAincubated with DNase |
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Figure 3.3.7 Comparison of stability of oligonucleotide on the PLGA nanoparticle surface to that of
linear DNA. Intact oligonucleotides were stained with SYBR Gold and band intensity was quantified
with Image J. (A) Degradation of PLGA-SNAs incubated with DNase | over 2 h. (B) Degradation of
linear DNA incubated with DNase | over 2 h.



86

Next, we investigated the drug release from PLGA-SNAs by utilizing coumarin 6 as a
fluorescent model drug. To encapsulate coumarin 6 into PGLA-SNAs, 0.5% (w/w) coumarin 6
was co-dissolved with PLGA in acetonitrile, and the mixture was dropwise added into water to
form PLGA-PEG-N3 nanoparticles that encapsulate coumarin 6. The drug encapsulated
nanoparticles were converted to PLGA-SNAs via the procedure described above. The percent

release of coumarin 6 is determined relative
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Figure 3.3.8 Drug release of coumarin 6 from
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and surface erosion, giving rise to different



87

degradation kinetics and release profiles by changing the PLGA chemical compositions. On the
other hand, the oligonucleotide release is uniform for each formulation since the chemistry utilized
to attach nucleic acid to the nanoparticle surface is identical. This result suggests that the governing

mechanism for oligonucleotide release is by hydrolysis of the PLGA ester backbone.
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3.3.3 Intracellular functions of PLGA-SNAs

To evaluate the potential of PLGA-SNA as a therapeutic formulation, we prepared PLGA-
SNAs with Cy5-labeled T2 and quantified their cellular uptake in a Raw-Blue macrophage
reporter cell line. Consistent with other SNA constructs, PLGA-SNAs enter these macrophages
without transfection agent (Figure 3.3.9). After PLGA-SNAs were endocytosed, they exhibited a
concentration- and time-dependent uptake profile. Noticeably, PLGA-SNAs enter cells much more
efficiently than their phosphorothioate (PS) backbone-modified linear counterpart, especially at
early time points. This indicates the rapid cellular uptake kinetics of the SNA construct as
compared to linear strands, especially at early time points. Phosphorothioate (PS) backbone-
modified CpG was utilized in this because they exhibit nuclease resistance and potentially more

potential binding to receptors.
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Figure 3.3.9 Cellular uptake Cy5-labeled PLGA-SNAs into Raw-Blue macrophages. (A) Confocal
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image of PLGA-SNAs inside Raw-Blue macrophages. Red: Cy5 labelled oligonucleotide; blue:
DAPI stained nucleus. Scale bar = 10 um (B) Quantify cellular uptake by flow cytometry.
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After confirming the cellular uptake of PLGA-SNAs, we further evaluated the therapeutic
function of PLGA-SNAs bearing a CpG motif capable of engaging endosomal TLRs. The
activation of TLR9 in Raw-Blue macrophages leads to NF-kB activation. This process results in
secretion of secreted embryonic alkaline phosphatase (SEAP) that can be colorimetrically by a
Quanti-blue assay. Figure 3.3.10 shows that activation of TLR by PLGA-SNAs is sequence- and
concentration-dependent manner. The efficacy of PLGA-SNAs outperformed linear PS CpG,
probably due to superior cellular uptake of the SNA construct. Note that PS oligonucleotide is a
class of drugs with a successful record of being FDA-approved, so outperforming PS
oligonucleotide provides confidence for the clinical prospect of this construct. This class of new
SNA constructs are non-toxic over a wide range of concentration (Appendix 9), supporting our
hypothesis that SNAs comprised of benign, biodegradable, biocompatible materials such as PLGA

will be clinically relevant and more friendly towards medical translation.
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Figure 3.3.10 Activation of TLR9 in Raw-Blue macrophages by PLGA-SNAs bearing a CpG motif.

secreted embryonic alkaline phosphatase (SEAP) was quantified by a Quanti-blue assay.
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3.4 Conclusion

The premise of the SNA construct offering an improved therapeutic outcome relies on the
three-dimensional oligonucleotide shell that defines an SNA. The oligonucleotide shell has been
shown responsible for SNAs’ rapid cellular uptake and resistance to nuclease degradation. One
challenge that most clinically advanced SNA construct, liposomal SNAs (LSNAS) has been facing,
is their intrinsic dynamic nature. In 10% serum containing medium, the oligonucleotide shell of
LSNAs falls apart within minutes. The loss of oligonucleotide shell potentially causes loss of those
unique biochemical properties characteristic of SNAs. While Meckes et al have demonstrated an
alternative strategy for improving the stability of LSNAsS, there is more room more increasing the
stability of LSNAs.

Inspired by a diverse chemical composition of the polymeric materials, | have chosen to
create a class of novel SNAs comprised of benign, biocompatible, and biodegradable polymer
nanoparticle cores. PLGA was chosen for this purpose due to its successful track record of being
utilized as biomedical devices and a T4 above physiological temperature, which suggest the chain
movement of the polymer nanoparticle is limited. Indeed, the stability of the oligonucleotide shell
of PLGA-SNAs exhibit a half-life that is 100-fold longer than LSNAs, with added benefits such
as controlled drug release of the encapsulated therapeutic agents. It turns out that the release profile
of the encapsulated drugs can be independently controlled by varying the molecular weight of
PLGA, while the release profile of the oligonucleotide shell remains the same for different
formulations. This provides an additional handle for synergizing the therapeutic windows of the

encapsulated cargo with the conjugated nucleic acids.
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In addition, it is important to compare core compositions, attachment chemistries, and
surface loading across different SNA constructs and relate their functions to their structure. A few
SNA constructs comprised of biocompatible materials have been chosen for such a comparison to

inform future SNA design (Appendix 10).
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3.5 Experimental methods

Oligonucleotide synthesis: Oligonucleotides were synthesized on solid-phase DNA
synthesizer (Applied Biosystems) according to manufacture’s recommendations. Universal
controlled glass pore (CPG) was purchased from ChemGenes. All other special phosphonamidites
and reagents were purchased from Glen Research.

Oligonucleotide purification: as-synthesized oligonucleotides were cleaved from CPG
support by incubating with 2 mL ammonium hydroxide solution for 16 h at room temperature. The
solution containing oligonucleotides was air-dried using a nitrogen gun and filtered. The solution
was then injected into a reverse-phased high performance liquid chromatography (RP-HPLC) with
a Microsorb C18 column (Agilent Technologies). The oligonucleotides were purified by running
a mobile phase (buffer A: 3% triethylammonium acetate (v/v)/ buffer B: acetonitrile) at 15
mL/minutes ramping from 100% A. The purified oligonucleotides were then analyzed by Matrix
Assisted Laser Desorption/lonization Time-of-Flight mass spectrometer (MALDI-TOF).

PLGA-PEG-Ns nanoparticle preparation: PLGA-PEG-N3 nanoparticles were prepared
by a modified nanoprecipitation method. 10 mg PLGA (Sigma-Aldrich) and 2.5 mg Poly(lactide-
co-glycolide)-b-Poly(ethylene glycol)-Azide copolymer (PLGA-PEG-N3, MW ~
30,000:5,000 Da; Akina Al1091) was dissolved in acetonitrile. The mixture was added dropwise
into a beaker containing 20 mL nanopore water under rapid stirring to initiate the precipitation
process. The nanoparticle solution was the stirred for 3 h to allow the evaporation of acetonitrile.
The nanoparticle solution was then concentrated by using an Amicon filter unit (size cutoff = 100

K) at a spin speed of 800 g for 15 minutes.
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PLGA-SNAs surface functionalization: the concentration of as-prepared PLGA-PEG-N3
nanoparticles was analyzed by a Nanoparticle Tracking System (NTA). PLGA-PEG-N3
nanoparticles were diluted 1:15000 and 1:30000 in nanopore water and injected to NTA by an
automated syringe pump. NTA measurement was performed as a duplicate with a 633 nm laser,
and PLGA-PEG-N3z nanoparticle concentration was determined by the NTA software. The number
of polymer per particle was estimated by a method previously described by Zhang et al®’, and
800 molar excess of DBCO-DNA was added to PLGA-PEG-N3z nanoparticles in 1X PBS/0.3%
poloxamer. The reaction was incubated at 25°C for 72 h followed by purification with Amicon
Filter (size cutoff = 100 K).

Determination of surface loading: 50 pl of as-prepared Cy5-labeled PLGA-SNAs was
lyophilized and then fully dissolved in 0.1 M NaOH. The solution was then neutralized by Tris-
HCI (pH=7.4, Sigma-Aldrich). Then the concentration of Cy5-labeled oligonucleotide attached to
PLGA-SNAs was measured by quantifying the Cy5 fluorescence (630 nm/ 670nm) against a
standard curve of an identical Cy5-labeled linear oligonucleotide on a plate reader (Synergy H4
Hybrid Reader, BioTek). SNA particle concentration was determined by the NTA as described
above.

Agarose gel electrophoresis: 100 mg agarose (Sigma-Aldrich) was dissolved in 100 ml
1X TBE and heated in a microwave for 70 seconds. Gel running samples were prepared by mixing
13.5 ul PLGA-SNAs or linear oligonucleotides with 1.5 ul glycerol to make the final concentration
of glycerol 10%. The gel was run for 30 minutes for 100 V and then imaged by a gel imager

(Typhoon GE).
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Nuclease resistance assay: To compare the stability of free DNA with PLGA-SNAs
against nuclease degradation, phosphodiester free oligonucleotides and PLGA-SNAs ([DNA]=10
MM; 2 ul of 10 X reaction buffer (ThermoFisher), 10 mM tris, 2.5 mM MgCl;, and 0.5 mM CacCly)
were subjugated to DNase | (2 pl, 2000 units/ml, ThermoFisher) degradation for 15, 30, and 120
minutes, respectively. The reactions were quenched at each desirable time point by adding 2.2 pl
of 10% SDS. The reaction products were analyzed by agarose gel electrophoresis as described
above and the band intensity of each individual time point was quantified and normalized to intact
sample.

Imaging of NP with atomic force microscope (AFM): AFM images were performed in
liquid phase aiming to measure pristine non-dried NPs heights. For this purpose, modified
overnight Si/SiO> surface with the 1mM (3-Aminopropyl)triethoxysilane (Sigma-Aldrich) from
EtOH was chosen as the most suitable substrate capable of adhering PLGA-SNA nanoparticles
electrostatically. Initially, NP samples were 100X diluted in DI water and drop cast on the substrate
for 10 minutes. Next, samples were rinsed with DI water (300 pl) without letting them dry and
placed in AFM setup. AFM images were recorded with the ScanAsyst fluid probes having spring
constant of 0.7 N/m and tip radius of 2 nm. All visualizations were done with the fixed applied
force of 1 nN, where the heights of 500 individual NPs from each sample were measured manually
for histograms plots.

Stability assay: The FRET PLGA-SNAs were prepared using the same method as PLGA-
SNAs, except 1 mg PLGA-Rhodamine was incorporated (AV027 Akina) incubated in 1X PBS

with 10 % vol FBS. The FRET signal of the Cy5-Rhodamine pair was excited at 530 nm with 5



95

nm slit and collected from 550 nm to 700 nm with 5 nm slit on a fluorolog (Horiba) . To ensure
the FRET signal reached equilibrium, 0.2 M NaOH was added to destroy the NPs at the last time
point.

Synthesis of coumarin 6 encapsulated PLGA-SNAs and drug releasing kinetics:
Coumarin 6 encapsulated PLGA-SNAs are synthesized with aforementioned method, except that
0.1%, 0.5% or 1% (w/w) coumarin 6 was co-dissolved with PLGA in acetonitrile. To measure the
encapsulation efficiency, coumarin 6 (50 ul) loaded PLGA-SNAs were lyophilized and then
extracted with acetonitrile (100 ul). The drug loading was then measured by measuring the
fluorescence intensity of coumarin 6 (excitation/emission=488/520) on a 96-well plate (Biotek).
To measure the drug release Kinetics, coumarin 6 encapsulated PLGA-SNAs (100 pl) is dialyzed
in a dialysis tube (size cutoff=20000 Da) against buffer (2L; 10% vol% FBS in 1X PBS). At each
desired time interval, PLGA-SNAs solution was taken out and lyophilized. Coumarin 6 was then
extracted acetonitrile (100 ul). The drug release was evaluated by measuring the fluorescence
intensity of coumarin 6 (excitation/emission=488/520) on a 96-well plate.

Cell culture studies: RAW-Blue™ (InvivoGen) cells expressing all Toll-like receptors
(TLRs) excluding TLR-5 purchased from cultured and passaged as recommended by the
manufacturer.

Confocal microscopy: ~500,000 RAW-Blue cells seeded on a cell culture dish (FD3510-
100, World Precision Instruments) were incubated with Cy5-tagged PLGA-SNAs (100 nM DNA)
in serum containing growth medium (DEME supplemented with 10% fetal bovine serum (FBS))

for an hour. Cells were washed by 1X PBS (1 ml) three times. Washed cells were then fixed with
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4% paraformaldehyde for 5 minutes. Fixed cells were washed with 1X PBS for three times and
were stained with DAPI (BioRad) according to manufacturer’s recommended protocol. Confocal
microscopy analysis of those cells was carried out with a Zeiss LSM 810 inverted laser-scanning
confocal microscope (Carl Zeiss, InC., USA). DAPI was excited at 350 nm and its emission was
collected at 450 nm. The Cyb5 tag was excited at 640 nm and its emission data was collected at 680
nm.

Flow cytometry experiments: ~100,000 Raw-Blue cells plated on a 96-well plate were
incubated with Cy5-tagged PLGA-SNAs or a Cy5-tagged free oligonucleotide (100 nM and 200
nM by DNA) for 0.5 h, 2 h, 4 h, 8 h, and 12 h. At the end of each treatment, cells were washed
with 1X PBS for three times and then fixed using 4% paraformaldehyde for 5 minutes. Single
suspension cells were created by scratching the bottom of each well aggressively for 5 minutes.
The mean fluorescence intensity (M.F.I) of Cy5 was recorded by a flow cytometer equipped with
a High Throughput Sampler (HTS) (BD LSRFortessa 6-Laser, BD Sciences, US). The experiment
was performed in triplicate and error was calculated as the standard error of the mean.

Cytotoxicity studies: The cell viability of Raw-Blue cells was determined using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma Aldrich). Cells
were seeded in a 96-well plate at a density of 50,000 cells per well. After overnight incubation,
cells were treated with PLGA-SNAs with DNA concentrations ranging from 10 nM to 2 uM. After
treatment with PLGA-SNA (12 h), the cell culture medium was replaced with fresh cell culture
medium (100 pl) and 12 mM MTT solution (10 pl) was added to every single well in the plate

which was incubated for 4 h at 37°C. Then 100 pl of solubilizing buffer (100 ul; SDS 10% in 0.01
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M HCI) were added to the wells and the plate was incubated for 4 h at 37°C. After incubation, the
absorbance was measured at 570 nm using Biotek Synergy H4 Hybrid Reader. Cell viability was
normalized to the untreated control, i.e., (Asample/Auntreated control)*100 and plotted as a
percentage of cell viability. The experiment was performed in triplicates and the error was
calculated as standard error of the mean.

PLGA-SNAs activating TLR9: Raw-Blue cells were seeded on a 96-well plate at a
seeding density of ~100,000/each well. Seeded cells were incubated with PLGA-SNAS bearing
TLR9-activating oligonucleotide or control sequence or linear TLR9-activating oligonucleotide
overnight. All oligonucleotides used in this experiment was phosphorothioate back-bone modified.
The level of TLR9 activation was then evaluated by a Quanti-Blue assay (InvivoGen, USA)
according to manufacturer’s recommendation. TLR9 activation was recorded in triplicate on a 96-

well plate reader (Biotek) and is normalized to the untreated cells.
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CHAPTER FOUR

ENHANCING GENE REGULATION WITH PLGA-SNAs

Collaborators include: Jungsoo Park and Chad Mirkin
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4.1 Summary

As previous chapters have introduced, gene regulation holds great promise due to highly
specific Watson and Crick base pairing. In principle, small interference RNA (siRNA) or antisense
DNA should be able to downregulate any genes of interest if sSiRNA or antisense DNA were
carefully designed to follow certain design rules. In reality, being able to downregulate a certain
gene of interest faces much more challenge than one would expect. First, systematically delivered
SiRNA or DNA need to be protected from nuclease degradation in the blood since the circulatory
half-life of naked sSiRNA or DNA is less than 5 minutes and serum degradation half-life of them
is less than 1 minutel*%], Second, naked siRNA or DNA do not enter cells by themselves. Lastly,
after sSIRNA or DNA enter the target cells primarily via endocytosis, they need to escape from
endosomes to gain cytosolic access in order to silence the target mRNA[L6-110,

Spherical nucleic acid (SNA) constructs have been shown to effectively enhance nuclease
resistance of oligonucleotides attached compared to the linear counterparts, probably by increasing
the local salt concentrationt™. Most surprisingly, the highly negatively charged, bulky
nanoparticles are able to enter more than 70 cell lines via scavenger receptor-A (SR-A) mediated
endocytosis®> 1. Previous work in our group has shown that silencing of mMRNA, such as human
epidermal growth factor receptor 2 (HER2)?1, epidermal growth factor receptor (EGFR)“Y, etc.
However, one prerequisite that SNA constructs face in order to knockdown mRNA more
effectively is to access cytosol, a challenge that most nanoparticle-mediated gene regulation would
facel'%% 12 The knockdown would be more potent if we could find a way to universally increase

endosomal escape efficiency. In this chapter, | further build on the study illustrated in the previous
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chapter and create a PLGA-SNA structure capable of co-delivering cell penetrating peptide (CPP)
and siRNA, a strategy that I will elucidate in this chapter that shows promises in enhancing gene

regulation induced by SNAs.
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4.2 Introduction

Gene regulation therapies via RNA interference (RNAI) or RNase H-mediated cleavage of
disease-associated MRNA have provided a promising alternative to traditional small molecule or
protein therapeutics. Due to highly specific Watson and Crick base pairing of nucleic acids, small
interference RNA (siRNA) or antisense oligonucleotides of 19-23 base pairs (bps) can, in principle,
silence any mRNA substrates of interest. This modularity at the molecular level has greatly
expanded the number of disease targets that can be abolished, including the ones that traditionally
deemed “undruggable” or “hard to drug” by small molecule and protein therapeutics.

Despite decades of efforts in advancing gene regulation therapies and success in clinical
translation of a few oligonucleotide drugs, challenges in effectively delivering therapeutic
oligonucleotides to specific site of interests are still impeding the further development of nucleic
acid-based therapeutics. One of the most significant challenges in the delivery of oligonucleotides
is to transport them across cellular membranes into the cells; naked, unmodified nucleic acids do
not enter cells due to their relatively large size and negatively charged backbone. In addition, naked
oligonucleotides exhibit a rapid degradation half-life of less than 1 minute, rendering them
impotent in systematic use.

Spherical nucleic acids (SNAs) are a class of synthetic bio-nanoconjugates possessing
unique properties that hold promise to overcome the above-mentioned challenges. For example,
SNAs can be actively transported across cellular membranes via scavenger receptor A-mediated
endocytosis. In serum, the three-dimensional oligonucleotide shell defining the SNA construct

exhibits much slower nuclease degradation rate than SNAs’ linear counterparts probably due to
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high local salt concentration that deactivates nuclease. After SNAs enter the cells, the multi-valent,
oligonucleotide shell can selectively bind to immunostimulatory ligands (TLRs) to initiate
downstream immune-activation or mRNA substrates to mediate gene silencing, making them lead
compounds in both immunomodulation and gene regulation therapies.

To further capitalize on SNAs’ capacity to effect gene regulation, SNAs endocytosed into
cells need to escape from endosomes, a challenge that universally applies to almost all
nanoparticle-mediated gene silencing. One strategy to achieve this goal is to co-deliver an auxiliary
agent capable of facilitating endosomal escape with a functional siRNA. To realize this strategy,
a hydrophobic cell penetrating peptide termed Endoporter%7: 113 1141 ‘\was chosen as the auxiliary
endosomal escaping agent due to its prevalent literature precedence. For co-delivering two
therapeutic entities (SiRNA and Endoporter) within one SNA, one would want the SNA to
compartmentalize these two therapeutic cargos so that the release profiles can be independently
controlled. For this purpose, PLGA-SNAs were an ideal candidate to encapsulate Endoporter
because of the demonstrated capability of PLGA to encapsulate hydrophobic cargo and well-

established controlled drug release profiles of PLGA nanoparticles.
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4.3 Results

4.3.1 Preparation and characterization of Endoporter-loaded PLGA-SNA

To prepare Endoporter-encapsulated PLGA-SNAs, a modified nanoprecipitation method
was utilized. Briefly, 12.5 mg PLGA/PLGA-PEG-N3 (poly(lactide-co-glycolide)-b-poly(ethylene
glycol)-azide) was co-dissolved with varying weight percent (1%-5%, w/w) of Endoporter in
acetonitrile (Figure 4.3.1). The solution was then slowly injected into a beaker containing 20 mL
nanopore water under rapid mixing to afford ~60 nm Endoporter-encapsulated PLGA-PEG-N3
nanoparticles. Colloidal stability of Endoporter-encapsulated PLGA-PEG-N3 nanoparticles is
assessed by dynamic light scattering (DLS) when loaded with different weight percent of
Endoporter under different ionic strength. Appendix 11 shows little size change has been observed

for different Endoporter loading and ionic strength, indicating that as-prepared Endoporter-

NN T RJT%"I;Efok“’

PLGA
o
PLGA/PLGA- _ o
PEG.N,, \ \ - = Rrpl\l,ol?{,r(\okh/ t/\NJ
endoporter o
dissolved in Water PLGA-PEG5Sk-N
acetonitrile 3

O
o W A Vs e
o / o .,
2557 TR N T 0 - Endoport
o = ~Endoporter SOV )
PLGA/PLGA-PEG-N; PLGA-SNAs

Figure 4.3.1 Preparation of PLGA-PEG-N3 nanoparticles and Endoporter-loaded PLGA-SNAS via a

modified nanoprecipitation method followed by copper-free click chemistry
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encapsulated PLGA-PEG-N3 nanoparticles are tolerant of higher Endoporter loading and ionic
strength reflected by NaCl concentration.

We hypothesize that conversion of Endoporter-encapsulated PLGA-PEG-N3 nanoparticles
will make the particles even more stable due to electrostatic stabilization effect of oligonucleotides.
Surface functionalization of PLGA-PEG-N3 nanoparticles was achieved by previously described
methods. The concentration of PLGA-PEG-N3z nanoparticles was determined by a Nanoparticle
Tracking Analysis system (NTA), and 1 molar equivalent of dibenzocyclooctyne (DBCO)-
terminated siRNA was incubated with PLGA-PEG-N3 nanoparticles for 24 h with 0.3% (v/v)
poloxamer. Interestingly, contrary to our hypothesis and previous study that surface
functionalization could make the particles more stable, Endoporter-encapsulated PLGA-SNAs are
more susceptible to Endoporter loading and ionic strength of the solution. Appendix 12 shows that
5% Endoporter initial feed amount with 125 mM NaCl concentration readily causes an aggregate
as demonstrated a size enlargement by DLS and the opaqueness of the SNA solution. The cause
of such instability and aggregation may come from a combination of increased ionic strength in
solution and increased hydrophobic cargo loading. These two factors make PLGA-SNAs interface
with the aqueous solution less energetically favorable. Another likely cause is that the negatively
charged siRNA bridges the positively charged particles, leading to precipitations from the

solutions, despite the use of poloxamer as a surfactant. In order to prepare colloidally stable SNAs
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suitable for downstream biological applications, the initial feed of Endoporter has been decreased
to 3% for all the following experiment.

After formulation optimizations, the Endoporter-encapsulated PLGA-SNAS were prepared
with 3% initial Endoporter loading, followed by surface functionalization described above. The

size of particles increased from 73 nm (PDI = 0.25) to 89 nm (PDI = 0.22) (Figure 4.3.2), consistent
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Figure 4.3.2 Characterization of Endoporter-loaded PLGA-SNAs with 3% initial Endoporter feed
amount. (A) Dynamic light scattering (DLS) diagram shows size of as-prepared Endoporter-loaded
PLGA-PEG-N3 nanoparticles and Endoporter-loaded PLGA-SNA after surface functionalization. (B)
Surface zeta-potential of PLGA-PEG-N; nanoparticles, PLGA-SNAs, Endoporter-loaded PLGA-PEG-
N3 nanoparticles, and Endoporter-loaded PLGA-SNAs. (C) Table showing the diameter, PDI, number
of siRNA/particle and Endoporter/particle for Endoporter-loaded PLGA-PEG-N3 nanoparticles and

Endoporter-loaded PLGA-SNAs. (D) Agarose gel electrophoresis of linear siRNA and Endoporter-
loaded PLGA-SNAs
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with the length of a 21 bp siRNA sequence. PLGA nanoparticles without any load shows a surface
Zeta potential of ~-7.5mV due to the negatively charged carbonyl group. PLGA-SNAs without
loads exhibit an even more negatively charged surface potential due to immobilization of siRNA.
The encapsulation efficiency for Endoporter-loaded PLGA nanoparticles and Endoporter-loaded
PLGA-SNAs was (31.7 = 6.4)% and (24.6 £ 1.6)%, respectively. Interestingly, the Endoporter-
loaded PLGA-PEG-N3 exhibits a slightly positive surface Zeta potential, indicating a portion of
Endoporter has been electrostatically adsorbed to the surface of PLGA-PEG-N3 nanoparticles.
Indeed, the surface zeta potential becomes more positive (Appendix 13) when increasing amount
of Endoporter was loaded. After surface functionalization, the surface charge dropped to the
similar level as PLGA-SNAs, suggesting that the positive charge of surface-bounded Endoporter
has been masked by the siRNA shell, a favorable characteristic that could potentially minimize

nonspecific toxicity from positively charged particles(**®l.



107

4.3.2 Release kinetics of Endoporter-loaded PLGA-SNA

Next, we evaluated our hypothesis whether Endoporter-loaded PLGA-SNAs were capable
of releasing Endoporter in a controlled and tunable manner. For this purpose, we prepared FRET
Endoporter-loaded PLGA-SNAs (FELPS) by labelling Endoporter with Cy5 and incorporating
small amount of rhodamine-labelled PLGA. Cy5 signal (Aem = 675 nm) can be detected by exciting
at rhodamine excitation wavelength (Aex = 520 nm) while no FRET signal was observed for PLGA-
SNAs prepared with only rhodamine-labelled PLGA (Appendix 14). To elucidate the structure-
property relationships of this construct, we asked two questions: (i) how fast Endoporter is released

from the particles under endosomal pH and (ii) whether we can fine tune the release profile by
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Figure 4.3.3 Endoporter release profile of PLGA-SNAs prepared from 15K PLGA and 30K PLGA.
Black square: 15K PLGA,; red dot: 30K PLGA.

changing the chemical composition of PLGA. To answer both questions,

FELPS made from
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PLGA with different molecular weights were incubated at pH 5.0 simulating endosomal conditions
and kept at 37°. Cy5 signal from exciting at rhodamine wavelength was monitored. The change of
Cyb signal at each individual time point was used as a reference to calculated release of Endoporter
by normalizing to the difference of fluorescence signal between initial and final time point. It was
observed that FELPS prepared from PLGA with both molecular weights (15K and 30K) fully
released Endoporter in 72 h. In both formulations, release of Endoporter occurred primary within
the first 2 h (~45% and 30% for 15K and 30K, respectively), indicating a burst release profile
arising from surface-bounded Endoporter, a property characteristic of PLGA and polymeric
nanoparticle release. Compared the release of FELPS made from 15K PLGA to that of FELPS
made from 30K PLGA, the release from FELPS made from 15K PLGA is faster throughout 72 h
except for last time point. The slower release of larger molecular weight composition is consistent
with literature and might be due to stronger interaction between the polymer chain and Endoporter.
To assess whether this trend holds true for different formulations, two more FELPS were prepared
with more PEG contents aiming to further improve colloidal stability. Despite the burst release
from FELPS has accelerated for these FELPS prepared from lower PEG content within 2 h, the
FELPS made from lower PEG contents exhibit similar trends in release kinetics, where low

molecular weight PLGA gives lower Endoporter release rate.
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4.3.3 Intracellular functions of Endoporter-loaded PLGA-SNAs

Lastly, we evaluated the intracellular functions of Endoporter-loaded PLGA-SNAS to

knockdown isocitrate dehydrogenase (IDH1) due to its significance in glioblastoma (GBM). U87
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Figure 4.3.4 GBM US87 cells treated with Endoporter-loaded PLGA-SNAs targeting IDH1.
[sSiIRNA]=300 nM; treatment time=72 h. GAPDH was chosen as a housekeeping protein.

GBM cells were treated with Endoporter-loaded PLGA-SNAs for 72 h before the cells were
harvested for protein expression analysis. Figure 4.3.4 shows that IDH1 PLGA-SNAs have only a
modest knockdown of ~20%, probably due to the fact that most PLGA-SNAs were inside
endosomes. Co-delivery of Endoporter with sSiRNA by Endoporter-loaded PLGA-SNAS shows an
enhanced knockdown of ~75%, indicating that loading of Endoporter could increase knockdown
efficiency. Lastly, we tested whether IDH knockdown exhibits a dose-dependent pattern. U87 cells
were treated with Endoporter-loaded PLGA-SNAs at 1 uM, 2 uM, and 4 uM (by Endoporter). The
knockdown of IDHL1 increased from ~20% to 70% (Appendix 15). One concern for delivering
these membrane destabilizing peptides is their cytotoxicity. To assess the cytotoxicity of

Endoporter-loaded PLGA-SNAs, U87 cells were treated with Endoporter-loaded PLGA-SNAs
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ranging from 2 uM to 10 uM (by Endoporter). No apparent toxicity was observed across these

concentrations (Appendix 16).
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4.4 Conclusion

This chapter details efforts to overcome one of the main challenges in nanoparticle-
mediated gene silencing, access to cytosol. SNAs enter cells through the endocytic pathways,
which leads to accumulation inside endosomes. While SNAs show potent gene regulation in
certain cells, we have seen that the gene silencing is cell- and sequence-dependent. This leads us
to come up with an approach that can potentially increase gene regulation universally across
different cell lines and different target genes. Specifically, a cell-penetrating-peptide (CPP) was
loaded onto PLGA-SNAs as an auxiliary agent to help siRNA escape from endosome. A
systematic formulation study was performed to address aggregation caused by unfavorable charge-
charge interaction. In addition, this is the first time that we demonstrate that the SNA construct,
comprised of a benign, biodegradable, biocompatible core material, can release loaded
macromolecule in a tunable and controlled manner. Lastly, we have shown that Endoporter-loaded

PLGA-SNAs can knockdown IDH1 in a more potent manner than IDH1 PLGA-SNAs.
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4.5 Experimental methods

Oligonucleotide synthesis: oligonucleotide synthesis was performed on a MMermade 12
DNA synthesizer (MM12). Glass controlled pore (GPC) support was purchased from ChemGenes.
Reagents used for oligonucleotide synthesis was purchased from Glen Research. Oligonucleotides
were synthesized according to manufacturer’s recommendation. As-synthesized oligonucleotides
were cleaved from GPC support by incubation with ammonium hydroxide (Sigma-Aldrich, 38%-
40%). The solution containing oligonucleotides were dried by a nitrogen gun followed by injecting
into a reverse-phased high-performance liquid chromatograph (RP-HPLC). with a Microsorb C18
column. After HPLC purification, DMT group of purified oligonucleotides was removed with 20%
(v/v) acetic acid followed by ethyl acetate extraction. The molecular weight of oligonucleotides
was determined by a matrix-assisted laser desorption/ionization time of flight mass spectrometer
(MALDI-TOF) (Bruker).

Preparation of PLGA-PEG-N3 nanoparticles and Endoporter-loaded PLGA-SNAs:
PLGA-PEG-Ns nanoparticles were prepared via a previously described method. Briefly, 12.5 mg
mixture of PLGA (7000-17000, Resomer® RG 502 H, Sigma-Aldrich) and PLGA-PEG-Ns3 (Akina)
dissolved in 5 mL acetonitrile was added dropwise to a beaker containing 20 mL water under rapid
stirring. The weight ratio PLGA and PLGA-PEG-N3 is adjusted in the specific experiments
described in the manuscript. To prepare endoporter-loaded PLGA-SNAs, 3% endoporter was co-
dissolved with polymer mixture in acetonitrile. The concentration of endoporter-loaded PLGA-

PEG-N3was determined by a Nanoparticle Tracking Analysis system (NTA, Malvern, NanoSight
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NS300). One-molar equivalent DBCO-terminated siRNA was added to endoporter-loaded PLGA-
PEG-N3z nanoparticles and incubated for 24 h under 25°C in 1X PBS/0.3 (v/v) poloxamer.

Dynamic light scattering (DLS) and surface zeta potential measurement: as-prepared
nanoparticles were diluted 1:100 for both DLS and surface zeta potential measurement that is
performed with Zetasizer (Malvern zetasizer nano zs)

Agarose gel electrophoresis: 100 mg agarose (Sigma-Aldrich, molecular biology grade)
was dissolved in 100 mL 1X TBE and microwaved for 70 seconds. A typical loading sample
contains ~1 uM analyte (by siRNA concentration) and 1.5 pL glycerol (5%). The gel was run at
100 V for 30 minutes and was stained with SYBR Gold nucleic acid gel stain (Invitrogen). The
membrane was then imaged by a gel imager (GE Typhoon) using SYBR Gold channel (Aex = 495
nm and Aem = 537 nm).

Quantification of siRNA duplex loading: To quantify the number of antisense strands
functionalized to the Endo-Porter encapsulated PLGA-SNA, previously described method was
modified. Briefly, 20001 of Endo-Porter encapsulated PLGA-SNAs (in 101 PBS, 0.3% (v/v)
Poloxamer 188) were resuspended in 1300J1 of 8M Urea and heated to 45 °C for 20 min to
dehybridize the antisense strands from the DBCO modified sense strands, which would remain on
the PLGA-SNA. Then the solution was centrifuged 10 min at 8000 [J g. To confirm that the
supernatant contained only the antisense siRNA strands, the supernatant was washed with RNase
free 5 times water using Amicon filter (0.5 ml, size cut off= 3K) for 25 min at 14000 [] g to remove
the 8M urea, poloxamer 188 and PBS salt. Then, MALDI-TOF analysis was performed to confirm

that the supernatant contained only the antisense strands. The concentration of antisense strand
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was measured by Quant-iT OliGreen assay (Thermo Fisher). Briefly, portion of the supernatant
(25 (1) that contains 130 (11 8M urea and 20 (11 1[1PBS, 0.3% (w/v) poloxamer 188 was analyzed
by mixing with OliGreen reagent in a clear bottom black 96-well plate and fluorescence was
measured using a BioTek Synergy Microplate Reader with excitation/emission wavelengths of
480 nm/520 nm. The concentration was determined based on standard curves of known antisense
RNA concentrations incorporating same concentrations of Urea, PBS salt and poloxamer 188
compared to the analyte.

Quantification of Endoporter loading: To measure the encapsulated Endo-Porter
concentration, Endoporter encapsulated PLGA-SNAs in 11 PBS, 0.3% (v/v) Poloxamer 188 (50
pL) were lyophilized first. Then the lyophilized pellets were suspended in 0.2 M NaOH (50 pL)
and incubated in 60 °C for 20 min to fully dissolve the nanoparticle core. 0.2 M Tris-HCI (50 uL)
was then added to neutralize the solution and followed by adding DMSO (100 pL) to fully
solubilize the Endo-Porter peptide. The concentration of Endo-Porter was measured against a
standard curve with known concentration of Endo-Porter incorporating same concentrations of
PBS salt, Polamxer 188, NaOH, Tris-HCI and DMSO. Then the Endo-Porter concentration was
measured using PierceTM 660nm Protein Assay Reagent (Thermo Fisher) measuring the
absorbance at 660nm in a clear bottom black 96 well plate (Biotek synergy plate reader).

Drug release kinetics: 3% (w/w) Cy5-labelled endoporter (M.W = 4400 Da; Northwestern
Peptide Core) was incorporated into PLGA-PEG-N3 using previously described methods, except
that 1 mg rhodamine-PLGA was incorporated. 50 pL Cy5-labelled endoporter PLGA-SNAs were

added to 1450 uL pH 5.0 1X PBS buffer at 37°C. The solution was excited at 520 nm and FRET
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signal (Cy5) was recorded from 550 nm to 700 nm on a FluoroLog Spectrophotometer (HORIBA).
The Cy5 signal was recorded at each specific time point until 72 h, when concentrated HCI was

added to ensure no noticeable change in Cy5 fluorescence will occur. The drug release at each

F(initial)—F(t)
F(initial)—F(final)

time point (t) was calculated as *100%.

Toxicity assay: The cell viability of U87 cells was determined using PrestoBlue® Cell
Viability reagent (Thermo Fisher). Cells were seeded in a clear bottom black 96-well plate at a
density of 10,000 cells per well. After overnight incubation, cells were treated with Endo-Porter
encapsulated PLGA-SNAs and Endo-Porter with different Endo-Porter concentrations. After
treatment for 72 hours, effects of Endo-Porter on cell viability was measured following the
manufacturer’s protocol. Briefly, after the washing the wells with 1[1PBS, the plate was filled with
90 pL of DMEM + 10% FBS + 1% pen-strap and 10 pL of 10 [J PrestoBlue® reagent. The plate
was then incubated at 37°C for 2 h followed by measuring the fluorescence of the plate with
excitation/emission wavelengths of 560 nm/590 nm. After subtracting the average fluorescence
values of the no-cell control wells, the cell viability was normalized to the untreated control and
plotted as a percentage of cell viability. The experiment was performed in triplicates and the error
was calculated as standard error of the mean.

Knockdown of IDH1: To assess the gene knockdown activity of Endo-Porter encapsulated
PLGA-SNAs, U87 cells were seeded in a 12-well plate at a density of ~200000 cells per well.
After overnight incubation, Endo-Porter encapsulated IDH1 PLGA-SNAS were treated to the cells
for 72 hbased on different Endo-Porter concentrations based on Endo-Porter concentration

encapsulated to the SNA. The cells were also treated with Endo-Porter encapsulated control
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PLGA-SNA, un-encapsulated IDH1 and control PLGA-SNA. As a positive control and negative
control, linear IDH1 siRNA duplex and linear control siRNA duplex was transfected
Lipofectamine RNAIMAX (Thermo Fisher). IDH1 knockdown effect was determined by Western
blot.

Western blotting: Protein lysates were extracted using radioimmunoprecipitation assay
buffer (RIPA buffer) with Halt Protease Inhibitor cocktail that contains 1 X protease and 1 X
phosphatase inhibitor (Thermo Fisher). 30 [Ig of protein sample per sample was separated using
4-12% SDS-PAGE (Life technologies) in 100 V, 70 min. Then protein gel was transferred to
nitrocellulose membrane (Life Technologies) using iBlot® 2 Gel Transfer Device (Life
Technologies). Then the membranes were blocked with Odyssey® Blocking Buffer (Li-COR) in
room temperature for 1 h and were incubated overnight at 4°C with the following antibodies: rabbit
anti-IDH1(Cell Signaling Technology, 1:1000 dilution) and mouse IgGl anti-HSP70 (BD
biosciences, 1:2000 dilution). After the blots were washed with 107 PBS with 0.1% Tween-20
three times for 5 min, the membranes were incubated with IRDye® 800CW-conjugated goat anti-
rabbit secondary antibody (Li-COR, 1:2000 dilution) and IRDye® 800CW-conjugated goat anti-
mouse 1gG1 secondary antibody (Li-COR, 1:2000 dilution) for 1 h. Then the membranes were
washed with 100 PBS with 0.1% Tween-20 three times for 5 min. To remove, residual Tween-20,
the membrane was rinsed in deionized water three times before scanning. Then the blot image was
acquired using Odyssey® CLx Imager (Li-COR) at 169 [Im resolution in the 800nm fluorescence

channel. Then the band intensity of the blot was quantified by Image J (reference needed)
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normalized to the untreated control group. All Western blots were performed in triplicates and the

error was calculated as standard error of mean.
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CHAPTER FIVE

CONCLUSIONS AND FUTURE DIRECTIONS
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5.1 Summary

The SNA construct has advanced the field of gene regulation therapies and
immunomodulation in past decades, and there is no reason to believe that it will stop doing so. In
this chapter, | will outline three future ideas built upon my scar attenuation and PLGA work.

The first future direction is to use the SNA to attenuate fibrosis diseases. This application
is a natural extension from scar attenuation due to many overlapping genetic and molecular causes
between these two diseases.

The second future direction is to study spatial distribution of SNAs bearing different
oligonucleotide inside real human skin. This is important as there are >200 skin diseases with
known genetic cause. Being able to probe the kinetics of SNA penetrating skin and localization of
the SNAs at the cellular level is paramount to inform the future development targeting these skin
diseases.

The third future direction is to evaluate the possibility of using drug-loaded PLGA-SNAs
as a combination therapy. As previous chapters demonstrated, one advantage of using PLGA-
SNA:s is their ability to tune the drug release profile independent of sSiRNA release. This provides

the opportunity to synergize the drug effect of encapsulated agents with siRNA knockdown.
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5.2 SNAs targeting fibrosis

Fibrosis has created significant social health burdens. In the U.S, there are over 200,000
new liver fibrosis (cirrhosis) and over 30,000 lung fibrosis cases!**él. Some of the fibrosis is fetal;
patients diagnosed with idiopathic pulmonary fibrosis, for example, only have a median survival
time of 3-5 years(®®l. It has become a leading death cause in the globe and a financial burden of $2
billion in the U.S alonel”]. Fibrosis disease is defined by inflammation of local tissue,
overactivation of myofibroblasts, and an imbalance between extracellular matrix (ECM) secretion
and breakdown!l®® 181, Abnormal scar can be considered a specific sub-type of fibrosis that secretes
excessive collagen on the skin. Therefore, abnormal scarring and fibrosis share overwhelmingly
similar genetic and molecular causes.

Central to fibrosis is upregulation of growth factors (PDGF, TGFp), cytokines (IL-13, IL-
12, TGFB1), and recognition of pathogen by pattern recognition receptors (Toll-like receptors)
(ref). The secretion of these cytokines and chemokines promotes the generation of myofibroblasts,
which in turn secret over-abundant ECM proteins and tissue inhibitor of metalloproteinase 1
(TIMP1). TGFp1 is considered as the “master regulator” of fibrosis that orchestrates most of
signaling pathways pertaining to fibrosis via canonical smad and non-smad pathways**el,

Liver fibrosis is the primary fibrotic phenotype that people are diagnosed with. Passively
targeting liver provides a unique opportunity for SNA constructs since systematically injected
SNAs primarily accumulate in the liver and spleen, with small portions in the lungf*’l.

To realize this potential, sSIRNA or antisense oligonucleotide sequences homologous to

human and mouse capable of knocking down TGFB1 will first be screened by gRT-PCR with
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transfection agents in human or mouse liver fibroblasts. The ability to find homologous sequences
would make this work more clinically relevant. Different modes of chemical modifications for
oligonucleotides, such as phosphorothioate (PS) backbone modification, locked nucleic acids
(LNA), and 2’-O-methyl gapmers should be incorporated in various combinations. These
modifications can potentially increase nuclease resistance and increase binding affinity of the
targeting sequence. The sequences that show the most potent downregulation will be chosen to
functionalize particles. Liposomal SNAs (LSNA) and PLGA-SNAs will be utilized as the primary
constructs for this purpose because they are the biocompatible and biodegradable constructs
among all SNAs with a track record of being taken into clinics. TGFB1 gene silencing and protein
downregulation induced by LSNA and PLGA-SNAs will be then evaluated in human and mouse
fibroblasts via qRT-PCR and Western Blot, respectively.

After establishing the LSNAs and PLGA-SNA constructs capable of silencing TGFB1 in
vitro, their efficacy will be evaluated in vivo in a CCL4-induced liver fibrosis mouse model™°l,
To evaluate the in vivo efficacy of SNA treatment, various SNA concentration will be administered
intravenously with eight repeated injections within a month. After a month, the mouse will be
sacrificed, and liver tissue will be harvested for analysis. Whole RNA and protein will be extracted
from tissues, and expression level of TGFB1 will be assessed via qRT-PCR and Western blot. To
investigate whether SNA treatment can improve fibrosis histology, liver tissue will be sectioned,
imbedded, and H&E stained followed by calculating the fibrosis score by a trained professional

doctor.
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Lastly, the survival of SNA-treated mice, SNA scrambled-treated mice, and non-treatment
group will be compared to evaluate whether SNA can improve life expectancy of fibrosis bearing

mice.
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5.3 Assessing spatial localization of SNAs in skin

The diverse population of cells residing inside skin provides a great opportunity for
transdermal drug delivery. For example, fibroblasts are the main cell type responsible for abnormal
scar formation by differentiating to myofibroblasts and increasing collagen deposition.
Keratinocytes, account for over 90% of cells in skin, are primarily responsible for secreting TNF-
a that leads to autoimmune disease such as psoriasis. In addition to these two skin cells, skin also
has a wide range of immune cells, opening up potential opportunities for topical vaccination?*-
122]

A challenge with developing transdermal drug delivery is to cross skin barrier. Epidermal
layer of skin consists of four layers, stratum corneum, stratum granulosum, stratum spinosum, and
stratum basale. These layers are highly lipophilic and inhibit exogenous substance from entering
the skin. Therefore, skin is traditionally deemed impermeable to macromolecule drugs with
molecular weight of more than a few hundred Dalton and is reserved for small molecule drugs®®®
811, Surprisingly, recent studies on spherical nucleic acids (SNAs) have shown that not only SNAs
were able to enter cells but can also penetrate intact mouse skin and human explants. The exact
mechanism for SNAs entering skin is not well understood. SNAs penetrating skin can also
suppress certain key genes implicated in diseases such as EGFRI"? and TGFB1 (described early).

One important question to ask is what skin cells take up SNAs and whether the distribution
of SNAs inside skin is sequence-dependent. Being able to answer these two questions provides
insight to inform future development of topical SNA treatment. Most previous studies utilize either

mouse skin or human skin explants as model systems; these models do not perfectly reflect
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characteristics of real human skin, such as thickness. In this study, real human skin will be used to
simulate realistic therapeutic scenario. Due to the abundance of fibroblasts and keratinocytes, SNA
distribution was first evaluated in these two cell types.

Real skin tissues are purchased from skin tissue banks and are sterilized in 10% (v/v)
Ethanol upon arrival. Round-disk shape skin samples was obtained by punching the skin samples
with 7 mm punch biopsy. To investigate what skin cells take up SNAs and whether SNA
distribution is sequence-dependent, AUSNAs bearing GGT or poly-T were prepared and then
mixed with a commercially available ointment (1:1 v/v), Aquaphor, to increase viscosity. 10 uL
SNA (500 uM by particles) mixture was topically applied to the real human skin which was kept
in a trans-well in DEME medium under 5% CO: for 72 hours. After the treatment, skin was
dissociated with tissue digestion Kit, which separates epidermis layers and dermis. This method
has been optimized to produce approximately 2.5 x 10* viable epidermal cells and 6.7 x 10° viable

dermal cells. The Cy5 signal was quantified using flow cytometry. The flow cytometry data

5 |Q5 Cy5 Positive Q5 CyS5 Posttive Qs CyS Positive
10" Jag8 0.078 10" 3992 056 10" 4957 327

3 e ERRT 5 s
AL
. i

40?4010 0 104029 0 3

- | T T M mak R e
10 10 10 10
SSC-A |

Cy5

Figure 5.1 Time-dependent uptake of SNAs into the dermis. (A) Non-treated skin. (B) Skin treated
with SNAs for 12 hours. (C) Skin treated with SNAs for 24 hours.



125

suggests that SNA penetration into dermis cells is time-dependent (Figure 4) over 24 hours, as
evidenced by an increased population of Cy5-positive cells from 0.56% at 12 hours to 3.27% at
24 hours.

Next, we studied how the stratum corneum affects SNA skin penetration. The intact or
stratum corneum-removed skin was treated with 500 nM Cyb-tagged poly-G SNAs. The amount
of Cyb-positive dermis cells in the stratum corneum-removed sample significantly exceeds the

stratum corneum-intact one at both 12 hours and 24 hours (Figure 5). These results indicate that



126

within a 24-hour treatment period, the stratum corneum is the main barrier to SNA entry into the
dermis.
We have demonstrated that a reliable method has been developed to separate epidermis

from dermis to form single skin cell suspension. In the next step, antibody-fluorophore conjugates

(=3 ICyS Posttive 5 |99 CyS Posttive
992 056 107 3967 327

SSC-A

E[] o7 E
1 3 @8 a7
10?4029 0 0¥ 40056 0
i T ™y W 4l
1 1 3 5 ™Y T T T T
C 10 10 10 10 D Io\ ‘U‘ ‘u3 ‘uﬂ
5 Jos CyS Positive 5 Jes CyS Positive
10" J983 091 10" 3738 258

SSC-A

cy5

Figure 5.2 SNAs penetration into dermis in native skin or skin without stratum corneum. (A) stratum
corneum intact skin treated for 12 hours. (B) stratum corneum intact skin treated for 24 hours. (C)
stratum corneum removed skin treated for 12 hours. (D) stratum corneum removed skin treated for 24

hours.

capable of staining fibroblasts and keratinocytes will be utilized to quantify SNA distribution in

these two cell types.
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5.4 Engineering a versatile PLGA-SNAs combination platform for combination therapy

One of the main challenges in treating cancer is to circumvent chemoresistance of cancer
cells to chemotherapy drugs. With combination therapy, it is possible to mitigate drug resistance
of cancer cells before dosing chemotherapy drugs. Specifically, when a chemotherapy drug was
co-delivered with antisense oligonucleotide against genes that desensitize cancer cells, enhanced
killing of cancer cells was observed[®. One challenge with this approach is the difficult with which
both therapeutic agents need to be co-delivered within one nanocarrier. The second challenge for
combination therapy is whether the temporal release of the two drugs can be tuned in a meaningful
manner. One classic example that demonstrates the necessity for differential release is Shiladitya’s
work where a PLGA nanocell was synthesized, loaded with an anti-angiogenesis agent in the outer
lipid shell and a chemotherapy drug in the PLGA NP core. The nanocell was able to generate a
differential release profile between those two drugs, showing substantially improved tumor
reductiont??l. To overcome the “undruggable” challenge of small molecule drugs, nucleic acid
therapy can be utilized to regulate undruggable targets with superior efficiency and specificity. To
obtain a spatiotemporal control over the release of two drugs and broaden the scope of disease
targets, PLGA-SNAs will be a promising structure that can efficiently deliver nucleic acids to
regulate disease associated genes followed by the controlled release of chemotherapy drugs from
the PLGA NP core. The SNA construct also provides advantages for compartmentalizing these
two therapeutic cargos so that the loading of these two drugs can be independently optimized. As

demonstrated in previous chapters, PLGA-SNAs were capable of releasing loaded cargos in a
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tunable manner, while the rate of release of oligonucleotide shell remains relatively constant for
different PLGA formulations.

Glioblastoma (GBM) is one of the most aggressive forms of cancer with a median survival
time of less than 15 months with current standard treatment by temozolomide (TMZ) in addition
to radiotherapy (RT)[*?4. One of the main factors that significantly reduces the efficacy of TMZ
and RT treatment is chemoresistance of GBM cancer cells, primarily developed by a drug resistant
gene called O®-methylguanine—-DNA methyltransferase (MGMT)[%I, Suppression of MGMT has
been shown to correlate with a longer life span of GBM patients!*?*l. The illustration of the role of
MGMT has promoted an interest in developing combination therapy for GBM, where inhibitors
of MGMT and TMZ are administrated simultaneously. However, current combination therapies
suffer from two drawbacks: first, combination therapies dosing different drugs sequentially in
different vehicles makes it difficult to deliver the active components to the same location with
favorable kinetics to maximize synergistic effect*?61. Second, certain targets cannot be neutralized
by small molecule drugs due to lack of binding sites® To test the hypothesis that PLGA-SNAs
can deliver more potent therapeutic outcome via compartmentalization of these agents, GBM will
be utilized as the disease model. To engineer a combination therapy platform for GBM, the dual
functional PLGA-SNA is designed as follows: small interference RNA (siRNA) duplexes that can
knockdown MGMT will be conjugated to the surface of PLGA NPs while TMZ will be
encapsulated inside the PLGA NP core. Administered PLGA-SNAs will sensitize GBM tumor
cells by knocking down MGMT followed by eradicating tumors cells through a controlled release

of TMZ. To engineer such dual functional PLGA-SNAs, | plan to encapsulate TMZ in PLGA NP
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core and synthesize TMZ encapsulated PLGA-SNAs using the developed method from stage one.
TMZ loading will be quantified by measuring the absorbance of TMZ at 328 nm with a UV-vis
spectrometer. To obtain the differential drug release profile, TMZ encapsulated PLGA-SNAs will
be synthesized with an equal molar ratio of BHQ 2-Cy 3 DNA as described in stage two of the
proposal. The releasing profile of TMZ will be quantified over a course of 72 hours by measuring
the absorbance of TMZ at 328 nm. As work from the Mirkin and Stegh group have shown, MGMT-
targeting SNAs suppress MGMT most effectively within a window from 24 hours to 48 hours after
administration (unpublished work). Therefore, it is essential to ensure a maximum TMZ release
within 24-48 hours following administration. Exploiting the tunable release properties resulting
from structural diversity of PLGA, | will engineer PLGA-SNAs with a maximum TMZ release
within 24-48 hours from the polymer matrix by systematically changing the PLGA polymer
structural characteristics such as the molecular weight, terminal end, and the molar ratio of PLA
to PGA. After establishing a formulation for the release controlled PLGA-SNAs, | will test the
efficacy of the particles in terms of MGMT knock down and cytotoxicity in vitro. MGMT
knockdown and cytotoxicity will be evaluated by RT-qPCR and Prestoblue assay. After
confirming the efficacy of PLGA-SNAs in vitro, future work will be focused on systematically
administrating these PLGA-SNAs with Professor. Stegh’s laboratory to use this combination
therapy platform for treating GBM in vivo. This temporally controlled combination therapy
platform can potentially be extended to other applications that benefit from the combination of

gene regulation and chemotherapy.
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SUPPORTING INFORMATION FOR CHAPTER 2: ATTUNATING ABNORMAL SCARS

WITH LIPOSOMAL SNAS AND AUSNAS
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Appendix 1: Screening of antisense sequences targeting TGF1
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Appendix 2: Cellular uptake of LSNAs into KF and HSF cells. (A) Uptake into Rab9 (B) Uptake into

KF (C) Uptake into HSF.
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Scrambled LSNA vs Targeting LSNA
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Appendix 3. Proliferation of Rab9 cells treated with TGFB1 LSNA as compared to scrambled LSNA.
Results were expressed as mean + standard deviation of triplicates

TGFB1 AuSNA

TGFB1 RNAiMax
Scr LSNA
TGFB1 LSNA

Untreated
Scr RNAiMax
Scr AuSNA

Appendix 4. AuSNAs and LSNAs targeting TGFB1 in mouse fibroblasts (NIH 3T3).



ddCt (mean, n=6) Normalized
expression
Rab9 13.36 1
Human HSF 5.15 29.6
Human KF110 4.82 37.2
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Appendix 5. Comparison of mMRNA expression levels in Rab9, HSF, and KF110 fibroblasts by gPCR

Name Sequence M.W |Extinction
TGEP1 SH-DNA 5-GCC AGC AGC CGG TTG CTG AG - (Sp18), - SH 7091.9| 186100
TTGFp1 SH-DNA Cy3 5-GCC AGC (Cy3) AGC CGG TTG CTG AG - (Sp18), - SH | 7598.5| 191000
TGEB1 Tocopherol-DNA |  5'-(Tocopherol)-(Sp18),- GCC AGC AGC CGG TTG CTGAG | 7546.5| 186100
TGFpI T‘gg‘:’“ OLCY3 |5 (Tocopherol)-(Spl8),- GCC AGC AGC CGG TT (Cy3) G CTG AG|8053.1| 191000
TGFp1 Scrambled SH-DNA 5 -GTT TCA CCA CCC AAT TC - (Spl8), - SH 59982 153300
TGFB1 Scrambled ,
Toocpherol- DNA 5'-(Tocopherol)-(Sp18),- GTT TCA CCA CCC AAT TC 6452.8| 153300
TGEf1 SH-LNA 5_GCC +AGC AGC CGG TTG C+TG +AG - (Sp18),- SH 7182 | 186100
TGFBI1 Tocopherol-LNA | 5'-(Tocopherol)-(Sp18),-GCC +AGC AGC CGG TTG C+TG +AG | 7636 | 186100
TGEB1 Scrambled SH-LNA 5" .GT+T TCA CCA CCC A+AT +TC - (Spl8), - SH 6088 | 153300
TGFp1 Scrambled ,
Tooopherol LNA 5'-(Tocopherol)-(Sp18),- GT+T TCA CCA CCC A+AT +TC | 6542.8| 153300

Appendix 6. Oligonucleotide sequences used in this study. Plus sign indicates incorporation of locked

nucleic acid.
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SUPPORTING INFORMATION FOR CHAPTER 3: PLGA SPHERICAL NUCLEIC ACIDS

25 5

Initial polymer concentration (mg/ml)

Appendix 7. Size distribution of PLGA-PEG-N3 nanoparticles as a function of polymer
concentration.

A Linear PLGA- (B)
DNA SNA

Appendix 8 (A) Linear DNA and PLGA-SNA resolved by 1% agarose gel electrophoresis (B) TEM
image of PLGA-N,-PEG NPs.
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Appendix 9: Toxicity of PLGA-SNAs in Raw Blue-Macrophages
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DBBC- Lipid-tail
PLGA-SNAs | ICP-SNAs SNAS ProSNAs LSNAS
Core-materials PLGA Fe (111) PCL p- DOPC
galactosidase lipid
Biocompatibilit Blodeg/radable Biocompati | Biocompati | Biocompatibl | Biocompati
y biocompatible ble ble ¢ ble
Ease o_f Easy Challengin Challenging | Intermediate Intermediat
preparation g e
Size (nm) 50 10-20 30-50 Non- 50
spherical
Strands/particle 200 113 302 25 150
Surface density 5.2 326 22.2 Variable 3.2
(pmole/cm”2)
Encapsulation Encapsulati
Function of of Ter?g)rlate Terpg)rlate Enzyme on of
core hydrophobic . . S delivery hydrophilic
conjugation | conjugation
agents agents
Dti?gnsgl:?itsd TLR9 Knockdow | Knockdown Enzyme TLR 9
applicpations activation n Her 2 EGFP delivery activation
Co-delivery .
of nucleic High High Dellve_zry of
. . functional Enhanced
Key advantage acids with surface surface enzvme and stabilit
hydrophobic density density yme ar y
drugs nucleic acids

Appendix 10 Comparisons between different SNA constructs that utilize click chemistry for surface

functionalization
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SUPPORTING INFORMATION FOR CHAPTER 4: ENHANCING GENE REGULATION
WITH PLGA-SNAS

Size (nm)

Appendix 11. Size of Endoporter-loaded PLGA nanoparticles as a function of Endoporter initial
feedback amount and salt concentration
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Appendix 12. Size of Endoporter-loaded (5% w/w) PLGA-SNAs as a function of salt

concentration. (A) Size increase as a function of salt concentration (B) Aggregation of Endoporter-
loaded PLGA-SNAs in high ionic strength solution.
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Appendix 13. Surface charge of Endoporter-loaded PLGA at various Endoporter feed concentrations
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Appendix 14. FRET signal of PLGA-SNAs labelled with rhodamine as a control.
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Endo-SNA Endo-SNA Endo-SNA
siRNA IDH1 Endo-SNA  targeting targeting targeting
Untreated control siRNA siRNA control (1 uM) (2 pM) (4 uM)

ﬁ,“ “V ﬁw iy Sy Sw— HSP 70
1 0.95 050 127 121 078 0.39 0.29

Appendix 15. Does-dependent knockdown of IDH1 by Endoporter-loaded PLGA-SNAs.
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Appendix 16 Toxicity of free Endoporter and Endoporter-loaded PLGA-SNAs at various
concentrations.



