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ABSTRACT

Nucleic acid delivery has garnered significant attention as an innovative
therapeutic approach for treating a wide variety of diseases. However, the design of
non-viral delivery systems that negotiate efficient intracellular trafficking and nuclear
entry represents a significant challenge. Overcoming these hurdles requires a
combination of well-controlled materials approaches with techniques to understand
and direct cellular delivery. Recent investigations have highlighted the roles histone
tail sequences play in directing nuclear delivery and retention, as well as activating
DNA transcription. We established the ability to recapitulate these natural histone tail
activities within non-viral gene nanocarriers, driving gene transfer/expression by
enabling effective navigation to the nucleus via retrograde vesicular trafficking. A
unique finding of this histone-targeted approach was that nanocarriers gained
enhanced access to the nucleus during mitosis.

The work described in this dissertation builds off of these fundamental insights
to facilitate the translation of this histone-targeted delivery approach toward
regenerative medicine applications. During native tissue repair, actively proliferating
mesenchymal stem cells (MSCs) respond to a complex series of growth factor signals
that direct their differentiation. Accordingly, the investigations in this work focused
on utilizing the histone-targeted nanocarriers to enhance osteogenic growth factor
gene transfer in dividing MSCs leading to augmented MSC chondrogenic
differentiation, an essential first step in skeletal tissue repair. Concurrently, additional

studies focused on optimizing the histone-targeted nanocarrier design strategy to
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enable improved plasmid DNA (pDNA) binding stability and tunable harnessing of
native cellular processing pathways for enhanced gene transfer.

Overall, the work presented herein demonstrated substantial increases in
growth factor expression following histone-targeted gene transfer. This enhanced
expression enabled more robust levels of chondrogenesis in MSCs than treatments
with equivalent amounts of recombinant growth factor protein. Additionally,
nanocarrier design optimization provided effective pDNA condensation and
controllable interactions with native histone effectors. Importantly, these optimized
nanocarriers conferred stable nanoplex formation and maintained transfection
efficiency under physiologically relevant conditions. Taken together, these advances
may help drive the clinical translation of histone-targeted nucleic acid delivery

strategies for the regeneration of damaged tissue following traumatic injury.
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Chapter 1

INTRODUCTION AND MOTIVATIONS

1.1 Therapeutic Potential of Nucleic Acid Delivery

Nucleic acid delivery, or gene therapy, represents a powerful therapeutic
approach for treating a multitude of inherited and acquired diseases, including
neurological, cardiovascular, and many types of cancer.l'2 The process works through
the introduction of nucleic acids, either deoxyribonucleic acid (DNA) or ribonucleic
acid (RNA), to cells in order to elicit a therapeutic effect.® The ability to successfully
deliver nucleic acids allows scientists to treat a disease at the genetic level, gaining
control over transcript and protein expression. Possessing the ability to regulate gene
and protein expression has also enabled scientists to study gene function, identify gene
products, and manipulate cellular responses, thus furthering our fundamental
understanding of cell/tissue biology and disease progression.*

The number of product approvals in recent years® has firmly established the
therapeutic potential of nucleic acid delivery, particularly in the field of regenerative
medicine.® In the recent decades, thousands of gene therapy clinical trials have been
initiated, with several progressing to the final stages of clinical development.” In
2012, Glybera became the first gene therapy approved in Europe to treat lipoprotein
lipase deficiency.® More recently, in August 2017 Kymriah became the first FDA-
approved gene therapy in the United States, targeting acute lymphoblastic leukemia.®
With the additional advent of CRISPR/Cas9 and other innovative gene editing tools,

gene therapy now stands poised to revolutionize disease treatment worldwide.



1.2 Delivery Vehicles

The effectiveness of gene therapy in human health applications relies heavily
on the type of carrier used to deliver the nucleic acid payload. Naked DNA or RNA is
highly susceptible to degradation when administered to the body.*® In addition, the
large size and negative charge of DNA and RNA significantly lowers their capacity
for cellular uptake.!! To overcome these hurdles, scientists have taken inspiration
from nature, using modified viruses as delivery vehicles. Viral vectors encompass the
vast majority of nucleic acid delivery vehicles being tested in the clinic today, given
their innate ability to enter cells and facilitate gene transfer.” 2 However, the use of
viral vectors engenders fundamental safety concerns regarding mutagenesis and
immunogenesis.*® In addition, viral vectors suffer from low loading capacities and are
not readily amenable to industrial scale-up.'*

To overcome these hurdles, researchers have begun developing non-viral based
delivery approaches to deliver nucleic acids both safely and effectively.* These types
of nucleic acid delivery vehicles can be broadly classified into four categories:
peptides, polymers, lipids, and inorganic nanoparticles. Of these nanocarriers, both
peptides and polymers have emerged in recent years as promising alternatives to viral

vectors.®

1.2.1 Peptide- and Polymer-based Nanocarriers

Both peptide and polymeric materials possess properties that make them ideal
candidates for non-viral gene therapy. Most notably, they possess scalable syntheses,
excellent structural tailorability, and the ability to directly mimic cell-regulatory
structures found in nature.™® Typically, these materials contain cationic groups which

function to electrostatically bind and condense the negatively charged nucleic acid,



self-assembling into a nanoscale complex (or polyplex). These polyplexes can protect
the nucleic acid from degradation, and they help stimulate robust cellular uptake.
These features have provided improved biocompatibility and bioavailability, as
demonstrated by early phase clinical successes with RNA nanocarriers.!® 1’ Despite
these promising results, both peptide- and polymer-based nanocarriers typically fall
short of their viral counterparts in terms of delivery efficiency, and these issues must

be overcome before these types of therapies become commercially available.®

1.3 Physiological Barriers to Intracellular Non-Viral Nucleic Acid Delivery
Non-viral nucleic acid nanocarriers typically enter cells via one of several
endocytic uptake pathways.'®?? These nanocarriers must navigate the intracellular
milieu to orchestrate delivery to the intended therapeutic site of action within the cell
(cytoplasm for RNA, nucleus for DNA). Directing these nanocarriers to their intended
destination continues to be a major barrier to non-viral delivery efficacy,?® as
intracellular nanocarrier trafficking is not well understood. Additionally, nanocarriers
encapsulating DNA have the added challenge of accessing the nucleus of cells, and
nuclear delivery remains a preeminent challenge preventing clinical translation of

many gene therapy applications.®®
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Figure 1.1: Intracellular trafficking of nucleic acid delivery nanocarriers following
endocytosis. Figure reproduced with permission from EV Munsell, NL
Ross, and MO Sullivan, Journey to the center of the cell: current
nanocarrier design strategies targeting biopharmaceuticals to the
cytoplasm and nucleus, Curr Pharm Des, 22 (2016) 1227-44.1°
Copyright 2016, Rights managed by Bentham Science Publishers.

1.3.1 Intracellular Trafficking and Endosome Escape

Following endocytic uptake, nanocarriers are internalized into vesicles known
as endosomes via invagination of the plasma membrane (Figure 1.1). Endosomes are
responsible for transporting cargoes to various destinations within the cell, and as part
of this process, ultimately fuse with other compartments such as lysosomes, where
their components are subsequently degraded by digestive enzymes.?* Several studies

have observed that the majority of internalized nanocarriers become entrapped within



endosomes,? 26 and many are believed to traffic to lysosomes. The result of these
processes is that most nanocarriers along with their nucleic acids are degraded or
recycled back to the plasma membrane before reaching their therapeutic target, which
significantly impacts therapeutic efficacy.’® Therefore, it is essential that non-viral
gene nanocarriers be designed to avoid lysosomal degradation while effectively
targeting the intended therapeutic destination.

To overcome lysosomal degradation and/or recycling, numerous groups have
focused on designing nanocarriers with the capacity to induce endosome escape®
following uptake (Figure 1.1). Design parameters often take inspiration from nature,
such as viruses, bacteria, and other microorganisms, which have evolved efficient
strategies to escape the endosome. Others have exploited the high buffering capacity
of cationic nanocarriers to buffer endosome acidification by taking up protons.?” This
hypothesized process for endosome escape is known as the “proton sponge effect.”
The pumping of protons into the endosome is thought to be accompanied by an influx
of chloride ions and water, causing osmotic swelling and eventual bursting of the
endosome to release the entrapped nanocarrier into the cytosol.?8

Although both native and artificial approaches to endosome escape have
enhanced the delivery and effectiveness of nanocarriers containing RNA-based
therapeutics,’® nanocarriers delivering DNA have the added challenge of accessing the
nuclear compartment. Due to the complexity of the intracellular space, nanocarriers
cannot effectively diffuse in the cytoplasm,? 3 Thus, endosome escape is not always
correlated with enhancements in nuclear delivery,®! 32 and DNA-encapsulating non-
viral nanocarriers often require active transport mechanisms to reach their intracellular

target and achieve therapeutic efficacy.®



1.3.1.1 Cytoskeletal-Mediated Transport to the Therapeutic Site of Action

Cells have extensive microtubule (MT) networks that function to actively
transport cellular components toward particular destinations in the cell, including the
nucleus.®* MTs are hollow cylinders which regulate the intracellular transport of
vesicles, organelles, and chromosomes. They have also been implicated in the
localization and nuclear import of proteins. The orientation of the MT network
facilitates transport to the nucleus along MTs whose “minus” ends are located near the
nucleus and “plus” ends located in the cell periphery. Another cytoskeletal component
that can mediate transport of endocytic vesicles is actin. Actin is involved in many
cellular functions such as maintenance of cell structure, cell motility, cytokinesis and
movement of cargo,®® These highly dynamic cellular components have different sizes
and shapes and contribute to various aspects of cellular function.

Design strategies for DNA-encapsulating nanocarriers to harness these
retrograde trafficking pathways following endocytic uptake take inspiration from
mechanisms employed by pathogens as well as native proteins that are active in the
nucleus.®* Viruses have evolved diverse strategies to hijack the natural intracellular
transportation network to ensure successful infection. Viruses rely on MTs* as well
as actin filaments* to actively navigate the intracellular space and localize to the
nuclear periphery.***® Both viruses and native proteins often gain access to the
nuclear compartment through the incorporation of nuclear localization sequences
(NLSs). Inclusion of an NLS continues to be the most commonly studied approach for
directing the transport and delivery of DNA-encapsulating nanocarriers to the

nucleus® (Figure 1.1), avoiding premature endosome escape.
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Figure 1.2: Nuclear entry of nanocarriers and their therapeutic cargos following
intracellular trafficking. Figure reproduced with permission from EV
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1.3.2 Nuclear Delivery

Despite the advances in engineered nanocarrier design to harness native

cellular transport pathways, the ability to efficiently access the nuclear compartment

represents one of the most significant cellular transport barriers precluding efficacy of

gene medicines.** The nucleus is separated from the cytoplasm by the nuclear

envelope, which consists of two chemically distinct membranes (inner and outer),

separated by a perinuclear cisterna. Transport of molecules between the cytoplasm

and nucleus occurs through the nuclear pore complex (NPC), which are multi-protein

membrane transport structures that are widely distributed throughout the nuclear



envelope.”® Unless mitosis is occurring, molecules must pass through these channels
in order to access the nucleus. Small molecules up to 9 nm can freely diffuse through
the NPC, whereas molecules up to 39 nm can only enter through active transport.*®
Active transport is governed by a signal-mediated process*’ involving an NLS.*®
NLS-mediated import involves recognition by an NLS chaperone (a heterodimeric
complex consisting of the NLS-binding protein importin-a and the NPC-docking
protein importin-B),*® and the subsequent docking of the bound complex at the NPC.
This is followed by translocation through the NPC and into the nucleus.

Strategies aimed at enhancing nanocarrier nuclear delivery (Figure 1.2) again
take inspiration from viruses and native cellular proteins. Prior to nuclear entry, both
native proteins and most types of viruses are known to use the Sec61 translocon to
retrotranslocate from the luminal side of endomembrane vesicles to the cytoplasmic
face.5% %! Sec61 also functions in the endoplasmic reticulum (ER) to retrotranslocate
misfolded proteins marked for degradation, and is harnessed by toxins during the
intoxication process.>? From here viruses/proteins can take advantage of NLS-
mediated import and pass directly through the NPC (for small proteins and viruses),*
or in the case of large viruses (e.g. herpes virus), dock at the NPC and release their
viral DNA into the nucleus.>* > Unfortunately, the size of non-viral nucleic acid
delivery vehicles exceeds the limits for NPC-based nuclear delivery. Therefore, many

investigations have focused on using mitosis as a means to enhance nuclear delivery.

1.3.2.1 Nuclear Access During Mitosis
During mitosis the nucleus disassembles and the NPCs dissociate. Nuclear
envelope proteins then diffuse throughout the ER membrane, as they are no longer

tethered to the pore complexes, nuclear membrane, or chromatin.®® In combination,



these events result in the breakdown of the membrane that separates the nucleus and
cytoplasm, and nuclear proteins that were not bound to membranes are free to mix
with the cytosol of the dividing cell.3* At the end of mitosis, the nuclear envelope
reassembles on the surface of chromatin, while NPCs begin to reassemble and actively
re-import proteins that contain NLSs. Some studies have also shown that the ER
membrane forms the source of the newly forming nuclear membrane,* which wraps
around chromosomes until the nuclear envelope is reformed.

A handful of large viruses take advantage of this nuclear envelope disassembly
during mitosis to gain access to the nucleus. Viruses like the retrovirus murine
leukemia virus®® and papillomavirus®’ presumably wait for the dispersion of the
nuclear membrane that occurs during mitosis, and become included within the nucleus
during nuclear membrane reformation in the daughter cells. Multiple reports also
indicate that mitosis plays a significant role in enhance the delivery of plasmid DNA
(pDNA) as well as the nuclear delivery of DNA-encapsulating nanocarriers, with 30-
to more than 500-fold higher transfection efficiencies reported when cells are exposed
to delivery vehicles during S or G2 phase as compared with G1 phase.>®% These
results suggest that nanocarrier access to the nucleus is likely facilitated by the
temporary breakdown of the nuclear membrane. Unfortunately, efficient design

strategies to exploit this effect remain significantly limited.

1.4 Improving Nanocarrier Trafficking and Nuclear Delivery with Histones
Targeting nucleic acid nanocarriers to the nucleus and achieving effective

nuclear delivery continues to be a significant challenge. Improvements in therapeutic

efficacy require increased understanding of how nanocarriers interact with cellular

machinery, and how controlled materials design approaches can be used to harness



those interactions for enhanced transport and nuclear delivery. However, recent
investigations have illuminated exciting progress in key areas. For example, nature’s
mechanisms for binding and retaining chromosomal DNA in the nucleus, as well as
the mechanisms it uses to activate transcription have stimulated interest in histone
proteins.®1%* Histones are the major structural components of chromatin, and function
to bind and condense DNA into a first-order packaging structure known as a
nucleosome (Figure 1.3A). Each nucleosome is comprised of 146 base pairs of DNA
wrapped around the surface of a histone octamer. The octamer is composed of
homodimers of four core histone proteins, H2A, H2B, H3, and H4. The DNA wraps
around the cationic core of the octamer, while the unstructured N-terminal tail
sequences of the eight histone proteins extend outward (Figure 1.3B). These tail
sequences act as a target for numerous cellular enzymes which post-translationally

modify specific amino acids to alter histone activity.®
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Figure 1.3: Schematic of (A) chromatin packaging in the nucleus of a eukaryotic cell
and (B) nucleosome architecture. Figures adapted with permission from
KM Wagstaff and DA Jans, Nucleocytoplasmic transport of DNA:
enhancing non-viral gene transfer, Biochem J 406 (2007) 185-202° and
BM Turner, Cellular memory and the histone code, Cell 111(3) (2002)
285-91.%7 (A) Copyright 2007, Rights managed by Biochemical Society
(B) Copyright 2002, Rights managed by Cell Press.

Within the nucleus, the N-terminal tail sequence of the histone H3 protein has
been shown to play an important role in activating chromosomal DNA for
transcription through its interactions with histone acetyltransferase complexes.% 871
Recent studies have also implicated the H3 tail as an essential feature for nuclear
import. Following translation, the H3 protein is transported from the cytoplasm to the
nucleus via a receptor-mediated and energy-dependent process. The clustered basic
amino acids present in the H3 tail serve as a potent NLS, capable of interacting
directly with importin proteins™ ™ to translocate the H3 protein through the NPC.
During mitosis, the H3 tail NLS is essential to ensuring nuclear localization of the H3
protein during nuclear envelope reformation in the daughter cells.” Finally, recent
studies have identified the existence of vesicular trafficking machinery that is capable

of interacting with and binding the H3 tail during active retrograde transport.”®
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The unique properties of the H3 tail: its function as an NLS; its association
with nuclear import proteins during mitosis; and its interactions with transcriptional
activation machinery, make it an ideal candidate for addressing the challenges in
nanocarrier intracellular transport and nuclear access described above. In addition, the
H3 tail may provide unique fundamental insight into how nucleic acid nanocarriers

interact with the native cellular environment en route to the nucleus.
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Figure 1.4: H3-targeted nanocarriers, formed via electrostatic interactions with
pDNA and further condensation with PEI, yield significantly higher
transfection efficiencies and cellular viabilities when compared to
untargeted nanocarriers. Figures adapted with permission from MJ
Reilly, JD Larsen, and MO Sullivan, Histone H3 tail peptides and
poly(ethylenimine) have synergistic effects for gene delivery Mol Pharm,
9 (2012) 1031-40.”® Copyright 2012, Rights managed by the American
Chemical Society.

1.5 Novel H3-Targeted Nanocarriers for Improved Intracellular Transport and
Nuclear Delivery

To address the inefficiencies of DNA-encapsulating nanocarriers, our group

examined the effects that incorporating the N-terminal H3 tail sequence would have
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on the interaction between non-viral nanocarriers with biological systems. It was
hypothesized that inclusion of the H3 tail NLS would function to direct intracellular
transport along vesicular retrograde trafficking pathways, avoiding endosome escape,
and harnessing native nuclear import/localization machinery to achieve nuclear
delivery/retention during mitosis. Formulation and characterization of these H3-
targeted nanocarriers were conducted by Dr. John D. Larsen® and Dr. Meghan J.
Reilly.”® As shown in Figure 1.4, the H3 tail sequence was incorporated into non-viral
nanocarriers via electrostatic complexation with pDNA. The initial polyplex was
further condensed using the cationic polymer polyethylenimine (PEI) to form the final
H3-targeted nanocarrier. Notably, when used to deliver pDNA encoding for the green
fluorescent protein (GFP), H3-targeted nanocarriers achieved significantly higher
transfection efficiencies than untargeted nanocarriers (containing PEI only) formulated
at the same overall charge ratio. In addition, the cytotoxicity of the PEI polymer was
significantly reduced upon inclusion of the H3 NLS. These promising results
prompted investigations into the cellular trafficking and nuclear import characteristics
of the H3-targeted nanocarriers. The increased gene transfer efficacy of the H3-
targeted nanocarriers was likely due to an increased utilization of native intracellular
transport pathways as well as H3 NLS-mediated nuclear portioning during mitosis.
Detailed evaluation of nanocarrier trafficking and nuclear import was conducted by
Dr. Nikki L. Ross (in collaboration with Erik V. Munsell for the endocytic trafficking
and colocalization studies), and the resulting data was published in previous articles by
the group.”® & The subsequent sections provide an overview of the critical findings
from these investigations, including: 1) H3-targeted nanocarriers avoid endosome

escape and harness vesicular retrograde trafficking pathways to the perinuclear space;
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2) these altered trafficking routes are in part regulated by histone effectors; and 3) H3-
targeted nanocarriers associate with nuclear import proteins during mitosis to achieve

enhanced nuclear delivery following post-mitotic reformation of the nuclear envelope.

1.5.1 H3-Targeted Nanocarriers Harness Vesicular Retrograde Trafficking
Pathways en Route to the Nucleus

The text and figures in section 1.5.1 are adapted and reprinted from Ross, N.L.;
Munsell, E.V.; Sabanayagam, C.; and Sullivan, M.O., Histone-targeted polyplexes
avoid endosomal escape and enter the nucleus during postmitotic redistribution of ER
membranes. Mol. Ther. Nucleic Acids. 2015, 4, e226.”° Copyright 2015, Permitted for
non-commercial reprint under the Creative Commons Attribution reserved by The
American Society of Gene and Cell Therapy and Elsevier’s open access policy.

This section details key findings observed in the trafficking behavior and pre-
and postmitotic distributions of H3-targeted nanocarriers. Specific transfer pathways
associated with retrograde transport versus endosome escape were dissected using
pulse-chase transfections and detailed imaging approaches to analyze the rate,
sequence, and extent of nanocarrier colocalization with GFP-fused Rab GTPases, key

regulators of cellular transport.8!

1.5.1.1 H3-Targeted Nanocarriers Traffic Through Rab GTPase-linked
Vesicular Pathways

Chinese Hamster Ovary (CHO) K1 cells were pretransfected with constructs
encoding Rab-GFP fusion proteins to enable live visualization of nanocarrier
colocalization dynamics.2 To determine the extent and Kinetics of H3-targeted
nanocarrier trafficking through endolysosomal pathways, traditionally associated with

proton sponge theories, versus retrograde pathways that traffic to the Golgi and/or ER,
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a pulse-chase transfection approach was used to expose cells to AlexaFluor555-
labeled H3 nanocarriers and quantified nanocarrier colocalization with various Rab-
GFPs as a function of time by using the Manders’ correlation coefficient (M) (Figure
1.5). Overall, Rab staining was punctate, with organelle-specific distributions
consistent with literature (Figure 1.5a-e). The nanocarriers colocalized significantly
with multiple Rab-linked endomembrane compartments, indicating active transport via
various pathways including endolysosomal, recycling, and retrograde trafficking

routes (Figure 1.5f).
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Figure 1.5: Colocalization of fluorescently labeled pDNA nanocarriers (red) with
Rab-GFPs (green) in CHO cells. (a—€) Representative confocal
microscopy z-slice images of cells with nuclei stained with DAPI (blue)
following a pulse transfection with the H3-targeted nanocarriers. The
scale bar (shown in a) = 10 um. Cell images after (a, b) 1 hour or (c—¢) 2
hours. (a) Rab5; (b) Rab7; (c) Rab9; (d) Rab11; and (e) Rab6. (f)
Quantification of colocalization between nanocarriers and Rab-GFPs at
different times post-transfection. Each data point represents the mean +
SE for a minimum of 100 nanocarriers from ~10 images.

Rab5 mediates endocytosis and early endosome fusion and is considered to be
the first Rab GTPase encountered during both clathrin-mediated and caveolar

endocytosis.®® An initial increase in colocalization of H3-targeted nanocarriers with
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Rab5 and a subsequent decrease at 1-hour posttransfection was observed. This brief
transient occupancy indicated that nanocarriers were rapidly transferred from Rab5-
labeled compartments to other endocytic vesicles. The high overall levels of
colocalization with Rab5 demonstrated that a significant fraction of nanocarriers was
endocytosed by clathrin-linked or caveolar vesicles, consistent with previous studies.?*

Rab5 cargo can transition to Rab7-late endosomal compartments, Rab9-trans
Golgi network (TGN) vesicles, and Rab11-recycling vesicles. Rab7 is essential for the
maturation of late endosomes and fusion with the lysosomes;® therefore, this protein
was utilized as a type of lysosomal marker. Meanwhile, Rab9 mediates transport
between late endosomes and the TGN and also functions as the general organizer of
late endosome subdomains.® Nanocarrier colocalization with Rab7 was slower than
that observed for Rab5, consistent with literature documenting nanostructure transfer
kinetics between Rab5- and Rab7-labeled structures. Because Rab7 vesicles transfer
some cargo to recycling vesicles instead of lysosomes,®” nanocarrier colocalization
with Rab11 was also examined, which is associated with endocytic recycling
downstream of clathrin-mediated endocytosis.2 A portion of the H3-targeted
nanocarriers colocalized with Rab11 with a slightly later colocalization maximum than
Rab7, suggesting that some nanocarriers were indeed transported back to the plasma
membrane via late endosomes. Meanwhile, the onset of nanocarrier colocalization
with Rab9 also was delayed as compared with Rab5. The levels of colocalization with
Rab9 remained steady until ~2 hours post-transfection, at which point the levels
sharply decreased. The increase in colocalization with this marker, coincident with a
decline in colocalization with Rab5, suggested that some nanocarriers were

sequentially trafficked from early endosomes to TGN-sorting compartments.
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To determine the mechanism of retrograde trafficking, nanocarrier
colocalization with Rab6 was examined, which regulates native transport pathways
from the Golgi to the ER®® and is co-opted by pathogens including Shiga toxin B
(STB) and herpes simplex virus 1.%° Colocalization between nanocarriers and Rab6
peaked at 2 hours and then plateaued, suggesting accumulation within Golgi/ER

vesicles.

1.5.1.2 H3-Targeting Enhances Nanocarrier Transport Through Rab5- and
Rab6-linked Caveolar Pathways

Previous work in the group demonstrated that enhanced caveolar uptake was a
key effect of adding H3-targeting peptides to PEI nanocarriers, and that those
nanocarriers that were internalized within caveolae ultimately reached the nucleus and
were responsible for transfection.2* Accordingly, the extent to which H3-mediated
changes in the initial endocytic event determined subsequent nanocarrier trafficking
was investigated. Rab-GFP-expressing cells were transfected with H3-targeted or
untargeted PEI nanocarriers in the presence of established endocytic inhibitors,
including chlorpromazine to disrupt clathrin-coated pit formation, filipin complex I11
to disrupt caveolar structure/function, or genistein to disrupt the phosphorylation of

caveolin.
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Figure 1.6: The effect of endocytic inhibitors on H3-targeted nanocarrier

colocalization. (a) Rab5; (b) Rab7; (c) Rabl1; and (d) Rab6. Each sample
control (—) represents colocalization values from samples in which no
inhibitors were added. Each data point represents the mean + SE in My
values obtained by analyzing a minimum of 100 nanocarriers from ~10
images. * Indicates a statistically significant difference relative to the
respective nanocarrier control (p < 0.05).

Both clathrin and caveolar vesicles are known to traffic native proteins as well

as various synthetic nanostructures through early endosomes. As shown in Figure

1.6a, clathrin inhibition minimally impacted H3-targeted nanocarrier colocalization

with Rab5, whereas caveolar inhibition reduced trafficking to early endosomes during

the first hour post-transfection when nanocarrier transit through early endosomes was

maximal (Figure 1.5f). These data suggested that a large fraction of H3-targeted
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nanocarriers trafficked through pathways exhibiting multiple similarities to those of
STB, SV40 virus, and cholera toxin,* % which use caveolae/lipid rafts to travel from
early endosomes directly into the Golgi and ER.%* In contrast, clathrin cargo transfer
from early endosomes to late endosomes, and ultimately, to lysosomes, the TGN, or
recycling vesicles.®® Hence, the effect of endocytic inhibition on nanocarrier
localization within these downstream structures was examined. A slight decrease in
H3-targeted nanocarrier colocalization with the late endosome marker Rab7 in the
presence of chlorpromazine (Figure 1.6b) was observed, indicating that a fraction of
H3-targeted nanocarriers were trafficking via typical clathrin-linked endolysosomal

processing routes.®®
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Figure 1.7: The effect of endocytic inhibitors on untargeted PEI nanocarrier
colocalization. (a) Rab7; (b) Rab1l. The respective sample control (—)
was from a sample where no inhibitors were added. Each data point
represents the mean + SE for a minimum of 100 nanocarriers, ~10
images analyzed per replicate. * Indicates a statistically significant
difference relative to the respective nanocarrier control (p < 0.05).

The colocalization of untargeted nanocarriers with Rab7 decreased more
substantially in the presence of chlorpromazine (Figure 1.7a), suggesting that
untargeted nanocarriers have an increased utilization of this pathway. The caveolae-
associated inhibitors genistein and filipin complex 111 did not significantly change the

levels of colocalization between both the targeted or untargeted nanocarriers and Rab7
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(Figures 1.6b and 1.7a). These results agree with a previous study performed by
Reilly et al., in which the role of lysosomal vesicles in H3-targeted nanocarrier
trafficking was explored by exposing cells to lysosomotropic agents during
transfection. The buffering agent chloroquine augmented the transfection efficiency
for the PEI nanocarriers, suggesting that a significant fraction of the PEI nanocarriers
trafficked through acidifying endosomes to lysosomes, and that chloroquine-mediated
buffering was beneficial for the vesicular escape and transfection by these
nanocarriers. In contrast, chloroquine decreased in the transfection efficiencies of the
H3-targeted nanocarriers (~20% less than untreated controls) suggesting that the H3-
targeted nanocarriers did not traffic to lysosomes, as buffering was not able to
augment gene expression through vesicular escape.

To further probe nanocarrier transit through downstream compartments
associated with clathrin or caveolar trafficking, endocytic inhibition studies were also
used to examine the effects on colocalization with the TGN marker Rab9 and the
recycling vesicle marker Rab11. None of the inhibitors significantly impacted
colocalization with Rab9 (data not shown). These results indicated that nanocarriers
did not reach the TGN through established clathrin-initiated routes. In contrast, H3-
targeted nanocarrier colocalization with Rab11 was substantially reduced by endocytic
inhibitors associated with clathrin but not by caveolar inhibitors (Figure 1.6¢), and
similar effects were observed with untargeted PEI nanocarriers (Figure 1.7b). These
data demonstrated that nanocarrier recycling occurred subsequent to clathrin-mediated
uptake through a process independent of H3 targeting.

Caveolae have been reported to directly route many cargoes from the plasma

membrane or early endosomes to the Golgi and/or ER,* and Rab6 regulates the

22



downstream retrograde transport between early and late Golgi compartments and the
ER. Hence, examination of whether nanocarriers colocalized with Rab6 downstream
of caveolar uptake was conducted. In the presence of genistein or filipin complex I,
there was a substantial decrease in H3-targeted nanocarrier/Rab6 colocalization, as
shown in Figure 1.6d, suggesting that caveolar nanocarriers predominantly localized
to perinuclear Rab6 structures. The effect was a function of H3 targeting, as
untargeted PEI nanocarriers had minimal colocalization with Rab6 (M, < 0.1).

Chlorpromazine had no effect on nanocarrier-Rab6 colocalization (Figure 1.6d).

1.5.1.3 H3-Targeting Increases Nanocarrier Colocalization with Perinuclear
mDPY-30

Recent studies have highlighted the roles of histone-processing enzymes in
regulating cargo trafficking through the Golgi/ER following endocytic uptake.’® 7’
Thus, the H3-mediated changes in nanocarrier trafficking were thought to be caused
not only by the established alterations in endocytic processing, but also by interactions
with mammalian DPY-30 (mDPY-30), a key subunit of H3K4 methyltransferase (MT)
complexes.*® mDPY-30 localizes to both the nucleus and Golgi/ER endomembrane
network, and its expression in these two regions was previously demonstrated in
various mammalian cell lines including those derived from mouse, primate, and
human.” Hence, pulse-chase transfections and immunostaining were utilized to
quantify nanocarrier colocalization with mDPY-30 within the perinuclear membranes
in NIH/3T3 murine fibroblasts (Figure 1.8). A fraction of the perinuclear H3-targeted
nanocarriers colocalized with mDPY-30, with maximal colocalization at 2 hours post-
transfection (Figure 1.8c), consistent with the kinetics of enhanced H3-targeted

nanocarrier colocalization with Rab9 (Figure 1.5¢). H3-targeted nanocarriers
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colocalized with mDPY-30 at a significantly higher level than untargeted PEI
nanocarriers at 2—3 hours post-transfection (Figure 1.8c), suggesting that H3 targeting

increased utilization of H3K4 MT-regulated trafficking pathways.
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Figure 1.8: Colocalization of fluorescently labeled nanocarriers (red) with DPY 30
(green). (a, b) Representative confocal microscopy images of cells with
the perinuclear regions outlined in blue. Images were taken 2 hours after
pulse-transfection with (a) H3-targeted or (b) untargeted nanocarriers.
Scale bar (shown in a) = 10 um. Inset in a: Colocalization of H3-targeted
nanocarriers with DPY 30 within the perinuclear region of the cell; arrows
indicate colocalized nanocarriers. (c) Quantification of colocalization
with DPY 30 from confocal microscopy images at different times post-
transfection. Each data point represents the mean + SE for a total of 30
cells, a minimum of 40 nanocarriers analyzed. * Indicates statistically
significant difference from PEI nanocarriers at the same time point (p <
0.05). ** Indicates statistically significant difference from the previous
time point for the given nanocarrier (p < 0.05).
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Approximately 18% of perinuclear H3-targeted nanocarriers colocalized
transiently with mDPY-30 in the TGN; these nanocarriers were most likely shuttled
within caveolae to the TGN via early endosomes, as previous studies showed that
enhanced caveolar uptake was correlated with increased transfer through Golgi-
associated compartments.8* Glycosphingolipids exhibit similar transfer patterns
involving caveolar uptake followed by Rab9-dependent microtubule-mediated
transport to the TGN within human skin fibroblasts.®? However, the current study
showed only a minor effect of caveolae-associated inhibitors on nanocarrier
colocalization with Rab9, even though colocalization with Rab9 occurred at a high
level overall. These findings may indicate that nanocarrier trafficking through the
TGN is highly transient, consistent with the role of the Golgi apparatus in cellular
sorting.

To ensure that the altered colocalization of the H3-targeted nanocarriers with
H3K4 MTs was sequence-specific, cellular transfection experiments with nanocarriers
that were assembled identically, but with a scrambled H3 sequence (sH3 nanocarriers),
were also performed. Fluorescence microscopy and flow cytometry analyses of GFP
expression showed that only a small fraction (~10%) of cells expressed GFP when
transfected with the sH3 nanocarriers (data not shown). Additionally, pulse-chase
transfections with sH3 nanocarriers displayed negligible cellular uptake. Therefore,
the observed effects with the H3-targeted nanocarriers were sequence-specific, and
impacted nanocarriers interactions with the plasma membrane to alter endocytic

trafficking.
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1.5.1.4 H3-Targeted Nanocarriers Colocalize with Rab6-labeled Vesicles Until
Mitosis

While H3-targeted nanocarrier colocalization with most Rab-linked structures
was transient following pulse transfection (Figure 1.5), colocalization with Rab6
plateaued at 2 hours post-transfection. Because Rab6-linked cargo such as STB and
other toxins ultimately translocate from the lumen of the ER to the cytosol during
infection,®” investigations into whether Rab6 colocalization ultimately decreased
coincident with an increase in the cytosolic fraction of nanocarriers were conducted.
Accordingly, using synchronized CHO-K1 cells, Rab6 colocalization with H3-targeted
nanocarriers at extended time points was examined. Rab6 staining, as well as that of
the nanocarriers, remained punctate and perinuclear until mitosis (Figure 1.9a-h).
During mitosis, Rab6 staining became more disperse while H3-targeted nanocarrier
staining remained largely punctate and gradually partitioned into the nucleus. The
observed H3-targeted nanocarrier colocalization with Rab6 persisted at a high and
unchanging level until division, at which time it rapidly decreased (Figure 1.9i).
Untargeted PEI nanocarriers exhibited little accumulation in Rab6-labeled membranes,
indicating that routing through Rab6-linked vesicles was mediated by the H3

sequence.
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Figure 1.9: Colocalization of fluorescently labeled nanocarriers with Rab6 at eight
different time points following transfection. (a-h) Representative
confocal microscopy images of cells expressing Rab6-GFP (green) with
the nuclei stained with DAPI (blue) following a pulse transfection with
H3-targeted nanocarriers (red); arrows indicate regions of colocalization
between nanocarriers and Rab6. The scale bar (shown in a) = 10 um. The
cell borders were outlined in white. (i) Quantification of colocalization
from confocal microscopy images. Colocalization between H3-targeted
nanocarriers and PEI nanocarriers with either Rab6 or the nucleus. Each
data point represents the mean £+ SE for a minimum of 100 nanocarriers,
~10 images analyzed per replicate. Gray box indicates cellular mitosis.
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The striking decrease in H3-targeted nanocarrier colocalization with Rab6
during mitosis was likely due to the nanocarriers entering the nucleus; hence,
nanocarrier colocalization with the nuclear stain DAPI (4',6-diamidino-2-
phenylindole) was quantified over similarly extended time frames (Figure 1.9i). As
compared with Rab6, an opposite effect in nanocarrier colocalization occurred within
the nucleus, with only moderate increases in nuclear colocalization prior to mitosis
and significant increases coincident with mitosis. These results suggested that pre-
mitotic accumulation in Rab6-linked compartments was necessary for H3-targeted
transfection, whereas Rab6 localization and cellular division were unnecessary for

nuclear colocalization by untargeted PEI nanocarriers.

1.5.2 Nuclear Entry and Retention of H3-targeted Nanocarriers During Mitosis
The text and figures in section 1.5.2 are adapted and reprinted with permission
from Ross, N.L.; and Sullivan, M.O.; Importin-4 regulates gene delivery by enhancing
nuclear retention and chromatin deposition by polyplexes. Mol. Pharm. 2015, 12,
4488-97.8% Copyright 2015, Rights reserved by the American Chemical Society.

This section details key findings observed in the mechanisms of nuclear access
for H3-targeted nanocarriers during mitosis, specifically, probing the role for the
histone importin proteins in regulating the nuclear transport and retention of these
nanocarriers. H3-targeted nanocarriers were shown to require importin-4 for
postmitotic nuclear retention in CHO cells, and regulation and potential interactions
with importin-4 occurred before mitosis. Silencing of importin-4 affected postmitotic
nuclear retention as well as transfection efficiency by reducing nanocarrier

codeposition with chromatin inside the nucleus.
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1.5.2.1 H3-Targeted Nanocarriers Colocalize with Importin-4

The H3 NLS is an essential component of the H3 protein, required for nuclear
accumulation following assembly in the cytoplasm.®® The H3 NLS directly associates
with importin-4 and importin-5 for translocation into the nucleus.”* The H3 NLS also
associates with importins-4 and -5 during post-mitotic redistribution, when it is
deposited onto chromatin. Importin proteins and other histone chaperones shield
histones from nonspecific interactions until they are assembled into chromatin.®®
Therefore, the possibility that importins might be involved in mediating postmitotic
nuclear accumulation by H3-targeted nanocarriers was investigated. To enable
analysis of nanocarrier transport kinetics, CHO cells were pulse transfected with
nanocarriers containing plasmids labeled with AlexaFluor 555-peptide nucleic acids
(PNAS555),1% and at various times following transfection, the cells were
immunocytochemically (ICC) stained with antibodies targeting importin-4 and
importin-5. Evidence of coordinated transport and a potential interaction between the
H3-targeted nanocarriers and importin-4 was discovered, as determined by strong
(42%) colocalization at 12 h post-transfection (Figure 1.10). Colocalization increased
until reaching a maximum at 12 h, with a slight decrease at 24 h. These experiments
were also performed with untargeted PEI nanocarriers and sH3 nanocarriers. Both the
untargeted nanocarriers and the sH3 nanocarriers displayed substantially lower levels
of colocalization with importin-4 as compared with the H3-targeted nanocarriers.
These results suggest that importin-4 may play a key role in nuclear delivery of H3-

targeted nanocarriers, via defined interactions with the H3 NLS.
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Figure 1.10: (a—c) Representative confocal microscopy images of cells expressing
importin-4 (green) with the nuclei stained with DAPI (blue) 6 h after a
pulse-transfection with PEI nanocarriers (a), H3-targeted nanocarriers
(b), or sH3 nanocarriers (c). Nanocarriers are in red; arrows indicate
regions of colocalization between nanocarriers and importin-4. The scale
bar (shown in a) = 10 um. The cell borders were outlined in white. (d)
Manders coefficients quantifying colocalization between nanocarriers
and importin-4 from confocal microscopy images taken at different times
post-transfection. Colocalization with untargeted PEI nanocarriers
(black), H3-targeted nanocarriers (dark gray), and sH3 nanocarriers (light
gray) was analyzed at various times post-transfection. Each data point
represents the mean + SE with a minimum of 80 nanocarriers analyzed.
The dotted line indicates mitosis. * Indicates a statistically significant
difference from PEI nanocarriers at the same time point (p < 0.05). **
Indicates a statistically significant difference from the previous time
point for the given nanocarrier (p < 0.05).
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1.5.2.2 Importin-4 Knockdown Affects Transfection and Nuclear Delivery

The high levels of colocalization between the H3-targeted nanocarriers and
importin-4 in both the nuclear periphery and the nucleus strongly suggested that
importin-4 might mediate nuclear delivery and affect transfection efficiency. To
further scrutinize this possibility, CHO cells were pre-transfected with sSIRNAs
targeting importin-4 and the reductions in transfection efficiency subsequently
quantified with the H3-targeted nanocarriers, PEI nanocarriers, or SH3 nanocarriers by
using flow cytometry. A scrambled siRNA was used to control for nonspecific effects
of siRNA transfection. Microscopy experiments and Western blots were performed to
confirm knockdown,®® and these experiments showed a 60% reduction in importin-4
expression following siRNA treatment as well as decreased levels of fluorescence in
samples where ICC staining was used to detect importin-4. As compared to the
scrambled control, siRNA-induced importin-4 silencing produced an approximately
80% reduction in transfection efficiency, confirming a likely role for importin-4 in
H3-targeted nanocarrier trafficking and delivery, consistent with imaging experiments
(Figure 1.11). In contrast, there was no statistically significant difference between the
transfection efficiency after importin-4 knockdown and the transfection efficiency
following scrambled siRNA treatment when either PEI nanocarriers or sH3
nanocarriers were used for transfection, indicating that these nanocarriers were not

significantly transported by importin-4.
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Figure 1.11: Summary of flow cytometry analyses of CHO cell transfection following
siRNA-mediated importin-4 knockdown. Transfection efficiencies of the
indicated nanocarriers were assessed 24 h post-transfection. Transfection
with no treatment control (black), scrambled siRNA (dark gray), or
importin-4 siRNA (light gray). Each data point represents the mean +
standard deviation for a total of at least four separately prepared samples.
* Indicates a statistically significant difference from the scrambled
siRNA treatment control (p < 0.05).

1.5.2.3 Post-Mitotic Nanocarrier Interaction with Chromatin and Importin-4
Knockdown

Because importin-4 plays an instrumental role in post-mitotic re-deposition of
the H3 protein in chromatin, importin-4 might also function to deposit the H3-targeted
nanocarriers on chromatin in a similar manner, leading to improved nuclear retention.
Accordingly, the extent to which these nanocarriers bound to DAPI-stained chromatin
post-mitosis, and whether this effect required importin-4, was determined using a
combination of super resolution microscopy and structured illumination microscopy
(Figure 1.12) as previously described in the literature.'®* 65% of the H3-targeted
nanocarriers interacted with chromatin following mitosis. This interaction was further
explored by performing the same experiments after sSiRNA-mediated silencing of

importin-4. There was an approximately 75% decrease in chromatin binding by the
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H3-targeted nanocarriers when importin-4 was inhibited (Figure 1.12c), consistent
with confocal microscopy analyses at 12 h post-transfection.®’ From super resolution
images, it was also evident that the majority of the nanocarriers did not even enter the
nucleus when importin-4 was reduced, and that the nanocarriers were instead trapped
around the nuclear periphery. Those nanocarriers that did enter the nucleus did not
interact with chromatin to a measurable extent when importin-4 was inhibited (Figure
1.12b). Therefore, these data corroborate the finding that importin-4 was necessary for
the H3-targeted nanocarriers to enter the nucleus, and the data also indicated that

importin-4 drives interactions with chromatin to affect nuclear retention.
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Figure 1.12: Representative images of chromatin (blue) binding by the H3-targeted
nanocarriers (red) when cells were treated with scrambled importin-4
siRNA (a), or with importin-4 siRNA (b). The scale bar (shown in panel
a) =5 um. White arrows indicate chromatin binding, green arrows
represent the lack of chromatin binding by nuclear nanocarriers when
importin-4 was inhibited, and red arrows indicate those nanocarriers that
remained largely in the nuclear periphery with importin-4 inhibition. (c)
Quantification of chromatin binding using Manders’ coefficient at 12 h
post-transfection. Ten images containing 8—10 cells per image were
analyzed for each sample.
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1.5.3 Summary of H3-Targeted Nanocarrier Intracellular Trafficking and
Nuclear Delivery

Our group determined that H3 targeting peptides enhance the utilization of
caveolar endocytic routes and improve transfection by transferring nanocarriers
through retrograde vesicular compartments that localize to the ER and nucleus, similar
to the trafficking behavior of several types of native proteins'% and pathogens.”
These studies showed that the transport behavior of the H3-targeted nanocarriers was
conferred in part by interactions with native histone H3 effectors, such as H3K4 MT
subunits involved in regulating vesicular transport between late endosomes and the
Golgi” (Figure 1.13). These findings motivated analyses to determine whether other
H3 effectors, such as the H3 importins, might be involved in shuttling H3-targeted
nanocarriers into the nucleus during mitosis. These investigations revealed that H3-
targeted nanocarriers subsequently enter the nucleus during post-mitotic redistribution
of ER membranes, utilizing the natural import machinery of histone protein
chaperones® (Figure 1.13). These importins drive nanocarrier interactions with
chromatin to enhance nuclear retention post-mitosis. In contrast to H3-targeted
nanocarriers, untargeted nanocarriers (PEI and sH3) were trafficked through a
different pathway toward the nucleus, exhibiting significantly decreased localization
with H3K4 MT subunits and importin-4. These fundamentally different results
strongly indicate that cellular interactions are occurring sequence-specifically with the
H3-targeted nanocarriers during intracellular trafficking and nuclear import.

Collectively, these findings demonstrate the need for a fundamentally different
approach to non-viral nucleic acid nanocarrier design, one that promotes efficient
utilization of native intracellular trafficking and nuclear import pathways to guide

delivery and expression, thereby enhancing therapeutic efficacy. Additionally, the
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finding that mitosis plays an essential role in enhancing both nuclear delivery and
retention, highlights the utility H3-targeting to potentially reduce the amount of DNA

dosing required in gene therapy applications involving actively dividing cells.
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Figure 1.13: Uptake, trafficking, and nuclear import mechanisms for H3-targeted
nanocarriers. Key regulators include Rab5, Rab9/H3K4 MTs, Rab6,
importin-4, and ER membrane-mediated nuclear entry during mitosis.
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1.6 H3-Targeting for Regenerative Medicine Applications: Fracture
Healing/Bone Regeneration

A specific application that would greatly benefit from H3-targeted gene
transfer is in the field of bone regeneration following traumatic injury, which affect
approximately six million people annually in the United States alone.!%*1% Surgically
invasive orthopedic grafting procedures are the current gold standard for treating these
types of ailments.® However, limitations in grafting approaches® and the absence
of effective methods to manage large segmental bone defects!?” emphasize the need
for alternative treatment strategies. A variety of osteogenic growth factors have been
investigated for their bone regenerative capacity. Among these, bone morphogenetic
proteins (BMPs) have shown great promise in stimulating natural bone growth in
animal models;1%® 1% BMP-2 and BMP-7 already FDA-approved for treating severe
orthopedic defects. However, numerous issues with recombinant growth factors
including poor stability, suboptimal delivery vehicles, and the need for repeated
dosing at high concentrations have highlighted gene therapy as a compelling
alternative treatment strategy.1%® 107109 Gene manipulations offer a proven capacity
for controlled in situ production of stable nascent growth factors at their native
concentrations, capable of initiating bone repair cascades. ¢ 10

Figure 1.14 details the key steps involved in the initial stages of fracture
healing, where effective application of gene transfer strategies could potentially
augment bone repair. Following a traumatic bone injury, the inflammatory process
begins and a hematoma forms around the fracture gap.'® This is invaded by a wide
variety of cell types including fibroblasts, macrophages, and most notably
mesenchymal stem cells (MSCs). Following inflammation, MSCs begin to proliferate

and differentiate in and around the fracture gap. Chondrogenic differentiation is active
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within the fracture gap (Figure 1.14), where mature chondrocytes produce and secrete
an intermediary cartilage matrix to replace the hematoma. This ultimately links the
two ends of the fracture together by a soft callus.*'! Distal to the fracture gap capillary
growth into the soft callus is active alongside osteogenic differentiation. Mature
osteoblasts invade the soft callus, converting it to rigid calcified tissue.!° In this
manner the bone fragments are united once again by new bone. This process, known
as endochondral ossification, continues until the initial woven bone is remodeled to

fully mature lamellar bone.2
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Figure 1.14: Schematic of the initial stages of bone healing subsequent to fracture
formation. Figure adapted from: K Ito and SM Perren, The biology of
fracture healing. https://www2.aofoundation.org/wps/portal
/surgerymobile?contentUrl=/srg/popup/further_reading/PFxM2/12_33_bi
ol_fx_heal.jsp&soloState=precomp&title=&. (Accessed Oct. 12, 2017),
AO Foundation Publishing, Open Access.

Formation and calcification of the soft callus are regulated by a wide variety of
growth factor signals, most notably BMPs, which direct the early-stage osteogenic and
chondrogenic differentiation of proliferating MSCs within the fracture gap.1%
Utilizing a localized gene transfer approach to deliver BMP growth factor genes to

proliferating MSCs within the fracture gap possesses enormous therapeutic potential
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to increase bone formation, accelerate fracture repair, and improve the bone healing
response. Additionally, the actively proliferating cells within the fracture gap
represent ideal targets for H3-targeted gene transfer approaches to enhance the nuclear
delivery, retention, and expression of native osteogenic BMPs, thereby reducing

growth factor dosing, and enhancing MSC differentiation.

1.7 Controlling Cellular Interactions Using a Materials Design Approach

The elucidation of altered intracellular trafficking’® and nuclear delivery
properties® associated with H3-targeted nanocarriers have highlighted the importance
of designing nucleic acid delivery vehicles that can interact favorably with the cellular
environment in order to advance the field of non-viral gene therapy. By combining
these fundamental insights into native histone biology with controlled materials design
approaches, novel nucleic acid delivery systems may be created that provide improved
control over nanocarrier interactions with the cellular environment to further enhance
delivery and release at the therapeutic site of action. A successful material synthesis
strategy will focus on improving the display of the H3 tail peptide within the final
formulated nanocarrier, mimicking its native presentation within nucleosomes (Figure
1.3), in order to improve interactions with native histone effectors. Additionally, the
design must be multifaceted and highly tunable, providing control over interactions
with these histone effectors as well as controllable interactions with the DNA to be

delivered.

1.7.1 Gold Nanoparticles as Scaffolds for Histone-Mimetic Gene Transfer
An ideal synthetic candidate that provides a robust foundation for the desired

biomimetic and controllable display of the H3 NLS is the gold nanoparticle (AuNP).
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AUNPs possess a number of properties that make them perfect candidates for delivery
applications. The AuNPs themselves are inert, non-toxic, and highly
biocompatible.!*® In addition, multiple synthetic routes have been established to easily
fabricate AuNPs across a wide range of sizes (1-150 nm) with well controlled
dispersity!** and a high surface area-to-volume ratio for dense loading capacities.!?®
Most importantly, the AuNP surface is highly tunable and amenable to different
covalent and non-covalent modifications.1!% 1" This ability tailor the surface has
made AuNPs effective scaffolds for displaying a wide range of targeting ligands and
therapeutic materials for drug delivery applications.!® An example of the multitude of
surface structures commonly employed for drug delivery applications is shown in

Figure 1.15.
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Figure 1.15: Schematic presentation of AuNP surface structures commonly employed
in drug delivery applications. Figure adapted with permission from S
Rana, A Bajaj, R Mout, and VM Rotello, Monolayer coated gold
nanoparticles for delivery applications. Adv. Drug Del Revs. 64, 200-16
(2012).18 Copyright 2011, Rights reserved by Elsevier B.V.
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Surface-functionalized AuNPs have been used in a wide variety of nucleic acid
delivery applications.!'® These modified AuNPs offer significantly enhanced stability
in association with nucleic acids,?%1?2 and can initiate cellular entry with
unprecedented efficiency.'?>12° Preparing AuNPs as gene delivery nanocarriers
typically involves surface functionalization with positively charged ligands, including
amino acids, cationic peptides, or primary amine-containing molecules. This
promotes efficient nucleic acid condensation and can effectively prevent enzymatic
degradation.'?? Tuning the density of positively charged ligands on the surface can
effectively tune interactions with the nucleic acid to be delivered, ultimately effecting
overall transfection efficiency.'?® In a related fashion, for AuNPs functionalized with
specific ligands for targeted delivery applications, the density of targeting ligand
displayed on the surface directly correlates with the amount of AuNPs delivered to the
therapeutic target.?®

Well-established synthetic techniques to generate polycationic AuNPs coupled
to H3 tail motifs can be utilized to create novel nanocarrier structures that effectively
mimic the native presentation of histone sequences in the nucleosome (Figure 1.16).
Dual display of these ligands will theoretically endow these nanocarriers with the
capacity to stably bind as well as controllably deliver DNA through enhanced
interactions with native histone effectors. In addition, the tailorability of the AUNP
surface provides an ideal platform easily manipulating both surface charge and Ha3 tail
display density, allowing DNA binding, cellular interactions, and intracellular
transcription to be simultaneously optimized. Possessing the ability to recapitulate

and control native interactions with histone effectors represents a unique and
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significant advance in nanocarrier design, addressing the crucial barriers to effective

non-viral DNA delivery described in the preceding sections.

a b histone tail peptides
(control delivery and transcription)

H3 Ha. e

T ‘ga C-term
H2A C-term’ /7 HIKTS @ N\
@ ol 119 »4:\m3:i) H2A
(] ] 5
4 - ) den s ) if
e i Yo
14 4

cationic residues
(tune pDNA binding)

i

nanogold scaffold
(tailor peptide display,
imaging)

o
N o
o

o
o
o

T —
chromatin packaged pDNA packaged on
in nucleosomes “designer” histones

Figure 1.16: Schematic of (a) chromosomal DNA binding the histone octamer to form
a nucleosome®® %7 and (b) nanoscaffolds mimicking the native
presentation of histone tail peptides within the histone octamer for
improved/controllable DNA binding stability and improved/controllable
interactions with native histone effectors. Image in (b) adapted and
modified with permission from PS Ghosh, JK Kim, G Han, NS Forbes,
and VM Rotello, Efficient gene delivery vectors by tuning the surface
charge density of amino acid-functionalized gold nanoparticles, ACS
Nano, 2(11) 2213-18 (2008).12° Copyright 2008, Rights reserved by the
American Chemical Society.

1.8 Dissertation Synopsis
The work described in this dissertation was aimed toward (1) understanding
how histone-targeted gene transfer could be utilized in regenerative medicine

applications and (2) designing a novel and ordered nanoscaffold delivery system that
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can be utilized to control nanocarrier interactions with both the DNA to be delivered
and histone effectors in order to more effectively harness native intracellular
trafficking and nuclear import pathways to further improve DNA delivery. The
finding that H3-targeted nanocarriers provides enhanced nuclear delivery and retention
during mitosis highlights the role they may play in improving the delivery of growth
factor genes to actively dividing cells present during native tissue regeneration. In
addition, the fundamental insights gained from histone-targeted nanocarrier trafficking
and nuclear import provide a strong foundation for designing a novel delivery system
to effectively control these cellular interactions, thereby further improving gene
transfer. Combined, the work in this dissertation represents a significant step forward
in histone-based nucleic acid delivery design and application, providing a better
understanding of how synthetic approaches and be utilized to advance the field of non-
viral gene therapy overall and open additional pathways to clinical translation in
regenerative medicine.

Chapter 2 provides an introduction to the synthetic techniques employed to
generate both the AuNPs and peptide ligands utilized to create the novel biomimetic
nanocarriers discussed in this dissertation (termed histone-mimetic nanoscaffolds).
The characterization techniques utilized to examine the structure and functionalization
of these histone-mimetic nanoscaffolds are also described in detail. Care was taken in
the selection of synthesis and characterization techniques to ensure that the final
histone-mimetic nanoscaffolds were generated in high efficiency, high purity, and low
dispersity, suitable for drug delivery applications. Chapter 3 explores the utility of
using H3-targeted gene transfer as a means to significantly reduce growth factor

dosing for bone regenerative applications. H3-targeting was demonstrated in vitro to
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augment stem cell chondrogenic differentiation more substantially than equivalent
amounts of topically applied recombinant growth factor protein. Chapter 4 details
how the synthetic and characterization concepts described in Chapter 2 were utilized
to create a small library of tunable histone-mimetic nanoscaffolds, each functionalized
with varying degrees of H3 tail ligand. Tuning the ligand surface display chemistry
was shown to effectively tune interactions with native histone effectors, highlighting
their potential in controlling cellular interactions for enhanced gene transfer. In
particular, the histone-mimetic nanoscaffolds exhibited enhanced stability when bound
to pDNA and were able to maintain maximum transfection efficiency in the presence
of physiological amounts of heparin. Chapter 5 outlines how all of the insights gained
from the previous chapters provide an opportunity of further translating histone-
targeted gene transfer into animal models (in vivo) of tissue regeneration. Suggestions
for future work focus on further refining the surface chemistry of the histone-mimetic
nanoscaffolds to provide enhanced control over cellular interactions, nuclear delivery,
and pDNA binding stability under physiological conditions. Furthermore, the idea of
enhanced nuclear retention following H3-targeted gene transfer is explored as a means
to potentially provide better control over the duration of growth factor localization and

activity for regenerative medicine applications.
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Chapter 2

SYNTHETIC STRATEGIES AND CHARACTERIZATION TECHNIQUES

This chapter describes the procedures for synthesizing colloidal gold
nanoparticles (AuNPs) and peptides as well as the techniques utilized to characterize
the resulting materials. The protocols described herein provide the required control
over both nanoparticle and peptide composition to generate well-defined
macromolecular assemblies that can be used in drug delivery applications. The
concepts behind these techniques are presented in this chapter, while the results are

discussed in the proceeding chapters.

2.1 Colloidal Gold Nanoparticle and Macromolecule Synthesis

In order to effectively develop and optimize macromolecular assemblies for
drug delivery, the component materials must be synthesized with well-defined
composition, low dispersity, and high purity. The following sections describe the

synthetic approaches that were employed to meet these rigorous demands.
2.1.1 Two-Phase Brust-Schiffrin Gold Nanoparticle Synthesis

2.1.1.1 Introduction

The synthesis of colloidal gold has been documented since the 4™-century, as
evidenced by the Lycurgus Cup,! a type of cage cup made during the late Roman
Empire. Modern scientific evaluation of colloidal gold began with work of Michael

Faraday in the 1850s,2 who first recorded the light scattering properties of suspended
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gold particles.®> Today, AuNPs are produced by a wide variety of liquid chemical
methods, typically by reduction of hydrogen tetrachloroaurate (HAuCls). Synthesis
methods differ by the type of reducing agent used, reaction temperature, final particle
dispersity, and whether the resulting AuNPs are soluble in the aqueous or the organic
phase. Citrate reduction of HAuUCI4, pioneered by J. Turkevich and colleagues® in
1951 and refined by G. Frens® in the 1970s, is one of the most popular methods used
to produce spherical, water-soluble AuNPs with relatively low dispersity and a core
size ~20 nm in diameter. Core diameter is tuned by controlling the amount of sodium
citrate reducing agent that is added to the reaction. The citrate ions also function to
stabilize the AuNPs from aggregation.

More recently, Brust-Schiffrin reported a biphasic method for preparing
monolayer-protected gold clusters.® This synthetic strategy has the advantage of
producing much smaller (2-10 nm), more stable, and more mono-disperse particles
with a 10-fold higher particle loading density. The enhanced stability of the resulting
AUNPs is attributed to the alkanethiol monolayer that strongly binds to the gold
surface.”® In addition, the core diameter is controlled by adding different amounts of
alkanethiol,” %! rather than varying the amount of reducing agent added to the
reaction. The enhanced properties of these AuNPs have been studied extensively,?-14
and utilized to generate a large variety of functionalized nanoparticles,*® particularly
for drug and gene delivery applications.®

The Brust-Schiffrin reaction is represented schematically in Figure 2.1. The
method works by first transferring the chloroauric acid (AuCls) to the organic phase
(typically toluene) using the phase transfer reagent tetraoctylammonium bromide

(TOAB) via the following reaction:®
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AuCly (aq) + (CgHi7)4N* (org) - (CgHy7)4N*AuCly (org) 1)
Following phase transfer, the stabilizing alkanethiol chain (RSH) is added to the
organic phase where it is believed to reduce a portion of Au®* ions to Au* in the form
of —(AuUSR).— polymer.** Reduction of the remaining Au®" ions to Au® occurs through
addition of sodium borohydride (BH4") as follows:

mAuCly (org) + nRSH (org) + 3me™ — Au,(SR), (org) + 4mCl~ (aq) (2)
where BH4™ supplies the source of electrons and the reaction conditions determine the
ratio of n/m (i.e. thiol:gold). The Au*! ions are also reduced to Au® in a similar
fashion.

Following this reduction of Au ions, nucleation of the Au atoms begins to
occur, forming nanoparticles. Although nanoparticle synthesis is not completely
understood, the formation is believed to follow a nucleation-growth-capping
mechanism. Rapid addition of the BH4™ reducing agent to a well-stirred reaction
mixture is thought to play an important role to ensure homogenous nucleation and
growth of the AuNPs, followed by capping with the RSH chain present in the reaction
mixture. The rate of nanoparticle growth and RSH capping (passivation) is controlled
by tuning the thiol:gold molar ratio in the reaction mixture (i.e. higher thiol:gold molar

ratios results in smaller AuNPs).” 1
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Figure 2.1: Schematic representation of the Brust-Schiffrin synthetic procedure
followed by the nucleation-growth-capping mechanism to form
monolayer-protected AuNPs. This figure was adapted with permission
from SRK Perala and S Kumar, On the mechanism of metal nanoparticle
synthesis in the Brust-Schiffrin method, Langmuir 29(31) (2013) 9863-
73.1* Copyright 2013, Rights managed by American Chemical Society.

The following sections describe the reagents, conditions, and protocols utilized
to synthesize the AuNPs studied in Chapter 4 of this dissertation via the Brust-

Schiffrin synthetic procedure.

2.1.1.2 Materials and Solvents

It is critical that all materials, reagents, and solvents used during nanoparticle
formation be clean and of high purity to ensure a mono-disperse population of AuNPs.
In addition, all glassware used in the synthesis should be vigorously washed and
cleaned with aqua regia. High purity hydrogen tetrachloroaurate (111) hydrate
(HAuClse3H20), TOAB, 1-pentanethiol, and sodium borohydride (NaBHa) were all
purchased from Sigma Aldrich. Solvents including toluene, Bio-Pure water, acetone,

and ethanol were purchased from Fisher Scientific.
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2.1.1.3 Synthesis® 1718

One molar equivalent of HAuCls was weighed using a Teflon coated spatula
into a clean round bottomed flask and dissolved in Bio-Pure water (~150 mL/g of
HAUCI4). The solution was stirred for 5 minutes until complete dissolution. The
solution should be clear yellow. Then, 1.5 molar equivalents of TOAB in toluene
(~50 mL/g) were added to the gold solution and stirred vigorously for 15 minutes until
the solution turned a cloudy dark orange color. While stirring, 2 molar equivalents of
1-pentanethiol were added dropwise over the course of 5 minutes. The solution was
stirred until the color changed from dark orange to deep white and cloudy. Note that if
the color change does not occur after 20 minutes, the process should be started again
with new materials. A fresh solution of NaBH4 (20 molar equivalents) in Bio-Pure
water (~5 mL/g) was quickly added. The solution turned black within seconds
(indicative of a mono-disperse product) and was stirred while covered for 5 hours.
The aqueous phase was removed, and the majority of the AuNP-containing toluene
phase was evaporated under reduced pressure.

Residual TOAB present in the organic phase after the initial AUNP formation
is highly cytotoxic and must be removed before proceeding to downstream drug
delivery applications. To remove the TOAB, the AuNPs were washed with ethanol
and acetone. First, ethanol was added to the concentrated AuNPs and the solution
stored at -20 °C for 2+ days allowing for full AuNP precipitation. The ethanol was
carefully decanted, fresh ethanol added, and the solution stored again at -20 °C until
full AuNP precipitation. This process was repeated at least 4 times, switching to
acetone for the final 2 washes for faster precipitation. After the final wash, the AuUNPs
were collected in ~25 mL of ethanol, sonicated, and pelleted via centrifugation to

remove any residual TOAB. The pellet was re-suspended in ethanol and washed via
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centrifugation 2 more times. The collected pentanethiol-capped AuNPs were analyzed
using electrospray ionization mass spectrometry (ESI MS) to ensure that all of the
TOAB (m/z 466) had been removed, and transmission electron microscopy (TEM)
was used to confirm small and mono-disperse average particle diameters before use in

subsequent reactions.
2.1.2 Fmoc Solid Phase Peptide Synthesis (SPPS)

2.1.2.1 Introduction

In 1963, Dr. Robert Bruce Merrifield published his pioneering work in the
Journal of the American Chemical Society (JACS) on the synthesis of a tetrapeptide
using a solid-phase approach.® His seminal publication caused a paradigm shift
within the peptide synthesis community, with over 500 papers published on solid
phase peptide synthesis over the next 10 years.?® Merrifield was awarded the Nobel
Prize in Chemistry in 1984 for his invention, and his work remains the fifth most-cited
article in JACS'’s history.

SPPS enables facile synthesis of peptides and small proteins through exquisite
control of amino acid sequences. The technique allows for incorporation of unnatural
amino acids, peptide/protein backbone modification, and facilitates the synthesis of
peptide sequences containing D-amino acids. By conducting the synthesis on a solid
support, excess reagents can be used to drive reactions to completion followed by
simple washing to remove any unreacted materials.?® The simplicity of the technique
has also enabled the design of automation technologies, which are routinely used in

industry to develop peptide therapeutics.?
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Figure 2.2 outlines the concept of SPPS. The general principle revolves
around repeated cycles of deprotection-wash-coupling-wash. Peptides are built on
porous resin beads containing numerous functional linker units. The C-terminus of an
N-protected amino acid is attached to the resin linker via its carboxyl group. Next, the
protecting group is removed from the a-amino group, followed by a wash step, to
reveal a new N-terminal amine on which to couple the second amino acid via amide
bond formation. After coupling, the excess reagents are washed way from the resin
and the process begins anew until the desired peptide sequence is synthesized. Once

completed, the entire peptide can be removed from resin.
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Figure 2.2: Schematic of Bruce Merrifield’s solid-phase peptide synthesis (SPPS)

Although this technique is incredibly powerful, there are limitations that must
be considered. Given the sequential addition of each amino acid to the growing
peptide chain, the purity of the final peptide is significantly affected by coupling step
efficiency. For example, if each coupling step were to have a 95% yield, the final
yield of a 20 amino acid peptide chain would be <40% (assuming 100% yield in each

deprotection step). Therefore it is extremely important to generate high yields during
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each step of SPPS and to minimize side reactions. This is often accomplished using
excess amounts of highly pure reagents.

In Merrifield’s original SPPS publication, the a-amines were protected by tert-
butoxycarbonyl (t-Boc) groups.® Although effective at generating well-defined
peptides, Merrifield SPPS required side-chain protecting groups with different
sensitivities to acidolysis, and required hydrofluoric acid to cleave the peptide from
the resin. Today, the development of orthogonal deprotection chemistries that require
mild conditions have made SPPS more accessible at the laboratory scale.?® Most
peptides are now synthesized using fluorenylmethyloxycarbonyl (Fmoc)-based
deprotection. The Fmoc group protects the a-amine and is base-labile, while the side-
chain protecting groups on each amino acid are typically acid labile. The peptide is
also attached to the resin via an acid-labile linker. Using this strategy, the Fmoc
groups can be sequentially removed prior to each coupling step, without affecting the
integrity of the side-chain protecting groups. Both the final peptide product and side-
chain protecting groups can be removed from the resin with a variety of acidic
cleavage cocktails.?°

The advent of Fmoc SPPS has initiated concerted efforts to design innovative
side-chain protecting groups and resin linkers that afford additional levels of
orthogonality to the synthetic strategy.?’ These types of modifications have enabled
more complex syntheses capable of producing branched, cyclic, and partially/fully
protected peptides in high yields. Branching has been shown to be particularly
effective in creating new peptides and peptide-conjugates for therapeutic
applications.?> 22 Branching is typically accomplished by introducing lysine residues

that do not contain an acid-labile side-chain (e-amino) protecting group. Following
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the assembly of a single sequence after Fmoc deprotection, selective removal of the

orthogonal e-amino group allows assembly of another sequence in a similar manner,

creating a branched peptide. The e-amine can also be used to covalently attach a wide

variety of molecular conjugates to the peptide chain prior to cleavage from the resin.
The following sections detail the reagents and protocols used in the Fmoc

SPPS reported throughout this dissertation.

2.1.2.2 Materials and Reagents

Fmoc-protected amino acids, 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU), hydroxybenzotriazole (HOBt), and
N,N’-diisopropylcarbodiimide (DIC) were purchased at high purity from
NovaBiochem (EMD Biosciences). The side chain protecting groups of the amino
used for Fmoc SPPS in this dissertation are shown in Table 2.1. Low-loading H-Rink
Amide ChemMatrix resin was purchased from PCAS BioMatrix Inc. All other

reagents and solvents were purchased at high purity from Sigma Aldrich.

Table 2.1:  Side chain protecting groups used in SPPS

Amino acid Side chain protecting group (abbreviation)
(abbreviation)
Arginine (R) 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf)
Glutamine (Q) Triphenylmethyl (Trt)
Lysine (K) Tert-butyl carbonyl (Boc)
1-(4,4-dimethyl-2,6-dioxacyclohexylidene)ethyl (Dde)
Serine (S) t-butyl ether (tBu)
Threonine (T) t-butyl ether (tBu)

All SPPS reagents were prepared before beginning each synthesis. Fmoc

deprotection solution contained 20 vol% piperidine in dimethylformamide (DMF), and
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amino acid dissolution solvent contained 0.4 M methylmorpholine (MMP) in DMF.
Amino acids and HBTU used for coupling were weighed into a vial and sealed with a

septum.

2.1.2.3 Synthesis

All peptides were synthesized at a 0.1 mmol scale using a Tribute Automated
Peptide Synthesizer from Protein Technologies, Inc. First, resin was weighed into a
reaction vessel, rinsed with DMF, and swelled in dichloromethane (DCM) for 10
minutes. The Fmoc protecting group of the amine-functionalized resin was then

cleaved using standard deprotection conditions?® (Figure 2.3).

R piperidine

o O O
(i o ‘0 Q . . e
H
Fmoc
O UV absorbant

Figure 2.3: N-Fmoc removal reaction using piperidine.

The cleaved Fmoc group forms a molecular adduct with piperidine that absorbs
ultraviolet (UV) light. Thus the progress of the deprotection reaction can be
monitored by measuring this adduct’s UV absorbance. The Tribute is equipped with a
UV-monitoring and feedback control system to ensure effective Fmoc removal. Fmoc
deprotection typically required 5 minutes incubation with piperidine, however the
deprotection step was repeated until UV absorbance fell below a certain threshold

value. Once removed, the resin was washed again with DMF.
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Following resin deprotection, the first amino acid was coupled to the resin
using standard HBTU/MMP coupling conditions. 6 molar equivalents of amino acid
and HBTU were dissolved in 3 mL of 0.4 M MMP in DMF and allowed to dissolve
for 2 minutes to activate the carboxylic acid group. The activated amino acid was then
added to the resin and mixed for 2 h under nitrogen gas. The resin was again rinsed
with DMF to remove excess reagents, and the process (deprotection-coupling)
repeated until the desired sequence was complete. After final amino acid coupling, the
N-terminal Fmoc protecting group was removed and the resin rinsed in DMF, swelled
in DCM and dried for 10 minutes under nitrogen. The dried resin was stored at 4 °C.

In the case of peptides synthesized in Chapter 4, molecular conjugates were
covalently attached at either the N- or C-terminal end of the peptide. For N-terminal
conjugation following synthesis, the N-terminal Fmoc was removed and the resin
washed with DMF. 5 molar equivalents of the molecular conjugate and 7 molar
equivalents of HOBt/DIC were dissolved in 3 mL of DMF and stirred for 2 minutes to
activate the carboxylic acid group on the conjugate. The activated conjugate was
added to the resin and allowed to mix for 12 h, followed by washing with DMF to
remove excess reagent, swelling in DCM, and drying under nitrogen.

To achieve C-terminal conjugation, a glycine residue and Dde-protected lysine
residue were first coupled to the resin via the standard procedures described above. At
this point a deprotection cocktail, fully orthogonal to Fmoc deprotection,?* was
prepared to selectively remove the Dde e-amino protecting group. The deprotection
mixture was prepared by dissolving 1.8 mmol of hydroxylamine hydrochloride
(NH2OHeHCI) and 1.35 mmol of imidazole in 5 mL of N-methyl-2-pyrrolidone

(NMP) via sonication until complete dissolution. The mixture was diluted with 1 mL
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of DCM and mixed with the resin for 3 h to remove the Dde group. The resin was
washed with DMF followed by covalent attachment of the molecular conjugate to the
free e-amine on the lysine residue as described above. Standard Fmoc deprotection
and coupling procedures were then followed to synthesize the peptide chain.

Final peptides and peptide-conjugates were removed from resin using a
trifluoroacetic acid (TFA)-based cocktail.?® Acid-cleavage also functioned to
deprotect all acid-labile side chain protecting groups. Triisopropylsilane (TIS), water,
and 1,2-ethaneditihol (EDT) were utilized as scavengers to quench the resulting
cations produced during the cleavage reaction.?° Two different types of cleavage
mixtures were used depending on the peptides synthesized. The first mixture
contained 95/2.5/2.5 v/v TFA/TIS/water and the second mixture contained
94/2.5/2.5/1 viv TEA/TIS/water/EDT. Cleavage was performed for 2 h while mixing,
and the cleaved peptide separated from the resin beads via filtration. The peptide
containing filtrate was concentrated under nitrogen and the peptide precipitated in cold
diethyl ether. Precipitated peptides were recovered via centrifugation, dried, re-
suspended in water, and lyophilized. Crude peptide products were purified and
characterized using reverse phase high performance liquid chromatography (RP-

HPLC) and mass spectrometry (MS) as described in subsequent sections.
2.1.3 Murray Place Exchange

2.1.3.1 Introduction
Proper surface functionalization is of fundamental importance when utilizing
synthesized AuNPs for specific applications, particularly drug delivery applications.?

Ligands present on the AuNP surface determine interactions with the environment,
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which ultimately affect stability, targeting, and association with the cargo to be
delivered.?® Ligand exchange reactions are the primary tools employed to endow
AuUNPs with unique physio-chemical properties.?” Exchange reactions can be used to
promote phase transfer of the AuNPs, enhance their biocompatibility, and enable
bioconjugation with a number of macromolecules (e.g. nucleic acids, proteins,
polymers).16

Colloidal gold synthesized via the 2-phase Brust-Schiffrin reaction procedure
described above yields monodisperse AuNPs stabilized by a protective alkanethiol
monolayer. In order for these particles to be compatible with biological systems and
relevant to drug delivery, their surfaces must be functionalized with ligands that
facilitate transfer from organic to aqueous solutions. Numerous strategies have been
proposed and studied to endow these alkanethiol-protected AuNPs with hydrophilic
properties.?® However, the most common and well-studied method is the place
exchange reaction first pioneered by Murray and co-workers? in the 1990s.

Development of the Murray place exchange reaction represented a key step in
unlocking alkanethiol-protected AuNP functionalization.®® Properties of the surface
ligands and the dynamics of their exchange are analogous to early work conducted by
George Whitesides?® *° and Ralph Nuzzo®! on the assembly and surface properties of
2D self-assembled monolayers (2D-SAMS). The foundation of the place exchange
reaction lies in the strong binding affinity between thiol groups and the gold metal
(~200 kJ/mol)*? in a process known as “chemisorption.” The place exchange reaction
is generally thought to proceed by an associative Sn2-like mechanism.®* 34 In the
reaction, a new ligand (R’S) is incorporated into the monolayer by mixing its

corresponding thiol (R’SH) with the alkanethiol-protected (RS) AuNPs in solution.*
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Under ideal conditions, a 1:1 stoichiometric replacement of surface ligands for free
ligands takes place, shown by the following reaction:*
x(R'SH) + (RS)jnAu — x(RSH) + (R'S)(RS)m—_rAu (3)

Where x and m are the numbers of new and original ligands respectively on the AuNP
surface. The rate of reaction (3) and equilibrium stoichiometry (x) are controlled by
the molar ratio of R’SH to RS ligands, their steric bulk, and the length of the R’ versus
R chains.® Finally, the displaced ligands remain in solution as thiols.®

The Murray place exchange reaction has become an invaluable tool for
generating AuNPs with a wide variety of surface functionalities useful for drug
delivery applications.!> ¢ Ligands containing longer alkane chains are typically
utilized to drive the place exchange reaction forward, as the increased Van der Waals
interactions between the longer chain groups further stabilizes the AuNPs. The
forward reaction is further favored by mass action, increasing the R’SH to RS molar
ratio to drive R’SH adsorption. By this method the hydrophobic ligands present on
the surface of the AuUNPs can be displaced by enough hydrophilic ligands to produce
both water soluble and biocompatible AuNPs.

The following sections detail the materials and protocols utilized in the Murray
place exchange reactions described in Chapter 4 to generate AuNPs displaying varying

degrees of cationic ligands for nucleic acid delivery applications.

2.1.3.2 Materials and Reagents

Freshly prepared and fully characterized pentanethiol-coated AuNPs and
peptide-conjugates as described in sections 2.1.1 and 2.1.2 respectively were used in
all place exchange reactions. High purity DCM, methanol (MeOH), and Bio-Pure

water were all purchased from Fisher Scientific. Snakeskin dialysis tubing (10 kDa)
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and 10 kDa molecular weight cut-off (MWCO) centrifugal filters were purchased from
Thermo Fisher Scientific. All glassware was vigorously washed with aqua regia prior

to use. All other materials and reagents were purchased from Fisher Scientific.

2.1.3.3 Synthesis
The synthesis of the cationic AuNPs described in this dissertation proceeded

via a 2-step Murray place exchange process (Figure 2.4).

HAUCI,  NaBH, \\ssg’f HS~~~@ %%ﬂfo HS~~~g Bf&?ﬁo
T0AB —> i % » -

=R R A

Figure 2.4: Schematic of the 2-step Murray place exchange reaction to generate
multi-functionalized AuNPs following 2-phase Brust-Schiffrin synthesis.
This figure was adapted with permission from S Rana, A Bajaj R Mout,
& VM Rotello; Monolayer coated gold nanoparticles for delivery
applications. Adv. Drug Deliv. Revs. 64(3) 200-16. 2012.1® Copyright
2011, Rights managed by Elsevier B.V.

In the first Murray place exchange reaction, pentanethiol-coated AuNPs were
suspended in DCM at 1 mg/mL and purged with nitrogen gas. In a separate container,
at least 2 equivalents of the cationic peptide-conjugate was dissolved in a
DCM/MeOH (60/40 v/v) mixture and purged with nitrogen gas. Note: it is good
practice to use as much DCM as possible when dissolving the ligands to ensure

efficient place exchange. Next, the two mixtures were combined in a round bottomed
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flask, the air purged with nitrogen gas, and the flask sealed. The combined solution
was stirred for 3 days at room temperature.

After 3 days, visible precipitates of place exchanged AuNPs were observed at
the bottom of the flask. The solvents were concentrated on a rotary evaporator at 37
°C and the AuNPs re-suspended in a 20:1 v/v mixture of DCM:MeOH. The AuNPs
were then pelleted via centrifugation and the washing process repeated 4 times with
DCM:MeOH (20:1) to remove excess ligands. Following the final pelleting, the
precipitate was dried under nitrogen and dissolved in a small amount of Bio-Pure
water. The suspended AuNPs were then dialyzed against water in snakeskin dialysis
tubing for 3 days to remove any remaining ligands. Note: during dialysis, the bulk
water solution should be changed every 2 hours, but can run overnight.

Following dialysis, a small sample of AuNPs was taken and filtered via
centrifugation (10 kDa MWCO). The filtrate was recovered and then analyzed for the
presence of free ligands using MS. Note: If ligands are found in the filtrate, continue
dialysis for another 24 h and re-test for free ligands. Repeat until all excess ligands
are removed. The cationic AuNPs were harvested from the dialysis tubing,
lyophilized, and stored at 4 °C under nitrogen gas until further use.

For the second Murray place exchange reaction, solutions of the cationic
AuNPs from the first place exchange and peptide-conjugate ligands were prepared
separately in Bio-Pure as described above. For this place exchange, different
equivalents of the peptide-conjugate were mixed with the cationic AuUNPs in order to
generate mixed monolayer-protected AuNPs displaying varying amounts of the second
peptide-conjugate. 1, 2, and 4 equivalents of peptide-conjugate were used in separate

place exchange reactions to generate mixed-monolayer protected AuNPs of low-, mid-
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and high-coverage, in accordance with ligand place exchange dynamics based on
ratios of R’SH to RS.33 %

The solutions were mixed for 3 days and the excess ligands removed by
dialysis as described above. After confirming the absence of excess ligands by MS,
the final AuNPs were lyophilized and stored under nitrogen at 4 °C.

The number of cationic ligands displayed on the surface of all the place-
exchanged AuNPs was characterized using a combination of thermogravimetric
analysis (TGA) and carbon-hydrogen-nitrogen-sulfur (CHNS) elemental analysis.

Particle core size was determined with TEM.

2.2 Chemical Characterization

Strategies utilized to determine the molecular weight, purity, and composition
of the synthesized AuNPs and macromolecules are described in the proceeding
sections. Peptide-conjugates were characterized using a combination of RP-HPLC
and MS. AuNPs were characterized using a combination of TEM, TGA, and CHNS

elemental analysis.

2.2.1 Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

2.2.1.1 Theory

Chromatography is a standard technique employed to assess the purity and
distribution of synthetic macromolecules. Chromatography works by first dissolving
the macromolecule (analyte) in a suitable solvent (mobile phase) and passing it over a
porous surface (stationary phase). The differential partitioning of the molecules
between the mobile and stationary phases are what drive separation. A wide variety of

chromatographic techniques have been developed since its first implementation as a
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separation process in the early 1900s.%® Techniques differ based on different
interactions between the macromolecules and stationary phase, and it is important to
consider these interactions carefully in order to provide the best separation for a
particular analyte.

In peptide synthesis, RP-HPLC is the standard chromatographic technique
utilized to assess and control purity of the final product.?’ The chromatography
column containing the stationary phase is hydrophobic, while the mobile phase is
typically more hydrophilic. Pumps are used to pass the mobile phase containing the
dissolved samples over the stationary phase in the column. Each component in the
sample interacts with the stationary phase slightly different (i.e. higher
hydrophobicity, stronger interaction) causing different flow rates, and ultimately
separation as components flow out of the column. It is common to use a mixture of
two or more solvents as the mobile phase when conducting HPLC, whose ratios will
change with time creating a gradient of compositions within the mobile phase. Mobile
phase gradients will typically start more hydrophilic and gradually increase in
hydrophobicity (Figure 2.5). The more hydrophobic a particular component of the

sample is, the longer it will take to elute off the column.
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Figure 2.5: Schematic of RP-HPLC. Analyte enters the column in an initial
hydrophilic mobile phase, causing hydrophobic components to associate
with the stationary phase. As the mobile phase increases in
hydrophobicity, hydrophobic components begin to elute off the column.

2.2.1.2 Application

In this dissertation, RP-HPLC was utilized to assess the purity of peptides and
peptide-conjugates, and to separate these macromolecules from any unreacted
intermediates, as well as any leftover side products formed during peptide
cleavage/deprotection. Analyses were performed using a packed silica gel column
decorated with octadecyl (C18) carbon chains, acting as the stationary phase. The
mobile phase consisted of a linear gradient between 0.1 vol% TFA in water (solvent
A) and 0.1 vol% TFA in acetonitrile (solvent B). TFA was added to each solvent in
order to enhance analyte affinity to the mobile phase and control pH. Peptide and
peptide-conjugate elution was monitored by ultraviolet visible spectroscopy (UV-Vis)
absorbance at 210 nm, which corresponds to intrinsic absorbance of the peptide

backbone. Crude products were assessed on a small-scale analytical C18 column
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before purifying on a preparatory C18 column with a 10-fold higher loading capacity.
Fractions of eluent were collected, taking care to isolate the purified peptide or
peptide-conjugate.

Figure 2.6 depicts a standard solvent gradient and corresponding RP-HPLC
peptide trace used in this dissertation. A linear gradient of AB solvent was run,
starting from 7.5% B to 13% B over the course of 22 minutes at a flow rate of 5
mL/min. Following the gradient run, remaining analyte was flushed from the column

with 95% B before returning to 7.5% B to equilibrate the column for the next run.
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Figure 2.6: Representative RP-HPLC analysis for peptide characterization and
purification. Solvent gradient used to effectively elute peptide from the
column (above), where solvent B is 0.1 vol% TFA in acetonitrile.
Elution chromatogram of the peptide from the column during run
(bottom).
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2.2.2 Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass
Spectrometry (MALDI-TOF MS)

2.2.2.1 Theory

MALDI-TOF MS is an essential analytical tool for characterizing both
biomolecules (e.g. peptides, proteins, sugars) and large organic molecules (e.g.
polymers, dendrimers).3-*® MALDI is ideal for characterizing these large and often
fragile macromolecules because it does not fragment the sample upon ionization.
MALDI analysis proceeds via a three-step process. First, the sample (analyte) is
mixed with a suitable chromophore-containing organic acid matrix in excess, followed
by co-crystallization of the resulting mixture onto a target plate. Proper matrix
selection is critical to ensure efficient crystallization and to obtain a high quality mass
spectrum of the analyte.*° The most common matrices utilized in protein and peptide

characterization are shown in Table 2.2.

Table 2.2:  Common Matrices for Peptide and Protein MALDI Analysis

Matrix Size Range Preparation
Alpha-cyano-4- Suitable for Dissolve matrix and analyte in 1:1
hydroxycinnamic acid <10.000 Da H20:ACN solution with 0.1 vol% TFA

(a-CHCA) ’
. For proteins: 1-10 pmol/pl
3,5-dimethoxy-4- Suitable for For peptides: 1 pmol/ul
hydroxycinnamic acid
A >10,000 Da
(sinapinic acid, SA) Mix 1 pl sample with 10 ul of matrix

Following co-crystallization, a pulsed laser irradiates the matrix-analyte crystal
(Figure 2.7), which triggers ablation and ionization of the sample. The matrix absorbs
the majority of the laser pulse, and is thought to transfer a proton to the analyte.** The

process is capable of creating singly or multiply charge analyte ions ([M+H]* or
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[M+H]" respectively) depending on laser intensity and the type of matrix. The

ionized analytes are then accelerated by an electric potential down the TOF mass

spectrometer where they are ultimately analyzed by the detector. Lighter ions hit the

detector before heavier ions, which records intensity as a function of time yielding the

final mass spectrum. Intensity results are recorded as a function of mass to charge

(m/z) ratio.
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Figure 2.7:  Schematic of MALDI process. This figure is adapted from WikiMedia

Commons, https://commons.wikimedia.org/wiki/File:Maldi.svg. 2014.

2.2.2.2 Application

MALDI-TOF MS was utilized to assess the molecular weight of all peptides

and peptide-conjugates described in this dissertation, and to confirm removal of all

impurities. When conducting MALDI-TOF MS, the following should be noted: (1) it

is essential to use highly pure solvents and reagents to ensure a high quality mass

spectrum, (2) the plate used to spot the matrix-analyte must be completely dry before

being inserted into the mass spectrometer, (3) during analysis peptides frequently
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interact with other cations (often Na* or K*) present in the system, resulting in higher
MW adduct peaks in the resulting mass spectrum.

Peptides and peptide-conjugates were prepared as described in Table 2.2 and
spotted on a ground steel MALDI target plate (Bruker, Germany). The sample was
dried overnight at room temperature followed by analysis on a Bruker MALDI-TOF
Microflex Series instrument. An example mass spectrum from peptide-conjugate

analysis is shown in Figure 2.8.
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Figure 2.8: Representative MALDI-TOF mass spectrum from peptide-conjugate
analysis following RP-HPLC purification.

2.2.3 Thermogravimetric Analysis (TGA)

2.2.3.1 Theory

TGA is an important thermal analysis strategy that measures the change in
mass of a sample over time in response to changes in temperature. Such
measurements provide important information regarding a sample’s chemical (e.g.

thermal decomposition) and physical (e.g. phase transitions) characteristics.** A
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standard TGA instrument consists of a precision balance and sample holder located
inside a furnace. The furnace is linked to a programmable temperature control, which
generally increases temperature at a constant rate to produce a thermal reaction.
Reactions can be performed under a variety of pressures depending on the
application.*

The output from a TGA instrument is a plot of mass or percentage of initial
mass as a function of time, referred to as the TGA curve. The change in temperature

is often displayed on the same plot as a separate y-axis.

2.2.3.2 Application

In this dissertation, TGA was utilized to measure the total wt% of ligands
present on the surface of the synthesized and place-exchanged AuNPs. As the AuNP
samples are heated, the ligands attached to the surface combust, leaving behind the
solid gold metal. The change in the overall weight of the sample as the ligands burn
off the surface of the AuNPs is recorded.

In a typical TGA, 2-3 mg of AuNPs was loaded onto the sample tray of the
instrument and purged with nitrogen gas. The AuNPs were then heated from 25-700
°C at a rate of 10 °C/min. When analyzing AuNPs covered by hydrophilic/cationic
ligands, the temperature was held at 100 °C for 10 minutes in order to fully evaporate
any atmospheric water that had associated with AuNPs. The wt% loss from water
evaporation was omitted from the total wt% loss. A typical TGA curve from these
evaluations is shown in Figure 2.9. Total ligand wt% loss, combined with peptide-
conjugate MALDI-TOF MS and CHNS elemental analysis, was used to accurately
determine the species and number of ligands present on the AuNP surface, as

discussed in Chapter 4.
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Figure 2.9: Representative TGA of pentanethiol-coated AuNPs. An overall wt% loss
of ~18% was observed following heating from 25 °C to 700 °C.

2.2.4 Carbon-Hydrogen-Nitrogen-Sulfur (CHNS) Elemental Analysis

2.2.4.1 Theory

CHNS elemental analysis is a form of combustion analysis utilized to evaluate
the elemental and sometimes isotopic mass fractions of carbon, hydrogen, nitrogen,
and sulfur of a particular material. The technique was pioneered by Antoine
Lavoisier’s work on combustion theory in the late 1770s,*? and improved upon by
Fritz Pregl in the early 1900s,** who received the Nobel Prize for his contributions.
Today, the technique works by burning a sample in excess oxygen and collecting the
oxidized combustion products: carbon dioxide, water, nitric oxide, and sulfur dioxide
in multiple traps (Figure 2.10). The masses of these products are then used to

calculate the elemental composition of the sample.
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Figure 2.10: Schematic of CHNS elemental analysis.

CHNS analysis can be either quantitative or qualitative, depending on the
intended application. For quantitative analyses, the output determines the ratio of
elements within the unknown sample, and works to fit a chemical formula to the final

results.

2.2.4.2 Application

CHNS elemental analysis was used as complimentary tool to evaluate the
number/composition of ligands present on the surface of AuNPs discussed in Chapter
4 of this dissertation. All CHNS analyses were conducted by Intertek Pharmaceutical
Services (Whitehouse, NJ).

For CHNS analysis, 5 mg of AuNPs were loaded into a furnace and rapidly
burned in the presence of excess oxygen, immediately combusting all ligands present
on the surface of the AuNPs. The combustion products were trapped and the
elemental composition analyzed, represented as %C, %N, %H, and %S. These
percentages, combined with TGA and peptide-conjugate MW analyses from MALDI-

TOF MS were utilized to determine AuNP ligand composition.
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2.2.5 Transmission Electron Microscopy (TEM)

2.25.1 Theory

TEM is the standard method of choice when it comes to characterizing both the
size and dispersity of synthesized AuNPs. The high contrast potential of the gold
atoms enables direct visualization on nanometer and even atomic length scales. Such
high resolution provides unique insight not only into the size distribution of the
synthesized AuNPs, but also the lattice-like architecture of the gold atoms within each
individual nanoparticle.

TEM was first demonstrated in the early 1930s by Max Knoll and Ernst Ruska.
The publication of the De Broglie hypothesis in 1927 made it theoretically possible to
produce high resolution images at the atomic scale, given the fact that the wavelength
of electrons was orders of magnitudes smaller than light. This was first achieved in
1933, %> when Knoll and Ruska acquired images of cotton fibers at much higher
magnification than those available with light microscopes. Today, advances in optics,
imaging, and electron formation have enabled high resolution imaging of both soft and
hard materials.

TEM works by focusing a monochromatic electron beam onto a sample under
high vacuum conditions, to prevent beam scattering by air or other contaminants.*8
The electron beam is refined using a complex series of lenses and apertures that
ultimately control focus and magnification of the sample to be imaged. As the
electrons pass through a sample, they are scattered by the atoms present in the sample.
Thicker samples, or samples containing atoms of higher atomic number, will scatter
more electrons.*® The objective aperture, positioned below the sample’s focal plane,

blocks the scattered electrons, allowing only the direct beam to pass through*’ (Figure
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2.11). Thus, a thicker/denser sample will produce a darker image. The high electron
density of the gold atoms present in the AuNPs result in a much higher degree of

electron beam scattering, producing high-contrast images with atomic-level resolution.
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Figure 2.11: Schematic of key optical components in a standard TEM instrument.
Figure was adapted with permission from Y Lin, JA McCarthy, KR
Poeppelmeier, and LD Marks, Applications of electron microscopy in
heterogeneous catalysis, Cat Mats Def Structs. 193-238, 2015.8
Copyright 2015, Rights managed by Elsevier B.V.

2.2.5.2 Application

TEM was used primarily used to ensure that both small size and mono-
dispersity were achieved following Brust-Schiffrin AUNP synthesis and Murray place
exchange. These analyses are discussed throughout Chapter 4 of this dissertation. All
TEM imaging was performed on a JEM-3010 ultrahigh resolution analytical electron

microscope using bright-field imaging. Note: given the high-vacuum operation
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conditions for TEM imaging, samples must be completely dried before loading into the
TEM instrument.

In a typical analysis, dried AuNPs were dissolved in a small amount of solvent
(water or toluene depending on ligand coverage) to a final concentration of 0.5
mg/mL. ~5 pL of the resulting solution was dropped onto carbon-coated copper grids
and allowed to stand for ~1 minute. Excess solution was wicked away from the grid
using clean filter paper. AuNPs in organic solutions were dried for 1 h at room
temperature before imaging, while AuNPs in aqueous solutions were dried for at least
24 h before imaging. Figure 2.12 shows a representative TEM image of pentanethiol-
coated AuNPs, synthesized via the Brust-Schiffrin reaction procedure described
above. High magnification imaging (Figure 2.12b) of these AuNPs reveals the lattice-

like arrangement of the gold atoms within each individual nanoparticle.
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Figure 2.12: Representative images of pentanethiol-coated AuNPs taken at (a) low
and (b) high magnification using bright-field TEM. AuNPs display an
average core diameter size of 2.5 nm.
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2.3 Summary

This chapter provided an overview of the synthesis techniques utilized in this
dissertation to create well-defined AuNPs, peptides, and peptide-conjugates at high
purities. These macromolecular materials were characterized using complementary
techniques that verified their molecular composition and confirmed their high purity.
Accurate analysis of the molecular composition and purity of these materials was
crucial in determining their solution and biological properties as described in the
remaining chapters of this dissertation. Most importantly, the synergistic use of these
analyses provided the information required to effectively formulate nucleic acid

delivery assemblies with these materials.
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Chapter 3

HISTONE-TARGETED GROWTH FACTOR GENE TRANSFER ENHANCES
MESENCHYMAL STEM CELL CHONDROGENESIS

As discussed in the Chapter 1, the design of DNA-encapsulating nanocarriers
that achieve effective nuclear delivery represents a significant challenge. Histone-
targeted nanocarriers were shown to address this challenge by gaining enhanced
access to the nucleus during mitosis, highlighting the role these nanocarriers may play
in tissue regenerative applications, where cell populations are actively dividing and
differentiating. Accordingly, this chapter describes the techniques and analyses used
to demonstrate how histone-targeted gene transfer approaches can be utilized to
enhance osteogenic growth factor delivery and chondrogenic differentiation in actively
proliferating mesenchymal stem cells (MSCs) during bone tissue regeneration. The
text, tables, and figures in this chapter are adapted and reprinted with permission from
Munsell, E.V.; Kurpad, D.S.; Freeman, T.A.; and Sullivan M.O., Histone-targeted
gene transfer of Bone Morphogenetic Protein-2 enhances mesenchymal stem cell

chondrogenic differentiation. Acta Biomaterialia, under review (2017).

3.1 Introduction

Several gene transfer strategies have demonstrated promise in preclinical
studies to deliver bone morphogenetic proteins (BMPs) and other osteogenic growth
factors for bone regenerative applications. For example, viral approaches to deliver
growth factors have shown potential to improve the healing response and enhance

bone formation.’* Non-viral gene manipulations also have shown a capacity to
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enhance MSC differentiation® ¢ and/or promote bone formation in vivo,”® and these
synthetic carriers may offer potential benefits in terms of safety and controlled release
as compared with their viral counterparts. Despite these accomplishments, existing
approaches have on the whole lacked sufficient activity to progress through clinical
translation.2% 11 Specifically, while multiple proof-of-concept studies in rodent and
murine models of bone regeneration have been successful, studies in larger animal
models have yielded only moderate success.? In addition, there are prohibitively high
costs associated with the detailed pharmacological and toxicological studies required
for clinical translation. These prohibitive costs, coupled with the gap in nanocarrier
effectiveness between small and large animal models, suggest a need for improved
understanding of nanocarrier interactions with biological systems in order to design
more effective gene transfer strategies for human application.

Knowledge of the enhanced mitotic behavior of MSCs during bone repair may
offer insight into the design of nanocarrier delivery systems with improved efficacy.
In particular, mitosis is known to play a key role in enhancing the transfection
efficiency of non-viral nanocarriers,'3° suggesting that the change in MSC
proliferative state could be harnessed to locally accelerate growth factor gene transfer
in coordination with repair activities. In fact, recent reports have illuminated exciting
progress in the design of nanocarrier structures that can effectively navigate the
intracellular space and gain access to the nucleus during mitosis. For example, several
studies have demonstrated that designing nanocarriers to target caveolar uptake often
enhance gene transfer.1® 1’ Both L-arginine'® and glycopolymer!® functionalities have
been reported to harness caveolar trafficking and enhance nanocarrier accumulation in

the perinuclear region. In addition, the use of transcription factors,?° chromatin
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interacting proteins,?* and nuclear localization sequences derived from SV40 large T-
antigen?? 2% have been shown to direct nanocarrier nuclear delivery in dividing cells by
potentially engaging native nuclear import machinery.

Building off of the fundamental insights into how H3-targeted nanocarriers
navigate the intracellular space (see section 1.5), we questioned whether their
improved subcellular trafficking and post-mitotic nuclear import properties could
enhance gene delivery and expression of the osteogenic growth factor BMP-2 in
MSCs. We further hypothesized that the improved expression of nascent BMP-2
growth factor, correlated with the initiation of fracture healing by MSCs, would
function to trigger more robust levels of MSC differentiation along cellular lineages
essential to bone repair, not only when compared to untargeted non-viral nanocarriers,
but also when compared to topical application of exogenous growth factors.
Collectively, our data show that H3-targeted nanocarriers are well-tolerated by MSCs
and can achieve enhanced osteogenic BMP-2 expression over untargeted nanocarriers.
Accumulation of expressed BMP-2 in cell culture following a single H3-targeted
transfection persisted over the course of 1 week, similar to the time period of the
initial increase in BMP-2 expression during native skeletal repair.?* H3-mediated
BMP-2 expression ultimately triggered more robust levels of chondrogenic
differentiation over the subsequent 1 to 2 weeks. Importantly, the levels of
chondrogenesis achieved following H3-targeted gene transfer significantly exceeded
the levels achieved following either MSC treatment with an equivalent amount of
exogenous BMP-2 protein, or BMP-2 gene delivery using untargeted nanocarriers.
Evaluation of the mechanisms by which H3-targeted gene delivery yielded such

enhancements revealed that H3-targeting enabled more effective MSC condensation
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and differentiation via the upregulation of transcription factors essential to driving
chondrogenesis. These novel findings represent the first application of histone-
targeted gene therapy for improved MSC delivery and differentiation for skeletal
tissue repair, and demonstrate the importance of developing improved nanocarrier
design strategies to target the nucleus for the advancement of gene therapy in bone

defect management.

3.2 Materials and Methods

3.2.1 Materials

H3 tail peptides comprised of the mammalian N-terminal H3 residues 1-25
(ARTKQTARKSTGGKAPRKQLATKAA-CONH2) were purchased from Anaspec
(Fremont, CA) at > 95% purity. The scrambled H3 (sH3) peptide sequence was
designed to incorporate residues 1-25 of the N-terminal H3 tail in a randomized
sequence (LSAARPRTAKGARQTKRQKAKGTAK-CONH2). The peptide was
synthesized and purified as previously described [39]. The peptide was synthesized by
solid phase peptide synthesis with a Protein Technologies Inc. Tribute series peptide
synthesizer (Tucson, AZ) and a rink amide ChemMatrix resin from PCAS-Biomatrix
Inc. (Quebec, Canada). Purification was performed by reverse-phase high
performance liquid chromatography (HPLC) on a UFLC 20 series instrument from
Shimadzu Inc. (Columbia, MD) through a Viva C18 column from Restek (Lancaster,
PA). The pCMV6-XL4 mammalian expression plasmid encoding BMP-2 was
obtained from OriGene Technologies (Rockville, MD). The gWIZ mammalian
expression plasmid encoding the green fluorescent protein (GFP) was obtained from

Genlantis (San Diego, CA). Both plasmids were amplified in DH5a Escherichia coli
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in Lysogeny Broth, and purified with a QIAGEN Plasmid Maxi Kit (QIAGEN,
Valencia, CA) following the manufacturer’s protocols. Recombinant human TGF beta
1 protein was obtained from Abcam (ab50036; Cambridge, MA). Recombinant BMP-
2 protein was obtained from GenScript (Z202913; Piscataway, NJ). Primers were
synthesized by Eurofins MWG Operon (Huntsville, Al). Primary antibodies used for
Western blot included: rabbit anti-MMP13, Sox 9 (H-90) and VEGF and mouse anti-
B-actin (Santa Cruz Biotechnology, Dallas, TX); rabbit anti-COL-X (Abcam,
Cambridge, MA); and mouse anti-RUNX2 (Invitrogen); and goat anti-Col 11(N-19)
(R&D Systems, Minneapolis, MN). Horseradish peroxidase (HRP) conjugated
secondary antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX).
Cell culture reagents were purchased from Fisher Scientific (Pittsburgh, PA).
Branched polyethylenimine (PEI, 25 kDa) and all other reagents were purchased at

analytical grade from Sigma (St. Louis, MO).

3.2.2 Nanocarrier Formation

H3-targeted PEI nanocarriers, untargeted PEI nanocarriers, and sH3
nanocarriers were formed in 20 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES) at a pH of 6 as previously described.?® For all experiments,
nanocarriers were formed at an overall N:P ratio of 10. For the formation of H3-
targeted (and sH3) PEI nanocarriers, the peptide was added first, and an N:P ratio of
6/4 was used, with N = 6 from H3 (or sH3) and N = 4 from PEI. This corresponds to
~90% (w/w) H3 (or sH3) and 10% PEI in the polycationic solution for pDNA
complexation. Nanocarrier structure and amount of peptide within nanocarrier were

analyzed in our prior work by gel electrophoresis, zeta-potential, and RP-HPLC.? %
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3.2.3 Cell Culture and Transfection

Murine C3H10T1/2 mesenchymal stem cells were obtained from the American
Type Culture Collection (ATCC; Manassas, VA). The cells were cultured according
to ATCC protocols at 37°C and 5% CO: in modified Eagle’s medium (MEM)
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. For
transfection, cells were plated on collagen-1 coated plates at 10,000 cells/cm? in
complete growth medium. 24 hours later, cells were rinsed with phosphate-buffered
saline (PBS) and incubated with nanocarriers for 2 hours in Opti-MEM. MSCs were
transfected at a fixed dose of 1 pg pDNA/cm? well surface area. Cells were
subsequently washed with PBS and fresh MEM was added to the cells until a specified

time point.

3.2.4 Flow Cytometry and Transfection Efficiency

Cells were plated and transfected with nanocarriers containing the gw1Z-GFP
expression plasmid as stated above. After 24 h, cells were imaged with a Leica 6000
fluorescence microscope (Wetzler, Germany). GFP expression was quantified on a
FACS Caliber Flow Cytometer (San Jose, CA). For cytometry analyses, cells were
collected after imaging and prepared for analysis by standard trypsin-mediated
protocols. Briefly, cells were rinsed with PBS, incubated with trypsin, pelleted,
suspended in 300 pul PBS, filtered through a 35 pm nylon mesh to remove aggregates,
and stored at 4°C until analysis. Scatter plots were gated for quantification purposes,
and a total of 10,000 cells were analyzed for each cell sample. Dead cells were
excluded from analyses of transfection efficiency. To calculate the mean fluorescence
intensity (MFI) of the transfected cell population, untransfected cells were gated for

autofluorescence, and the MFI of the transfected cell population obtained. Scatter
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plots were analyzed for both untransfected cells and cells transfected with identical
nanocarriers containing a gWl1Z-luciferase plasmid (Genlantis, San Diego, CA). This
vector served as a non-GFP expressing control, accounting for any shifts in live cell

autofluorescence due to polycationic presence.

3.2.5 Cell Viability and Live Surface Area Coverage

Live and dead cells were visualized by fluorescence microscopy as described
above, following staining with Calcein-AM and propidium iodide. 24 h post
transfection, cells were washed 2X with PBS and incubated in Opti-MEM containing
0.1 % (v/v) Calcein-AM and propidium iodide for 50 min at 37°C. The percent of
viable cells was quantified by counting the number of live and dead cells using ImageJ
analysis software.?’ Live cell surface area coverage was also quantified using ImageJ
analysis software by counting the total number of live cells and scaling to the surface

area of the well. Samples were analyzed relative to untransfected controls.

3.2.6 BMP-2 Expression Immunoassay

For analysis of BMP-2 expression following nanocarrier transfection, 10T1/2
MSCs were plated and transfected as described above with nanocarriers containing the
BMP-2 expression plasmid. Every 24 h, 110 pL of the supernatant was collected, and
the expression level of BMP-2 analyzed using a Quantikine BMP-2 ELISA Kit (R&D

systems; Minneapolis, MN) according to the manufacturer’s instructions.

3.2.7 Evaluation of Chondrogenic Differentiation: Alcian Blue Staining
Following transfection with BMP-2 pDNA containing nanocarriers, cells were
maintained in serum free MEM media containing 0.2 mM ascorbic acid, 107 M

dexamethasone, 10 ng/mL TGF-B1, and a 1:100 dilution of ITS+ Premix solution
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(Corning; Corning, NY). Untransfected recombinant BMP-2 (rhBMP-2) protein
control cultures were further supplemented with either 1 ng/mL or 100 ng/mL rhBMP-
2. Media was half-refreshed every 3-4 days until the specified time point.
Glycosaminoglycan (GAG) deposition following chondrogenic differentiation was
evaluated via Alcian blue staining at days 7 and 14 post-transfection or treatment with
rhBMP-2. A 1% Alcian blue solution (pH 2.5) was prepared in 3% acetic acid and
filtered. Cells were washed 2X with room temperature PBS and fixed in 4%
paraformaldehyde for 15 min. Cells were then rinsed 2X with ddH>O and incubated
with the Alcian blue solution in the dark for 45 min at room temperature. Cells were
rinsed 3X with ddH-O to neutralize acidity and imaged on a Zeiss LSM fluorescence

microscope fitted with a AxioCam ERCc 5s color camera (Jena, Germany).

3.2.8 Chondrogenic mRNA Expression Analysis

Gene expression levels of chondrogenic markers were evaluated on days 7 and
14 post-transfection using real-time quantitative polymerase chain reaction (RT-
gPCR). Cells were maintained in the culture medium described above, and total RNA
was isolated by TRIzol® Reagent (ThermoFisher Scientific; Waltham, MA) following
the manufacturer’s instructions. The iTaqg™ Universal SYBR® Green One-Step Kit
(Bio-Rad; Hercules, CA) and primers specific to Acan, COL IIA, MMP 13, and COL
X (Figure A.1) were used to prepare samples in triplicate as stated in the
manufacturer’s protocol. Primers were designed using Primer-BLAST.?® Both cDNA
synthesis and gPCR were conducted on a Bio-Rad CFX96 instrument under the
following conditions: 10 min at 50°C; 1 min at 95°C; and 40 cycles of 10 s at 95°C
and 30 s at 60°C. Following amplification, a melt curve analysis was performed from

65 to 95°C at 0.5°C increment steps every 5 s to analyze the purity of the product
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generated. The AACT method was used for fold-change analyses,?® using Actin as the

endogenous control. All test sample data were analyzed relative to untreated cell data.

3.2.9 Chondrogenic Protein Expression Analysis

Expression levels of chondrogenic extracellular matrix (ECM) and
transcription factor proteins were evaluated on days 1, 2, 7, and 14 post-transfection
by Western blot analyses as previously described.*® In brief, cells were lysed in
Mammalian Protein Extraction Reagent (MPER, Thermo Fisher, Waltham, MA), and
protein concentrations were measured using a Bio-Rad Protein Assay (Bio-Rad
Laboratories Inc.). Approximately 40 pg of protein were loaded onto each lane of a
sodium dodecyl sulfate (SDS) polyacrylamide gel, and after electrophoresis the
proteins were transferred to a polyvinylidene difluoride (PVDF) membrane. The
membrane was blocked by incubation in Tris buffered saline (TBS) with 0.05%
Tween 20 (Thermo Fisher, Waltham, MA) and 5% Membrane Blocking Agent (GE
Healthcare, Buckinghamshire, UK) for 1 hour while shaking. The membranes were
then incubated with their respective primary antibodies (1:500 dilution) in 2% ECL
membrane blocking agent (RPN2125V-GE Healthcare UK limited) diluted in TBS
with 0.05% Tween 20 overnight at 4°C. The primary antibody solution was removed
and the blots were washed three times in TBS with 0.05% Tween 20. Subsequently,
the appropriate horseradish peroxidase (HRP) conjugated secondary antibodies were
applied to the blots, and these blots were incubated for 1 h at room temperature,
washed intensively in TBS with 0.05% Tween 20, and reacted with ECL Advanced
Detection Reagent (Amersham, Pittsburgh, PA) for 5 min at 25°C. Detection of the

membranes was done using a FujiFilm Intelligent Darkbox (FujiFilm Co., Tokyo, JP).
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The band intensity of each target protein was quantified using ImageJ analysis

software.?’

3.2.10 Statistical Analyses

Results for all plots are shown as the mean + standard deviation of data
obtained from at least 3 independent samples. Statistical analyses were performed
using Student’s t-test or one-way analysis of variance (ANOVA). A value of p <0.05

was considered to be statistically significant.

3.3 Results

3.3.1 Histone-Targeted Transfection Efficiency and Cellular Viability

We first sought to assess the overall transfection efficiency of H3-targeted
nanocarriers in MSCs by delivering a GFP reporter plasmid and analyzing expression
with fluorescence microscopy and flow cytometry (Figure 3.1). Different H3-targeted
nanocarrier formulations were tested in order to maximize transfection efficiency in
MSCs (data not shown). The optimized H3-targeted nanocarriers transfected
approximately 45% of MSCs in culture, as shown in Figure 3.1B. In contrast, both
scrambled H3 (sH3) nanocarriers (nanocarriers made identically to H3-targeted
nanocarriers but with a scrambled H3 sequence) and untargeted PEI nanocarriers
yielded significantly lower transfection efficiencies, with only ~25% of cells
transfected. Complementary to these results, the mean fluorescence intensities of the
transfected cell populations were assessed. As shown in Figure 3.1C, cells transfected
with H3-targeted nanocarriers displayed nearly 2-fold and 4-fold higher mean

fluorescence levels than scrambled and untargeted nanocarriers, respectively. These
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results suggest a more effective utilization of H3-targeted nanocarriers for transfection

in MSCs as compared with either scrambled or untargeted PEI nanocarriers.
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Figure 3.1: 10T1/2 MSC transfection efficiency. (A) Representative fluorescence
microscopy images of GFP expression (top) and phase contrast
microscopy images (bottom) of cells 24 h post-transfection with the
indicated nanocarriers. (B) Quantification of transfection efficiency
using flow cytometry. (C) Quantification of the transfected cell mean
fluorescence intensity using flow cytometry. All results are shown as the
mean + standard deviation based on data collected from 3 independent
experiments. * Indicates a significant difference from PEI nanocarriers
(p <0.05). ** Indicates a significant difference from sH3 nanocarriers.
Scale bar = 250 pm.
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Phase contrast images from our GFP transfection experiments (Figure 3.1A)
also suggested significant differences in associated cytotoxicity between H3-targeted
nanocarriers and untargeted PEI nanocarriers, with many fewer cells visible in PEI
nanocarrier-treated cells 24 h after transfection. To quantify the potential reductions
in cytotoxicity resulting from the nanocarrier treatments, cellular viability analyses
were performed using live/dead staining with Calcein AM and propidium iodide.
Fluorescent images indicated a significant reduction in cytotoxicity following
transfections with H3-targeted and sH3 nanocarriers (Figure 3.2A), consistent with the
literature.?> 31 Quantification of the live/dead staining revealed a 25% loss in cellular
viability following transfection with untargeted PEI nanocarriers (Figure 3.2B). To
further demonstrate the cytotoxicity associated with PEI nanocarriers, the number of
live MSCs present following transfection was also assessed. As shown in Figure
3.2B, transfection with PEI nanocarriers resulted in an 80% reduction in live cell
surface coverage, relative to untransfected controls. In contrast, live cell surface
coverage in MSCs transfected with H3-targeted or sH3 nanocarriers remained

unaffected.
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Figure 3.2: 10T1/2 MSC cellular viability and live cell surface coverage analyses 24
h post-transfection. (A) Representative fluorescence microscopy images
of live cells stained with Calcein AM (green) and dead cells stained with
propidium iodide (red) following transfection with the indicated
nanocarriers. (B) Quantification of cellular viability (left axis, blue bars)
and live cell surface coverage (right axis, orange line) from the
fluorescence microscopy images in (A) calculated by ImageJ analysis.
The number of live cells/cm? was normalized to the value in
untransfected controls. All results are shown as the mean * standard
deviation of data collected from at least 5 images obtained from 3
independent experiments. * Indicates a significant difference from
untransfected controls (p < 0.05). Scale bar =250 pm.
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3.3.2 BMP-2 Expression

Given the significant enhancements in transfection efficiency and
biocompatibility achieved with H3-targeted nanocarriers in MSCs, H3-targeted
delivery of DNA encoding the osteogenic growth factor BMP-2 was examined.
Native BMP-2, in its mature form, is secreted into the extracellular space during the
initial stages of fracture healing as MSCs enter the fracture site and begin to undergo
chondrogenesis.?* 3233 BMP-2 acts as potent inducer of both chondrogenesis and
osteogenesis, thus initiating the bone repair cascade. To measure mature BMP-2
expression in the cell culture supernatant, an enzyme-linked immunosorbent assay
(ELISA) was employed following transfection with a BMP-2 reporter plasmid. As
shown in Figure 3.3, BMP-2 was expressed in all transfected cell samples. In contrast,
untransfected MSCs did not display any significant BMP-2 expression (data not
shown). Maximum accumulation of BMP-2 in the cell culture supernatant was
observed between day 3 and day 4 post-transfection following all nanocarrier
treatments. Cells transfected with H3-targeted nanocarriers achieved a maximum
accumulation of approximately 0.9 ng/mL of BMP-2, which decreased to
approximately 0.5 ng/mL by day 6 post-transfection. In comparison, cells transfected
with both sH3 and PEI nanocarriers displayed nearly ~4-fold lower levels of
maximum secreted BMP-2 accumulation, and the levels of BMP-2 in these cell
samples decreased to approximately 0.05 ng/mL by day 6 post-transfection. These
results demonstrated the ability of the H3-targeted nanocarriers to not only improve
growth factor expression over untargeted nanocarriers, but also maintain higher levels
of protein in the extracellular space over an extended period of time that was

commensurate with the time frame of maximal BMP-2 activity during native repair.
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Figure 3.3:  Amount of BMP-2 accumulation in the cell culture supernatant following
a single transfection with the indicated nanocarriers. All results are
shown as the mean + standard deviation of data collected from 3
independent experiments. * Indicates a significant difference from the
previous time point (p < 0.05).

3.3.3 Chondrogenic Differentiation Potential

After verifying the ability of H3-targeted nanocarriers to improve osteogenic
growth factor expression over the course of 6 days, we next sought to determine
whether this enhanced and prolonged expression could ultimately augment MSC
differentiation and proliferation along chondrogenic cellular lineages. BMP-2 is a
potent inducer of chondrogenic differentiation, and thus we hypothesized that its
increased levels in the supernatant following H3-targeted transfection would result in
more robust levels of chondrogenesis when compared to cells transfected with control
nanocarriers (sH3 and PEI). In addition, we hypothesized that localized, cell-mediated
production of BMP-2 by MSCs would induce higher levels of chondrogenesis than the
levels in MSCs that received a dose of exogenously applied recombinant BMP-2

protein (rhBMP-2). For these comparative studies, we treated cells with a single dose
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of rhBMP-2 at a concentration of 1 ng/mL, similar to the maximum concentration of
BMP-2 that accumulated in the cell culture supernatant following H3-targeted
transfection (Figure 3.3). Additionally, to evaluate the maximum activity that would
result from a large supply of growth factor, we compared each of these treatments to
the result in MSCs subjected to a sustained dose of rhBMP-2 at a concentration of 100
ng/mL. Such high and repeated doses of rhBMP-2 mimic the growth factor delivery
regimens used in bone repair studies. These dosing schemes are also known to induce
chondrogenic differentiation in MSCs,* % and thus were designed to serve as a
positive control. A schematic depicting the BMP-2 gene and protein dosing timelines
in MSCs is compared with a general timeline of MSC chondrogenic differentiation in

Figure 3.4.

107



A) Add media supplements

Add rhBMP-2 to recombinant Refresh media (and rhBMP-2, if applicable) every 3-4 days
Transfect ®® protein controls Assess chondrogenic differentiation
MSCs &9 {
(= (= =3 === -
| Day 1 Day 7 Day 14 Day 21 |
B)
Condensation and proliferation Differentiation and maturation
Sox9
MSCs Chondroprogenitors Chondrocytes Hypertrophic chondrocytes
Extracellular
matrix proteins
Time >

Figure 3.4: Schematic depictions of the experimental timeline versus the timeline for
native chondrogenic differentiation. (A) Following a single transfection,
MSCs were maintained in chondrogenic media until the specified time
points for analysis. Untransfected cells (with or without rhBMP-2) were
maintained in parallel. (B) Simplified timeline of MSC chondrogenesis
and the major transcription factors and ECM proteins expressed. Thicker
ramps correspond to higher expression levels.

3.3.4 Chondrogenic Extracellular Matrix Formation

To qualitatively confirm that active chondrogenesis was occurring in MSCs
treated with the different BMP-2 gene or protein applications, extracellular
proteoglycan deposition was analyzed. Proteoglycans such as aggrecan, decorin, and
annexin are produced and secreted by actively proliferating chondrocytes,®” and these
proteoglycans help form the intermediate cartilage matrix necessary for mineralization
and endochondral ossification to form mature bone.® Proteoglycans are heavily
modified with glycosaminoglycans (GAGs), which are easily stained with cationic

dyes. To that end, Alcian blue staining was used to identify intermediary cartilage
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matrix formation on days 7, 14, and 21 post-treatment (Figure 3.5). GAG deposition
is indicated if the area surrounding the cells is stained dark blue. For untreated MSCs,
no extracellular staining was observed at any time point, and the only staining
observable was punctate staining of chromatin within the nuclei of cells. Similarly,
MSCs transfected with sH3 and PEI control nanocarriers, as well as MSCs treated
with a single dose of rhBMP-2 (1 ng/mL), did not exhibit any significant levels of
GAG deposition over the course of 3 weeks. In contrast, extracellular GAG
deposition following H3-targeted nanocarrier transfection was observed by day 7, and
this staining continued to increase over the 3 week time period, indicating the presence
of mature and active chondrocytes. Interestingly, GAG deposition levels on days 7
and 14 following H3-targeted transfection were similar to the levels obtained
following repeated treatments with 100 ng/mL rhBMP-2. By day 21, excessive
cellular proliferation and nutrient depletion from continuous cell culture in the
presence of excess rhBMP-2 prevented effective Alcian blue staining analysis.
Overall, these results suggested that H3-targeted gene therapy could trigger more
robust levels of chondrogenesis in MSCs when compared to either untargeted gene
nanocarriers or MSCs treated with equivalent amounts of rhBMP-2. Notably, 100-
fold excess rhBMP-2, as compared with the maximum BMP-2 expression levels in H3

transfected cells, was required to achieve similar GAG deposition.
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Figure 3.5: Representative light microscopy images of Alcian blue staining of
10T1/2 MSCs on days 7, 14, and 21 showing extracellular GAG
deposition following transfection with the indicated nanocarriers, or
treatment with the indicated doses of rhBMP-2. *** Sample could not be
accurately analyzed due to significant over-proliferation and cell
crowding. Scale bar =200 pum.

3.3.5 Chondrogenic mRNA Expression

To further confirm the ability of H3-targeted gene transfer to augment
chondrogenic differentiation in MSCs, we quantitatively monitored changes in both
MRNA and protein expression of specific chondrogenic markers over the course of 2
weeks. We examined the expression of extracellular matrix (ECM) protein markers
indicative of either early- or late-stage chondrogenesis (Figure 3.4). Early-stage
markers included collage type I1IA (COL 11A) and aggrecan (Acan), both of which
form the major structural components of the intermediary cartilage matrix secreted by
active chondrocytes.3” Late-stage markers included collagen type X (COL X) and
matrix-metalloproteinase 13 (MMP 13), both of which function to restructure the
cartilage matrix in preparation for mineralization and osteoclast invasion, indicative of

fully mature hypertrophic chondrocyte formation.®® Acan also continues to be
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expressed during hypertrophy.®” The mRNA expression levels for each of these
chondrogenic markers were analyzed on days 7 and 14 post-transfection/treatment
(Figures 3.6 and 3.7) using the real-time quantitative reverse transcription polymerase
chain reaction (RT-qPCR) with primers specific to COL lIA, Acan, MMP 13, and
COL X (Figure A.1). mRNA expression in all treated samples was analyzed relative
to the mRNA levels expressed by untreated MSCs. Day 7 RT-qPCR analysis of early-
stage chondrogenic markers indicated an approximate 3-fold enhancement in COL 1A
MRNA and a 50-fold enhancement in Acan mRNA (Figure 3.6) in MSCs transfected
with H3-targeted nanocarriers. In contrast, MSCs transfected with untargeted control
nanocarriers or MSCs treated with equivalent amounts of rhBMP-2 displayed no
significant increases in COL I1A or Acan mRNA expression relative to untreated
controls. Additionally, both COL 11A and Acan mRNA expression levels had
increased by day 14 following H3-targeted transfection to approximately 5-fold and
500-fold the levels in untreated MSCs, respectively, while MSCs treated with
untargeted nanocarriers and 1 ng/mL rhBMP-2 remained unchanged. Interestingly, by
day 14 both COL Il1A and Acan mRNA expression levels in cells treated with H3-
targeted nanocarriers exceeded those levels in MSCs treated with 100-fold excess

rhBMP-2.
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Figure 3.6: Cartilage-specific mRNA expression of collagen I1A (COL IlIA) and
aggrecan (Acan) on day 7 and 14 post-transfection/treatment. Each data
point represents the mean + standard deviation based upon data from 3
independent experiments. * Indicates a significant difference from 1
ng/mL rhBMP-2, sH3, and PEI nanocarriers (p < 0.05). ** Indicates a
significant difference from 100 ng/mL rhBMP-2 (p < 0.05). *** Indicates
a significant difference from previous time point (p < 0.05).

Similar trends in mMRNA expression were observed when analyzing late-stage
chondrogenic markers. By day 14, the mRNA expression levels of both MMP 13 and
COL X (Figure 3.7) in MSCs transfected with H3-targeted nanocarriers had increased
significantly, by approximately 20-fold and 200-fold, respectively, relative to the

untreated controls. In comparison, mMRNA expression levels from control samples
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treated with 1 ng/mL rhBMP-2 or untargeted nanocarriers remained unchanged.
Interestingly, by day 14, MSCs transfected with H3-targeted nanocarriers exhibited
higher levels of COL X mRNA expression relative to MSCs treated with 100-fold
excess rhBMP-2, but lower levels of MMP 13 mRNA expression. Expression of both
MMP 13 mRNA and COL X mRNA was evident as early as day 7 post-transfection
with H3-targeted nanocarriers or post-treatment with 100 ng/mL rhBMP-2. Taken
together, these RT-gPCR analyses further corroborated the findings that H3-targeted
gene transfer approaches could enable significant improvements in chondrogenic MSC

differentiation relative to recombinant protein therapy.
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Figure 3.7: Cartilage-specific mRNA expression of matrix-metalloproteinase 13
(MMP 13) and collagen X (COL X) on day 7 and 14 post-
transfection/treatment. Each data point represents the mean + standard
deviation based upon data from 3 independent experiments. * Indicates a
significant difference from 1 ng/mL rhBMP-2, sH3, and PEI nanocarriers
(p < 0.05). ** Indicates a significant difference from 100 ng/mL rhBMP-
2 (p <0.05). *** Indicates a significant difference from previous time
point (p < 0.05).

3.3.6 Chondrogenic Protein Expression
After verifying that the H3-targeted nanocarriers were inducing increased
MRNA expression levels of early- and late-stage chondrogenic markers, we next

sought to analyze corresponding changes in protein expression using Western blotting

114



(Figures 3.8 and 3.9). The protein expression levels of COL IIA, MMP 13, and COL
X were evaluated in MSCs at day 7 and 14 following BMP-2 transfection or treatment
with rhBMP-2, and these levels were calculated relative to the expression levels in
untreated MSCs. As shown in Figure 3.8, COL Il1A protein expression was
significantly enhanced (~1.8-fold increase) at day 7 following H3-targeted
transfection, and these COL 1A protein levels were equivalent to the levels in MSCs
treated with 100-fold excess rhBMP-2. By day 14, COL IIA protein expression had
decreased back to its basal level, consistent with the timing of COL I1A expression
during native progression through chondrogenesis (Figure 3.4). In contrast, MSCs
treated with untargeted nanocarriers or equivalent amounts of rhBMP-2 did not exhibit
any significant enhancements in COL IlA expression at either day 7 or day 14.
Investigation of MMP 13 protein expression showed a significant increase in cells
transfected with H3-targeted nanocarriers (Figure 3.9), from basal expression at day 7
to a 1.2-fold increase by day 14, equivalent to the expression level in MSCs treated
with 100-fold excess rhBMP-2. Again, no significant enhancements in MMP 13
protein expression were observed in MSCs treated with untargeted nanocarriers or
equivalent amounts of rhBMP-2. As expected, the protein expression patterns of COL
X were similar to those of MMP 13 (Figure 3.9). By day 14, COL X exhibited an
approximate 1.6-fold increase in expression following H3-targeted transfection or
treatment with 100-fold excess rhBMP-2, relative to untreated MSCs. Interestingly,
MSCs treated with a single dose of rhBMP-2, equivalent to the maximum accumulated
BMP-2 following H3-targeted transfection, also exhibited a slight increase (1.2-fold)
in COL X protein expression relative to untreated MSCs at day 14. However, this

fold-increase in expression was significantly less than the increase induced by H3-
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targeted transfection. Collectively, these data further confirm the ability of H3-
targeted gene transfer to trigger robust chondrogenesis in MSCs, by enhancing
chondrocyte proliferation from early to late hypertrophic stages in preparation for
matrix mineralization and ossification. Most importantly, these enhancements are
equivalent to those achieved through repeated dosing of MSCs with 100-fold excess
rhBMP-2, suggesting the capacity for enabling substantial reductions in growth factor

dosing using H3-targeted gene therapy for bone regenerative applications.

Ctrl 1ng sH3 PEI H3 100ng Ctrl 1ng sH3 PEl H3 100ng
COL 1A | S s s S S | | o e S — —

Actin | S S e S e | | IS GRS G @I G S

Day 7 Day 14

2 -
S 18 * * = 1 ng/mLrhBMP-2
g 1.6 4 3 sH3 nanocarriers
E o 14 E—] PEl nanocarriers
w £33 k%
< 8 1.2 == H3-targeted nanocarriers
32 14 1 E= 100 ng/mL rhBMP-2
S3os | P
-5 1
&% 06
©
E 0.4 4
S 02

0 T T T

Figure 3.8: Cartilage-specific protein expression of collagen I1l1A (COL 11A) on day 7
(faded bars) and day 14 (solid bars) with representative Western blot
images of the indicated proteins. All data represent the protein expression
levels relative to the levels of the loading control B-actin, normalized to
the native protein levels in untreated controls. All values in are shown as
the mean + standard deviation of data obtained from 3-5 separately
prepared and analyzed samples. * Indicates a significant difference from
the untreated control (p < 0.05). ** Indicates a significant difference from
the previous time point (p < 0.05).
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Figure 3.9: Cartilage-specific protein expression of matrix-metalloproteinase 13
(MMP 13) and collagen X (COL X) on day 7 (faded) and day 14 (solid)
with representative Western blot images of the indicated proteins. All
data represent the protein expression levels relative to the levels of the
loading control B-actin, normalized to the native protein levels in
untreated controls. All values are shown as the mean + standard deviation
of data obtained from 3-5 separately prepared and analyzed samples. *
Indicates difference from the untreated control (p < 0.05). ** Indicates
difference from the previous time point (p < 0.05).
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3.3.7 Mechanisms Underlying H3-Targeted Chondrogenic Enhancement

The ability of H3-targeted gene transfer to improve chondrogenesis in MSCs
as compared with either untargeted gene carriers or equivalent amounts of
recombinant protein suggested that a more global change in cellular behavior was
occurring in response to H3-targeted BMP-2 expression. We hypothesized that the
enhanced MSC-mediated expression of growth factor would result in both improved
MSC proliferation/condensation in preparation for differentiation, as well as increased
activation of major regulatory factors driving chondrogenesis. To test this, we
examined changes in the protein expression of the transcription factors Sox9 and
Runt-related transcription factor 2 (Runx2) induced by either BMP-2 transfection or
treatment with rhBMP-2 (Figure 3.10). Sox9 plays an essential role in activating
MSC condensation prior to chondrogenesis,* 4% and continues to activate genes
essential to driving the initial stages of chondrogenic differentiation. Runx2 plays an
essential role in driving matrix mineralization and helps to promote chondrocyte
hypertrophy.3:3% As shown in Figure 3.10A, an approximate 1.5-fold increase in
Sox9 protein expression in MSCs was observed by day 7 in cells transfected with H3-
targeted nanocarriers, relative to untreated MSCs. This increase in S0x9 expression
was equivalent to Sox9 expression in MSCs that had been treated with 100-fold excess
rhBMP-2. In fact, Sox9 transcription factor activation was observed as early as 48 h
post-transfection with H3-targeted nanocarriers (Figure 3.11). In contrast, Sox9
expression remained unchanged in MSCs following transfection with untargeted
nanocarriers or treatment with equivalent amounts of rhBMP-2. Similar protein
expression trends were observed for Runx2 on day 14 in both H3-targeted transfected
cells and 100 ng/mL rhBMP-2 treated cells (Figure 3.10B), which displayed

approximately 1.5- and 1.4-fold increases, respectively, in Runx2 protein relative to
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untreated MSCs. Collectively, these data suggest that growth factor expression
following H3-targeted gene transfer functions to activate MSC cellular mechanisms
that drive condensation and chondrogenesis more efficiently than either untargeted

gene transfer or topically applied recombinant protein therapy.
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Figure 3.10: Representative Western blot analyses and quantification of A) Sox9 and
B) Runx2 transcription factor protein expression levels at day 7 and day
14 respectively. All data represent the protein expression levels relative
to the loading control B-actin, normalized to the native protein levels in
untreated controls. All values are shown as the mean + standard deviation
of data obtained from 4 separately prepared and analyzed samples. *
Indicates a significant difference from the untreated control (p < 0.05).
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Figure 3.11: Representative Western blot analysis and quantification of transcription
factor Sox9 protein expression on day 2 post-transfection with the
indicated nanocarriers or post-treatment with rhBMP-2. All data
represent the protein expression levels relative to the levels in the loading
control B-actin, normalized to the native protein levels in
untreated/untransfected controls. All values are shown as the mean +
standard deviation of data obtained from 5 separately prepared and
analyzed samples. * Indicates a significant difference from the
untreated/untransfected control (p < 0.05).

3.4 Discussion

Non-viral gene therapy possesses enormous potential to improve fracture
healing, as the rapidly dividing cells within the fracture site are an ideal target for gene
transfection with enhanced efficiency. Local, transient expression of key growth
factors by these cells can stimulate the healing response to enable significant
reductions in exogenous growth factor stimulation required to initiate bone repair
cascades. Many non-viral gene nanocarriers have a critical limitation of low
transfection efficiency. Accordingly, this study sought to address this challenge by

utilizing a materials design approach aimed toward improved gene transfer, and
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ultimately improved growth factor production, to accelerate MSC differentiation and
thereby enable faster fracture healing. Our studies document the first examination of
histone-targeted nanocarriers for bone regenerative applications and demonstrate their
utility in triggering more robust levels of chondrogenic differentiation, an essential
first step in the bone repair process, as compared with exogenously applied
recombinant growth factor proteins. An unprecedented finding was that nearly 100-
fold excess recombinant growth factor was required to produce similar levels of
chondrogenic mMRNA and protein expression, illustrating the importance of well-
controlled non-viral nanocarrier design for the advancement of bone defect
management.

In our previous investigations, we demonstrated that H3-targeting improves
gene transfer by shuttling nanocarriers away from traditional endosome escape
pathways to vesicular transport pathways that localize to the ER and drive nuclear
delivery, similar to native pathogen trafficking.***® This altered intracellular
trafficking and improved nuclear delivery was conferred via nanocarrier interactions
with H3 effectors involved in native retrograde transport®* and nuclear import during
mitosis.** Such findings motivated the analyses herein to determine whether this
improved nuclear delivery and expression in actively dividing cells could be exploited
to enhance osteogenic growth factor expression, coordinated with increases in MSC
proliferation, leading to enhanced differentiation along cellular lineages essential to
bone regeneration.

GFP transfection studies and cellular viability analyses demonstrated that H3-
targeting could enable distinct improvements in gene transfer and reductions in

cytotoxicity in MSCs compared with untargeted PEI nanocarriers. Closer examination
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of cellular morphology post-transfection revealed the detrimental cytotoxic effects PEI
nanocarriers exhibited in MSCs (Figure 3.1A). The phase contrast images show a
significant reduction in total number of MSCs still adhered to the plate following
transfection with PEI nanocarriers. This substantial loss in cell surface coverage due
to the PEI polymer was reflected in Figure 3.2B, showing a near 5-fold reduction in
the number of live cells post-transfection with PEI nanocarriers. These cell surface
reductions also explain the discrepancy between the levels of transfection observed by
fluorescence microscopy (Figure 3.1A) versus what was quantified with flow
cytometry (Figure 3.1B). Since flow cytometry and fluorescence microscopy analyze
different cell populations (live cells versus total cells, respectively), the level of
transfection as observed by fluorescence microscopy appeared visually lower than that
observed by flow cytometry.

Examination of osteogenic BMP-2 growth factor expression indicated a
substantial increase in the levels of BMP-2 secreted into the extracellular space
following transfection with H3-targeted nanocarriers. BMP-2 remained present in the
cell culture supernatant for 6 days following a single transfection. This was a
surprising result, given the fact that non-viral transfections are transient in nature.
Many growth factors, including BMPs, are natively sequestered by components of the
ECM, such as proteoglycans, elastins, and collagens, in order to regulate their
activity.*® BMP-2 itself is known to bind collagen,*® 4" which has been used as a
means to enhance therapeutic activity of rhBMP-2 via prolonged release. 8->
Sustained and localized release from ECM scaffolds can greatly enhance the half-life
of rhBMP-2 from ~7 min (following systemic administration) to several days.**%! As

these experiments were conducted on collagen type | coated culture plates, it is
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possible that the collagen functioned to sequester the initially expressed BMP-2 to
some extent, prolonging its release to the cell culture supernatant. In addition, our
previous investigations using histone-targeted nanocarriers demonstrated that the H3
tail functioned to retain nanocarriers in the nucleus of cells post-mitosis.® This
prolonged nuclear retention may have helped promote gradual gene expression over
the course of several days. Together, these factors could have contributed to sustained
BMP-2 expression over a period of 6 days.

The capacity for prolonged BMP-2 accumulation in the cell culture
supernatant following H3-targeted transfection prompted us to examine the potential
of the expressed BMP-2 to induce chondrogenic differentiation in MSCs. In
particular, we sought to demonstrate the advantage of histone-targeted gene therapy by
triggering increased chondrogenic differentiation following transfection than the levels
achieved via a single equivalent dose of recombinant BMP-2 protein. Analyses of
proteoglycan deposition (Figure 3.5), mMRNA expression (Figures 3.6 and 3.7), and
protein expression (Figures 3.8 and 3.9) of key chondrogenic markers illustrated a
clear progression from early- to late-stage chondrogenesis (Figure 3.4), consistent with
the literature,®” following H3-targeted gene transfer. Furthermore, a 1.8-fold increase
in vascular endothelial growth factor (VEGF) was observed by day 14 (Figure 3.12),
indicating that the mature chondrocytes were beginning to prepare the intermediate
cartilage matrix for vascular invasion and ossification by osteoclasts, an essential step

for the replacement of cartilage by bone.38 52
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Figure 3.12: Representative Western blot analysis and quantification of vascular
endothelial growth factor (VEGF) protein expression on day 14 post-
treatment with rhBMP-2 or transfection with the indicated nanocarriers.
All data represent the protein expression levels relative to the levels in
the loading control B-actin, normalized to the native protein levels in
untreated/transfected controls. All values are shown as the mean +
standard deviation of 3 separately prepared and analyzed samples. *
Indicates a significant difference from the untreated/transfected control (p
< 0.05).

In contrast, MSCs treated with a single equivalent dose of rhBMP-2 (1 ng/mL)
displayed no indications of chondrogenic differentiation, with the exception of a slight
enhancement in COL X protein expression on day 14 post-treatment. This
considerable discrepancy between gene and protein therapy was partially explained by
the absence of any transcription factor activation following rhBMP-2 treatment
(Figures 3.10 and 3.11). Expression of Sox9 is essential to MSC progression through
the early stages of chondrogenesis (Figure 3.4) and is responsible for the activation of

both COL 1A and Acan genes in proliferating chondrocytes.> Similarly, Runx2 is an
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important driver of terminal chondrogenic differentiation and has been shown to
activate MMP 13 and COL X genes in hypertrophic chondrocytes.® ** Without the
coordinated expression of these transcription factors, chondrogenic differentiation is
not possible. In addition, by delivering the BMP-2 plasmid, we expect that we were
able to achieve more natural expression profiles of the fully mature BMP-2 protein,
with native post-translational modifications (PTMs) and more similar BMP-2
induction kinetics. BMPs require PTMs to enable their biological stability and
activity,®® and hence the absence of appropriate PTMs in topical rhBMP-2 application
may have contributed to the insignificant levels of chondrogenic differentiation
achieved using equivalent rhBMP-2 doses in our investigations. Furthermore, it is
likely that the increased cell-cell interactions established during the first few days of
culture functioned to amplify both transcription factor and native BMP signaling,
since MSC condensation and cellular communication are required for chondrogenic
differentiation.®” The gap junctions formed between MSCs are thought to play
essential roles in triggering signal transduction pathways, and have been shown to
operate in conjunction with growth factor mediated chondrogenesis in vitro.®

Due to the short systemic half-life of rhBMP-2,°" sustained and localized
delivery of excess recombinant growth factor is often required to initiate bone repair
cascades in both in vitro and in vivo models of bone regeneration.®® To simulate these
approaches, we subjected MSCs to repeated doses of excess rhBMP-2 at
concentrations known to initiate chondrogenic differentiation in vitro (100 ng/mL).>®
%0 The amount of rhBMP-2 used in these studies was over 100-fold greater than the
maximum accumulation of nascent BMP-2 achieved following a single H3-targeted

transfection (Figure 3.3). At these high repeated doses, MSCs in this study were
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shown to successfully undergo chondrogenic differentiation. In comparing the
experimental results from these repeated excess rhBMP-2 treatments to those achieved
with a single H3-targeted gene transfection, it is interesting to note the similarities in
overall expression levels of chondrogenic markers. Equivalent levels of ECM protein
expression (Figure 3.8 and 3.9), transcription factor expression (Figures 3.10 and
3.11), and proteoglycan deposition (Figure 3.5) were observed on days 7 and 14
following repeated excess rhBMP-2 treatment and H3-targeted gene transfer,
demonstrating the utility of H3-targeting to enable reductions in growth factor dosing.
It is interesting to note that the mRNA expression levels of COL I1A (Figure
3.6), Acan (Figure 3.6), and COL X (Figure 3.7) remained unchanged from day 7 to
day 14 following excess rhBMP-2 treatment, despite the changes that were observed
in protein expression of these same factors (Figures 3.8 and 3.9). Although there is
not always a direct correlation between mRNA and protein expression levels, the
unchanged mRNA expression may indicate a difference in cellular behavior in
response to excess rhBMP-2 treatment. Studies of MSC chondrogenesis in vitro have
shown that BMP treatment induces proliferation®” and drives terminal chondrocyte
hypertrophy?® ! in a dose dependent manner. Hypertrophic chondrocytes increase in
cell volume, degrading the ECM around them, and ultimately undergo cell death in
preparation for osteoclast invasion and mineralization.® Thus, overstimulation with
excess rhBMP-2 likely enhanced the rate of cell death by increasing chondrogenic
hypertrophy and promoting over-proliferation which led to cell crowding and
depletion of necessary nutrients. These cell culturing effects became especially
pronounced by day 21, at which point cellular overcrowding and cell death prohibited

effective analysis of GAG deposition with Alcian blue following excess rhBMP-2
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(100 ng/mL) treatment. In contrast, GAG deposition was significantly enhanced from
day 14 to day 21 following H3-targeted nanocarrier treatment (Figure 3.5), indicating
the presence of healthy chondrocytes that were actively secreting and forming a
mature cartilage matrix. In the context of fracture healing and endochondral
ossification, healthy cartilage matrix formation is critical to ensure mature bone
integrity. This further demonstrates the utility of a histone-targeted gene-based
approach to better enable natural progression through the complex signaling cascades
of bone repair, and avoid any over-proliferation/cell death that may result from excess
recombinant protein treatment.

In contrast to MSCs transfected with H3-targeted nanocarriers, untargeted PEI
nanocarriers and sH3 nanocarriers did not trigger any significant levels of
chondrogenic differentiation in MSCs. The cytotoxicity associated with the
untargeted PEI nanocarriers likely played a key role in hindering chondrogenesis, as
evidenced by the decreased fold-changes in protein expression of certain ECM and
transcription factor proteins. Figure 3.5 shows evidence of GAG deposition following
untargeted PEI nanocarrier transfection on days 14 and 21. In addition, PEI
transfected cells also displayed a minor 1.3-fold increase in VEGF expression by day
14 (Figure 3.12). As these MSCs recovered from PEI transfection they likely began to
proliferate in isolated “colonies” rather than in a continuous monolayer. Since MSC
condensation plays an important role chondrogenesis, the close proximity of these
MSCs likely triggered chondrogenic differentiation, resulting in low observed levels
of GAG deposition and VEGF expression. Finally, the insignificant levels of

chondrogenesis triggered by sH3 nanocarriers strongly indicate that transfection alone
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cannot drive chondrogenic differentiation, but requires elevated expression of native

BMP-2 growth factor protein.

3.5 Conclusions

In this study, we observed that H3-targeted gene therapy functions to enhance
transfection efficiency and reduce cytotoxicity in MSCs. H3-targeting resulted in a 4-
fold enhancement in expression of the osteogenic growth factor BMP-2 compared to
untargeted gene nanocarriers, and H3-transfected cultures maintained significant
accumulation of BMP-2 in the cell culture supernatant over the course of 6 days. As a
result of this prolonged expression, H3-targeting improved chondrogenic
differentiation potential in MSCs, an important first step in the fracture healing
process, over untargeted nanocarriers. More importantly, both qualitative and
quantitative analyses of chondrogenic mMRNA and protein expression demonstrated
that a single transfection with H3-targeted nanocarriers could trigger more robust
levels of chondrogenic differentiation in MSCs when compared to MSCs treated with
a single equivalent dose of exogenously applied BMP-2 protein. In fact, a 100-fold
increase in rhBMP-2 dosage was required to trigger similar levels of chondrogenic
gene and protein expression. Analysis of transcription factor expression indicated that
H3-targeted gene transfer functions to activate the MSC cellular processes that drive
proliferation and chondrogenesis more efficiently than topically applied recombinant
protein. Collectively, these findings demonstrate the utility of using histone-targeted
gene transfer to gain more effective control over growth factor expression and MSC
differentiation, and ultimately contribute to the overall advancement of gene therapy

in the context of bone defect management.
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Chapter 4

HISTONE-MIMETIC GOLD NANOPARTICLES AS VERSATILE
SCAFFOLDS FOR GENE TRANSFER AND CHROMATIN ANALYSIS

As described in Chapter 1, incorporation of the histone H3 tail nuclear
localization sequence functioned to direct the nuclear delivery of DNA-encapsulating
nanocarriers through specific interactions with intracellular trafficking and nuclear
import proteins. However, the current nanocarrier design strategy lacks control over
the display and the amount of peptide contained within the final nanocarrier.
Developing a coordinated synthesis and assembly approach to improve and selectively
tune peptide display may function to enhance gene transfer by providing more control
over interactions with the intracellular environment. Accordingly, this chapter
describes how the synthetic procedures and characterization techniques detailed in
Chapter 2 were utilized to develop novel histone-mimetic nanoscaffolds with the
potential to enhance non-viral nucleic acid delivery under physiological conditions.
The text, tables, equations, and figures in this chapter are adapted and reprinted with
permission from Munsell, E.V.; Fang, B.; and Sullivan, M.O., Histone-mimetic gold
nanoparticles as versatile scaffolds for gene transfer and chromatin analysis,

Bioconjugate Chemistry. In Preparation. (2017).

4.1 Introduction
Nanoparticles have shown enormous promise in applications ranging from
catalysis to biology, leading to an explosion of nanotechnology development in the

past decade. Nanoparticle methods offer improved imaging potential, versatile
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chemistries, and high surface area to volume ratios that enable efficient surface
modification for drug delivery applications. For example, gold nanoparticles (AuNPS)
possessing a 2 nm core diameter can accommodate ~100 surface ligands incorporating
targeting moieties and/or therapeutic materials.!? As discussed in section 1.7.1,
AUNPs can initiate cellular entry,®#* and possess a promising safety profile based on
clinical analyses of bulk gold and evaluations of gold nanostructures.® Nanogold
spheres (d > 1-2 nm) have shown minimal toxicity, both in culture®® and following
either local or systemic administration.® AuNPs with controlled dimensions and
surface modifications have been intensely studied and widely applied in biomedical
trials for biosensor applications,%*® drug delivery,#1® and bioimaging.*"°

AUNPs offer exciting potential in gene transfer applications due to their unique
electronic and surface properties. For example, several studies have capitalized on the
chemical versatility and high surface area in AUNPs to create polycationic gold
nanoparticles with significantly enhanced binding stability in association with nucleic
acids.?>% Additionally, nanogold has been widely used to image gold nanocarriers
during in vivo and/or intracellular transport, leading to new insights in nanocarrier
delivery mechanisms.?-?° AuNPs are a useful platform for surface modification with
peptides and other ligands for a variety of biomedical applications.®3! For example,
amino acid modified AuNPs have been employed to direct the cytosolic delivery of
siRNA32-3 and proteins.®3 Additionally, surface functionalization with various
targeting ligands have been employed to direct AUNP localization to specific cells
(e.g. cancer cells)®"*° and even specific organelles. Functionalization with nuclear

localization sequences (NLSs) has been shown to enhance AuNP nuclear delivery,*142
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while changing ligand surface density has been shown to alter AuNP intracellular
distribution.*?

Previous investigations in our lab (see section 1.5) examined the effects of
incorporating the histone H3 tail NLS into polyethylenimine (PEI) gene delivery
systems. The H3 NLS plays an essential role in the nuclear translocation and
accumulation of the native H3/H4 protein dimer complex.*+* Additionally, the H3
NLS has been shown to play an important role in activating chromosomal DNA for
transcription through its interactions with histone acetyltransferase (HAT)
complexes,*®8 as shown in Figure 4.1. In nanocarriers, the H3 NLS functioned to
significantly enhance transfection efficiency over standard polymeric transfection
reagents*® by altering cellular uptake and intracellular trafficking, and by harnessing
native nuclear import machinery during mitosis.**°?

Building off of these fundamental insights, we hypothesized that combining
H3 tail motifs with polycationic AuNPs would function to mimic the native H3
presentation on the nucleosome, creating nanostructures with the capacity to stably
bind as well as controllably deliver plasmid DNA (pDNA). We posited that this
biomimetic presentation of the H3 tail motif would better recapitulate native
interactions with histone effectors (Figure 4.1), thus directing nuclear delivery and
transcriptional activation. In addition, the well-established methods for AuNP surface
functionalization would facilitate manipulation of peptide displays, enabling tunable
pDNA association and controlled recruitment of nuclear effectors involved in
transcription. Thus, extracellular stability and intracellular transcription could be

simultaneously optimized.
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AUNPs with a variety of core dimensions are typically synthesized by chemical
reduction methods.>*-® AuNPs with low dispersity and small (~2 nm) core dimensions
can be readily prepared by the well-established Brust-Schiffrin method involving
hydrogen tetrachloroaurate (HAuCls4) reduction with sodium borohydride (NaBHa) in
the presence of 1-pentanethiol (C5-SH).>® These monolayer-protected AuNPs provide
an ideal scaffold for post-functionalization with various combinations of organic
ligands through the Murray place-exchange reaction.>” More importantly, ligand
composition on the AuNP surface can be tailored by simply manipulating the ratio of
incoming ligand to thiolated surface ligand.

Herein, we utilized monolayer-protected AuNPs as scaffolds to display H3 tail
peptides in a tunable fashion that would mimic the architecture and dimensions of core
histones in the native nucleosome (Figure 4.1). Subsequently, we evaluated whether
these histone-mimetic nanoscaffolds would promote efficient histone effector
engagement and permit AUNP-pDNA assembly into nucleosome-like structures that
could efficiently deliver pDNA. Our data show that H3 tail peptide densities could be
varied on monolayer-protected AuNPs over a range of 4-69 ligands, enabling similar
or higher peptide densities than those found in the histone octamer. Importantly, these
histone-mimetic nanoscaffolds demonstrated significantly improved binding
interactions with the H3-specific transcriptional activator HBO1 as compared with
AuNPs with similar zeta potentials but without H3 tail peptide modifications. In fact,
the H3-AuNPs exhibited a 2-fold higher association with HBOL1 following cellular
pull-down assays, as compared with the unmodified AuNPs. Furthermore, the
nanoscaffolds formed highly stable complexes with pDNA that displayed substantially

better stability against heparin displacement than standard polymeric transfection
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reagents made with PEI alone. Most notably, the AUNP-pDNA nanoplexes were able
to preserve their transfection efficiency in the presence of high concentrations of
heparin similar to those found in the extracellular environment, whereas PEI
polyplexes exhibited a 9-fold decrease in transfection efficiency in the presence of
heparin. Finally, gene delivery was clearly driven by the H3 tail peptides, with ~6-fold
enhanced transfection efficiencies as compared with nanoplexes containing
unmodified AuNPs. These novel findings represent a significant design advance in
gene delivery materials and addresses crucial barriers in pDNA binding stability and

biospecific targeting.
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Figure 4.1: Schematic illustration of the bio-inspired design of H3-modified AuNPs
that mimic the structure of native histone octamers. The HBO1
transcriptional activator protein interacts with the H3 tail on both the
native octamer (left) and the AuNPs (right).
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4.2 Results and Discussion

4.2.1 Preparation of the Histone-Mimetic Nanoscaffolds

The histone-mimetic nanoscaffold design was composed of a gold core coated
with a layer of thiolated ligands. Construction of the nanoscaffolds began with the
synthesis of the gold core via a Brust-Schiffrin procedure. In order to ensure that the
Brust-Schiffrin synthesized AuNPs were of the small size required to mimic native
nucleosome dimension, both core diameter and dispersity were analyzed by
transmission electron microscopy (TEM) as shown in Figure 4.2. Quantitative image
analysis (Figure 4.2B) illustrated that the mean core size was ~2.5 nm with a relatively
narrow distribution ranging between 1.5 nm and 3.5 nm. Magnified images (Figure
4.2C and D) further confirmed the assembly of the gold core, as indicated by the
lattice-like structures of the gold atoms (~2.4 A lattice spacing), demonstrating the

crystallographic planes of face centered cubic gold.*®
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Figure 4.2: TEM images of C5-coated AuNPs and the statistical analysis of AUNP
core diameter. (A) Wide view image of the AuNPs; (B) Core diameter
statistical analysis of all the AuNPs in (A), average core diameter = 2.5
nm; (C) Magnified image of the AuNPs; (D) High-magnification image
of the outlined region in (C) showing the fine lattice structures of the
gold cores. Scale bar in all images =5 nm.

In order to endow the AuNP surface with the appropriate charge for aqueous
solubility and pDNA binding capacity, as well as to mimic the native presentation of
histone tail sequences on the histone octamer, different species and densities of
peptide ligands were installed onto the AuNP surface by a 2-step Murray place

exchange process. First, ligands containing a short cationic sequence composed of 5
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lysine residues (K5) were exchanged onto the surface of the C5-protected AuNPs
(Figure 4.3). The resulting cationic and water-soluble K5-coated AuNPs were then
used in a second place exchange with ligands containing the first 1-25 residues of the
H3 tail NLS. The final amount of H3 tail displayed on surface of the resulting histone-
mimetic nanoscaffolds was tuned by varying the amount of H3 tail ligand present
during the second place exchange. Using this 2-step procedure, we generated a small
library of cationic AuNPs, ranging from AuNPs with no H3 ligands to AuNPs that

were completely covered with the H3 tail.
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Figure 4.3: Schematic illustration of the 2-step Murray place exchange strategy for
ligand installation. Different number densities of H3 tail ligands were
controlled by the H3 tail ligand feed. MUA = mercaptoundecanoic acid;
K5 = 5-residue polylysine peptide; H3 = H3 tail peptide (residues 1-25).
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4.2.2 Synthesis and Characterization of Nanoscaffold Ligands

Synthesis of the K5 and H3 tail peptides was conducted using
fluorenylmethyloxycarbonyl (Fmoc) solid-phase peptide synthesis (SPPS). Both
peptides were covalently modified with a triphenylmethyl-protected
mercaptoundecanoic acid (MUA) alkane chain to help drive the place-exchange
reaction and confer stability of the final nanoscaffolds. In the case of the K5-MUA
peptide ligand, the MUA was conjugated to the N-terminus following synthesis of the
K5 peptide (Figure 4.4). When synthesizing the H3-MUA peptide ligand, a modified
synthetic procedure, unique to the work described herein, was employed to ensure that
all H3-containing AuNPs mimicked the natural architecture of nucleosomes. Native
histone effectors interact with the H3 tail NLS in the N- to C-terminal direction. Thus,
it is crucial that the synthesized H3 tail be displayed on the on the gold surface in a
similar direction, in order to recapitulate its cellular functionalities. Since standard
SPPS proceeds in the opposing C- to N-terminal direction, the MUA conjugate had to
be attached at the beginning C-terminus before peptide synthesis proceeded. To
accomplish this, a lysine residue possessing a side-chain protecting group fully
orthogonal to Fmoc deprotection® was incorporated into the synthetic procedure, thus
ensuring that the final H3-MUA peptide ligand maintained the correct N to C
orientation when place exchanged onto the AuNP surface. Following addition of this
orthogonal lysine residue at the C-terminus, the g-amino protecting group was
removed to conjugate the MUA, followed by standard SPPS to generate the H3 tail
(Figure 4.5).
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Figure 4.4: Synthetic procedure and electrospray ionization mass spectrometry (ESI
MS) characterization of the K5-MUA peptide ligand, which showed
major peaks of m/z = 858.7 (+1H), m/z = 880.7 (+1Na) and m/z = 430.1
(+2H). The predicted molecular weight of the K5-MUA peptide ligand
was 857.7 Da. K = lysine amino acid; HOBt = hydroxybenzotriazole;
DIC = N,N’-diisopropylcarbodiimide; DMF = dimethylformamide; TFA
= trifluoroacetic acid; TIS = triisopropylsilane; Phs = triphenylmethyl
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Figure 4.5: Synthetic proceedure and matrix assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) characterization of
the H3-MUA peptide ligand, which showed primary peaks of m/z =
3010.9 (+1H) and m/z = 1505.9 (+2H). The predicted molecular weight
of the H3-MUA peptide ligand was 3009.1 Da. Dde = 1-(4,4-dimethyI-
2,6-dioxacyclohexylidene)ethyl; NMP = N-methyl-2-pyrrolidone; DCM
= dichloromethane; EDT = 1,2-ethanedithiol.

4.2.3 Histone-Mimetic Nanoscaffold Characterization

In order to determine the number of K5-MUA and H3-MUA peptide ligands
that had been exchanged onto the nanoscaffold surface, both thermogravimetric
analysis (TGA) and carbon-hydrogen-nitrogen-sulfur (CHNS) elemental analysis were
employed. The C5-coated AuNP precursors were found to contain ~96 C5 surface

ligands based on a weight loss of 16.89 % from TGA (Figure 4.6A), which is in good
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agreement with previous studies analyzing the number of cluster ligands on the
surface of Brust-Schiffrin synthesized AuNPs.5"%61 The amount of K5-MUA ligands
present on the AuNP surface following the first place exchange reaction was analyzed
by combining results from TGA (Figure 4.6B) and CHNS elemental analysis (Table
B.1). TGA established a weight loss of 38.92 % for the K5-coated AuNPs, which is
substantially higher than the weight loss from the C5-coated AuNP precursors. A total
of 31 K5-MUA ligands were calculated per K5-coated AuNP (see Appendix C).

It is interesting that only ~32 % of the C5 surface ligands were replaced by the
incoming K5-MUA peptide ligands, given the fact that a large molar excess of K5-
MUA ligands to C5 surface ligands was utilized to ensure a high degree exchange.®’
However, due to the dramatic difference in solubility between the C5-coated AuNPs
and the K5-MUA peptide ligands, the place exchange reaction was conducted in a
mixture of dichloromethane (DCM) and methanol (MeOH). It is likely that the
resulting K5-coated AuNPs precipitated out of the mixed solvent before complete
exchange could take place. This explains the relatively low number of K5-MUA
ligands found on the surface, in comparison to the precursor C5-coated AuNPs.
Despite this, the K5-coated AuNPs were only soluble under aqueous conditions. In
addition, due to the relatively low molecular weight of C5-SH, the residual C5 surface
ligands only occupied ~13 wt % of the K5-coated AuNP surface, which explains the

high solubility of these AuNPs in aqueous media.
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Figure 4.6: TGA of (A) C5-coated AuNPs, (B) K5-coated AuNPs, (C) low-coverage
H3 AuNPs, (D) mid-coverage H3 AuNPs, and (E) high-coverage H3
AUNPs. Solid lines = temperature traces; dashed lines = weight percent
data.

In the second place exchange reaction, the H3-MUA ligands replaced a
fraction of both the K5-MUA ligands and the residual C5 ligands on the AuNP
surface. Since the K5-coated AuNPs and H3-MUA peptide ligands were both readily
dissolved in water, the amount of place exchange was reasonably controlled by tuning
the feed ratio of H3-MUA peptide ligands to AuNP surface ligands. Thus, the final
AuNPs took on different amounts of H3-MUA peptide ligand, resulting in
nanoparticle preparations characterized as low-coverage H3 AuNPs, mid-coverage H3
AuNPs and high-coverage H3 AuNPs. These final histone-mimetic nanoscaffolds
were also subjected to TGA (Figures 4.6C, 4.6D, and 4.6E) and CHNS elemental
analysis (Table B.1). TGA yielded 54.1 %, 57.1 % and 81.1 % weight losses for the

low-, mid-, and high-coverage H3 AuNPs respectively. These results were combined
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with CHNS elemental analysis to estimate the surface ligand compositions in the 3
different H3-containing mixed monolayer AuNPs (see Appendix C). Final ligand
composisitons for all the synthesized AuNPs are reported in Table 4.1.

Although the AuNPs possess a small core dimension (~2.5 nm), this size does
not accurately reflect their morphology under aqueous conditions. These properties
were evaluated by dynamic light scattering (DLS). DLS hydrodynamic radius
measurements of both the K5-coated and histone-mimetic AuNPs show a dramatic
increase in nanoscaffold dimension compared to the gold core (Table 4.1). The
average hydrodynamic radius of the K5-coated AuNPs was 7.8 nm. Hydrodynamic
size increased ~5-fold following installation of the much longer H3-MUA peptide
ligand, consistent with molecular simulation estimations of K5 peptide versus H3 tail
peptide length. As expected, average hydrodynamic radii were similar for the low-,

mid-, and high-coverage H3 AuNPs: 37 nm, 38 nm, and 41 nm respectively.

Table 4.1:  Ligand compositions and hydrodynamic radii of synthesized AuNPs. The
hydrodynamic radii were determined by DLS measurements in water.

Hydrodynamic
o

C5 coated AuNPs

K5 31 78103
K5 and H3 48 and 4 37+0.4
K5 and H3 35 and 10 38+0.2
H3 69 41£1.2

4.2.4 Nanoscaffold Association with Histone Effector Complexes
Given our previous studies confirming the enhanced nuclear activities and

histone effector binding capacities of H3-based nanocarriers,*® we asked whether
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improved H3 tail display on the surface of AuNPs conferred improved interactions
with nuclear protein complexes, specifically the HBO1-HAT complex. The HBO1-
HAT complex binds the H3 tail sequence and catalyzes acetylation of downstream
lysine residues on the H3 tail®*®* thereby activating chromosomal DNA for
transcription.® Pull-down assays were employed to examine the interactions between
the nanoscaffolds and HBO1. Nanoscaffolds were incubated with HBO1-enhanced
cell lysates purified from human embryonic kidney (HEK) 293T cells, and the
resulting interactions with HBO1 were analyzed via Western blotting (Figure 4.7). As
expected, AuUNPs completely covered by the H3 tail ligand (high-coverage H3 AuNPs;
69 ligands total) successfully pulled down HBO1. To confirm that these interactions
were not caused by non-specific interactions, the ability of the K5-coated AuNPs to
pull down HBO1 was also evaluated. As shown in Figure 4.7A, the K5-coated AuNPs
displayed low levels of HBOL1 interaction when incubated with cell lysates at the same
overall concentration of positive charge. Densitometry analysis of band intensities
(Figure 4.7B) revealed a 2-fold higher association between HBO1 and the histone-
mimetic nanoscaffolds compared to the unmodified (K5-coated) AuNPs.

The ability of K5-coated AuNPs to pull down HBO1 indicates that a small
non-specific level of interaction exists between the unmodified AuNPs and HBO1,
likely due to electrostatics. It is reasonable to expect that some threshold of H3 tail
display (i.e. below ~69 H3 tail ligands) on the gold surface exists where specific H3
peptide interaction with HBO1 overcomes non-specific electrostatic interactions.
Additionally, it is interesting to note that there appear to be multiple bands detected by
the HBO1 primary antibody (Figure 4.7A). This was attributed to different

glycosylation tags occurring on the expressed HBO1 protein. The purchased HBO1-
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enhanced cell lysate expressed HBO1 with a C-terminal FLAG tag. Probing the same
blot with an anti-FLAG primary antibody revealed an identical band pattern (Figure

B.1), confirming that all bands represent the HBO1 protein, but with different

glycosylation levels.
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Figure 4.7: HBOL1 pull-down assay. (A) Western blot against HBO1 following pull-
down from HBO1-enhanced cell lysates using high-coverage H3 and K5-
coated AuNPs. Lane 1 contains a sample of lysate proteins that were not
incubated with AuNPs. Lanes 3 and 4 contain samples of lysate proteins
that associated with the indicated AuNPs during the pull-down. (B)
Densitometry analysis of band intensities in (A), representing the amount
of HBO1-AuNP association relative to the amount of HBO1 present in
the cell lysate control (lane 1).
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4.25 Characterization and Stabilization of pPDNA-AuUNP Nanoplexes

To assess the pDNA condensation and packaging effects of the prepared
nanoscaffolds, AUNP-pDNA nanoplexes were assembled at a range of N:P ratios in 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer (20 mM, pH 6.0).
The resulting structures were evaluated by agarose gel electrophoresis with ethidium
bromide (EtBr) staining. Nanoplex formation was detected as a reduction in pDNA

mobility in the gel, since binding by the intercalating EtBr dye is reduced when pDNA
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is sufficiently condensed and unable to migrate through the gel. The electrophoretic
assay showed that all AuNPs formed stable nanoplexes with pDNA above an N:P ratio
of 1 (Figure 4.8), as indicated by the absence of pDNA mobility and EtBr
fluorescence. The observed EtBr fluorescence in the wells at an N:P ratio of 1 was
likely caused by incomplete pDNA condensation, resulting in large complexes that
could not enter the gel pores. In contrast, pPDNA polyplexes formed with the common
cationic polymer PEI displayed significantly lower packaging capability, requiring an
N:P ratio of at least 4 before full pPDNA condensation began. These results indicated
that the modified AuNPs enabled enhanced pDNA binding capacity over common
polymeric transfection reagents. This was likely due to the improved presentation of
cationic ligands on the gold surface. The negatively charged pDNA backbone had
better access to primary amines on each ligand, resulting in stronger electrostatic
interactions and ultimately tighter complexes than those obtained with PEI, which

contains a mixture primary and secondary amine groups.
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Figure 4.8: Representative agarose gel electrophoresis showing pDNA complexation
at various N:P ratios via ethidium bromide staining for each of the

indicated nanoplexes and polyplexes. The first lane in all images contains
only pDNA.

Complimentary to these agarose gel analyses, the hydrodynamic radii of the
assembled nanoplexes were measured to confirm that nanoplex size was within a
reasonable range for efficient endocytosis.®® As shown in Table 4.2, increasing the N:P
ratio led to reductions in the overall dimension of the prepared AUNP-pDNA
nanoplexes, as the pDNA became more efficiently condensed. A significant decrease
in nanoplex hydrodynamic radius was observed as the N:P ratio increased from 1 to 2.

The large size and high dispersity of the nanoplexes at an N:P ratio of 1 indicated
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incomplete/non-uniform nanoplex assembly. These results were consistent with the
agarose gel analyses in Figure 4.8, which showed incomplete pDNA condensation at a
N:P ratio of 1 for all prepared nanoplexes. As more AuNPs were incorporated into the
assembly process, fully complexed and uniform populations of nanoplexes were
observed. The dimensions of the nanoplexes were smaller than the PEI polyplexes at
N:P ratios of 1 and 2 (PEI polyplexes do not form at an N:P = 1), which also
correspond well with the agarose gel results. Finally, zeta potentials of the formed
nanoplexes were all moderately positive (between ~10-15 mV), which indicated that
the negatively charged pDNA had incorporated enough AuNPs to reverse its surface
charge. Further AuNP addition above an N:P ratio 1 did not significantly contribute to

elevating the nanoplex zeta potential.
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Table 4.2:  Hydrodynamic radii and zeta potentials in pDNA nanoplexes and
polyplexes at different N:P ratios. * From Reilly MJ, et al., Mol Pharm.
9(5), 1031-40. 2012.%°

Nano/Polyplex N:P Hydrodynamic Surface Charge
radius (nm mVv

1 177 £106.8 11+2.29
Low-H3 coated 2 53+0.7 15+ 3.14
4 40+0.2 13 +3.59
1 93 +44.9 12 +2.77
Mid-H3 coated 2 50+0.3 14 + 4.63
4 45+0.4 15+ 2.89
1 53+6.7 11+2.23
High-H3 coated 2 39+04 8+4.11
4 40+0.2 11+3.12
1 70+ 6.7 16 £ 3.84
K5-coated 2 66 +0.5 --
4 57+0.2 --
1 —— —
2 108 + 6.1 -10 + 5.30"
4 58 +2.5 10 £ 2.32"

Given the capability of the AuNPs to more efficiently bind and condense
pDNA at lower N:P ratios, we investigated whether the formed AuNP-pDNA
nanoplexes were more resistant to heparin destabilization than polyplexes formed with
PEI. Heparin is a common polyanionic glycosaminoglycan (GAG) found in
extracellular matrix, and is known to displace nucleic acids from cationic delivery
vehicles.®” Thus enhanced stability against heparin displacement is indicative of
nanocarriers that would be more stable under physiological conditions. Nanoplexes
and polyplexes were formed at an N:P ratio of 4 and incubated with increasing
concentrations of heparin. As shown in Figure 4.9A-D, both K5- and H3-coated
AUNP-pDNA nanoplexes were resistant to heparin destabilization until a

heparin/pDNA wt/wt ratio of 1.0. Above this wt/wt ratio, the nanoplexes began to
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loosen and pDNA began to be displaced, as indicated by the increase in EtBr well
fluorescence and the slight amount of pDNA migration down the gel. In contrast, PEI
polyplexes (Figure 4.9E) began to destabilize at a heparin/pDNA wt/wt ratio of 0.25.
The pDNA was almost completely displaced from PEI polyplexes at a 1.0 wt/wt ratio.
These results further demonstrate the ability of both the K5-coated and histone-
mimetic nanoscaffolds to form more stable complexes with pDNA that are resistant to
destabilization from common extracellular GAGs. The AuNP nanoplexes required 4
times the amount of heparin before the nanoplexes began to loosen and release the
pDNA. We hypothesize that by mimicking the natural presentation of cationic
moieties on the histone octamer, the modified AuNPs can interact with the anionic
pDNA backbone similar to native histone-chromatin interactions in the nucleus, thus

providing enhanced stability against native GAG displacement.
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Figure 4.9: Heparin displacement of (A) high-coverage H3 AuNP nanoplexes; (B)
mid-coverage H3 AuNP nanoplexes; (C) low-coverage H3 AuNP
nanoplexes; (D) K5-coated AuNP nanoplexes; and (E) PEI polyplexes,
all at an N:P ratio of 4. The nanoplexes and polyplexes were incubated in
the presence of increasing amounts of heparin for 30 min at 37 °C and
the incubated samples were subsequently analyzed by agarose gel
electrophoresis for pDNA displacement.

4.2.6 Nanoplex Transfection Efficiency

Given the enhanced capacity of both K5-coated and histone-mimetic
nanoscaffolds to stably bind and condense pDNA, we next investigated their ability
transfect Chinese Hamster Ovary (CHO-K1) cells and improve gene expression.
Transfection studies were conducted in serum-free media as well as in the presence of
heparin at a concentration of 0.0025 mg/mL to simulate in vitro the physiological

conditions of the extracellular environment. Based on our previous studies with H3-
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targeted nanocarriers,*® we hypothesized that hybrid nanoplexes formed with a known
mediator of cellular uptake, such as PEI, in combination with the modified AUNPs
would exhibit both robust stability in the extracellular environment as well as
significant cellular accumulation. Furthermore, we hypothesized that histone-mimetic
AUNP/PEI hybrid nanoplexes would enable significant improvements in gene
expression when compared to K5-coated AuNP/PEI nanoplexes, given the enhanced
biological activities of the H3 tail. None of the tested nanoplexes had any significant
effects on cellular viability (Figure B.2). The transfection efficiencies of the
nanoplexes were analyzed by fluorescence microscopy (Figure 4.10A and B) and flow
cytometry (Figure 4.10C and D) following transfection with pDNA encoding for the
green fluorescent protein (GFP). Nanoplexes were formed at an overall N:P ratio of 4,
with an N:P ratio of 1 contribution from the modified AuNPs and an N:P ratio of 3
contribution from the PEI polymer. Transfections with the K5-AuNP/PEI hybrid
nanoplexes produced insignificant levels of GFP-expressing cells (Figure 4.10A). In
contrast, hybrid nanoplexes containing the high-coverage H3 AuNPs displayed ~7-
fold higher levels of transfection (Figure 4.10A). Additionally, the transfection
efficiency of the high-coverage H3 AuNP/PEI nanoplexes was similar to standard PEI
polyplexes formulated at the same overall charge ratio (N:P ratio of 4).

Studies have reported®%° systemic concentrations of ~0.0016mg/mL for
heparin in normal human sera. Localized concentrations of heparin and heparin sulfate
in the extracellular space are likely higher, especially in areas of native tissue
regeneration, where heparin plays an essential role in facilitating cell motility and
growth factor sequestration.’® Thus, the heparin concentrations used in these studies

provide an effective benchmark for evaluating nanoplex transfection efficiency under
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physiological conditions. The presence of heparin in the transfection media did not
have any significant effects on the overall transfection efficiency of the high-coverage
H3-modified AuNP/PEI hybrid nanoplexes (Figure 4.10B and 4.10D). In contrast,
heparin incubation completely eliminated the transfection potential of the PEI
polyplexes, likely due to polyplex destabilization. These results demonstrate the utility
of the histone-mimetic AuNPs in providing the necessary stability against pPDNA
displacement by native GAG concentrations in the extracellular environment.

The absence of GFP expression following K5-coated AuNP/PEI nanoplex
transfection, regardless of heparin concentration, provides evidence of the H3 tail
functioning to improve interactions with intracellular trafficking, nuclear import, and
transcriptional activation machinery to ultimately enhance gene expression.
Transfections with low- and mid-coverage H3 AuNP/PEI hybrid nanoplexes yielded
an insignificant number of GFP-expressing cells (Figure B.3), with and without
heparin incubation. These results further indicate that there are likely a certain number
of H3 tail ligands that must be displayed on the surface of the AUNPs before native
histone effectors can be engaged. Overall, these nanoscaffold transfection efficiency
evaluations not only demonstrated the utility of the modified AuNPs to stabilize gene
delivery complexes from extracellular disassembly, but also showed that tuning ligand
surface display could effectively tune interactions with intracellular effectors to

enhance overall gene delivery and expression.
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Figure 4.10: CHO-K1 transfection with GFP-encoding pDNA.. Representative
fluorescence microscopy images of GFP expression 24 h post-
transfection with the indicated nanoplexes/polyplexes either (A) without
or (B) with heparin (0.0025 mg/mL). Quantification of transfection
efficiency (C) without or (D) with heparin using flow cytometry. All
results are shown as the mean + standard deviation of data collected from
3 independent experiments. * Indicates a significant difference from zero
(p < 0.05). ** Indicates a significant difference from PEI polyplexes.
Scale bar =250 pm.

4.3 Conclusions

In this study, we demonstrated that alkanethiol-coated AuNPs provide ideal
scaffolds for the tunable display of histone H3 tail peptides. Utilizing Murray place
exchange, a small library of modified AuNPs was created, each displaying different
levels of the H3 tail peptide. TGA and elemental analysis were utilized to accurately

estimate the number ligands displayed on the surface of each collection of
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nanoscaffolds, classified as low-coverage H3 (4 ligands), mid-coverage H3 (10
ligands), and high-coverage H3 (69 ligands) AuNPs. The synthesized AuNPs
mimicked the natural dimensions and tail presentation of the native histone octamer.
This design approach to harness native gene regulatory processing with chromatin-
derived motifs addresses a key need for biospecific targeting that does not rely on
pathogenic capsids or proteins to impart activity.

Pull-down assays revealed that the improved display of the H3 tail peptide
facilitated interactions with native histone effectors, and that these interactions could
be tuned by changing the amount of H3 tail displayed on the AuNP surface. Nanoplex
formation studies indicated that the modified AuNPs displayed enhanced pDNA
binding and condensation at half the overall charge ratio when compared to common
transfection reagents. The resulting pPDNA-AuUNP nanoplexes were highly stable
against heparin displacement, requiring nearly 4-fold higher heparin concentrations
before releasing pDNA, as compared to PEI polyplexes. Nanoplexes containing the
high-coverage H3 AuNPs resulted in an 8-fold improvement in transfection efficiency
when compared to unmodified nanoplexes, suggesting their ability to engage native
histone processing pathways. Most notably, the transfection efficiency of these
nanoplexes remained unchanged in the presence of physiologically relevant amounts
of heparin. In contrast, the heparin levels completely destabilized the PEI polyplexes,
eliminating their ability to transfect cells. Collectively, these findings demonstrate the
utility of using AuNPs as an effective scaffold for mimicking the natural presentation
of histone-tails within a gene delivery vehicle in order to better stabilize the resulting
nanoplex from extracellular degradation and better engage native intracellular

trafficking and nuclear import machinery for enhanced gene transfer and expression.
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4.4 Experimental Section

4.4.1 Materials

Hydrogen tetrachloroaurate tri-hydrate (HAuCls*3H20), NaBH., C5-SH, and
11-bromoundecanoic acid were purchased from Sigma-Aldrich (St. Louis, MO).
Triphenylmethyl mercaptan (PhsC-SH) and tetraoctylammonium bromide (TOAB)
were purchased from Acros Organics (Waltham, MA). Fmoc-protected amino acids,
O-Benzotriazole-N,N,N',N'-tetramethyl-uronium-hexafluoro-phosphate (HBTU),
HOBt, and DIC were purchased from Novabiochem (Burlington, MA). H-Rink amide
ChemMatrix® resin was purchased from PCAS Biomatrix (Quebec, Canada).
Primary antibodies against the human HBO1-HAT complex (rabbit monoclonal IgG)
and a C-terminal FLAG tag (mouse monoclonal 1gG2a) were purchased from Abcam
(Cambridge, MA) and Origene (Rockville, MD) respectively. Human HBO1-enhanced
cell lysate purified from HEK293T cells was purchased from Origene. All other
reagents were purchased from Fisher Scientific (Fairlawn, NJ). The gwI1Z-GFP (5757
bp) mammalian expression vector was purchased from Genlantis (San Diego, CA).
The plasmid was amplified in NEB Sa electrocompetent Escherichia coli purchased
from New England Biolabs and purified with a QIAGEN EndoFree Maxi Kit

(Valencia, CA), according to the manufacturer's protocols.

4.4.2 Triphenylmethyl-Protected Mercaptoundecanoic acid (MUA) Synthesis
Ph3C-SH (11.06 g, 40 mmol) was dissolved in 50 mL of an ethanol/toluene
(2:1) mixture, and NaOH (3.2 g, 80 mmol) in 50 mL of double deionized water
(ddH20) was added. The above mixture was added to a stirred ethanol/toluene solution
(2:1, 30 mL) of 11-bromoundecanoic acid (5.3 g, 20 mmol). The reaction mixture was

stirred at room temperature for 16 h. A 1 M aqueous HCI solution was added dropwise
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into the mixture at 0 °C until a pH value between 2 and 3 was reached. The above
mixture was washed 3X with a saturated NaCl aqueous solution. The organic layer
was separated, dried over anhydrous sodium sulfate and concentrated on a rotary
evaporator. The product was purified using flash column chromatography over silica
gel with a mixture of DCM:MeOH (98:2, v/v) as the mobile phase. The solvent was
removed by vacuum to obtain the final product, triphenylmethyl-protected MUA

(yield: 9.0 g, >75 %; nuclear magnetic resonance shown in Figure B.4).

4.4.3 Peptide Ligand Synthesis

The peptides were synthesized using automated Fmoc SPPS on a Tribute™
peptide synthesizer (Protein Technologies Inc., Tucson, AZ). The H3 NLS peptide
sequence incorporates residues 1-25 of the N-terminal tail of the H3 protein
(ARTKQTARKSTGGKAPRKQLATKAAKG-CONHz2, where the italicized residues
are exogenous residues added as a putative reactive handle). The exogenous glycine at
the C-terminus acts as spacer between the resin and the exogenous 1-(4,4-dimethyl-
2,6-dioxacyclohexylidene)ethyl (Dde)-protected lysine residue used for MUA
conjugation. Following Fmoc-lysine(Dde)-OH attachment, the Dde protecting group
was removed by the addition of a weak base, as described previously.*® Briefly, 1.25 g
of hydroxylamine hydrochloride (NH.OH<HCT) (1.80 mmol) and 0.918 g of imidazole
(1.35 mmol) were dissolved in 5 mL of N-methyl-2-pyrrolidone (NMP) via sonication
for 3 h. The resulting solution was diluted with 1 mL of DCM, added to the peptide-
resin, and stirred for 3 h at room temperature. Following Dde deprotection, the MUA
ligand was conjugated to the primary amine on the lysine side chain using HOBt and
DIC in DMF while mixing (12 h, 23 °C). After MUA conjugation, synthesis of the H3

tail peptide continued under standard SPPS conditions. Cleavage of the H3-MUA
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peptide ligand from the resin was performed using a cocktail of 94:1:2.5:2.5
TFA/triisopropylsilane (TIS)/ddH20/1,2-ethanedithiol (EDT) for 2 h. Purification of
the peptide was performed by reverse-phase high performance liquid chromatography
(RP-HPLC) on a Prominence chromatography instrument (Shimadzu, Inc., Columbia,
MD) equipped with a Viva C18 (4.2 mm x 50 mm, 5 mm particle diameter) column
from Restek (Lancaster, PA). ddH2O with 0.1 % TFA (Solvent A) and acetonitrile
with 0.1 % TFA (Solvent B) were employed as HPLC solvents with a gradient of
solvent B from 10 %35 % over 50 min at a flow rate of 5 mL/min. The eluent
absorbance was monitored at 210 nm. The [M+H]" was determined with matrix
assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF
MS, Bruker Microflex), which showed primary peaks of m/z = 3010.9 (+1H) and m/z
= 1505.9 (+2H). Predicted molecular weight of the H3-MUA peptide ligand was
3009.1 Da.

The K5 (KKKKK-CONH?) peptide sequence was also synthesized using
SPPS. Following N-terminal Fmoc removal, triphenylmethyl-protected MUA was
conjugated to the N-terminus of the K5 peptide using the same conditions described
above. Cleavage of the K5-MUA peptide ligand from the resin was performed using a
cocktail consisting of 88:5:5:2 TFA/phenol/ddH2O/TIS (v/v) for 2 h. Purification of
the peptide was performed similarly by RP-HPLC with a gradient of 0.1 % TFA in
ddH-0 (A) and 0.1 % TFA in acetonitrile (B) as the mobile phase. The gradient was
allowed to run from 10 % B to 35 % B over 50 min at a flow rate of 5 mL/min.
Peptide elution was monitored by absorbance measurements at 210 nm. The [M+H]*
was determined with electrospray ionization-mass spectrometry (ESI MS) on a

Thermo Finnigan LCQ MS (Waltham, MA), which showed major peaks of m/z =
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858.7 (+1H), m/z = 880.7 (+1Na) and m/z = 430.1 (+2H). Predicted molecular weight
of the K5-MUA peptide ligand was 857.7 Da.

4.4.4 C5-AuNP Synthesis

The standard Brust-Schiffrin two-phase method® was used to synthesize C5
monolayer-protected AuNPs. Briefly, 30 mL of 30 mmol/L HAuCI, aqueous solution
was added to 80 mL of 50 mmol/L TOAB toluene solution until all AuCls~ was
transferred to the organic phase and the aqueous phase turned fully clear.
Subsequently, 1.8 mmol of C5-SH was added to the organic phase. Next, 25 mL of an
18 mmol NaBH4 aqueous solution was added rapidly into the reaction mixture. The
mixture was stirred for 3 h. The organic phase was collected and concentrated on a
rotary evaporator. The concentrated AuNPs were purified by multiple acetone/ethanol
washing and precipitation cycles as described previously.” The purified AuNPs were
dried in a vacuum oven at room temperature. The final dry powder product was sealed

under N2 and stored at —20 °C.

445 K5/H3-Containing AuNP Preparation

The Murray place exchange reaction®” was employed in two steps to replace
the C5 monolayer with K5-MUA and H3-MUA peptide ligands. Briefly, C5-coated
AUNPs (10 mg) were dissolved in 10 mL of DCM and the resulting mixture was
purged with N2; ~40 mg of K5-MUA peptide ligands were dissolved in 5 mL of
DCM/MeOH (40:60, v/v) and the resulting solution was also purged with Na.
Solutions of both the C5-coated AuNPs and K5-MUA ligands were mixed, and the
resulting solution stirred for 3 days at room temperature. The solvents were

rotovapped under reduced pressure at 37 °C, and excessive ligands were removed by
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washing 3X with DCM:MeOH (20:1 v/v) as well as dialysis against ddH20O for 3 days
(10 kDa molecular weight cut off). The aqueous suspension of peptide-coated AuNPS
was lyophilized to obtain a brownish solid product. H3 ligand-containing AuNPs were
prepared by a second place exchange reaction using the K5-coated AuNPs and H3-
MUA peptide ligands suspended in ddH20 for 3 days. 12, 23, or 45 mg of H3-MUA
ligands were used to react with 10 mg of K5-AuNPs in a total of 20 mL ddH-0 to
make the low-, mid-, and high-H3 coverage AuNPs respectively. Excess ligands were
removed by multiple washing and filtering cycles using AmiconUltra centrifugal

filters (EMD Millipore, Burlington, MA) with a 10 kDa molecular weight cutoff.

4.4.6 AUNP Characterization

The core dimensions of the AuNPs were measured by bright-field TEM using
a JEM-3010 ultrahigh resolution analytical electron microscope at an accelerating
voltage of 300 kV. The samples were prepared by pipetting ~5 pL of a 0.5 mg/mL
AUNP solution onto carbon-coated copper grids and allowed to stand for 60 s. Excess
solution was wicked away from the grid using clean filter paper. All samples were
dried for at least 1 h before imaging.

TGA used to evaluate the total weight of organic ligands on the AuNP surface
using a Discovery TGA (TA Instrument, New Castle, DE) at a heating rate of 10
°C/min under an N2 atmosphere. The temperature ramping range was 25 °C to 700 °C,
and the ligand weight portion was calculated based on the recorded weight loss using
an assumption of spherical gold cores with a density of 19.3 g/cm?® (Appendix C).

CHNS elemental analyses were performed on AuNPs displaying 2 or more
ligands on the surface. Measurements were conducted by Intertek Pharmaceutical

Services (Whitehouse, NJ) for the K5-, low-H3, and mid-H3 coated AuNPs. Results
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were reported as the wt % of carbon, hydrogen, nitrogen, and sulfur relative to the
entire sample analyzed (Table B.1).

The hydrodynamic radii of the AuNPs were analyzed using a Wyatt Mobius
DLS Zeta Potential Detector (Wyatt Technology, Santa Barbara, CA) at 20 °C.
Hydrodynamic radii were determined by intensity-weighted analysis on sample data
from 10 runs of 2 min each. AuNP solutions were prepared at a concentration of 1

mg/mL in ddH20 for analysis.

4.4.7 HBOL1 Pull-Down Assay

Free AuNP solutions at equivalent concentrations of positive charge were
prepared in 150 puL of 20 mM HEPES buffer (pH 6.0). 1.5 uL of a 100X Halt Protease
solution was added to the AuNP solutions and the mixtures were incubated on ice for
10 min. Next, 6 pL of FLAG-tagged HBO1-enhanced cell lysate was added to each
sample. Samples were gently mixed and agitated for 4 h at 4 °C. Protein corona-
coated AuNPs were collected by ultracentrifugation for 1.5 h at 15,000 RPM. "2
Samples were washed with phosphate buffered saline (PBS) to remove the soft corona
and the resulting pellets were resuspended in 30 uL of PBS containing 5 pL. Laemmli
buffer and 3 pL B-mercaptoethanol. These solutions were boiled for 10 min and the
denatured protein solutions were analyzed via sodium dodecyl sulfide-polyacrylamide
gel electrophoresis (SDS-PAGE) on a 4 %-40 % acrylamide gel for 35 min at 150 V.
Subsequently, the protein was transferred onto a poly(vinylidene fluoride) membrane
for 75 min at 18 V. The membrane was blocked in 5 vol % non-fat milk in Tris-HCI
buffered saline (50 mM Tris-HCI, pH 7.4, and 150 mM NaCl) containing 0.1 vol %
Tween-20 (TBST) at room temperature for 1 h. The membrane was incubated with

either anti-HBOL1 (diluted 1/3000 in TBST) or anti-FLAG (diluted 1/2000 in TBST) at
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4 °C overnight. The next day, the membrane was washed and incubated with a goat
anti-rabbit or anti-mouse polyclonal 1gG antibody conjugated to horseradish
peroxidase (diluted 1/5000 in TBST) at room temperature for 1 h. Target proteins
were visualized on a FluorChem® FC2 equipped with a Nikon Sigma EXDG camera
(Cell Biosciences, Palo Alto, CA) after incubation with the SuperSignal West Dura

Chemiluminescent Substrate.

4.4.8 Nanoplex/Polyplex Formation and Characterization

Nanoplexes and polyplexes were formed by self-assembling pDNA with PEI
or AuNPs. Briefly, equal volume solutions of pPDNA and PEI or AuNPs were prepared
in 20 mM HEPES at pH 6.0, and the PEI/AuNP solutions were added drop-wise to the
pDNA solutions while vortexing so that the final pPDNA concentration was 20 pg/mL.
The PEI and AuNP concentrations in the mixtures were varied such that the N:P ratio,
defined as the ratio of the number of amines (N) in the polymer/AuNP to the number
of phosphates (P) in the plasmid, would be as specified. The nano/polyplex solutions
were incubated for 10 min at room temperature to allow self-assembly to occur.

Hybrid AuNP/PEI nanoplexes were prepared in a similar fashion. First, a
solution of AuNPs at the indicated N:P ratio was added dropwise to a solution of
pPDNA while vortexing. The resulting solution was allowed to incubate at room
temperature for 10 min. Subsequently, a solution containing the PEI polymer at the
indicated N:P ratio was added to the AuUNP-pDNA solution while vortexing. Again,
complexation was allowed to proceed for 10 min at room temperature.

The hydrodynamic radii and zeta potentials of the nano/polyplexes at multiple
N:P ratios were evaluated similarly to the free AuNPs, as described above. Samples

were prepared in 20 mM HEPES, pH 6.0 at 20 pg/mL followed by a 2-fold dilution in
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HEPES. Hydrodynamic radii and zeta potentials were determined by intensity-
weighted analysis on sample data from 10 runs of 2 min each.

The nanoplexes were also analyzed by agarose gel electrophoresis according to
standard protocols. Briefly, a 1 % agarose gel containing 0.5 pg of ethidium
bromide/mL was formed in 1X tris/borate/ethylenediaminetetraacetic acid (TBE)
buffer. 20 uL of each nanoplex solution was added to 5 pL of gel loading buffer and
the resulting solutions were added to the gel well. Gels were run for 2 h at 100 V and
imaged using a BioRad Gel Doc XR (Hercules, CA).

For heparin stability studies, nanoplexes and polyplexes containing 0.5 ug of
pPDNA were formed as described above using either the modified AuNPs or PEI and
the complexes were subsequently incubated with the indicated heparin solutions (over
the reported ranged of heparin/pDNA wt/wt ratios) for 30 min at 37 °C. Samples were

subsequently analyzed by gel electrophoresis as described above.

4.4.9 Nanoplex Transfection Efficiency and Flow Cytometry

CHO-K1 cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). The cells were cultured according to ATCC protocols at 37
°C and 5 % COz2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin. For transfection,
cells were seeded in multiwell plates at a density of 15,000 cells/cm?. Immediately
prior to transfection, the cells were washed in PBS and covered in Opti-MEM.
Nanoplex or polyplex solutions containing 1 ug of DNA/cm? well surface area were
added dropwise to the cells 20 h post-seeding. After a 2 h incubation with the
transfection reagents, the cells were washed with PBS and cultured in 1 mL of fully

supplemented DMEM for an additional 24 h. When conducting transfection efficiency
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studies in the presence of heparin, a solution of heparin in ddH>O was added to each
well to a final concentration of 0.0025 mg/mL and incubated with the rest of the
transfection reagents.

Cells were imaged on a Leica 6000 fluorescence microscope (Wetzler,
Germany). GFP expression was quantified on a FACS Caliber Flow Cytometer (San
Jose, CA). For cytometry analyses, cells were collected after imaging by standard
trypsin mediated collection protocols. Cells were resuspended in PBS containing 0.2
vol % bovine serum albumin, filtered through 35 pm nylon mesh to remove
aggregates, and stored at 4 °C until analysis. Scattering plots were gated for
quantification purposes, and a total of 10,000 live cells were analyzed for each sample.

Dead cells were excluded from transfection efficiency analyses.

4.4.10 Cell Viability and Live Cell Surface Coverage

Following the transfection protocols described above, both live and dead cells
were visualized by fluorescence microscopy following staining with Calcein-AM and
propidium iodide. Cells were washed twice with PBS 24 h post-transfection and
incubated in Opti-MEM containing 0.1 vol % Calcein-AM and propidium iodide for
50 min at 37 °C. The percent of viable cells was quantified by counting the number of
live and dead cells using ImageJ analysis software.”® Live cell surface area coverage
was also quantified using ImageJ analysis by counting the total number of live cells
and scaling to the surface area of the well. All samples were analyzed relative to

untransfected controls
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4.4.11 Statistical Analyses

Results for all plots are shown as the mean + standard deviation of data
obtained from at least three independently prepared and analyzed samples. Statistical
analyses were performed using a Student’s t-test or one-way analysis of variance

(ANOVA). A value of p < 0.05 was considered to be statistically significant.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Dissertation Summary

Overall, the work in this dissertation seeks to address hurdles in designing
effective non-viral gene delivery systems by combining well-controlled synthesis and
assembly approaches (Chapter 2) with methods to understand and direct cellular
delivery (Chapters 3 and 4). This work builds off the fundamental insights gained
from recapitulating native histone tail trafficking and nuclear import activities within
non-viral nucleic acid nanocarriers. In addition, the insights gained from these
investigations highlight the utility of histone-targeted gene transfer for regenerative
medicine applications. The novel finding that these nanocarriers access the nucleus
during mitosis is further explored in Chapter 3, where histone-targeting was utilized to
enhance chondrogenic differentiation in actively proliferating mesenchymal stem cells
(MSCs) for bone regenerative applications. Chapter 4 further develops the histone-
targeted design strategy, creating a novel library of nanocarriers for improved clinical
translatability. By employing the controlled synthetic strategies outlined in Chapter 2,
highly tunable histone-mimetic nanoscaffolds were generated demonstrating enhanced
stability and gene transfer under physiological conditions. Taken together, this work
represents key advancements in both the design and application of histone-targeted
gene delivery systems, and provides a versatile platform for directing interactions

between synthetic nanocarriers and biological systems that will hopefully improve
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human health in the future. The following subsections provide more detailed

motivations and synopses of the work presented in Chapters 2-4.

5.1.1 Synthetic Strategies and Characterization Techniques (Chapter 2)

The design of non-viral nucleic acid delivery vehicles requires synthetic
approaches that provide excellent control over dispersity, purity, and composition. To
address these conditions, well-defined materials synthesis strategies were employed to
generate novel nanocarriers suitable for gene delivery applications. Gold nanoparticle
(AuUNP) synthesis using a 2-phase Brust-Schiffrin approach was selected as the best
strategy to produce small (~2 nm) sized AuNPs with low dispersity, confirmed with
transmission electron microscopy (TEM). Synthesized in this fashion, these AUNPs
served as ideal scaffolds for post-functionalization with multiple thiolated ligands to
ultimately generate the final nucleic acid nanocarrier. The ligands themselves were
synthesized using Fmoc solid-phase peptide synthesis (SPPS). This technique offered
exceptional control over the composition of the final peptide ligands, as verified by
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry. In addition, the solid phase approach in combination with reverse-phase
high performance liquid chromatography (RP-HPLC), afforded high ligand yields and
purities as opposed to common solution chemistry approaches. The Murray place
exchange reaction provided the best control for adsorbing the synthesized ligands onto
the surface of the AuNPs, ultimately creating the final monodisperse and pure nucleic
acid nanocarriers with well-defined surface chemistries. These surface chemistries
were effectively characterized through a combination of thermogravimetric and CHNS

elemental analyses.
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5.1.2 Histone-Targeted Gene Transfer of Bone Morphogenetic Protein-2 (BMP-
2) Enhances Mesenchymal Stem Cell (MSC) Chondrogenic Differentiation
(Chapter 3)

Native tissue regeneration following traumatic injury involves a complex series
of signaling cascades that direct the differentiation of MSCs. In native bone healing
for example, these signals are regulated by the expression of growth factors within the
fracture site. The controlled expression of the factors has highlighted the role gene
therapy may play in augmenting the bone healing response. However, non-viral
nanocarriers typically lack the required efficacy needed to enhance growth factor
expression to initiate native bone repair cascades. The enhanced nuclear localization
and retention properties during mitosis have highlighted the role histone-targeting may
play in enhancing nuclear delivery of non-viral nanocarriers in the actively dividing
cells present during bone reformation. Using H3-targeted gene transfer, a 4-fold
enhancement in osteogenic BMP-2 growth factor was achieved in comparison to
untargeted nanocarriers. A unique finding was that the expression of BMP-2
gradually increased over the course of 4 days, followed by a gradual decrease,
consistent with expression profiles of BMP-2 during native fracture healing. The
enhanced BMP-2 expression following a single H3-targeted transfection led to more
robust levels of chondrogenic differentiation in MSCs, an essential first step in the
bone regenerative process, over the course of 1-3 weeks. Significant enhancements in
cartilage-specific gene and protein expression were achieved over transfections with
untargeted nanocarriers. Most notably, the levels of chondrogenesis achieved using
H3-targeted gene transfer exceeded the levels produced following treatment with an
equivalent amount of recombinant BMP-2 protein. In fact, repeated topical
application of 100-fold excess BMP-2 protein was required before similar levels of

chondrogenesis were observed. The improvements in differentiation achieved using
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H3-targeted gene transfer were in part regulated by enhanced activation of essential
transcription factors required to initiate and progress the formation of mature
chondrocytes. Taken together, these investigations highlight the unique potential in

applying histone-targeted gene transfer for the advancement of regenerative medicine.

5.1.3 Histone-Mimetic Gold Nanoparticles (AuNPs) as Versatile Scaffolds for
Gene Transfer and Chromatin Analysis (Chapter 4)

The design of nucleic acid nanocarriers that can effectively navigate the
intracellular milieu and deliver the cargo to the therapeutic site of action continues to
represent a significant challenge in field of non-viral gene therapy. In addition,
nanocarriers must satisfy the seemingly contradictory demands of stably binding the
nucleic acid, protecting it from extracellular degradation, and controllably releasing it
at the intracellular target. The unique insights gained from our previous investigations
have highlighted the role histone-targeting may play in harnessing native trafficking
and nuclear import pathways to direct the delivery and controllable release of DNA-
encapsulating nanocarriers. To that end, the synthetic strategies outlined in Chapter 2
were employed to create novel histone-mimetic nanoscaffolds that functioned to
provide control over these interactions with native cellular processes to ultimately
enhance gene transfer. AuNPs were demonstrated to be effective scaffolds for both
improving and controlling the display of the histone H3 tail nuclear localization
sequence (NLS) within a non-viral gene nanocarrier. A small library of histone-
mimetic nanoscaffolds were efficiently synthesized and characterized, each displaying
varying amounts of the H3 NLS. Interactions between the nanocarriers and native
histone effectors involved in transcriptional activation could be selectively tuned by

changing the amount of H3 tail displayed on the surface of the nanoscaffolds. These
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nanoscaffolds were able to effectively bind and condense plasmid DNA (pDNA) more
efficiently than standard polymeric delivery systems at the same overall charge ratio.
Importantly, the formed nanoplexes exhibited 4-fold enhancements in stability against
pDNA displacement by common polyanions (heparin) found in the extracellular space.
Overall transfection efficiency directly correlated to the amount of H3 NLS displayed
on the surface of the nanoscaffold, with high H3-coated AuNPs displaying 7-fold
enhancements in transfection efficiency when compared to low H3-coated AuNPs and
AuUNPs without any H3 tail displayed on the surface. Most notably, no significant
changes in overall transfection efficiency were observed with H3-coated AuUNP
nanoplexes in the presence of physiologically relevant amounts of heparin. In
contrast, nanocarriers formed with standard polymeric transfection reagents
completely destabilized in the presence of heparin, resulting in insignificant levels of
transfection. Thus, this work demonstrates the utility of employing a tailorable
histone-mimetic nanocarrier design strategy to stably bind and condense pDNA for
extracellular protection, and to control native interactions with intracellular space to

ultimately enhance gene transfer and therapeutic efficacy.

5.2 Recommendations for Future Work

5.2.1 Direct Extensions of Current Work

The main thrust that directly builds off of the pioneering work described in
previous chapters, relates to translating histone-targeted gene transfer formulations
into in vivo mouse models of bone tissue regeneration. Formulations can be applied as
simple subcutaneous injections aimed at measuring nanocarrier stability, cell invasion,

gene expression, and subdermal deposit calcification. More complex fracture healing
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models can also be explored; applying formulations to large segmental bone defects in
mice and monitoring fracture healing/bone reformation. These studies are currently
underway in collaboration with Dr. Theresa A. Freeman and her laboratory at

Jefferson University.

5.2.1.1 Preliminary in vivo Transfection Using Histone Targeting

Previous studies performed by Dr. Nikki L. Ross and Dr. Morgan Urello
focused on examining the transfection efficiency of H3-targeted nanocarriers in mouse
subdermal deposits. These subcutaneous injection experiments provide access to a
wide range of cell types (including native MSCs) which are relevant to bone repair. In
these experiments both H3-targeted and untargeted PEI nanocarriers were formed as
described in this dissertation and elsewhere.> For proper in vivo application, both
large and concentrated doses of nanocarriers are required to maintain efficacy.* In
addition, application of the nanocarriers needs to be localized (e.g. within the fracture
site), in order to reduce off-targeting effects. Thus following formation, nanocarriers
were lyophilized in the presence of sucrose (20 mmol/L) to preserve nanocarrier
structure and activity.> Following lyophilization, the freeze-dried nanocarriers were
re-suspended in Matrigel solution, prior to subcutaneous injection. Matrigel serves as
an effective extracellular matrix (ECM) mimetic scaffold® to ensure localized
nanocarrier injection and to promote natural cellular invasion for nanocarrier uptake.

In these experiments, each mouse received four separate 300 ul Matrigel
injections: (1) containing H3-targeted nanocarriers (200 pg Luc pDNA dose), (2)
nanocarrier free Matrigel with luciferin, (3) nanocarrier free Matrigel without
luciferin, and (4) Matrigel/luciferase mixture. Luciferase expression was monitored

daily following a small intraperitoneal luciferin injection over a period of ~1 week.
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Results demonstrated efficient nanocarrier-mediated transfection with the luciferase
gene from Matrigel in subdermal mouse depots (Figure 5.1). These preliminary data
suggest that Matrigel will provide robust osteogenic gene transfer using both H3-

targeted nanocarriers as well as histone-mimetic nanoscaffolds.

Figure 5.1: H3-targeted nanocarrier transfection (upper right) of host cells in
subdermal depots, at 200 ug pDNA per mL of Matrigel. Nanocarrier free
Matrigel depots with and without luciferin injection (upper left and lower
right respectively), and Matrigel/luciferase depots with luciferin injection
(lower left). Red indicates highest luminescence. Figure adapted with
permission from NL Ross, Improving non-viral gene delivery with
histone-targeted polyplexes: uptake, trafficking, and nuclear deposition,
University of Delaware Thesis, Published by ProQuest LLC (2016)’,
Copyright 2016, Rights reserved by Nikki Lea Ross.

5.2.1.2 Evaluating in vivo Bone Formation Using Mouse Models

The Freeman lab has extensive experience with testing and evaluating
endochondral bone reforming models in vivo. Simple subcutaneous injection
experiments designed similarly to those described in the previous section can be used
to deliver localized subdermal Matrigel depots of nanocarriers containing osteogenic

growth factor genes such as bone morphogenetic protein-2 (BMP-2). Endochondral
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ossification can be effectively monitored within these ectopic masses over the course
of 1-2 weeks (Figure 5.2). Early assessment of cartilage formation can be assessed by
Alcian blue staining of tissue sections following removal of the masses. Tartrate-
Resistant Alkaline Phosphatase (TRAP) enzyme histochemistry can be used to track
the appearance of osteoclasts prior to cartilage remodeling. In addition, mature bone
formation at later times can be confirmed using uCT analyses and Alizarin red

staining to detect calcification within the harvested ectopic masses.

Figure 5.2: Mouse model of endochondral ossification following (A) subdermally
injected ectopic masses (arrows) on the abdomen (skin removed). (B)
MCT analysis of a mass removed after 10 days. Alcian blue and eosin
staining of a mass tissue section after (C) 7 days and (D) 9 days
indicating chondrogenesis and bone present. (E) TRAP enzyme
histochemistry shows purple staining of mature osteoclasts. Images
adapted and modified with permission from K Shimono, TN Morrison,
W Tung, RA Chandraratna, et. al., Inhibition of ectopic bone formation
by a selective retinoic acid receptor a-agonist: a new therapy for
heterotopic ossification?, J Orthop Res, 28(2) 271-7 (2010),2 Copyright
2009, Rights reserved by Wiley Periodicals, Inc.
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The primary purpose of these experiments will be to quantify the dose of
nanocarriers that maximizes ectopic bone formation within these depots, and evaluate
the ability of histone-targeted gene transfer to enable dose reductions versus
untargeted approaches. Given the encouraging in vitro work described in Chapter 3, it
is likely that H3-targeted gene transfer will enable significantly higher levels of
endochondral ossification within subdermally injected ectopic masses, compared to
untargeted nanocarriers. Additionally, it will be of interest to directly compare the
amount of bone formation achieved using the histone-mimetic nanoscaffolds described
in Chapter 4 to the levels achieved using the soft materials approach with H3-targeted
nanocarriers. The improved ligand display conferred by the nanoscaffolds will likely
function to enhance cellular interactions for improved pDNA delivery, expression, and
ultimately bone formation. Furthermore, the enhanced tailorability of the
nanoscaffolds make them amenable to other surface modifications that may alter
pDNA binding (detailed in section 5.2.2.1), cellular interactions (detailed in section
5.2.2.2), and scaffold stability (detailed in section 5.2.2.3), leading to further
improvements in bone formation.

The subcutaneous injection experiments described above will provide insight
into assessing more complex in vivo models of bone regeneration. The Freeman lab
has extensive experience with animal defect and fracture models as well as the uCT
and histological analyses required to perform these experiments.> 1% In these analyses
a critical-sized defect (incapable of healing on its own) is created in the animal,
typically the rib or the tibia.!* ECM scaffold solutions containing the nanocarriers will
be locally injected into the defect site, and the defect sealed with glue to prevent

leakage. Both qualitative and quantitative assessments of healing progression, bone
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morphology, and protein expression can be measured over the course of 1-3 weeks.
By this method, the ability of histone-targeted gene transfer to augment fracture
healing in native models of bone regeneration can be truly assessed and compared
directly with untargeted gene transfer methods as well as treatments with recombinant

growth factor protein.

5.2.2 Modifications to the Histone-Mimetic Nanoscaffolds

The synthetic strategies outlined in Chapter 2 and employed in Chapter 4
represent an effective method for producing tunable nanocarriers for enhanced gene
transfer applications. However, the versatility of these histone-mimetic nanoscaffolds
expands beyond the small library that was synthesized and discussed in this
dissertation. Additional motifs may be added to the surface via additional place
exchange reactions, enhancing their complexity. Conversely, completely different
structures may be built starting from the pentanethiol-coated AuNPs. In the context of
gene delivery, modifications to the AuNP surface may focus on three key areas: (1)
tuning nucleic acid binding, (2) tuning biological interactions, and (3) tuning
nanoscaffold stability. These modifications and their possible effects on nucleic acid

delivery are further discussed in the following sections.

5.2.2.1 Tuning Nucleic Acid Binding: Altering Cationic Charge Density

An important aspect of effective non-viral gene delivery lies in the ability to
control nucleic acid binding versus release.!> 1* Effective nanocarriers must satisfy
contradictory demands: (1) stably bind and protect the nucleic acid from degradation
outside the cell, and (2) effectively release the nucleic acid cargo at the therapeutic site

of action within the cell. The synthesized histone-mimetic nanoscaffolds discussed in
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this dissertation contain a high cationic charge density, given the number of primary
amine groups present in the ligands used (5 from the K5 peptide ligand, 9 from the H3
tail peptide ligand). This high positive charge density is likely playing an important
role in stabilizing the final nanocarriers, as discussed in Chapter 4. However, it is
possible that the stable pDNA condensation may also be preventing full release of the
pPDNA once it reaches the nucleus, contributing to the low levels of transfection
efficiency overall. One way to evaluate these effects would be to dilute the positive
charge present on the nanoscaffold surface. This can be accomplished in a variety of
ways. The most effective would be to synthesize new ligands with reduced charge
density. Shorter lysine chains or chains that contain both charged (e.g. lysine,
arginine) and uncharged (e.g. serine, threonine) residues may function to lower the
strength of electrostatic interactions between the pDNA and histone-mimetic
nanoscaffolds to ultimately achieve better pDNA release in the nucleus for improved
expression. In addition, the versatility of SPPS* 1 (as discussed in Chapter 2)
provides an ideal platform for synthesizing a variety of modified peptide ligands with

reduced cationic charge density.

5.2.2.2 Tuning Cellular Interactions: Altering Ligand Display Chemistries

The investigations discussed in Chapter 4 focused on the synthesis of histone-
mimetic nanoscaffolds displaying varying amounts of the H3 tail NLS. The amount of
H3 tail on the AuNP surface was shown to effectively tune the amount of interaction
with the native histone effector HBOL1 histone acetyltransferase (HAT). However, in
order to truly mimic native histone architecture, it is of interest to introduce additional
histone tail ligands onto the AuNP surface. The histone H2A and H2B tail sequences

play important roles in the higher order packaging of chromosomal DNA and do not
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play direct roles in transcriptional activation. In contrast, the histone H4 tail sequence
functions cooperatively with the H3 tail to control chromatin activation and nuclear
retention. In nature, the histone H3 and H4 proteins are synthesized as an active dimer
during S phase for chromatin assembly during replication. Ultimately, interactions
between H3 and H4 tails and importins help mediate nuclear import and affect
chromatin deposition of the H3-H4 dimer. In addition, the H4 tail plays a particularly
key role in nuclear retention. Thus, the combined display of H3 and H4 tail ligands on
the surface of histone-mimetic nanoscaffolds will likely function to enhance
nanocarrier nuclear delivery during mitosis. Furthermore, the enhanced nuclear
retention properties of the H4 tail may retain nanocarrier nuclear localization during
mitosis, resulting in longer sustained expression of the delivered pDNA.

The H4 peptide ligand can be easily synthesized via the methods described in
this dissertation, and introduced to the AuNP surface via the Murray place exchange
reaction. H4 can be exchanged onto the surface following H3 exchange, or during H3
exchange, at various molar ratios to produce a larger library of histone-mimetic
nanoscaffolds with various H3:H4 ratios (e.g. H3 only, 75:25, 50:50, 25:75, H4 only).
It will be of great interest to investigate how the mixtures of H3/H4 tail display on the
surface influence interactions with intracellular trafficking and nuclear import

machinery to effect nanocarrier delivery and DNA expression.

5.2.2.3 Tuning Nanoscaffold Stability: Modifying the Alkanethiol Chains
Ensuring AuNP stability under physiological conditions is essential to their

successful application in vivo. It is well documented that the physiochemical

properties of the AuNP surface directly determine interactions with physiological

systems.'® 17 Following administration, a layer of proteins absorb to the AuNP surface
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forming a protein corona.'®2° The surface chemistry of the AuNPs largely dictates the
thickness, decoration, and identity of the protein corona.?* These ultimately influence
AUNP interactions with the cargo to be delivered as well as interactions with target
cells.?22* Although the studies presented in this dissertation focus on circumventing
issues with protein corona formation by using a localized delivery approach, the
histone-mimetic nanocarriers will undoubtedly interact with proteins in the
extracellular space in some manner. Thus it is important to ensure that the NPs
themselves will remain stable against aggregation/degradation when exposed to the in
Vivo environment.

Recent work by Dr. Vincent M. Rotello’s group at the University of
Massachusetts, Amherst has focused on improving AuNP stability via the addition of
oligo(ethylene glycol) units to the alkanethiol monolayer.?® Appending a tetraethylene
glycol (TEG) repeat to the end of the stabilizing alkanethiol chain was shown to
improve solubility, biocompatibility, and prevent non-specific interactions with
biomolecules.?® Most notably, the TEG group was shown to help expose the terminal
functional groups on the AuNP surface, allowing for more stable and reversible
interactions with proteins (Figure 5.3).2” The Rotello group has since utilized these
TEG-functionalized AuNPs in a wide variety of protein delivery?® 2 and diagnostic

applications.?® 3031
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Figure 5.3: (A) AuNP monolayer design featuring stability and a controlled
presentation of functionality. (B) Effect of the monolayer on AuNP-
protein interactions. Simple alkanethiol-based monolayers result in
protein degradation. TEG-functionalized particles are non-interacting,
while carboxyl-terminated TEG layers provide reversible protein binding
and stability against degradation. Figures adapted and reproduced with
permission from DF Moyano and VM Rotello, Nano meets biology:
structure and function at the nanoparticle interface, Langmuir 27(17)
10376-85 (2011).% Copyright 2011, Rights reserved by the American
Chemical Society.

It would be interesting to examine the changes in nanocarrier stability that
occur following incorporation of a TEG functionality into the histone-mimetic
nanoscaffolds. The TEG group may function to alter/stabilize interactions with the
pDNA, similar to native proteins (Figure 5.3). Whether these altered interactions
serve to enhance or hinder pDNA delivery/expression will have to be tested in vitro.

However, the addition of the TEG group to the histone-mimetic nanoscaffolds will
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likely serve to enhance biocompatibility and also provide enhanced stability against
opsonization, making these nanocarriers more amenable to in vivo applications in

regenerative medicine.

5.2.3 Improving Understanding of Cellular Mechanisms

Another extension of the work described in Chapter 4 will be to monitor the
intracellular trafficking and nuclear import of the histone-mimetic nanocarriers
following endocytosis. Similar studies to those previously performed in the group,
33 can be employed to understand how trafficking and nuclear delivery of these
nanocarriers are regulated. It will also be of interest to monitor how these interactions
change depending on different modifications made to the AuNP surface (section
5.2.2). In addition, the enhanced optical, electronic, and chemical properties of the
gold core provide the unique opportunity to employ higher resolution imaging
techniques, such as electron microscopy (EM).3* These techniques can be utilized to
identify key trafficking and release steps to gain better insight into the role of the
nanocarrier in mediating delivery. This may open a wide range of opportunities for
exploiting specific cellular pathways to gain access to particular areas within the
intracellular space in order to deliver different types of therapeutic cargoes.

The enhanced imaging properties of the AuNPs highlight the potential of
utilizing these histone-mimetic nanoscaffolds as intracellular diagnostic probes. One
possible application would be to further examine how histone-targeted nanocarriers
interact with chromatin post-mitosis. Previous work by Dr. Nikki L. Ross
demonstrated that histone-targeting influenced chromatin interaction/deposition,*
which likely functioned to enhance nuclear retention of H3-targeted nanocarriers. It

would be of interest to further explore how histone-targeted nanocarriers and
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chromatin interact with one another using high resolution EM imaging, and what role
these interactions play in enhancing nuclear retention. Furthermore, a better
understanding of nanocarrier unpackaging could be gained. Possessing these
fundamental insights will ultimately help guide future nanocarrier design parameters
aimed at controlling and optimizing chromatin interactions for sustained

transcriptional activation.

5.2.4 Controlling Growth Factor Expression Profiles with Histone-Targeted
Gene Transfer

Native regeneration and growth following traumatic injury often requires the
coordinated expression of specific growth factors to reform fully mature tissue. For
example, during bone repair osteogenic factors (e.g. transforming growth factors,
BMPs), angiogenic factors (e.g. vascular endothelial growth factor, fibroblast growth
factor), and inflammatory growth factors (e.g. factor-a, interferon-y) are all expressed
during specific phases of the bone healing process.>*>*" Simultaneous (Figure 5.4) and
sequential delivery of growth factors over controlled timeframes have been shown to
significantly improve bone tissue regeneration in animal models of critical-sized bone

defects.3> 38
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Figure 5.4: Micro-computed tomography images of bone regeneration in a rat
calvarial critical size defect at 4 (top row) and 12 (bottom row) weeks
with no growth factor delivery (panels A and E), VEGF delivery only
(panels B and F), BMP-2 delivery only (panels C and G) and
VEGF/BMP-2 dual delivery (panels D and H). Bone formation with dual
delivery is higher at 4 weeks and comparable at 12 weeks to BMP-2
delivery alone. Scale bar represents 200 um. Figure reproduced with
permission from TN Vo, FK Kasper, and AG Mikos, Strategies for
controlled delivery of growth factors and cells for bone regeneration, Adv
Drug Deliv Revs, 64(12), 1292-309, (2012)%. Copyright 2012, Rights
reserved by Elsevier B.V.

An interesting finding from the work presented in Chapter 3 was that following
a single H3-targeted transfection, BMP-2 expression gradually increased and
decreased over the course of 1 week, reaching a maximum at day 4 post-transfection.
It was hypothesized that a combination of nanocarrier nuclear retention due to histone-
targeting and growth factor sequestration by collagen type | functioned to promote
gradual and sustained BMP-2 expression. Combining this effect with the need for

controlled spatiotemporal expression of growth factors during tissue repair highlights
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a unique opportunity to explore the effect of substrate type in promoting growth factor
capture following histone-targeted gene transfer. For example, histone-targeted
nanocarriers containing two (or more) growth factor genes could be formulated in
ECM-mimetic scaffolds designed to promote sequestration of certain growth factor
proteins over others. Through concentrated efforts to control gene retention in the
nucleus via histone-targeted nanocarrier design, the timing of expression of multiple
growth factor proteins could be systematically controlled within a localized area from
a single scaffold. These investigations will provide unique insight into how both non-
viral nanocarrier and scaffold design can be combined to promote native growth factor

expression profiles for improved tissue repair.

5.2.5 Summary of Recommended Future Directions

There are four main categories for future work: direct extensions of the current
work, modifications to the AuNP surface chemistries, improving understanding of
cellular mechanisms, and controlling growth factor expression profiles. Initially, |
recommend continuing to evaluate histone-targeted nanocarriers in vivo in order for
primary hurdles associated with delivery under physiological to be identified early and
subsequently addressed. In particular, I suggest focusing on in vivo evaluations of the
histone-mimetic nanoscaffolds discussed in Chapter 4. Preliminary in vivo results
discussed in section 5.2.1.1 indicate that Matrigel formulations should be ideal for
bone regenerative applications. However, issues with stability and/or cellular uptake
may arise, meaning that modifications to the AuNP surface chemistries may have to
be made before progress can continue in vivo. In parallel with in vivo studies, changes
made to the AUNP surface chemistries, can also be evaluated in vitro as described in

section 5.2.3. These in vitro evaluations may partially inform the work performed in
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vivo, providing a better understanding of how the histone-mimetic nanoscaffolds are
interacting with the cellular environment. Overall, the complex nature of animal
models makes it difficult to determine which types of surface chemistries will provide
the most effective delivery and the best bone healing response. However, the ideas
described in this chapter provide an initial starting point for effectively addressing key
challenges that may be encountered as the delivery systems advance through pre-

clinical evaluations.

5.3 Final Perspectives

The field of gene therapy has continued to grow exponentially since its first
inception as a possible treatment strategy for genetic defects in 1972.3° For example,
in the time it took to write this dissertation, yet another form of gene therapy achieved
FDA approval,*® bringing the total number of commercial gene therapies in the United
States to two. Yescarta, developed by Kite Pharma, was approved in October 2017 to
treat non-Hodgkin’s lymphoma in adults who have not responded to chemotherapy.
Although this may be an exaggerated example, gene therapy undoubtedly stands
poised to revolutionize the way we treat and ultimately cure human disease.

Despite these landmark achievements, there still remains an immense gap
between the number of clinically approved gene therapy treatments and those that
typically fail in both pre-clinical and clinical trials. Understanding the natural cellular
mechanisms involved in cellular trafficking, endosome escape, and nuclear import is
crucial to achieving effective gene delivery. Additionally, more quantitative
assessments of endosome escape and nuclear delivery need to be established in order
to develop improved delivery techniques. The advances achieved in this dissertation:

designing multifunctional formulations that possess both tailorability and the capacity
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to interact favorably with the numerous biological signals encountered during the
delivery process, are essential to enhancing nanocarrier design. Combining
multifunctional biomimetic carrier design strategies with natural mechanistic insight
will help elucidate the complex journey taken by engineered nanocarriers en route to
their active site within the cell, greatly enhancing both the therapeutic efficacy and

clinical translatability of non-viral nucleic acid delivery.
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Appendix A

SUPPORTING INFORMATION FOR CHAPTER 3

Sequence Name Nucleotide Sequence (5’ to 3’)
COLIIA Forward GCCAGGATGCCCGAAAATTAG
COLIIA Reverse CGTCATACCCTCCAGCCATC
Acan Forward CGTTGCAGACCAGGAGCAAT
Acan Reverse CTCTCCGGTGGCAAAGAAGT
MMP 13 Forward GACAAGCAGTTCCAAAGGCTAC
MMP 13 Reverse GGATGCTTAGGGTTGGGGTC
COL X Forward CCCAGCACCAGAATCTATCTGA
COL X Reverse GCTTCCCCGTGGCTGATATT
B-actin Forward CTGTCGAGTCGCGTCCA
B-actin Reverse TCATCCATGGCGAACTGGTG

Figure A.1: Forward and reverse primer sets specific to Collagen 1A (COL I1A),
Aggrecan (Acan), Matrix-metalloproteinase (MMP 13), Collagen X
(COL X), and beta-actin (B-actin) for RT-gPCR analysis of mMRNA
expression levels. Primers were designed using Primer-BLAST (NCBI-
NIH, Bethesda MD).
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Table B.1:

Appendix B

SUPPORTING INFORMATION FOR CHAPTER 4

CHNS elemental analysis of AUNPs. Numbers represent the wt % of
carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) relative to the total
sample weight. The balance (unreported percentage) of each material
analyzed was the gold (Au) core.

Sample

Ligand Composition

CIHINJS (wt %)

C5-coated AuNPs

C5

8.93/1.19/0.01/4.41

K5-coated AuNPs K5 27.72/3.76/7.03/3.40
Low H3-coated AuNPs K5 and H3 30.18/4.48/8.47/2.32
Mid H3-coated AuNPs K5 and H3 31.94/4.58/9.38/2.26
High H3-coated AuNPs H3 34.52/5.16/10.81/2.07
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Figure B.1:

High H3 AuNPs K5 AuNPs

HBO1 pull-down assay. Western blot against the HBO1 FLAG tag
following pull-down of high-coverage H3 and K5-coated AuNPs after
incubation with the cell lysate. Lane 1 contains a sample of lysate
proteins that were not incubated with AuNPs. Lanes 3 and 4 contain
samples of lysate proteins that associated with the indicated AuNPs
during the pull-down. (B) Densitometry analysis of band intensities in
(A), representing the amount of HBO1 association with AuNPs relative
to the amount of HBOL1 present in the cell lysate control (lane 1).
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Low H3 AuNP/PEI, N:P 1/3 Mid H3 AuNP/PEI, N:P 1/3 High H3 AuNP/PEI, N:P 1/3 K5 AuNP/PEI, N:P 1/3 PEIN:P4
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Figure B.2: CHO-K1 cellular viability and live cell surface coverage analyses 24 h
post-transfection. (A) Representative fluorescence microscopy images of
live cells stained with Calcein AM (green) and dead cells stained with
propidium iodide (red) following transfection with the indicated
nanoplexes or polyplexes. (B) Quantification of cellular vability (blue
bars) and live cell surface coverage (orange line) from the fluorescence
microscopy images in (A) calculated by ImageJ analysis. Cellular
viability and the number of live cells/cm? were normalized to the
untransfected controls. All results are shown as the mean + standard
deviation of data collected from at least five images of 3 independent
experiments. Scale bar = 250 pum.
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Figure B.3: CHO-K1 transfection efficiency of low- and mid-coverage H3 AuNP/PEI
nanoplexes. Representative fluorescence microscopy images of GFP
expression 24 h post-transfection with the indicated nanoplexes either
(A) without or (B) with heparin (0.0025 mg/mL). Quantification of
transfection efficiency (C) using flow cytometry. All results are shown as
the mean + standard deviation of data collected from three independent
experiments. Scale bar = 250 pum.
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Figure B.4: H nuclear magnetic resonance spectra of 11-bromoundecanoic acid and

the purified trityl-protected mercaptoundecanoic acid, synthesized under
the conditions shown in the schematic. The appearance of peaks
associated with the benzene rings on the trityl protecting group and the
disappearance peaks from the H atoms adjacent to the bromine indicate
successful synthesis and purification.
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Appendix C

CALCULATIONS TO ASSESS AuNP SURFACE LIGAND COMPOSITION

In order to accurately characterize the number of ligands displayed on the
surface of each synthesized AuNP, both thermogravimetric analysis (TGA) and CHNS
elemental were employed, either separately or combined. TGA results yield a total wt
% loss as the sample of AuNPs is gradually heated. The wt % loss in this case
corresponds to the ligands burning off of the AuNP surface, leaving the solid gold core
behind (See Chapters 2 and 4). The same principle applies during CHNS elemental
analysis: a sample of AuNPs is rapidly heated and the ligands on the surface undergo
combustion, leaving the gold core behind. Various traps capture and analyze the
amount of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) present in the
combusted ligands. The CHNS results are reported as percentages of total sample
weight (See Chapters 2 and 4).

In all of the following calculations, a spherical assumption was utilized to
determine the volume of the gold core (r = ~1.25 nm). The total weight of the gold
core was determined using this volume calculation and the density of gold (19.3
g/cmd). The following sections detail how the number of surface ligands was

determined for each of the synthesized AuNPs described in this dissertation.

C.1 C5-Coated AuNPs
The AuNPs synthesized using the Brust-Schiffrin reaction procedure in this

dissertation only contain one ligand on the surface, a pentanethiol (C5). Thus, only
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one characterization technique is needed to determine the number of C5 ligands on the
surface of each AuNP. For these calculations, the results from TGA were utilized to
determine the total weight of C5 ligands on the surface of each AUNP. From TGA

(Figure 4.6):

Migand® _ _ 16,89 o, (1)

Wligand(s) + W AuNP core

Calculating W aunp core:
4 3 3 — 21 03
Vaunp = (5) nr’ = 4.19nm° =4.19¢e “" cm (2)
WAuNP core = 19'3cr€1_3 * VAuNP = 80-878_219 (3)
Plugging (3) into (1) and solving:

.1689*W AuNP core __ -21
-t = 16.43e7%1g (4)

Wligand(s) =
Knowing the molecular weight (MW) of C5 (103.21 g/mol) and Avogadro’s number
(Na = 6.022x10% molecules/mol), the number of C5 ligands per AuNP can be

calculated:

Wi and(s .
Niiganda(s) = (W&) * N, =96 C5 ligands (5)

The calculated number of C5 ligands on the surface of the Brust-Schiffrin synthesized
AUNPs (96 ligands total) is in good agreement with the number of cluster ligands
estimated by studies conducted by Murray and co-workers (108 ligands per AUNP
cluster).l:34

To ensure that only C5 ligands coated the surface of the Brust-Schiffrin
synthesized AuNPs, CHNS analysis was also performed (Table B.1). The absence of
nitrogen (0.01%) indicates that no other organic ligands (i.e. peptides) coat the

surface. Additionally the molar ratio of carbon to sulfur can be determined using the
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C/S percent ratio from the elemental analysis and the MW of carbon (12.01 g/mol) and

sulfur (32.07 g/mol):

5 moles C
~ (6)

mole S

These results indicate that each ligand contains 5 carbon atoms, further confirming

that only C5 ligands coat the surface of the Brust-Schiffrin synthesized AuNPs.

C.2 Kb5-Coated AuNPs
Following Murray place exchange with the K5-MUA ligands, the resulting
AUNPs contained two ligands on the surface, C5 and K5-MUA. In order to accurately
determine the number of K5-MUA ligands on the surface of each AuNP, both TGA
and CHNS elemental analysis had to be combined. First, from TGA (Figure 4.6):

Higands ___ _ 38,92 7)

Wligand(s) + WAuNP core
Combine (3) with (7) to yield:

.3892+W AyNP core — 51 536_21
.6108 )

g (8)

Wiigand(s) contains contributions from both C5 and K5-MUA (MW = 856.6 g/mol)

Wligand ) =

ligands. This is represented by the following equation:

((MWcs*Nes)+(MW ks _mua*Nks—mua)) )
Ng

Wligand(s) = 51.539_21 g =

Where Ncs and Nks-mua represent the number of C5 and K5-MUA ligands on the
surface of the AuNPs respectively. Solving for these two unknowns requires an
additional equation which can be derived from the different ratios of elements reported
from the CHNS elemental analysis (Table B.1). An ideal ratio is the N/S ratio since
only the K5-MUA peptide ligand contains nitrogen atoms (MW = 14.01 g/mol). From
Table B.1:
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7.03

N — 1801 _ 4
S 3.40
32.07

moles N

(10)

moles S

This ratio can be expressed in terms of ligand number, knowing that each K5-MUA

peptide ligand contains 11 nitrogen atoms (5 e-amines, 5 a-amines, and 1 N-terminus):

S = _IeMUL _ 47) (12)

~ Nes+ Ngs-mua
By solving for Ncs in (11) and substituting into (9) the number of K5-MUA ligands
displayed on the surface of the K5-coated AuUNPs was determined to be 31.22 ~ 31
K5-MUA peptide ligands per AuNP.

C.3 Low- and Mid-Coverage H3 AuNPs

For both the low- and mid-coverage H3 AuNPs, it is assumed that there are 3
separate ligands displayed on the surface of the AuNPs: C5, K5-MUA, and H3-MUA.
In order to assess ligand surface coverage an additional elemental ratio from CHNS
analysis must be included in the calculations. By combining the results from TGA and
these two elemental ratios, a system of equations can be solved to determine the
number ligands displayed on the AuNP surface. Calculations for both the low- and
mid-coverage AuNPs are analogous and thus only the calculations for the mid-
coverage AuNPs will be discussed in detail below. The molar ratios of H/S and N/S
(MW of hydrogen = 1.01 g/mol) from elemental analysis were combined with TGA to
determine ligand compositions. First, the number of carbon, hydrogen, nitrogen, and

sulfur atoms was determined for the three respective ligands:

C5ligands - C=5H=11;N=0;S=1 (12)
K5MUA ligands - C =41;H =82; N =11;S =1 (23)
H3MUA ligands = C = 129;H = 236; N = 45;5S =1 (14)
From TGA (Figure 4.6):
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Piigands) _ _ 5710 9, (15)

Wligand(s) + W AuNP core

Combining (3) with (15):

S571W gyNP core __ -20
S AP e = 10.76e72g (16)

Wiigand(s) cONtains contributions from C5, K5-MUA, and H3-MUA (MW = 3009

Wligand(s) =

g/mol) ligands. This is represented by the following equation:

_ (MW s*Nes)+(MWgs*Ngs)+(MW g3 *Nys3)

Wiiganacs) = 10.76e7%° g N,

(17)

Where Ncs, Nks, and Nns represent the number of C5, K5-MUA, and H3-MUA
ligands on the surface of the AuNPs respectively. The ratio of H/S and N/S can be

represented in terms of ligand number as follows:

H_ Tn — 64 moles H __ [(11xN¢s5)+(82xNgs)+(236xNy3)] (18)
S 322'2067 Y moles s N¢s+Ngs+Ngs
9.38
N _ Ta01 _ 9 moles N _ [(11*Ng5)+(45*Np3)] (19)
S 226 ' moles S Ncs+Ngs+Nys3

32.07

By solving (17), (18), and (19) as a system of equations, the number of H3-MUA and
K5-MUA peptide ligands on the mid-coverage H3 AuNPs was determined to be 9.97
~ 10 and 35.46 ~ 35 respectively. By similar analyses, the number of H3-MUA and
K5-MUA peptide ligands on the low-coverage H3 AuNPs was determined to be 4 and

48 respectively.

C.4 High-Coverage H3 AuNPs
For the high-coverage H3 AuNPs, a large excess of H3-MUA peptide ligands
were introduced to the place exchange reaction mixture with the K5-coated AuNPs.
Based on numerous results reported in literature,> % > this excess should function to

replace the majority of ligands on the AuNP surface with H3-MUA. Thus, once again
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the AuNP surface coverage may be approximated using TGA alone. While there may
still be a small fraction K5-MUA and/or C5 ligands present on the surface following
this place exchange, their contribution to overall ligand surface weight will be low
given the fact the H3-MUA is 29-fold and 4-fold heavier than the C5 and K5-MUA

peptide ligands respectively. From Figure 4.6:

Migand® ___ _ 8110 9, (20)

Wligand(s) + W AuNP core

Combining (20) with (3) to yield:

811+W . _
Wligand(s) = % =34.7e ZOg (21)

Solving for Nus-mua similar to (5):

Nisz-poa = (o240 ) 4 N, = 69 H3 ligands (22)

MWHs-MUA
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