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ABSTRACT

Harnessing Molecular Precision Through DNA Dendrons in Therapeutics and Materials Design
Max Everett Distler

DNA is extremely versatile and powerful, both as a construct in biological applications and as
a ligand in materials design due to the fact that its recognition properties can be programmed
through sequence and length. Spherical nucleic acids (SNAs), nanoparticles surrounded by a dense
shell of DNA or RNA, are a privileged class of structures that have found widespread use in
therapeutics, diagnostics, polymer synthesis, and colloidal crystal engineering. These materials,
however, are typically limited to isotropic and heterogeneous DNA ligand presentation. Therefore,
although SNAs have highlighted the importance of nucleic acid architecture on corresponding
properties, it is impossible to use them to probe such relationships at the molecular level.

Herein, this thesis describes methods for programming DNA ligand architecture with
molecular precision and investigates how this control enables new capabilities in both therapeutics
and materials design. Chapter one introduces the role of DNA in nanochemistry, the properties of
DNA architectures that have led to significant scientific advances, and the current limitations in
controlling DNA presentation at the nanoscale. Chapter two describes the synthesis of a
molecularly well-defined DNA dendron and establishes a foundational understanding of how the
dendron structure dictates its biological properties. Chapter three investigates the structure-
function relationships that impact DNA dendron vaccine function in a molecularly defined manner.
In chapter four, the knowledge learned in the previous chapter is used to explore the structure-
function relationships of antiviral SNA vaccines in the context of SARS-CoV-2 in humanized
mice. Chapter five investigates how DNA dendrons can be utilized in colloidal crystal engineering

as foundational building blocks. Specifically, DNA dendrimers of different sizes and valencies are



explored as structure-directing agents. Chapter six, investigates a new approach to DNA dendrimer
synthesis that enables the encoding of anisotropic orthogonal interactions, allowing for unique
structural control over colloidal alloys. Finally, chapter seven provides a summary of the key
conclusions drawn and the lessons learned through this research as well as an overview of
important future directions. Collectively, these chapters explore how control over DNA
architecture at the molecular level can lead to novel and advanced capabilities in the fields of
therapeutics and materials design. In biology, it has expanded the foundational understanding of
multivalent DNA architectures, while introducing a molecularly defined approach to therapeutics
design. In materials, it has led to key insights as to how DNA ligand architecture can be a tool to
guide NP assembly, thereby introducing novel structural programmability for the design of modern

materials.
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CHAPTER ONE

Directing Nanoparticle Interactions with Their Environments
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1.1. The Role of Ligands in Nanochemistry

1.1.1. Guiding Nanoparticle Properties Using Ligands

At the nanoscale, materials have properties that are vastly different from their bulk
counterparts. This is best exemplified with elemental Gold (Au). Bulk Au is considered chemically
inert, incapable of performing chemical reactions and stable for significant periods of time.
However, Au nanoparticles (NPs) display much more interesting properties, such as unique optical
and catalytic capabilities.’’?* Furthermore, by tuning the size and shape of Au NPs, these
properties can be altered, for example by changing the wavelength of light with which such
particles interact and changing the selectivity of their catalytic reactions.?*?’” However, often

overlooked is the role that ligands play in determining NP properties.

Ligands, for the purpose of this work, are defined as molecules that adhere and coat the surface
of all NPs and determine NP properties throughout synthesis and application.> 2**° During
synthesis, their main function is to stabilize nanoparticle surfaces, which they do in a variety of
ways. Most commonly, ligands provide stability through electrostatic or steric effects (Figure 1.1.
A).2% 30 In brief, by using charged ligands, NPs retain their colloidal stability due to repulsive
forces and, by using ligands that occupy a significant amount of space, steric effects inhibit
aggregation.> 8%’ Furthermore, these surface ligands can impact the pH, the growth mechanism,
and the rate of reduction, all of which directly impact the size and shape of the resultant
nanoparticles (Figure 1.1. B).>!% Ligands are thus a vital component in determining individual

NP properties during synthesis.

Once the NPs are synthesized, the ligands continue to be stabilizing agents for the colloidal

NPs, but they also act as the main communicators between the NPs and their surrounding
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environments.> 2%?° Importantly, ligands can be exchanged post synthesis enabling the NP
properties to be modified by changing the attached ligand.?’** At this stage, the ligands dictate the
types of solvents in which the NPs are stable, as well as, how the NPs interact with each other and
with other species (Figure 1.1. C,D).> 22 This will prove particularly important when interfacing

nanoparticles with different materials (vide infra).
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Figure 1.1. Ligands dictate nanoparticle properties during synthesis and applications

(A) During synthesis, ligands provide colloidal stability of the NPs, typically through electrostatic interactions or steric
hinderance. Adapted from ref. [5]. (B) Ligands can be applied as size and shape directing agents, due to selective
affinity for specific NP facets. Adapted from ref. [15]. (C,D) Ligands dictate how NPs interact with other NPs and
their environment. Ligand structure can tune assembly outcomes and biological localization. Adapted from ref. [10,

16].
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1.1.2. The Importance of Ligands in Biological Settings

Ligand coatings on NPs have long been known to direct NP properties in biological settings
(e.g., pharmacokinetics, therapeutic efficacy, and toxicity).*** Ligands, such as polymers,
carbohydrates, peptides, and proteins, have been used to increase NP stability and enhance NP

function.?® Specifically, depending on the selected ligand, circulation time*®, cellular

49-50 51-53 48, 54

localization™ ", organismal localization’'~”, and resistance to degradation can all be tuned.
Ligands are typically selected based on the desired properties but can be classified into two types:

those that improve NP circulation and stability, and those that improve NP function.

One of the most commonly used ligands for circulation and stability, both in research and in
the clinic, is the polymer, polyethylene glycol (PEG).>> Due to its biocompatibility, solubility in
aqueous and many organic solvents, and its ability to stabilize NPs from aggregation, it has been
widely adopted for use in coating inorganic NPs and proteins that interface with biology.? The
PEG coating prevents proteins from interacting with the NP cores, decreasing the rate of core
degradation and increasing its circulation time in serum (Figure 1.2. A).>®' Despite its
widespread use, however, PEG has shortcomings. Specifically, while PEG prevents degradative
proteins from breaking down the NP cores, it also prevents other protein interactions, inhibiting
cellular uptake of the NPs. Furthermore, it has been demonstrated that over time, the body is able

to produce an immune response against PEG, limiting its use in long-term treatments.52-%

The second category of ligands used in biological systems is selected due to the ability to
improve NP function or introduce new functionalities. These ligands usually take the form of
biomolecules that are known to interact with naturally occurring proteins, such as peptides,

proteins, and carbohydrates.?’ The interactions can be leveraged to drive organismal and cellular
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localization, uptake, and function.?’ One of the most well-known examples of this ligand type is
the class of cell penetrating peptides (CPPs).°® CPPs are short amino acid sequences that are
typically arginine or lysine rich, leading to a net positive charge.’¢-% The positive charge of the
CPP is known to disrupt the cell membrane and facilitate cellular uptake of a peptide-coated NP
(Figure 1.2. B). This approach has been utilized for the delivery of inorganic NPs, polymer NPs,
liposomes, and proteins, and has led to therapeutic responses including gene knockdown and gene
editing in the cytosol and nucleus, respectively.®® 77! Nevertheless, despite all that has been
achieved with CPPs, they are notoriously cytotoxic, limiting their clinical translation to only a few

approved examples.”!”3
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Figure 1.2. Different ligands offer various benefits in biological settings

(A) PEGylation has been widely adopted for interfacing nanomaterials with biology. It has been shown that
PEGylation of polystyrene (PS) NPs extends the circulation half-life of the NP, in vivo. Adapted from ref [11]. (B)
CPPs are commonly used to facilitate cellular uptake of nanomaterials. Here, CPP conjugated liposomes exhibit highly
efficient cellular uptake. Adapted from ref [17].
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While both ligand types, stabilizing and functionalizing, are useful in specific applications,
ligands that have capabilities from both groups (e.g., increasing stability, resistance to degradation,
cellular uptake, and function) are extremely valuable. This is a major benefit of a different ligand

not previously discussed —oligonucleotides— which will be discussed in detail in section 1.2.2.

1.1.3. Ligands in Nanoparticle Assembly and Materials Design

Just as ligands can dictate NP interactions in biology, they can also direct interactions between
other NPs. Such capabilities enable NP assembly into one, two, or three dimensional (1D, 2D, 3D)
materials (Figure 1.3. B).”*7> NP assembly is a key pillar in the development of new materials
because individual NPs can be combined to create architectures with unique structures and
properties.”*” For example, NP assembly has led to the creation of materials with unique
plasmonic, photoluminescent, and magnetic properties.’” Ligand mediated NP assembly can be
driven by many factors including supramolecular interactions, electrostatics, dipole-dipole
interactions, and ligand interdigitation (Figure 1.3. A).*?° Typically, polymeric ligands are used
for NP assembly due to their diversity in size, charge, and hydrophilicity, allowing for the

programming of the interactions that drive assembly.”* 80-8!

Once NPs are coated with a desired ligand, they can be assembled. This is typically achieved
by either evaporation-driven assembly or slow-cooling/annealing mediated assembly.”®> During
assembly formation, ligands play a key role in directing the shape and size of the resultant

structures.’” 82 Furthermore, ligands can introduce stimuli responsiveness into NP assemblies.
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Figure 1.3. Ligands can be used to form NP assemblies

(A) NP-NP interactions can be tuned based on the selected ligand. The most common ligand interactions used in
assembly are ligand interdigitation, electrostatics, and hydrogen bonding. Adapted from ref. [4]. (B) a vast library of
NP assemblies have been achieved spanning 1D, 2D, and 3D architectures. Adapted from refs. [6-8].

Most commonly, the stimuli are temperature- or pH-dependent and lead to the shrinking/swelling
of the architectures. 33-8¢ Nevertheless, the major shortcoming of using typical polymeric ligands
to direct NP assembly is the lack of specificity and programmability. For example, polymers
provide little control over specificity, meaning that ligand coated nanoparticles can interact with
any other particles so long as they are chemically complementary. As a result, programming NP
assemblies to have distinct structural and functional properties is challenging, when using common
polymeric ligands. However, a notable exception to this rule is the use of oligonucleotides,
biopolymers that enable unique control over specificity, length, and interaction strength. This will

be discussed further in section 1.2.3.
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1.2. Oligonucleotides as Ligands for Biology and NP Assembly

1.2.1 Oligonucleotides as NP Ligands

Deoxyribonucleic acid (DNA), a type of oligonucleotide, consists of four bases: Adenine (A),
Cytosine (C), Guanine (G), and Thymine (T) (Figure 1.4. A).}” These four bases are capable of
encoding all of the genetic information necessary for life. However, once a procedure for DNA
synthesis was developed, it was quickly realized that DNA can be much more than just the
blueprint for life. Indeed, by interfacing DNA with biological systems and NPs, new capabilities
in therapeutics, diagnostics, and materials design have been achieved. The widespread use of DNA
as a ligand emerged due to three beneficial properties. The first is that DNA has an accessible
synthesis. In the 1960s, Letsinger and coworkers developed an automated, solid-phase synthesis
of DNA, an approach that has been widely adopted in labs around the world.®*-* The resultant
DNA products can be readily purified, characterized, and ready to use in just four days. The second
benefit is its modular design. During DNA synthesis, the specific sequence as well as the length
of the desired strand can be programmed. Furthermore, specific chemical functional groups can be
incorporated into the DNA sequence, enabling post synthetic modifications to be made. This is
particularly useful for functionalization of NPs with DNA strands. The third major benefit of
working with DNA is its selective hybridization. Specifically, DNA molecules interact with each
other through Watson-Crick base pairing, a hydrogen-bond based recognition system whereby
nucleobases A and T form two connective hydrogen bonds and nucleobases C and G form three
connective hydrogen bonds.®” Due to the differences in the number of hydrogen bonds and the
control over DNA sequences, DNA strands can be synthesized to have specific interaction

strengths between complementary strands based on the number of Gs and Cs in the sequence, as
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well as the length of the sequence. Hydrogen bonding between complementary base pairs (bp) is

termed hybridization and results in the formation of double stranded DNA (dsDNA).
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Figure 1.4. DNA as a ligand
(A) The structure of DNA enables it to be a powerful, sequence specific, NP ligand. (B) DNA can be conjugated to a
variety of NP surfaces, enabling unique biological and material properties to be applied to a wide array of NP cores.
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DNA was first established as an NP ligand when Alivisatos and coworkers”, and Mirkin and
coworkers’! were investigating how nanomaterials (e.g., Au NPs) could be controllably assembled
using DNA-DNA hybridization. These original studies were the first demonstrations of how DNA
can be used as a ligand to program interactions between NPs and their environments. Due to the
chemical addressability of oligonucleotides, a variety of chemical functional groups can be added
to DNA strands, making NP functionalization possible. By taking advantage of the inherent DNA
properties discussed above, novel capabilities have been achieved, which will be detailed in

sections 1.2.2. and 1.2.3.

A variety of techniques have been developed to conjugate DNA to NP surfaces regardless of
NP composition (Figure 1.4. B). Commonly used gold (Au) and silver (Ag) NPs are easily
functionalized with DNA by incorporating either terminal thiol or dithiol functional groups on the
DNA strands, which can form Au-Thiol or Ag-Thiol bonds that link the DNA to the NP surface.”*
%2 Due to the rising interest in the use of DNA as an NP ligand, techniques to functionalize other
NP types with DNA have been developed. An example is the generalizable approach that enables
the functionalization of nearly any inorganic NP with DNA. This approach works by coating the
NP with an azide-functionalized polymer and reacting dibenzocyclooctyne (DBCO) modified
DNA to form a covalent bond.”* Methods to functionalize organic NPs with DNA have also
emerged. For example, liposome cores and micelles can be functionalized through intercalation of
DNA that contains a hydrophobic functional group, such as cholesterol or lipid tails.”*** Finally,
methods to functionalize proteins have been developed, which involve conjugating DNA to
reactive, surface accessible amino acids, such as lysine and cysteine.”® As a result, virtually any
NP of interest, organic or inorganic, can be functionalized with DNA, enabling the development

of new therapeutics, diagnostics, and materials, as discussed below.””
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1.2.2. DNA Functionalized NPs Enable New Capabilities in Biology

With the development of functionalization techniques to attach DNA to NP surfaces, the
Mirkin lab and others have shown that such architectures have unique biological properties.!®
These structures, termed spherical nucleic acids (SNAs), are defined as NPs with a dense shell of
radially oriented oligonucleotides. SNAs interact with living matter in markedly different ways
from their linear DNA counterparts. The dense shell of DNA enables rapid cellular uptake in over
60 different cell types, which occurs through engagement with type-A scavenger receptors located
on many cell surfaces.!! In addition to the improved cellular uptake of SNAs over linear DNA,
the dense shell sterically and electrostatically inhibits degradative proteins, resulting in superior
SNA stability, in vitro and in vivo.'>1% Furthermore, the oligonucleotides themselves can be
designed to have therapeutic functions. Indeed, SNAs capable of immune suppression, immune
activation, gene knockdown, gene editing, and sensing, have all been developed by modifying the
oligonucleotide sequences of the DNA shell.!%*1% Importantly, properties arising from the DNA
shell are independent of the NP core employed. As a result, gold NPs, polymer vesicles, liposomes,

and proteins have all been used as SNA cores. 107

The modularity in SNA design has enabled significant breakthroughs in the structure-function
relationships that guide therapeutic design. Among the most notable is the work investigating
rational vaccinology — the concept that vaccine structure plays a significant role in defining vaccine
efficacy.!?® 1% In order to investigate such structure-function relationships, a highly modular
nanoscale architecture is required, wherein a single component can be modified individually to
test the effects of each design parameter on vaccine function. The SNA is an ideal architecture for

this task. By tuning SNA design, the effects of component ratios, attachment chemistry, and core
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stability can all be explored independently.!®!'2 As a result, a deeper understanding of the

structure-function relationships that guide vaccine efficacy have been defined.

1.2.3. DNA Ligands for NP Assembly

The inherent properties of DNA ligands have also revolutionized how NP assembly is
achieved, providing a method to easily tune interparticle distances and interaction strengths within
the assembly. DNA-functionalized NPs are synthesized via the same methods outlined in section
1.2.2. and their assembly is facilitated by DNA hybridization of complementary sequences on
adjacent DNA functionalized NPs.”*! When used in NP assembly, DNA functionalized NPs are
referred to as programmable atom equivalents (PAEs) because the DNA hybridization events
mimic the overlapping of electron orbitals in atomic bonds. Utilizing DNA, two different types of

NP assemblies have been achieved — discrete assemblies and extended colloidal crystals.

Discrete assemblies consist of a defined, small number of NPs and typically lack extended
structural periodicity (Figure 1.5. A). They have mostly been utilized to create interesting 1D, 2D,
and 3D assemblies with optical properties or interactions between functional nanoparticle building
blocks.!'*!!* Discrete assemblies can be programmed via judicious DNA design. Specifically,
longer DNA sequences (>12 bases) have strong interaction strengths with their complementary
strands.!3"11* As a result, the hybridization events between adjacent NPs thermodynamically locks

the NPs into specific locations, inhibiting reorganization and formation of extended assemblies.
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The second type of DNA mediated NP assemblies are colloidal crystals, which are defined by
their extended structures consisting of several hundred NP building blocks in periodic crystalline
patterns (Figure 1.5. B). Many analogies can be drawn between atomic crystals and colloidal
crystals and by exploring the capabilities of colloidal crystal engineering with DNA, we can
develop a deeper understanding of both. The field of colloidal crystal engineering with DNA has
rapidly developed and key concepts have been codified into design rules that enable the
programming of crystal phase symmetries, lattice parameters, crystal habits, and

thermostabilities.!'>'!” Furthermore, this approach enables features of the NP (i.e., size, shape, and
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Figure 1.5. DNA mediated nanoparticle assembly

(A) Discrete nanoparticle assembles have been programmed by synthesizing nanoparticles with a limited number of
DNA strands per particle that form strong hybridization events with complementary DNA sequences. Adapted from
ref. [12]. (B) Extended colloidal crystals are synthesized from PAEs with a high DNA coverage density and low
interaction strengths to promote the formation of the most thermodynamically favorable crystal structure. Adapted
from refs. [18-19].
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composition) and the DNA to be modulated independent of each other. As a result, researchers

have synthesized crystal structures with over 70 different crystal symmetries. '8

1.3. Controlling DNA Ligand Architecture

1.3.1. Methods to Program DNA Ligand Presentation

Current DNA functionalization methods typically result in NPs that have disperse isotropic
distributions of DNA on their surfaces. This is mainly due to the inherent chemical isotropy of
many nanoparticle cores. While much has been achieved with isotopically functionalized NPs, if
the final goal is to make DNA-based structures by design, then more precise control over DNA
ligand architecture is required. Specifically, ligand architecture can be divided into three
parameters — (1) ligand valency (the number of DNA interactions that can occur), (2) anisotropy
(the directionality of DNA interactions that can occur), and (3) orthogonality (the type of unique
DNA interactions that can occur) (Figure 1.6.). Such control over all three parameters would mean
that DNA can be used to encode specific and directional interactions, truly enabling nanoscale
materials to be made by design. Advances in synthesizing nanoparticles with controlled DNA
ligand architecture have led to programmed formation of discrete assemblies with specific
numbers of binding partners and precise directional interactions.? 1811 Furthermore, it has been
shown that ligand number, position, and local density play critical roles in biodistribution, cell
activation, and cellular uptake.'?*'*> Methods have been developed to program DNA ligand
valency, position, and orthogonality, but very few have achieved control over all three. For
example, through judicious DNA design and meticulous DNA functionalization, researchers are
able to synthesize inorganic NPs with a defined number of DNA strands (valency control).> While

this approach has been effective for desired applications, it often produces NPs with disperse
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valences and does not allow for the programming of anisotropic or orthogonal interactions. A
second approach utilizes polymer coatings to selectively block the surfaces of inorganic NPs,
thereby promoting DNA functionalization on the portion of the NP that is not covered.!'® This
method can program anisotropic interactions, but offers little with regard to valency and
orthogonality. The only method that enables control over all three parameters requires a protein
core due to the inherent chemical isotropy of protein surfaces and the ability to mutate desired
amino acids. As a result, proteins allow the direct programming of the valency, anisotropy, and
orthogonality of the DNA conjugated to the protein surface.'?> Though extremely promising and
effective, protein mutagenesis and expression are not trivial tasks. This approach is not easily

scalable in terms of the amount of material that can be synthesized and in terms of the complexity

Valency Anisotropy Orthogonality
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Figure 1.6. The pillars of DNA ligand architecture

There are three major parameters that need to be controlled in order to program materials by design with DNA : valency
(the number of DNA interactions that can form), anisotropy (the directionality of the interactions that can form), and
orthogonality (the types of unique interactions that can form). The ability to fine-tune each of these pillars will enable
us to expand far beyond what is currently attainable in therapeutics and materials design. Adapted from refs. [1-3].
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of the resultant structures. Therefore, an easily scalable and generalizable approach to control DNA
ligand architecture is required to access programmable materials by design.

1.3.2. Remaining Challenges

When it comes to SNAs and PAEs, the functionalization methods and inherent isotropy of
many NP cores means that no two SNAs or PAEs are identical and there is limited control over
DNA ligand architecture. Therefore, fundamental questions about structure/function relationships
of SNAs and PAEs remain unanswered and their architectural designs remain unevolved.
Ultimately, understanding DNA ligand architecture, along with the ability to manipulate it will
lead to enhanced programmability and customization of properties for biological function and
nanoparticle assembly. This thesis directly addresses these shortcomings and presents the
development of a novel approach to realize fine-tuned and molecularly-defined control over DNA

ligand architecture at the nanoscale.

1.4. Thesis Overview

The body of work presented herein focuses on developing a novel approach to achieving fine-
tuned, molecularly defined control over DNA ligand architecture and studying how this control is
utilized to access new capabilities in therapeutics and materials design. To this end, we developed
and explored dendritic DNA molecules as highly modular, molecularly defined structures and
established key design parameters that impact their therapeutic functions, as a delivery agent and
as a cancer vaccine, and assembly properties, in the form of DNA dendrimer PAEs. This thesis
teaches how control over DNA ligand architecture can introduce new capabilities across fields. In
biological settings, we outline the lower limit of DNA valency that is necessary to achieve rapid
cellular uptake, resistance to degradation, and enhanced cargo delivery. Furthermore, we define

design rules necessary to create functional cancer vaccines from these DNA dendron molecules
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and functional infectious disease vaccines from the SNA platform. In materials design, we utilize
the DNA dendron and bottom-up assembly to create molecularly defined DNA dendrimers with
unique control over ligand valency, anisotropy, and orthogonality, enabling the exploration of how
these different parameters can be tuned to access new crystal structures and compositions. These
lessons advance the fields of therapeutic development, molecular medicine, and colloidal crystal
engineering with DNA by addressing overarching challenges in both fields that are associated with
the cellular delivery of biomolecules, vaccine structure and function, synthetically breaking
symmetry, and multicomponent colloidal alloys.

Chapter two explores the design and synthesis of DNA dendrons and their utilization for the
cellular delivery of therapeutically relevant, biomolecular cargo. Inspired by high-density nucleic
acid nanostructures, such as SNAs, we hypothesized that small clusters of nucleic acids, in the
form of DNA dendrons, could be conjugated to biomolecules and facilitate their cellular uptake
(Figure 1.7. A). We show that DNA dendrons are internalized by 90% of dendritic cells after just

1 h of treatment, with a >20-fold increase in DNA delivery per cell compared with their linear
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Figure 1.7. DNA dendrons as agents for intracellular delivery.
(A,B) DNA dendrons were designed as molecularly defined mimics of the SNA architecture and enable similar
properties, such as highly efficient cellular uptake.



35

counterparts (Figure 1.7. B). This effect is due to the interaction of the DNA dendrons with
scavenger receptor-A on cell surfaces, which results in their rapid endocytosis. Moreover, when
conjugated to peptides at a single attachment site, dendrons enhance the cellular delivery and
activity of both the model ovalbumin 1 peptide and the therapeutically-relevant thymosin alpha 1
peptide. These findings show that high-density, multivalent DNA ligands play a significant role in
dictating cellular uptake of biomolecules and consequently will expand the scope of deliverable
biomolecules to cells.

Chapter three builds upon the foundational DNA dendron work in chapter two and leverages
the modularity of the DNA dendron to develop design rules for the structure-function relationships
that dictate DNA dendron-based molecular vaccine function. Vaccine structure plays a critical role
in therapeutic efficacy —a concept termed rational vaccinology. In order to establish vaccine design
rules, a highly modular platform is required. If vaccine design can be modulated in a molecularly
defined manner, then a deeper understanding of vaccine structure and function can be achieved.

Here, we report a single molecule DNA dendron-based molecular vaccine that is capable of
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Figure 1.8. DNA dendron molecular vaccines
DNA dendrons were used to study structure-function relationships of molecular cancer vaccines, specifically with
regard to the delivery of functional adjuvant and antigen components to produce a potent anticancer immune response.
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cellular uptake, immune activation, and immune targeting (Figure 1.8.). We leveraged the
modularity of the DNA dendron design to determine the most effective structure for delivery of
immune activating DNA sequences and antigenic peptides. We investigated how peptide
placement and antigen:adjuvant ratios impact uptake, activation, and immune response, both in
vitro and in vivo. The DNA dendrons were then used as treatment in a mouse cervical cancer
model. We found that tuning dendron design can maximize immune activation and lead to a strong
and specific immune response against the target cancer cells, thereby inhibiting tumor growth and
extending mouse survival.

Observing how vaccine structure can impact its function, we then applied the lessons learned
from chapter three to the design of an infectious disease vaccine using the SNA platform, which
is reported in Chapter four. Despite recent efforts demonstrating that organization and
presentation of vaccine components are just as important as composition in dictating vaccine

A B x efficacy, antiviral vaccines
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Figure 1.9. SNA infectious disease vaccine design

(A) The SNA platform was utilized to explore structure-function relationships
that dictate infectious disease vaccine design, specifically against SARS-CoV- .
2. (B, C) We demonstrate that by fine-tuning the SNA design, a potent and SARS-CoV-2 (the virus that
effective immune response can be raised both in vitro and in vivo.

antiviral  response.  Using
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causes COVID-19) as a topical example of an infectious disease with an urgent need for rapid
vaccine development, we designed an antiviral SNA vaccine, encapsulating the receptor-binding
domain (RBD) subunit into a liposome and decorating the core with a dense shell of CpG motif
toll-like receptor 9 (TLR-9) agonist oligonucleotides (Figure 1.9. A). This vaccine induced
memory B cell formation in human cells, and in vivo administration into mice generated robust
binding and neutralizing antibody titers (Figure 1.9. B). Moreover, the SNA vaccine outperformed
multiple simple mixtures of antigen and adjuvant that incorporated clinically used adjuvants.
Through modular changes to SNA structure, we uncovered key relationships and proteomic
insights between adjuvant and antigen ratios, concepts potentially translatable across vaccine
platforms and disease models. Importantly, when humanized angiotensin-converting enzyme 2
(ACE2) transgenic mice were challenged in vivo against a lethal dose of live virus, only mice that
previously received the SNA vaccine had a 100% survival rate and lungs that were clear of virus
by plaque analysis (Figure 1.9. C). This work underscores the potential for SNAs to be
implemented as an easily adaptable and generalizable platform to fight infectious disease and
demonstrates the importance of structure and presentation in the design of next-generation antiviral
vaccines.

In Chapter five, we explore how the dendron can be used as a molecularly defined building
block in NP assembly that offers unique structural control. The chemical interactions that lead to
the emergence of hierarchical structures are often highly complex and difficult to program. Here,

the synthesis of a series of superlattices based upon 30 different structurally reconfigurable DNA
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Figure 1.10. Template-encoded DNA dendrimers for NP assembly.
DNA dendrons were used to build DNA dendrimer PAEs that provide
unprecedented control over DNA ligand valency and distribution, enabling
programmability over colloidal crystal outcomes.

with complementary DNA-
functionalized Au NPs to
yield five distinct crystal structures, depending upon choice of dendrimer and defined by phase
symmetry. These DNA dendrimers can associate to form micelle-dendrimers, whereby the extent
of association can be modulated based upon surfactant concentration and dendrimer length to
produce a low-symmetry TisGas-type phase that had yet to be reported in the field of colloidal
crystal engineering. Taken together, colloidal crystals that feature three different types of particle
bonding interactions—template—dendron, dendrimer—dendrimer, and DNA-modified AuNP-
dendrimer—are reported, illustrating how sequence-defined recognition and dynamic association
can be combined to yield complex hierarchical materials.

In Chapter six, we build upon the lessons learned and capabilities gained in chapter five and
develop a new type of DNA dendrimer that expands on what is currently possible in the field of
colloidal crystal engineering with DNA. Breaking symmetry in colloidal crystals is challenging
due to the inherent chemical and structural isotropy of many nanoscale building blocks. If a non-
particle component could be used to anisotropically encode orthogonal recognition properties, the

scope of structural and compositional possibilities of colloidal crystals can expand beyond what
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has been possible to date with
purely particle-based systems.
Here, we report the synthesis

and characterization of novel

DNA dendrimers that function

as symmetry-breaking

synthons, capable of

Figure 1.11. Symmetry-breaking DNA dendrimer synthons

A new type of DNA dendrimer is introduced that consists of a DNA junction
core and DNA dendron arms. As a result, anisotropic, orthogonal interactions
can be controllably encoded within a colloidal crystal, enabling unique low orthogonal interactions
symmetry structures and complex multicomponent assemblies.

programming anisotropic and

within  colloidal  crystals
(Figure 1.11.). When the DNA dendrimers have identical sticky ends, they hybridize with DNA-
functionalized nanoparticles to yield three distinct colloidal crystals, dictated by dendrimer size,
including a structure not previously reported in the field of colloidal crystal engineering, Si>Sr.
When used as symmetry-breaking synthons (when the sticky ends deliberately consist of
orthogonal sequences), the synthesis of binary and ternary colloidal alloys with structures that can
only be realized through directional interactions are possible. Furthermore, by modulating the
extent of shape anisotropy within the DNA dendrimers, the local distribution of the nanoparticles
within the crystals can be directed.

Chapter seven summarizes the key conclusions from the body of work presented in this thesis
and provides reflections on how this work has impacted the fields of therapeutics and materials
design. We found that the DNA dendron can function as a molecularly defined mimic of SNAs,
privy to the typical SNA properties, but offers additional properties of its own. We demonstrated

its use as a potentially universal tag for the cellular delivery of nanoscale materials. We leveraged
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its modularity to study structure-function relationships of cancer vaccines with molecular
precision. Lastly, we applied these lessons to develop a functional SNA-based infectious disease
vaccine. Toward materials design, we utilized the DNA dendron to develop PAEs that offer
programmability over valency, anisotropy, and orthogonality and we investigated how this level
of control can lead to novel structural outcomes. Finally, we highlight the future questions and

challenges that this work offers the opportunity to explore.
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CHAPTER TWO

DNA Dendrons as Agents for Intracellular Delivery

Material in this chapter is based upon published work:

Distler, M. E.; Teplensky, M. H.; Bujold, K. E.; Kusmierz, C. D.; Evangelopoulos,
M.; Mirkin, C. A., DNA Dendrons as Agents for Intracellular Delivery. J. Am.
Chem. Soc. 2021, 143, 13513-13518.
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2.1. Current Methods and Challenges for the Cellular Delivery of Biomolecules
Deoxyribonucleic acids (DNA), peptides, and proteins are attractive candidates in
developing novel diagnostic probes'?* and therapeutics'® due to their chemical, structural, and
functional properties. Nevertheless, their uses in this capacity and translation clinically are still
greatly limited by their low cellular uptake, arising from their hydrophilicity, charge, and rapid
degradation.'?%"12 Methods have been developed to circumvent these shortcomings and promote

130-131

uptake, such as the use of lipoplexes!?, cell-penetrating peptides , and nanoparticle

complexes.!3?13> While these methods are effective in increasing cellular uptake, they can be

cytotoxic and unstable, limiting their applicability in vivo.!3% 136-138

Spherical nucleic acids (SNAs), nanoparticles with a dense shell of radially oriented
oligonucleotides, are a promising class of nanostructures that interact with living matter in
markedly different ways from linear strands. Through engagement with type-A scavenger

receptors, SNAs exhibit rapid cellular uptake in over 60 different cell types,'®

a property
stemming from the dense arrangement of oligonucleotides. Furthermore, the DNA shell sterically
inhibits degradative proteins, resulting in superior SNA stability in vivo.!>1% The properties
arising from the DNA shell are independent of the nanoparticle core employed and translatable
across different classes of oligonucleotides. Indeed, gold, polymer vesicles, liposomes, and most

recently, proteins'®”> 140-142 have been used as cores functionalized with immunostimulatory DNA,

antisense DNA, RNA, and small-interfering RNA.!#3-145

While SNAs have been utilized as a platform for various probes and therapeutics, in some
respects their three-dimensional architectures impose unnecessary limitations by requiring dense

isotropic functionalization in order to access these advantageous properties. As a result, small
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molecules, DNA/RNA, peptides, and small proteins, which have a limited number of conjugation
sites, lack reliable and biocompatible methods for cellular delivery. We hypothesized that a
structure consisting of one portion of an SNA would be able to engage scavenger receptors in
much the same way as the full SNA architecture. To test this hypothesis, we synthesized DNA
dendrons, molecularly well-defined clusters of DNA radiating from a single branching point and

functionalized them with nucleic acid and peptide cargo to explore their cellular uptake properties.

2.2. Design and Synthesis of DNA Dendrons
DNA dendrons have been previously synthesized through two approaches: hybridization-

146-152 and solid-phase covalent methods.'>! 3% Hybridization based approaches

mediated assembly
depend on non-covalent interactions, making them susceptible to degradation in biological
environments due to dehybridization and structural rearrangement.!#¢ In contrast, solid-phase
DNA synthesis using phosphoramidite chemistry enables the synthesis of defined, covalently-
linked structures.'>> However, the current state-of-the-art covalent syntheses of DNA dendrons
typically exhibit low yields, which are exacerbated by multiple required purification steps. We
identified the causes of low yields to be intermolecular steric hindrance, intramolecular steric and
electrostatic hindrance, and solid support-DNA steric hindrance. By systematically addressing
these issues, we synthesized DNA dendrons with size, length, and generation control at greater

151

than 10% yield post purification, an over 20-fold increase compared to previous attempts °" at

controlled dendron synthesis. A more in-depth discussion can be found below (Table 2.1).

The current state-of-the-art covalent syntheses of DNA dendrons typically exhibit low
yields. A robust, high-yielding synthesis of covalently-linked DNA dendrons, suitable for

biological applications, was developed by addressing the three synthetic parameters discussed
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above. To decrease intermolecular steric hindrance, 2000 A dT CPG beads were used over the
more commonly used, smaller 1000 A Unylinker CPG beads. The effect was two-fold: a large pore
diameter decreased intermolecular steric hinderance caused by adjacent dendrons while also
enhancing reagent diffusion, thereby increasing coupling yield. Second, intramolecular steric
hindrance and electrostatic repulsion between the dendron branches was reduced by incorporating
hexaethylene glycol phosphoramidites near the branching units. This resulted in increased dendron
molecular flexibility and spacing between DNA branches. Finally, steric hindrance between the
surface of the CPG bead and growing dendron was mitigated by increasing the length of the
dendron stem, thereby pushing it farther from the CPG surface and providing more space for the

Table 2.1. DNA dendron yield improvement

Strand Name DNA Sequence (Phosphate Backbone) MW (kDa) % Yield
6A_1xT_1000A S TITTTTTTTT-D-Tr-TTTTT 3° 21.19 0.52
6B_2xT 1000A S TTTTTTTTTT-D-Tr-TTTTT 3’ 21.19 5.6
6C_2xT _1000A S TTTTTTTTTT-D-Tr-TTTTTTTTTT 3’ 22.71 8.5
6D_2xT_2000A S TTTTTTTTTT-D-Tr-TTTTTTTTTT 3’ 22.71 11.1
6E_2xT_2000A 5 TTTTTTTTTT-Sp-D-Sp-Tr-TTTTTTTTTT 3’ 25.81 12.0

1xT: synthesis was conducted at the standard thymine concentration

2xT: synthesis was conducted at double the standard thymine concentration
1000A: synthesis was conducted using 1000 angstrom CPG beads

2000A: synthesis was conducted using 2000 angstrom CPG beads

D: 1,3-bis-[5-(4,4'-dimethoxytrityloxy)pentylamido]propyl-2-[(2-cyanoethyl)-(N,N-
diisopropyl)]-phosphoramidite (Symmetric Doubler)

Tr: Tris-2,2,2-[3-(4,4'-dimethoxytrityloxy)propyloxymethyl|methyleneoxypropyl-[ (2-
cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (Long Stem Trebler)

Sp: 18-O-Dimethoxytritylhexaethyleneglycol, 1-[(2-cyanoethyl)-(N,N-diisopropyl)]-
phosphoramidite (Spacer phosphoramidite 18)

Amino dT: 5'-Dimethoxytrityl-5-[N-(trifluoroacetylaminohexyl)-3-acrylimido]-2'-

deoxyUridine,3'-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (Amino-Modifier C6 dT)
DBCO dT: 5'-Dimethoxytrityl-5-[(6-0x0-6-(dibenzo[b,f]azacyclooct-4-yn-1-yl)-capramido-N-
hex-6-yl)-3-acrylimido]-2'-deoxyUridine,3'-[(2-cyanoethyl)-(N,N-diisopropyl)]-
phosphoramidite (DBCO dT CE)

Cy3: 1-[3-(4-monomethoxytrityloxy)propyl]-1'-[3-[(2-cyanoethyl)-(N,N-diisopropyl)
phosphoramidityl]propyl]-3,3,3',3'-tetramethylindocarbocyanine chloride (Cyanine 3)
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growing dendron. Furthermore, by doubling (2xT) the concentration of nucleic acid
phosphoramidites compared to typical reagent concentrations (1xT), coupling on the branching
end of the dendrons was more successful, resulting in higher yields. These efforts are supported
by a nearly 2000% increase in yield and provide a robust synthetic procedure for the synthesis of

DNA dendrons with size, length, and generation control.

DNA dendrons were synthesized containing either three (3BD), six (6BD) or nine (9BD)
branches (Figure 2.1. a). A fluorophore was incorporated between the branched region and the
stem to be used as a fluorescent label in in vitro and in vivo studies (vide infra). All dendrons were
characterized by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF) and denaturing polyacrylamide gel electrophoresis (PAGE) to confirm mass and
purity (Figure 2.1. b, ¢; Table 2.2). MALDI-TOF revealed expected mass increments of
approximately 10 kDa with increasing dendron valency. Denaturing PAGE showed single bands
for each purified dendron and an expected decrease in electrophoretic mobility as branch number
increases. Moreover, through this work, non-standard phosphoramidites containing functional
groups for bioconjugation, such as primary amines, can be introduced on both the stem and branch

positions without a decrease in yield.
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Figure 2.1. DNA dendron design and characterization

(a) DNA dendrons consist of a 10-base oligodeoxynucleotide stem, a branching region producing three, six, or nine
total branches, and 10-bases on each branch. The number of branches can be tuned by changing the branching unit
and dendron generation. (b,c) Dendron synthesis and purification were confirmed by MALDI-TOF and denaturing
PAGE.
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2.3. Cellular Uptake Properties of DNA Dendrons

We hypothesized that increasing DNA dendron valency would lead to higher uptake by
cells, facilitated by the increased interaction of the dense DNA branches with scavenger receptor-
A on cell surfaces. To test this hypothesis, murine bone marrow-derived dendritic cells (BMDCs)
were treated with 50 nM fluorophore-labeled linear T20 strands or a 3BD, 6BD, or 9BD dendron
for 1 hour in serum-containing media. Cellular uptake was assessed by measuring the fluorescence
frequency and intensity of treated cells via flow cytometry. We observed that the T20 linear strand
is taken up by just 29% of DCs (Figure 2.2.a). This amount significantly rises with increasing
DNA dendron valency, as 3BD is taken up by ap-proximately 60% of cells and 6BD and 9BD are
taken up by about 90% of cells (Figure 2.2.a). To determine the relative amount of DNA taken up

per cell, we analyzed the median fluorescence intensity (MFI) of the fluorophore signal in cells
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Figure 2.2. Ex vivo DNA dendron uptake in murine bone-marrow derived dendritic cells (DCs) compared to a
linear control

(a) Frequency of DNA positive cells amongst the DC population shows that higher valency DNA dendrons (6BD and
9BD) are endocytosed by a greater percentage of the population compared to low valency dendrons (3BD) and a linear
control (T20). (b) The median fluorescence intensity (MFI) of DNA positive cells indicates that not only are DNA
dendrons taken up by more cells, but are also taken up more per cell than their linear counterparts. Only relevant
significances against 6BD and 9BD are shown for clarity. *p<0.05, **p<0.01, ****p<0.0001.



47

positive for DNA. Valency dependence is even more pronounced by this metric. A cluster of three
DNA strands (3BD) resulted in a greater than 5-fold increase in MFI compared to the T20 linear
control. Moreover, almost a 20-fold increase in MFI was measured for cells treated with 6BD and
9BD compared to the T20 strand (Figure 2.2.b). These experiments show that DNA dendrons are
not only taken up by a greater percentage of cells, but also that more DNA dendrons are taken up
per cell, compared to their linear counterparts. Furthermore, this observation indicates that six
DNA branches is the minimum valency required to achieve highly efficient (>90%) cellular

uptake.

Table 2.2. DNA sequences used in this study

Strand Name DNA Sequence (Phosphate Backbone) MW (kDa)
T20-Cy3 S TTTTTTTTT-Cy3-TTTTTTTTTT 3’ 6.22
T20 - Amino 5 TTTTTTTTTTTTTTTTTTT-Amino dT 3’ 6.12
T20-Amino-Cy3 5 TTTTTTTTT-Cy3-TTTTTTTTT-Amino dT 3’ 6.68
T20- DBCO 5 TTTTTTTTTTTTTTTTTTT-DBCO 3° 6.49
3BD 5 TTTTTTTTTT-Tr-Cy3-TTTTTTTTT 3’ 12.80
3BD - Amino S TTTTTTTTTT-Tr-Cy3-TTTTTTTT-Amino dT 3’ 13.5
6BD S TTTTTTTTTT-D-Tr-Cy3-TTTTTTTTT 3’ 22.70
6BD - Amino S TTTTTTTTTT-D-Tr-Cy3-TTTTTTTT-Amino dT 3’ 23.68
9BD S TTTTTTTTTT-Tr-Tr-Cy3-TTTTTTTTT 3’ 31.80
9BD - Amino 5 TTTTTTTTTT-Tr-Tr-Cy3-TTTTTTTT-Amino dT 3’ 33.03
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Figure 2.3. Cell viability measurements
No significant changes in cell viability were measured after treatment of dendritic cells with DNA dendrons at 250
nM, as determined by flow cytometry. Similar viability data was observed in all cell experiments conducted.
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Figure 2.4. DNA dendrons compared to linear strands of equal bases

Cells were treated with 250 nM of DNA for 1 h. The significant increase in MFI of cells treated with 6BD and
9BD indicates that the multivalent architecture promotes cellular uptake. Crucially, linear strands of equal DNA
content to the dendrons are prohibitively more difficult to synthesize than the DNA dendrons. Not all significances
are shown for clarity., ****p<0.0001.
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Crucially, we observed that the DNA dendrons are not cytotoxic (Figure 2.3.) and that the

efficient uptake is a result of the dendron architecture and not solely due to the increase in DNA

content (Figure 2.4.). These conclusions were further validated in another cell line, C166

endothelial cells (Figure 2.5.). We confirmed that the dendrons are taken up through scavenger

receptor-A mediated endocytosis, following the same uptake mechanism as the SNA (Figure 2.6.).

Moreover, we observed that DNA dendrons are significantly more resistant to serum nucleases

compared to their linear counterparts—a result of their dense DNA clusters sterically preventing

enzymatic degradation (Figure 2.7.). Together, these findings demonstrate that DNA dendrons

exhibit the superior cellular uptake and resistance to nuclease degradation required for therapeutic

applications.

MFI

b. *kokok
Ak
—| sKkxkkk
% [ \
*okdkk
sfedkkk
5000 - — 100 1 o
*kk %k |
4000 | e 1
[0) -
3000 - >
T 50 -
3
2000 - s
o
1000 -
0 - T 0- T
P SO F LSS
&6@’\""&&& @6"&4’«?’9‘?’
& S

Figure 2.5. DNA dendron uptake by C166 endothelial cells

(a) 6BD and 9BD achieve significantly greater uptake than the 3BD and T20 linear control as measured by the
mean fluorescence intensity of cells treated with DNA. (b) Greater than 90% of cells take up the DNA dendrons,
a significant increase compared to the T20 control. Not all significances are shown for clarity. *p<0.05,
*¥**p<0.001, ****p<0.0001.
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Figure 2.6. DNA dendron uptake by scavenger receptor A
Median fluorescence intensity (MFI) of cells treated with fluorescently tagged DNA at (a) 50 nM or (b) 250 nM
for 1 h. Fucoidan treated groups are denoted with an F. Not all significances are shown for clarity. ****p<0.0001.
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Figure 2.7. DNA dendron resistance to degradation

Representative denaturing PAGE of multiple time points show the dendron’s increased resistance to degradation
versus a linear control (left). Densitometry analysis of stained gels indicate that high valency DNA dendrons have
greater resistance to serum nucleases compared to linear DNA. Data is representative of three experimental
replicates conducted in triplicate.
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2.4. Dendron-Mediated Delivery of a Model Peptide

Having established that DNA dendrons are efficiently taken up by cells, we hypothesized
that conjugating DNA dendrons to functional biomolecules would induce rapid and effective
cellular delivery of those biomolecular cargoes. Specifically, peptides have the potential to be
powerful therapeutics due to their vast structural and functional properties; however, since they
are small amino acid chains with varied charge, dense surface functionalization is difficult and can
lead to a loss of peptide function.®®> As a result, they are typically delivered as unmodified
therapeutics, leaving them prone to rapid degradation and limited cellular uptake.!>* The
Ovalbumin 1 peptide (Ovazs7-264, designated herein as Ova) was chosen as a model system because
it is well characterized and its cellular processing can be readily measured with commercially
available reagents (Table 2.3.).!% We used a fluorophore-tagged Ova peptide and conjugated it to
the dendron through a cysteine residue at the N-terminus via a disulfide exchange reaction utilizing
a pyridyl-disulfide containing crosslinker. DNA-Ova conjugates were synthesized for each of the
T2, 3BD, 6BD, and 9BD strands, purified by denaturing PAGE, and characterized by MALDI-
TOF (Figure 2.8.). MALDI-TOF revealed expected mass increases of ~1.5 kDa between DNA

and DNA-Ova conjugates, accounting for the added mass of the conjugated Ova peptide.

Table 2.3. Peptides used in this study

Peptide Sequence Calculated MW (Da)

Ova N’-FITC-SIINFEKLC-COOH 1569
Tal N’-acetyl-SDAAVDTSSEITTKDLKEKKEVVEEAENC-COOH 3211
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We hypothesized that increasing DNA dendron valency would improve the cellular
delivery of the DN A-conjugated Ova peptide, facilitated by the DNA dendron. Thus, we compared
the signal of DNA and peptide for a simple mixture (DNA and peptide mixed but not conjugated,
termed admix), T20, 3BD, 6BD, and 9BD conjugates. By measuring the MFI of cells treated with
50 nM of each sample, we determined the extent of uptake of the DNA and peptide per cell. By
this metric, we observed that the 6BD and 9BD conjugates are superior to the admix and T2o
conjugate, with an ~30-fold increase in MFI of both DNA and peptide compared to admix (Figure
2.9.b). Furthermore, assessing cells containing double positive signals for both DNA and peptide
reveals that only 3% of cells treated with the admix solution contained both (Figure 2.9.c). In
contrast, with the T2o conjugate, both peptide and DNA are delivered to 38% of the cells,
demonstrating the importance of covalently coupling the two agents to improve co-delivery.
Importantly, with the use of any of the dendron conjugates, this double positive signal increases to
greater than 50%; indeed, the 6BD conjugate delivers both peptide and DNA to over 70% of the
cells (Figure 2.9.c). Crucially, peptide conjugation does not impact the mechanism by which

dendrons enter cells (Figure 2.10.). Based on literature precedent!3-10 the observed differences
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Figure 2.8. MALDI-TOF characterization of each DNA-peptide conjugate
T20-Ova, T20-Tal, 3BD-Ova, 6BD-Ova, 6BD-Tal, and 9BD-Ova (top to bottom). The calculated changes in m/z
correctly match the observed shifts from the unconjugated DNA (gray) and the peptide conjugates (color).
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in uptake between 6BD-Ova and 9BD-Ova at this time point are likely due to differences in the
size of the conjugate, which has been shown to play an important role in DC processing of antigens.
Overall, these results are a powerful demonstration of the potential that DNA dendrons have to
deliver biomolecular conjugates to cells.
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Figure 2.9. Dendron-mediated delivery of Ova

(a) Depiction of DNA-Ova conjugates. (b) The individual MFI for both the DNA (black) and peptide (white) show
significantly greater uptake of both 6BD and 9BD compared to other structures, as determined by flow cytometry. (c)
6BD delivers both DNA and peptide to a greater percentage of cells compared to low valency dendrons and the admix
solution, as determined by flow cytometry, measuring double-positive signals. (d) By measuring the fluorescence
signal of an antibody that recognizes Ova-MHC binding using flow cytometry, 6BD and 9BD enable more efficient
Ova peptide processing compared to lower valency conjugates and admix. Not all significances are shown for clarity.
*¥*p<0.01,****p<0.0001.
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Figure 2.10. DNA dendron-Ova conjugate uptake by scavenger receptor A
Median fluorescence intensity (MFI) of cells treated with fluorescently tagged DNA at 250 nM for 1 h. Fucoidan
treated groups are denoted with an F. Not all significances are shown for clarity. **p<0.005, ****p<0.0001.

To investigate whether DNA dendron conjugation affected the cellular processing of the
peptide, we measured the frequency at which the Ova peptide binds to a receptor, the major
histocompatibility complex (MHC). The MHC is responsible for recognizing immunogenic
peptides and, based on those peptide sequences, teaching other immune cells what to target.'>> We
quantified the percentage of cells that have the Ova peptide bound to MHC using a commercially
available antibody, and observed that increasing the valency of dendron conjugates significantly
increased Ova-MHC complexation. While cells treated with the Tz conjugate have a 2-fold
increase in MHC bound Ova compared to admix, those treated with higher valency 6BD and 9BD
conjugates yield a 15-fold increase in MHC bound Ova, ultimately displaying the Ova peptide on
ca. 20% of the DC population (Figure 2.9.d). This enhancement is due to the dendrons’ ability to
induce rapid uptake while simultaneously preventing extracellular peptide degradation.
Importantly, these findings validate that dendron conjugation does not impede the cellular

processing of the peptide. The Ova peptide requires trafficking to the ER in order to be properly
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processed by the cell, which was confirmed by confocal microscopy (Figure 2.11.). This
observation is attributed to the metastability of the disulfide bond connecting the peptide to the
dendron, since reducing conditions intracellularly lead to dendron cleavage and release of the
peptide for MHC binding. From these results, we conclude that the 6BD and 9BD dendrons are
capable of carrying biomolecules, which have been extremely difficult to deliver in the past, into
cells and that dendron-delivered peptides are taken up and recognized by the cell for subsequent
processing. Furthermore, these DNA dendron-peptide conjugates provide a novel route to develop
powerful peptide-based vaccines, as demonstrated by their enhanced uptake and function when

compared to admix solutions, a common clinical vaccine formulation,!¢!-162
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Figure 2.11. Representative confocal images of cells treated with DNA-Ova conjugates
Images show clear colocalization of samples within the cell, as well as within the ER of cells. Scale bar = 10 um.

2.5. Dendron-Mediated Delivery of a Therapeutically Relevant Peptide

The Ova peptide, however, is a model system. To determine whether comparable
improvements in uptake and function are observed when delivering a clinically relevant peptide,
we investigated how dendron-mediated delivery of the thymosin alpha 1 peptide (Tal) impacts
cellular response. Tal is a peptide that is naturally produced by the thymus gland and is essential
for an active immune response by functioning as an adjuvant and binding to toll-like receptor-9.'63

It is clinically used to treat hepatitis, cancer, HIV-AIDS, and Covid-19, due to its vast, self-

regulating immune cell activation.'®*!"! Its ability to activate immune cells for cytokine production



57

and stem cell differentiation without causing cytokine storms has led to its widespread use to treat
immunocompromised patients.'®!73 We assessed whether the dendron can be used to deliver Tal
more effectively and efficiently such that a more potent downstream therapeutic response is
observed compared to an unmodified Tal peptide, the current clinical formulation. As 6BD
conjugates were most effective for the delivery of the model peptide, Ova, we selected this dendron
to use in all future studies. Compared to Tal on its own and a T2o-Tal conjugate, DCs treated with
the 6BD-Tal conjugate expressed significantly higher levels of the co-stimulatory marker CD86,

a result of immune cell activation (Figure 2.12.a).
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Figure 2.12. DNA dendron mediated delivery of the clinically- relevant peptide, Tal

(a) Enhanced immune cell activation, as evidenced by CD86 costimulatory marker expression, for cells treated with
6BD-Tal. (b,c) Enhanced downstream effects are observed when delivering Tal as a dendron conjugate as evidenced
by increased secretion of cytokines, interleukin-6, and tumor necrosis factor. Both cytokines are indicative of
widespread immune activation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2.13. In vivo pharmacokinetics of DNA dendrons and a linear control
The clearance of T2, 6BD, and 9BD were studied by measuring the fluorescence in plasma. Raw data points as well
as the geometric mean at each time point are depicted.
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Figure 2.14. In vivo biodistribution

Biodistribution was determined by NIRF imaging studies using a Caliper Life Sciences In Vivo Imaging System
(IVIS) to determine the extent of DNA dendron accumulation in main organs after 1 -hour post-injection. Female CD1
mice (28-30 g) were administered intravenously at a dose of 3 nmoles / mouse. Mice (n = 3) were humanely euthanized
by cardiac perfusion with 1x PBS while anesthetized. Tissues were harvested and fixed in 4% paraformaldehyde.
Organs were imaged using an IVIS system and data was quantified by measuring fluorescence counts with the Living
Image software (Fig. S8).
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By measuring downstream cytokine secretion, we studied the impact of Tal delivery on
additional immune cell signaling. We found that the 6BD-Tal conjugate significantly out-
competed both the unmodified Tal peptide and the T2 conjugate, at various concentrations, in
inducing secretion of interleukin 6 (IL-6) and tumor necrosis factor o (TNF-a) (Figure 2.12. b, ¢),
cytokines important for widespread immune activation.!”*!”> Ultimately, this shows that the 6BD
dendron is capable of delivering functional, therapeutically relevant peptides more efficiently and
effectively than current clinical formulations, resulting in a stronger, downstream cellular
response. Supported by in vivo pharmacokinetic and biodistribution studies (Figure 2.13., 2.14.),
these dendrons hold potential for future clinical applications. We have further shown that the DNA
dendron can be used as a tag for the cellular delivery of small proteins and as a way to maximize
the DNA loading on proteins that have a limited number of reactive surface residues. These results

are presented in appendix 1.

In conclusion, we have developed a general approach to deliver functional biomolecules
into cells utilizing molecularly defined DNA dendrons. Their ease of synthesis and
functionalization points to their potential for use as cellular delivery agents for a variety of
materials (i.e. small molecules, DNA/RNA, peptides, and proteins). Indeed, DNA dendrons
provide a simple, effective, and biocompatible approach to deliver various diagnostic and
therapeutic materials to living systems that were previously difficult, if not impossible, to deliver
to cells. Therefore, the DNA dendron is poised to have a significant impact on the development of

next generation diagnostic tools, vaccines, and therapeutics.
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CHAPTER THREE

Elucidating DNA Dendron Structure-Function Relationships for

Vaccine Design

Material in this chapter 1s based upon:

Distler, M. E.; Cavaliere, J.; Teplensky, M. H.; Evangelopoulos, M.; Mirkin, C. A.,
DNA Dendron-Based Molecular Vaccines. 2022, Submitted.
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3.1. Investigating Structure-Function Relationships of Cancer Vaccines

Immunotherapy has emerged as a powerful approach to treat cancer due to its ability to
train the immune system to attack specific cancer cells and reduce off target effects.!”®1%° Cancer
vaccines function via the delivery of two components: an adjuvant (an immune system activator)
and an antigen (an immune system target).'3!"'®2 Nanomaterials are particularly attractive agents
for the delivery of adjuvant and antigen components because they provide unprecedented control
over vaccine properties.!’® 181188 Indeed, the rational design of nanoscale therapeutics allows one
to tune the biodistribution, codelivery, kinetics of component processing, and temporal
degradation of the vaccine, all of which are critical factors that determine vaccine efficacy. %1%

These findings are the foundation for rational vaccinology and underscore the importance of

vaccine structure and architecture in dictating vaccine function.

The SNA, a nanoparticle core functionalized with a dense shell of radially oriented DNA,
has emerged as a powerful platform to study concepts in rational vaccinology because it enables
fine-tuned control over vaccine structure, 98110 112.195-196 e to the modularity of the SNA design,

108, 112 and

key parameters such as adjuvant and antigen ratios,'” antigen attachment chemistry,
SNA stability!® can be modified independently, enabling the exploration of important structural
considerations. As with many nanoparticle-based systems however, achieving molecularly defined
structural control over the SNA is a challenge due to the inherent chemical isotropy of many
nanoparticle cores. As a result, SNAs are prone to dispersity, specifically with regards to DNA
surface coverage, antigen conjugation, and nanoparticle size, resulting in no two SNAs being
identical; thus, codifying resultant structure-function relationships is difficult.'”” DNA dendrons

have emerged as a molecularly-defined approach to access SNA properties.!*®1* These dendritic

architectures consist of single stranded DNA stems that branch into multiple DNA strands. Similar
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to the SNA, these multivalent DNA constructs undergo rapid cellular uptake, are resistant to
degradation, and elicit an enhanced therapeutic effect of conjugated cargo.!”® We hypothesized
that by utilizing the DNA dendron as the basis for a cancer vaccine, structure-function relationships
could be probed in a molecularly-defined manner, providing novel insights into vaccine design

and function.

Herein, we report the design, synthesis, and application of DNA dendron-based molecular
vaccines as potent cancer immunotherapies. We investigated how adjuvant placement and
attachment chemistry impacts dendron uptake and adjuvant potency. By conjugating an antigenic
peptide, derived from cervical cancer due to human papillomavirus (HPV), to different positions
on the dendron architecture, we Investigated how antigen placement impacts cellular uptake and
immune activation of the vaccine. Finally, we utilized these structures to train immune cells to
target and kill cancer cells, both in vitro and in vivo, which demonstrated that vaccine efficacy is
structure dependent. Taken together, we establish the DNA dendron as a powerful tool to study
the fundamental structure-function relationships that govern cancer vaccine efficacy. Further, we
demonstrate the DNA dendrons themselves behave as potent vaccines with far-reaching potential

as a new class of cancer immunotherapeutics.

3.2. Design, Uptake, and Efficacy of Immune Stimulating DNA Dendrons

The adjuvant is a key component of a vaccine because it leads to immune activation and
cellular processing of the antigen target.”®’ Previous work has shown that increasing valency of
the DNA dendron (and thereby the number of adjuvant sequences) expectedly leads to increased
immune activation,’®! however important structural questions, such as the effects of steric

hinderance and DNA hybridization are yet to be explored and can have a significant impact on
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adjuvant function (vide infra). When considering multivalent adjuvant delivery and efficacy, steric
hinderance can play a crucial role in determining adjuvant potency. To that end, we designed four
different six-branched DNA dendrons that contain adjuvant CpG DNA sequences (cytosine-
phosphate-guanine that is an agonist to TLR-9): 1. a T10 sequence stem that branches into six CpG
sequences (termed Dné6a, for dendron with 6 adjuvant strands), 2. a T10 sequence stem that
branches into six CpG complementary sequences that hybridize the CpG sequences (termed
Dn6aH, for dendron with 6 adjuvant strands hybridized), 3. a CpG sequence stem that branches
into six T10 sequences (termed Dnla, for dendron with 1 adjuvant strand), and 4. a CpG
complement stem that can hybridize the CpG strand and branches into six T10 sequences (termed
DnlaH, for dendron with 1 adjuvant strand hybridized) (Figure 3.1 A). These designs enabled us

to probe steric effects in different ways. The Dn6a versus Dnla comparison established if

ns
A B ¢ I I
*kkk

> > Aok ns

g 40000+ *kkk  kkkok £ 100000~

£ I E

£ = 80000~

§ 30000 § e
1. Dnéa 2. DnéaH

g ¢ 60000

2 20000- o

£ S 40000-

3 =2

o _ (18

L 10000 20000~

I S
3.Dnla  4.DnlaH O 2

g 0- g 0- I
é:1826 CpG ¢:T10 &e." &L & 2R ,,;96 & S LS

| & T F L & O F O

@ : Cyanine-3 Dye \3\{\' \3&

Figure 3.1. Cellular uptake of immune stimulating DNA dendrons

(A) Four different DNA dendron designs were investigated: 6 CpG sequences as the branches and a T10 stem (Dn6a),
6 CpG sequences hybridized to the branches and a T10 stem (Dn6aH), T10 branches and a CpG stem (Dnla), T10
branches and a CpG sequence hybridized to the stem (DnlaH). All DNA dendrons were designed to have a cyanine 3
fluorescent dye in the middle of the molecule. (B) Cellular uptake after 1 h incubation at 250 nM shows the
unhybridized structures have preferential access to cells. (C) Cellular uptake after 15 h incubation at 1 uM shows this
trend holds, with hybridized branches having lower cellular uptake. The MFI +/- standard deviation (SD) is shown.
ns = not significant; *** = p<0.001; **** = p<0.0001. Not all significances are shown for clarity.
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multivalency truly improves adjuvant function or if the closely packed branches results in impaired
activation due to steric/electrostatic hindrance. The hybridized (Dn6aH and DnlaH) versus
unhybridized structures (Dn6a and Dnla) reveal if the dendron molecule itself sterically inhibits
proper toll-like receptor 9 (TLR-9) binding and processing and if a supramolecular dendron design
is therefore necessary for potent activation. For in vitro measurements via flow cytometry, all DNA
dendrons were synthesized with a cyanine 3 fluorescent dye in the middle of the structure, which
not only allowed for a quantitative assessment of dendron uptake, but also allowed for facile
tracking of the dendron throughout synthesis and purification. The DNA dendrons were
synthesized through solid-phase automated synthesis, purified by polyacrylamide gel
electrophoresis (PAGE), and characterized by PAGE and Matrix Assisted Laser
Desorption/lonization Time of Flight Mass Spectrometry (MALDI-TOF MS) (Table 3.1). To form

the hybridized structures, CpG can duplex with the DNA dendron branches or stems, when added

Table 3.1. DNA design and characterization

Calc'd Exp't
Name DNA Sequence (5' -3") MW MW
1826 CpG | TCCATGACGTTC CTGACGTT 6059 6057
Dnla TTTTTTTITT D Tr Sp Cy3 TCC ATG ACG TTCCTG ACG TT 26643.94 26701
DnlaH TTTTTT TTT T D Tr Sp Cy3 AAC GTC AGG AAC GTC ATG GA 26760.04 26767
Dn6a TCCATGACGTTCCTGACGTTD TrSp Cy3 TTTTTTTIT T 42038.84 42015
Dn6aH AAC GTCAGG AACGTCATGGAD TrSp Cy3 TTTTITTTT T 42735.44 42775
Dnl TTTTTT TTT T D Tr Sp Cy3 TCC ATG ACG TTC CTG ACG T AmdT 26798.14 26803
Dn6m TTT TT AmdT TTT T D Tr Sp Cy3 TCC ATG ACG TTC CTG ACG TT 27569.24 27588
Dné6e AmdT TTT TTT TTT D Tr Sp Cy3 TCCATG ACGTTC CTGACGTT 27569.24 27553

Acronyms for Phosphoramidites:
Sp: 18-O-Dimethoxytritylhexaethyleneglycol,1-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (Spacer
phosphoramidite 18)

D: 1,3-bis-[5-(4,4'-dimethoxytrityloxy)pentylamido ]propyl-2-[(2-cyanoethyl)-(N,N-
diisopropyl)]phosphoramidite (Symmetric doubler phosphoramidite)
Tr: Tris-2,2,2-[3-(4,4'-dimethoxytrityloxy)propyloxymethylJmethyleneoxypropyl-[(2-cyanoethyl)-

(N,Ndiisopropyl)]-phosphoramidite (Long trebler phosphoramidite)

Cy3: 1-[3-(4-monomethoxytrityloxy)propyl]-1'-[3-[(2-cyanoethyl)-(N,N-diisopropyl) phosphoramidityl]propyl]-
3,3,3",3'-tetramethylindocarbocyanine chloride (Cyanine 3 phosphoramidite)

AmdT: 5'-Dimethoxytrityl-5-[N-(trifluoroacetylaminohexyl)-3-acrylimido]-2'-deoxyUridine,3'-[(2-cyanoethyl)-
(N,N-diisopropyl)]-phosphoramidite (Amino Modifier C6 dT)
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at stoichiometric amounts and annealed from 90 to 20 °C, over 1 h, as characterized by native

PAGE (Figure 3.2).

First, we determined how each of these DNA dendron designs impacted cellular uptake
efficiency. To test this, murine bone-marrow-derived dendritic cells (BMDCs) were treated with
250 nM fluorescently labeled DNA dendrons (1:1 ratio of dendron molecule to fluorescent tag) for
1 h in serum-containing media. Cellular uptake was assessed by measuring the median
fluorescence intensity (MFI) of the cyanine-3 fluorophore, in treated cells, via flow cytometry.
After 1 h, we observed that hybridization of the CpG sequence led to a significant decrease in
cellular uptake (Figure 3.1. B), presumably due to a decrease in DNA-scavenger receptor A
recognition, which may arise from increased rigidity or steric hinderance. The non-hybridized

structures had MFIs over two orders of magnitude greater than those of the hybridized structures,
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Figure 3.2. Hybridized dendron structure formation

Hybridized dendron design, DnlaH and Dn6aH, were formed by combining the DNA dendrons with the CpG strands
at stoichiometric amounts and annealing from 90-20 °C over 1 h. By tuning the relative amount of CpG added, we
determined that a 1:1 ratio of CpG complement to CpG strand works to form the full hybridized structure for Dn6aH
(left) and DnlaH (right).
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indicating that dendron uptake is maximized when the branches are single stranded DNA. The
Dnéa treated cells also had a 1.2-fold increase in MFI compared to those treated with the Dnla.
This observation can be attributed to the fact that longer DNA sequences can lead to increased
uptake efficiencies (Figure 3.3.).!°® To measure adjuvant function, a higher concentration and
longer timepoint was necessary. We first assessed how these changes impacted cellular uptake. To
do so, this experiment was repeated but at a treatment concentration of 1 uM and an incubation
time of 15 h. Even at this later timepoint, we see that the non-hybridized structures enter cells in
greater quantity than the hybridized forms. Specifically, the Dn6aH structure suffers from low

uptake indicating that the double stranded dendron branches significantly inhibits cellular uptake

(Figure 3.1. C).
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Figure 3.3. Dendron uptake with increasing branch length

Cells were treated with DNA dendrons that contained either T10 branches or T14 branches. Only at early timepoints
do we observe that longer branches result in increased cellular uptake at treatment concentrations of 50 and 250 nM
after 1 h.
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In addition to enhanced cellular delivery of the adjuvant, we confirmed that the dendron
architecture does not prohibit adjuvant interactions with TLR-9. To test this, immune activation
was measured in response to a linear CpG control or the four dendron designs. Upon TLR-9
activation by CpG adjuvant DNA, immune co-stimulatory markers, such as cluster of
differentiation (CD) 86 and CD80 become upregulated and presented on the dendritic cell
surface.?’? We can assess which dendrons illicit the greatest immune response by measuring the
amount of CD80 and CD86 expressed. To address the fact that the Dn6a and Dn6aH structures
deliver 6-fold more CpG per dendron than the Dnla and DnlaH structures, this experiment was
conducted in two distinct ways. First, cells were treated such that the total dendron concentration
was held constant (Figure 3.4. A). This meant that the Dn6a and Dn6aH treated cells were
receiving 6-fold more CpG, but the amount of dendron molecule drug was the same for each group.
Due to the two different CpG concentrations, two linear CpG controls were used to match those
concentrations (CpG 1, to match Dnla, and CpG 6, to match Dné6a). In this case, we observed
trends in CD86 and CD80 expression that match the uptake profile of the different groups — the
Dn6a, Dnla, and DnlaH had no significant differences in CD86 and CD80 expression, while the
Dn6aH structure produced significantly less CD86 and CD80 expression amongst murine CD11c+
dendritic cells. This trend held when the percent of cells positive for CD86 and CD80 expression
was measured. Specifically, the Dn6a, Dnla, and DnlaH induced CD86 expression in nearly 100%
of cells, while the Dn6aH structure induced expression in only 80% of cells (Figure 3.5.). These
observations can be attributed to the lower cellular uptake of the Dn6aH, as discussed above.
Furthermore, this indicates that although the Dn6a dendron was delivering 6-fold more CpG than
the Dnla and DnlaH dendrons, the total immune activation was nearly identical. To further

investigate this observation, cells were treated such that the CpG concentration was held constant
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across treatment groups. Therefore, cells treated with Dn6a and Dn6aH received 1/6th the amount
of dendron molecule as those treated with Dnla and DnlaH (Figure 3.4. B). Interestingly, when
the CpG concentration was held constant, a different trend in immune activation emerged. The
Dné6a and Dn6aH structures resulted in significantly lower immune activation whereby CD86 and
CD80 levels were reduced by approximately 50% and 33%, respectively, compared to the Dnla
and DnlaH responses (Figure 3.5.). This indicates that although the Dn6a dendron presented CpG
multivalently, this multivalency did not lead to increased CpG processing and cell activation,
suggesting that dendron valency does not impart the proper spatial requirements necessary for
multivalent interactions with TLR-9.2% Taken together, these data reveal that the Dnla and DnlaH
design is the most efficient dendron design for effective, adjuvant delivery. Due to synthetic ease
and molecular precision, the non-hybridized Dnla structure was selected as the base design
moving forward. Moreover, since the branches of the DNA dendron are no longer used as the CpG
sequence, they can be leveraged as orthogonal handles to improve cellular uptake (i.e., G-rich

sequences) or as secondary functional sequences (e.g., alternative TLR agonist sequences) (Figure

3.6.).
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Figure 3.4.. Immune activation after treatment of ex vivo murine bone marrow-derived dendritic cells with
immune stimulating DNA dendrons

(A) A linear CpG control and the four dendron designs were tested. (B) Median flourescnce intensity (left) and
frquency (right) of CD86 expression when the total dendron concentration was held constant. A similar trend was
observed as that in the uptake experiment, whereby the unhybridized structures perform better than the hybridized
constructs with no signfiicant differences between 6x CpG, 1x CpG, and 1x CpG Hyb despite the 6-fold increase in
CpG delivered by the 6x CpG dendron. (C) Median flourescence intensity (left) and frequency (right) of CD86
expression when the total CpG concentration was held constant. Results indicate that the 1x CpG dendron was the
most efficient design to deliver functional DNA adjuvant. The MFI +/- standard deviation (SD) is shown. ns = not
significant; *** = p<(0.001; **** = p<0.0001. Not all significances are shown for clarity.
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Figure 3.5. Frequency of cells expressing CD86 and CD80 in response to the different dendron designs
These trends match what is observed for the amount of CD86 and CD80 expression, with the greatest differences arising

when CpG concentration is held constant.
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Figure 3.6. Sequence dependent dendron function

Dendritic cells were treated with either CpG linear control, Dnla with T10 branches, Dnla with G-rich branches
((GGT)s), and Dnla with T14 branches, which matches the G-rich sequence in number of bases. After 15 h, we
observe that the G-rich branches have comparable uptake to the T10 branches, but results in a significant increase in
DC activation (CD80 and CD86 expression).

3.3. Antigen Conjugation and its Effects on Immune Activation

Having established design rules for dendron-mediated adjuvant delivery, we next sought
to understand how the placement of the antigenic peptide affects dendron vaccine efficacy. We
hypothesized that antigen placement on the dendron would significantly impact dendron uptake
and overall vaccine efficacy due to the hydrophobic nature of many peptide antigens?** and the
importance of antigen/adjuvant ratios on vaccine efficacy.!” To begin exploring the impact of
antigen placement, three dendrons were designed, all utilizing the Dnla dendron identified above
for enhanced adjuvant activity. The first contained a primary amine on the 3’ end of the dendron
stem such that a single antigen could be added to each structure (DnlE, dendron with 1 epitope).
The second design included primary amines on the 5’ end of the dendron, thereby producing

dendrons with 6 peptides on the ends of the branches (1 peptide / branch) (Dn6Ee, dendron with 6
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epitopes on the end). To test whether peptide conjugation to the 5’ end impacted dendron uptake
(due to a potential loss of scavenger receptor A binding interactions), the third design had primary
amines located in the middle of each branch, enabling the conjugation of six antigen molecules
without blocking the multivalent DNA branches (Dn6Em, dendron with 6 epitopes in the middle).
The resultant dendrons were purified by PAGE and characterized by MALDI-TOF MS (Figure
3.7. A). Interestingly, these dendrons on their own, without conjugated antigens, had distinct
uptake and activation properties. Specifically, the dendrons with more primary amine functional

groups achieved nearly two-fold increases in cellular uptake (Figure 3.8.). This can likely be

A 27.7 kDa D -
Calcf d Am/z: 1.2 kDa 100+ 15000
Exp't Amiz: 1.2 kDa I
T~ 804
&
€648<S 28.9 kDa S - _
$Dn1E A < <
< i T 40 =
w | e
L
5000 10000 15000 20000 25000 30000 35000 40000 1) 20
m/z o
n_
B 28.7 kDa
Calc’d Am/z: 7.2 kDa
Exp’'t Ami/z: 6.9 kDa 2
&
A . S

m

m 35.6 kDa
.
é Dn6Em ! b
A i — 20000+ ke

100
5000 10000 15000 20000 25000 30000 35000 40000 —_
7
m/z § 80+ 15000
O 60 L
C caicd amiz: 7.2k0a 289 kDa = = 10000
Exp't Ami/z: 6.9 kDa -~ 404
=
] 5000
(- A % 20
W 35.8 kDa & o
RN -
 DneéEe SO w.& L0 & O & & &
4 ¥R NS L & R < &
A . & FE&e & F &S
& & & S o(‘ Q
5000 10000 15000 20000 25000 30000 35000 40000 Oo 00

ml/z

Figure 3.7. Antigenic peptide conjugation and its impact on cellular uptake and immune activation

(A-C) MALDI-TOF MS of dendron-peptide conjugates, post purification, reveal expected mass shifts for each of the
synthesized conjugates: Dn1E, Dn6Em, and Dn6Ee. (D) Cellular uptake of the dendron-peptide conjugates after 1 h
at 250 nM shows an increase in cellular uptake for the conjugates that contain a greater number of hydrophobic
antigenic peptides. (E) Immune activation of dendritic cells after 15 h treatement at 1 pM. Results follow similar
trends to the uptake experiment, whereby the Dn6E structures produced a stronger immune response than did the
DnlE structure. The MFI +/- standard deviation (SD) is shown. *** = p<(.001; **** = p<0.0001. Not all significances
are shown for clarity.
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attributed to the positive charge of the primary amine in biological conditions, which can facilitate
cellular uptake.?’> Nevertheless, when the peptide is conjugated to the dendron through these
primary amines, the positive charge is no longer a factor because the primary amine is converted

to an amide.

We chose to work with the peptide antigen E649-58 (V10C, sequence: VYDFAFRDLC,
Table 3.2.) derived from the E6 protein, which is found in cervical cancer cells caused by human
papillomavirus (HPV). The peptide contains a single, terminal cysteine amino acid that was used
to conjugate to the dendron through a reducible disulfide bond. Specifically, the heterobifunctional
crosslinker, succinimidyl 3-(2-pyridyldithio)propionate (SPDP), was used, which contains an
activated ester on one end, used for primary amine functionalization, and a pyridyldithiol group
on the other end, used for sulthydryl functionalization. First, the activated ester was reacted with
the primary amines on the DNA dendrons, producing pyridyldithiol functionalized strands.
Second, the E6 peptide was reacted with the pyridyldithiol to form peptide conjugates. All

conjugates were purified by PAGE and characterized by MALDI-TOF MS. MALDI results
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Figure 3.8.. Effects of primary amines on dendron uptake
Dnl, Dn6m, and Dn6e are the dendrons that contain primary amines before peptide conjugation. It appears that these
amines can impact the cellular uptake of the dendron. Dn6m and Dn6e both have 6 primary amines and significantly
higher cellular uptake than Dn1 which only has 1 primary amine. Furthermore, Dn6e, which has all of the amines on
the 5’ terminal end of the dendron was taken up significantly more than the Dn6m, which had amines “buried” in the

middle of the branches.

AN
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Table 3.2. Peptide sequence used in this study

Name Amino Acid Sequence (N - C) MW

E6“% (V10C) VYDFAFRDLC 1248

Peptides were obtained through GenScript at >95% purity.

indicate that for each of the dendron designs, the expected product was produced and purified
successfully because the expected mass shifts between unconjugated and conjugated DNA
dendrons (Figure 3.7. A-C top verses bottom) were observed. Specifically, the DnlE structure
shows a mass shift of 1.2 kDa, while the Dn6E structures show a mass shift of 6.9 kDa, closely

matching the expected changes in mass for dendrons with one and six peptides, respectively.

After synthesizing the dendron peptide conjugates, we sought to understand how peptide
placement affects cellular uptake. We hypothesized that the increased hydrophobicity as a result
of peptide conjugation would facilitate uptake and lead to increased uptake frequency and
fluorescence intensity. Using flow cytometry, we found that though the structures were taken up
at a similar frequency, the increased number of conjugated peptides led to a clear increase in the
amount of dendron per cell, based on the MFI. Cells treated with Dn6Em and Dn6Ee experienced
a 100% increase in MFI compared to those treated with the DnlE structure (Figure 3.7. D). A
similar trend was observed when measuring immune activation via CD86 expression (Figure 3.7.
E). We measured a significant increase in the frequency of cells expressing CD86 from 75% to
80%, for those treated with either Dn6Em or Dn6Ee compared to Dnl1E. When measuring the
amount of CD86 expressed (MFI), we observed a similar trend as seen in the uptake experiments,
wherein the Dn6E structures led to the expression of more CD86 than the Dn1E dendron (Figure
3.7. E). A similar trend was also observed when measuring the CD80 costimulatory marker
(Figure 3.9.). These results confirmed the hypothesis that increasing the number of peptides

attached leads to increases in cellular uptake. Due to the similarity in uptake and activity for the
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Dn6Em and Dn6Ee constructs, we chose to continue experimenting with the Dn6Em structure for
synthetic reasons, finding that Dn6Em peptide conjugation consistently had a 30% yield while the

Dn6Epe structure had a 15% yield.

We further explored the uptake mechanism of these materials by selectively inhibiting
uptake pathways (Figure 3.10.). Specifically, cells were pre-treated with either fucoidan
(scavenger receptor A inhibitor), methyl-B-cyclodextrin (cholesterol/lipid raft depletion), or
incubated at 4 °C (inhibits all active transport mechanisms). We observed that inhibiting active
transport through incubation at 4 °C resulted in the greatest decrease in uptake for each of the
peptide conjugates, indicating that these peptides were not facilitating significant passive transport
across the cell membranes. After treatment with methyl-B-cyclodextrin, which abstracts
hydrophobic cholesterol and lipid rafts from the cell surface, we observed a decrease in cellular
uptake, which is likely due to decreased interactions between hydrophobic peptides and

hydrophobic components of the cell membrane. Finally, we observed that by inhibiting scavenger
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Figure 3.9. CD80 expression in response to dendron-peptide conjugates
Cells treated with the peptide conjugates showed increases in CD80 expression frequency and amount. These trends
match what was observed for the CD86 costimulatory marker.
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receptor A mediated endocytosis, using fucoidan, the most significant drop (at least 50% in each
treatment group) in uptake was observed, indicating that the primary method of dendron uptake
was through scavenger receptor A, regardless of where the antigenic peptide was located on the

dendron.

3.4. Investigating Vaccine Efficacy Ex Vivo and In Vivo

Before studying vaccine efficacy in vivo, we first confirmed that the DNA dendron
vaccines can produce a potent and specific immune response against cervical cancer cells. Mouse
peripheral blood mononuclear cells (PBMCs) were treated with the different vaccines. The
resultant matured T cells were isolated from the PBMCs and incubated in the presence of TC-1
mouse cervical cancer cells at a 10 to 1 ratio of T-cells to cancer cells. After incubation, cancer
cell death was quantified by measuring 7-AAD (necrosis) and Annexin V (early apoptosis). We
observed that all tested DNA dendrons produced a potent immune response against the target

cancer cells. Cells treated with the Dn1E vaccine killed 30% of the target cancer cells based on
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Figure 3.10. Dendron conjugates uptake pathway

Cells were treated with peptide-dendron conjugates after pretreatment with either fucoidan (Scav A inhibitor), methyl-
beta-cyclodextrin (lipid raft and cholesterol depletion), or after incubation at 4 °C (active transport inhibitor).
Dendrons are significantly taken up by active transport, which is mostly facilitated by Scavenger receptor A and partly
by hydrophobic mediated methods.
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Figure 3.11. Ex vivo vaccine efficacy and in vivo vaccine uptake

(A) Murine PBMCs were treated with the dendron vaccines, mature T cells were then isolated and incubated in the
presence of target TC-1 cancer cells, and cell death was quantified in terms of expression of both necrosis and early
apoptosis markers (double positive, left) or early apoptosis markers (double and single positive, right). (B) Dendron
vaccines were injected subcutaneously into female C57BL/6 mice (n=3) and fluorescence intensity of the lymph nodes
was measured after 4 h, using IVIS. Results indicate that the Dn6Em structure was taken up significantly more than
the Dn1E structure in vivo. ** = p<0.01; *** = p<0.001; **** = p<0.0001. Not all significances are shown for clarity.

expression of both apoptotic and necrotic markers, while, cells treated with Dn6Em killed 40% of
the target cells (figure 4A, left). If the target cells that were expressing only apoptotic markers,
indicating that they are undergoing early apoptosis but not yet full necrosis, were included in this
measure, we find that both vaccines killed approximately 80% of the target cells (Figure 3.11. A,
right). Since early apoptosis occurs prior to necrosis, these results suggest that the vaccines
produce an immune response at different rates. Therefore, the Dn6Em vaccine seems to result in a
potent immune response earlier than the DnlE vaccine, leading to a greater number of necrotized
target cells. This observation is likely due to the increase in antigen loading on the Dn6Em

structure, as well as its increased cellular uptake.

To further assess the potential in vivo efficacy of the dendron vaccines, we next

characterized their in vivo uptake properties by the lymph nodes, the biological hub for immune
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cells responsible for producing immune responses.?’ Female C57BL/6 mice (n=3 per group)
received either a saline control (PBS), Dnl1E (6 nmol) or Dn6Em (6 nmol), subcutaneously. After
4 h, the mice were sacrificed, and the lymph nodes were collected for imaging of fluorescent
signals using an in vivo Imaging System (IVIS). We observed that both vaccines localized to one

or both of the proximal lymph nodes (Figure 3.12.) and that the Dn6Em structure was taken up by
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Figure 3.12. Raw lymph node uptake data

Female C57BL/6 mice (8-12 weeks old) were administered a single subcutaneous injection into the abdomen.
Treatment dose was maintained at 6nmol. After 4 h, mice were euthanized and the skin containing the lymph nodes
was resected. Fluorescence was assessed using an IVIS 200 Spectrum (PerkinElmer) in vivo imaging system with a
narrow band excitation of 535 and emission of 580. Quantitative analysis was performed using Living Image software.
The raw data presented here shows the Dn6Em Is taken up by the lymph nodes more than the Dn1E vaccine.
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the lymph nodes more than the Dnl1E vaccine (p = 0.0566) and significantly more than the PBS
treated mice (Figure 3.11. B). This indicates that not only do the vaccines produce a potent
immune response ex vivo, but they also accumulate at desired immune centers when delivered in
vivo. Previous research has shown that therapeutic hydrophobicity can significantly enhance
lymph node uptake.?*’?* Since the Dn6Em structure has 6-fold more peptides per dendron, those
hydrophobic moieties seem to be playing an important role in mediating vaccine uptake. Raw IVIS

images can be found in Figure 3.12.

To evaluate the in vivo therapeutic impacts of the different dendron architectures, we
treated TC-1 tumor-bearing female mice (n=5-6) and evaluated tumor growth and animal survival.
TC-1 tumor cells (2 x 10°) were inoculated subcutaneously into the right flank of C57BL/6 mice
and allowed to grow to ~50 mm? before the first of four treatments (schedule provided in Fig 3.13.
A). Animals were treated once per week with DnlE, admix 1 (simple mixture corresponding to
DnlE adjuvant/antigen ratio), Dn6Em, admix 6 (simple mixture corresponding to Dn6Em
adjuvant/antigen ratio), or saline (PBS). Tumor growth was measured every 2-3 days while
survival was quantified; animals were sacrificed when tumor burden reached 1500 mm?. Mice that
were treated with Dn6Em exhibited potent suppression of tumor growth (Fig. 3.13. B,C and 3.14.).
In fact, 100% of animals treated with Dn6Em demonstrated tumor growth inhibition (<100 mm?
through day 30) and were protected from death through the 44 day study, as tumors did not reach
the 1500 mm? cut-off during this timeframe (Fig. 3.13. D). In contrast, mice treated with the Dn1E
dendron failed to exhibit a significant improvement in tumor burden, and only 33% survived to
day 44 (median survival — 36.5 days). As expected, animals treated with saline all perished by the
conclusion of the study (median survival — 35 days), and animals treated with either of the admix

controls were unable to mount a sufficient Immune response to fight off tumor burden effectively.
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Spider plots for all groups are provided in Supplementary Figure 3.14. This study illustrates the
importance of precise structural changes to the dendron architecture to dramatically impact animal

survival and tumor burden in vivo.
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Figure 3.13. Treating tumor-bearing mice that were inoculated with cervical cancer cells

(A) Mice were treated with 2 x 10° cancer cells on day 0 and received treatment once/week for four weeks, starting
on day 7. Tumor measurements were taken every 2-3 days. (B) Plots of the average tumor volumes show that the
Dn6Em structure is the most effective vaccine for inhibiting tumor growth. (C) This inhibition in tumor growth led to
a 100% survival rate for Dn6Em throughout the study (44 days). (D) Tumor volumes at day 28, which demonstrate
the significant tumor growth inhibition that results from Dn6Em treatment over the other groups. ns = not significant;
* =p<0.05. Not all significances are shown for clarity.
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Figure 3.14. Tumor growth spider plots

Female C57BL/6 mice aged 8-12 weeks (Jackson Laboratory) were inoculated with 2 x 105 TC-1 tumor cells
subcutaneously into the right flank and were allowed to grow to ~50 mm? (7 days) prior to treatment. Treatments were
administered at a dose of 60 uM in 100 uL volume by subcutaneous injection into the abdomen once per week,
following the schedule provided. Tumor growth was measured every 2-3 days and volume was calculated using the
following equation: tumor volume = length x width?x 0.5. Animals were euthanized when tumor volumes
reached 1,500 mm? or when animal health necessitated them to be sacrificed for humane reasons. Presented here are
the spider plots of the individual mice in each group.

3.5. Comments on the Rational Design of Molecular Vaccines

This work establishes the DNA dendron as a powerful tool to study the fundamental
structure-function relationships that govern cancer vaccine efficacy while simultaneously
demonstrating the DNA dendron as a potent platform for immunotherapeutics. DNA dendrons can
be readily synthesized to have specific DNA sequences, lengths, and valences. By leveraging this
level of control, DNA dendrons containing immune-stimulating CpG sequences were designed
and synthesized. We investigated how DNA dendron design impacts the effective delivery of
functional CpG sequences, and how to maximize cellular uptake and the resultant immune
response ex vivo. This investigation led us to find that having the CpG sequence as the dendron

stem, and poly-T sequences as the branches led to the most effective delivery of functional
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adjuvant. Nevertheless, the branch sequences have the potential to be further tuned to improve
dendron uptake (e.g., G-rich sequences). By conjugating an antigenic peptide derived from HPV
related cervical cancer to the dendron, a molecularly defined cancer vaccine was synthesized. We
demonstrated that peptide conjugation to different parts of the dendrons impacts dendron uptake
and immune activation. Furthermore, we show that these vaccines produce a robust and specific
immune response against the cancer target, both ex vivo and in vivo. Finally, we demonstrated that
DNA dendron molecular vaccines elicit a robust and powerful anti-tumor response, in vivo. Taken
together, this work explores the structure-function relationships of DNA-dendron based vaccines
in a molecularly defined manner. Due to the modularity of this molecular vaccine, these design
rules can be applied to develop vaccines that treat a variety of cancers. This is the first

demonstration of the capabilities of DNA dendron vaccines.
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CHAPTER FOUR

Investigating Infectious Disease Vaccine Design with Spherical

Nucleic Acids

Material in this chapter is based upon published work:

Teplensky, M. H.*; Distler, M. E.*; Kusmierz, C. D.; Evangelopoulos, M.; Gula,
H.; Elli, D.; Tomatsidou, A.; Nicolaescu, V.; Gelarden, I.; Yeldandi, A.; Batlle,
D.; Missiakas, D.; Mirkin, C. A., Spherical nucleic acids as an infectious disease
vaccine platform. Proc. Natl. Acad. Sci. 2022, 119, €2119093119.

*Equal Author Contribution
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4.1. Current Approaches to Infectious Vaccine Design

Infectious diseases have long threatened humanity due to their ability to rapidly spread and
mutate across populations, infecting many people.?!® The rapid and global spread of SARS-CoV-
2, the virus that causes COVID-19, emphatically revealed this and highlighted the importance of
effective vaccination strategies to mitigate the spread and infectivity of viruses. Vaccination
strategies are increasingly important as we consider the potential for emerging infectious diseases
still to come.?//-?/2 The ability to rapidly adapt vaccine platforms through advancement of previous
knowledge can be a huge asset. In particular, protein-based subunit vaccines can reduce vaccine
production costs, while diminishing vaccine side effects. However, ultimate outcomes of protein-

based subunit vaccine performance is difficult to correlate between candidates.?'?

An example of this is the influenza vaccine, which has relied on various simple mixtures
of antigenic protein subunit target and adjuvant in solution to induce immune responses.?'* As a
result, influenza vaccine effectiveness has varied dramatically by year, with a low of 10%
effectiveness in 2004-2005 and a high of 60% effectiveness in 2010-2011.21°-216 This high
variability is often attributed to the level of antigenic match between circulating viruses and
vaccine strains. However, recent work has shown that the same antigen target can be more or less
antigenic depending on the mode of presentation and delivery to the immune system.?!¢2!7 By
harnessing this concept, which we have termed rational vaccinology ', we can greatly aid efforts
to correlate vaccine design with performance by providing structurally-informed and optimized

vaccine platforms that can be readily and quickly adapted to new disease targets.
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4.2. Utilizing the SNA to Explore Concepts in Rational Vaccinology

Rational vaccinology has been implemented successfully for vaccines against cancer,
where nanoscale changes have dramatically altered immune activation and tumor reduction. '6%-218-
219 The application of this approach toward infectious disease has yet to be fully realized, and the
potential for it to dramatically impact the success of vaccine development remains untapped.
Herein, we have implemented spherical nucleic acid (SNA) nanotechnology as a tool to explore
the impact of vaccine presentation when applied to infectious disease using COVID-19 as a case
study. SNAs are comprised of a nanoparticle core surrounded by a dense radial arrangement of
oligonucleotides.!% 192 220 T jke many nanovaccine platforms, the SNA is biocompatible and
comprised of naturally found molecules in cellular biology. Importantly, however, the SNA
provides key advantages over other nanovaccine platforms. Specifically, the SNA platform is
highly modular, enabling the elucidation of important structure-function relationships. Moreover,
the SNA is effective at entering cells rapidly and in high quantities through scavenger-receptor A
mediated endocytosis and is resistant to nuclease degradation due to the dense arrangement of
oligonucleotides.'*"14 Moreover, by using a DNA shell containing immunostimulatory CpG motif

161-162’ and

DNA, SNAs robustly activate the innate immune system through TLR-9 activation
exhibit efficient lymph node drainage and high co-delivery of adjuvant and antigen to antigen-
presenting cells (APCs).!®" 2! These properties have been hamessed in this work to maximize
humoral responses and generate antibodies effective at neutralization in pseudoviral assays,

capable of withstanding mutations to still bind the target, and protective in mice against a lethal

viral challenge. Overall, we report enhancement in immune response, leading to a 100% survival
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rate in a lethal viral challenge, which can be achieved through utilization of the SNA’s privileged

architecture.

4.3. Design and Characterization of SNAs as an Infectious Disease Vaccine

To synthesize SNA vaccines capable of raising robust, prophylactic responses against

SARS-CoV-2, we harnessed the modularity of the liposomal SNA to simultaneously deliver

encapsulated protein antigen and CpG motif DNA adjuvant. The modularity of the SNA platform

enables fine-tuned control over vaccine structure, allowing for the rational design of the most
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effective vaccine. For these studies, we used the receptor-binding domain
(RBD, Figure 4.1.) of the SARS-CoV-2 Spike protein as the antigen
because this domain is responsible for recognizing and binding to human
cell angiotensin-converting enzyme 2 (ACE2) receptor and facilitating
cellular entry. SNAs were synthesized using previously established
protocols.!6!: 22! Briefly, protein antigens were encapsulated in 80-nm
liposomes prepared from 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) films and purified using tangential flow filtration (TFF) to
remove any unencapsulated protein. To form SNAs, protein-
encapsulated liposomes were incubated with 3’-cholesterol-modified
CpG DNA (Figure 4.2. A). The CpG DNA used was either a human or
murine TLRY agonist sequence depending on the experiment (Table
4.1.). Successful DNA incorporation and SNA formation was confirmed
by dynamic light scattering (DLS) and agarose gel electrophoresis, which

shows a decrease in electrophoretic mobility commensurate with DNA
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loading and increased size. (Figure 4.3.). The average RBD protein loading per liposome across
10 distinct batches was 4.7 + 1.6 (Figure 4.2. B). This is equivalent to a loading capacity of 0.52

wt/wt%.
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Figure 4.2. A Spherical Nucleic Acid (SNA) vaccine containing receptor binding domain (RBD) antigen is
capable of activating B cells in vitro

(A) (top) A schematic of the SNA used in this work encapsulating RBD antigen within an 80-nm DOPC liposome
core, and radially displaying a shell of TLR9-agonist CpG motif DNA. (bottom) RBD structure (purple) as a subset
of the full SARS-CoV-2 Spike protein (red). This representation of the full spike protein and RBD was adapted from
PDB ID: 6VXX. (B) Minimal batch-to-batch variation of the amount of RBD protein loaded per liposome (mean and
95% confidence interval shown, n = 10). (C,D) In vitro activation of hPBMC:s to increase expression of CD27 among
CD19* B cells. Incubation with hPBMCs was performed for both 1 (C) and 3 (D) days. Mean and SEM shown;
analysis was done using an ordinary one-way ANOVA followed by a (C) Sidak’s or (D) Dunnett’s multiple
comparisons test. n = 3 — 4 per group. *p<0.05; **p<0.01; ns=non-significant; other p values are shown.

4.4. B-Cell Activation In Vitro in Human Peripheral Blood Mononuclear Cells
A necessary step in effective vaccination is immunological memory carried by memory B
cells, as these are easily reactivated upon exposure to antigen.??>?>* Moreover, their activation

results in rapid proliferation and differentiation into plasma cells that produce large amounts of
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Table 4.1. DNA adjuvants used in this study

Ba(cPkagne Calc’d Extinction
Name Sequence (5’ to 3°)* Mass Coefficient
phosphorot g/mol L/(mole-cm)!
hioate)

TCC ATG ACG TTCCTG ACGTT
CpG 1826 (Spacer18), Cholesterol PS 6364.1 181100

CpG 1826
Cy5 TCC ATG ACG TTC CTG ACG TT Cy5
Fluorophore- (Spacer18), Cholesterol PS 8405.6 191100
labeled?
CpG 7909 TCG TCG TTT TGT CGT TTT GTC GTT PS 7698 2 209400

(Spacer18), Cholesterol

! Calculated using IDT’s OligoAnalyzer Tool: https://www.idtdna.com/calc/analyzer
2Cy5=1-[3-(4-monomethoxytrityloxy)propyl]-1'-[3-[(2-cyanoethyl)-(N,N- diisopropylphosphoramidityl]propyl]-
3,3,3",3'-tetramethylindodicarbocyanine chloride; Stock no. 10-5915 (Glen Research)
3Spacer18=18-O-Dimethoxytritylhexaethyleneglycol,1-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite;
Stock no. 10-1918 (Glen Research)

higher-affinity antibodies.??*** SNAs were therefore assessed for their ability to robustly activate
naive B cells in human peripheral blood mononuclear cells (hPBMCs). For these studies, we used
SNAs composed of a human CpG 7909 oligonucleotide shell (Table 4.1). After one and three days
of incubation, cells were measured for the presence of CD27, an activation marker which can

contribute to B cell expansion, differentiation, and antibody production.??>226 A

significant
difference in CD27 expression was observed when comparing the SNA to simple mixtures of RBD
and CpG, termed admix, and when compared to untreated cells (Figure 4.2. C and D). This can
be attributed to the advantageous properties that emerge when utilizing the SNA architecture, such
as improved co-delivery of antigen and adjuvant components, increased and rapid cellular uptake,
and enhanced resistance to nuclease degradation.!!® ' 219 While using human cells, this

demonstration of B cell activation is in vitro, and does not consider the complexity involved in

multi-cell cross talk that leads to robust antibody production. Therefore, we next assessed the
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Figure 4.3. SNA formation confirmed through dynamic light scattering (DLS) and agarose gel electrophoresis
(A) DLS demonstrates a significant increase in diameter and (B) a decrease in polydispersity index (PDI) as a result

of addition of the DNA shell. (C) Agarose gel electrophoresis highlights the mobility shift of DNA as a result of SNA
formation.

ability of the SNA to stimulate the adaptive immune system in vivo to generate robust, antigen-

specific antibody responses.

4.5. In Vivo Antibody Production

We evaluated RBD IgG-specific binding and neutralizing antibody production following a
single subcutaneous injection in C57BL/6 mice (n = 3 — 6 per group). RBD-specific binding
antibodies were assessed by ELISA on mouse sera collected two weeks post-prime injection. For
SNA-immunized mice, we quantified a ca. 1000-fold enhancement in the reciprocal serum end-
point antibody titer compared to the simple mixture control (Figure 4.4. A). Furthermore, SNA-
treated mice elicited a potent pseudovirus-neutralizing ability, whereby the generated antibodies
inhibited 58% of the interaction between RBD and ACE2 at a 1:10 dilution in a surrogate virus
neutralization test (sSVNT) assay (Figure 4.4. B). Overall, a ca. 16.5-fold enhancement of final

neutralizing antibody titer was measured for SNA-treated mice compared to those that received
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admix (Figure 4.4. C), which had no detectable inhibition ability (threshold was 30% inhibition

as per manufacturer’s specifications) (Figure 4.4. B).
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Figure 4.4. SNA structure induces higher levels of antigen-specific binding and neutralizing titers in vivo

(A) Samples were quantified via ELISA for the presence of RBD-specific IgG binding antibodies. Reciprocal serum
end-point titers were calculated through fitting absorbance at 450nm values to a 4PL Sigmoidal curve. (B) Sera were
employed in a pseudovirus inhibition study and were assessed for the inhibition percentage at a 1:10 sera dilution, or
(C) were fit to a standard curve to calculate a final neutralizing titer. Dashed line in (B) represents threshold cutoft
value for positive inhibition according to manufacturer’s protocol. (D) RBD-specific IgG binding antibody
measurement of SNA compared with simple mixture immunizations formulated using commercial adjuvants. (E) Final
neutralizing titer calculated in a pseudovirus inhibition study and fit to a standard curve. All graphs show mean and
SD, n =3 - 6 per group. Mice were injected with 1.4 nmol by RBD protein and one of the following adjuvants: 44
nmol by CpG DNA (SNA and TLR9 admix groups), 40 pg by Al** (Alum admix), 25 uL by AddaVax (MF59 admix),
4.2 ug by QS21 and MPLA4 (ASO1b admix). Dosing can be found in greater detail in In Vivo Immunization in Mice.
For panels A, B, D, analysis was done using an ordinary one-way ANOVA followed by a Tukey’s multiple
comparisons test. For panels C, E, analysis was done using a Brown-Forsythe ANOVA followed by a Dunnett’s
multiple comparisons test. n = 3 — 4 per group. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.



91

These assays validate that serum antibodies are more robustly produced with SNA
immunization compared to admix vaccination, and also that a single dose of the SNA vaccine
generates antibodies that can recognize and block a pseudoviral RBD domain from binding to an
ACE2 receptor. This underscores the importance of structuring components into an SNA
architecture in order to achieve enhanced biological and therapeutic responses, as proteins and
DNA alone exhibit poor biodistribution to draining lymph nodes and rapid clearance.?”’” By
contrast, these results uphold that SNAs effectively deliver cargo to immune cells in vivo.
Moreover, high neutralizing antibody levels are correlated with protection against infection??;

therefore, these results establish the potential for SNA vaccines to be a viable vaccination strategy

for COVID-19.

4.6. Comparison of SNA Performance to Simple Mixture of RBD and Commercial Adjuvants

To further compare the SNA platform against commercially available alternatives??’, we
evaluated how the SNA vaccine compared against mixtures of commercial clinically-used
adjuvants and the RBD antigen. Specifically, we employed Alum, MF59, and ASO1b as adjuvants.
All of these have been used to protect against infectious diseases, including Hepatitis B or
Influenza.?**2*2 In an assessment of RBD IgG-specific binding antibodies two weeks post-prime,
the SNA outperformed all tested simple mixtures of adjuvants, even surpassing the best performing
commercial adjuvant ASO1b simple mixture by 14-fold. It ultimately reached a reciprocal serum
end-point titer of 2464 (Figure 4.4. D). The simple mixture formulated with alum admix has
undetectable binding antibodies indistinguishable from those raised by naive mice, and MF59
admix had only one responder out of three mice, which had a reciprocal serum end-point titer of
74, 33-fold lower than SNA vaccination. When comparing the SNA against commercial adjuvant-

containing simple mixtures in a pseudoviral neutralizing study (Figure 4.4. E), even the best
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performing group, ASO1b admix, only reached 41 ng/mL neutralizing antibodies in sera, whereas

the SNA concentration is nearly 9-fold higher, 339 ng/mL. This trend was similarly observed three

weeks post-prime (Figure 4.5.), where the sera neutralizing antibodies generated from the SNA

immunization were highest at 1193 ng/mL, 4-fold greater than the closest admix (ASO1b).

4.7. Stoichiometry Between Adjuvant and Antigen Impacts Immune Response

As the SNA modularity can be easily tuned, we sought to understand the impact of the
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Figure 4.5. Final neutralizing antibody titers
Titers calculated in a pseudovirus inhibition study and fit to a
standard curve using sera collected from C57BL/6 mice 21 days
post a single prime injection. *p<0.05; **p<0.01.

amount of adjuvant DNA loading on the
SNA shell. We performed an agarose gel
on 80-nm DOPC liposomes to evaluate the
range of DNA that could fit on the surface
before dissociating?®® (Figure 4.6.). This
revealed a maximum of ca. 200 DNA
strands per liposome (surface density of 1.7
pmol/cm?), which aligns with other
liposomal SNA structures.?!® 2% To
investigate  the  adjuvant  loading
dependence on vaccine efficacy, we varied
the DNA surface coverage to synthesize
three different SNAs containing 75, 150,
and 200 strands per liposome, while
keeping the encapsulation of protein in the
core constant. This provided three different

adjuvant:antigen ratios that were ca. 16:1,



93

32:1, and 43:1, respectively. We hypothesized enhanced loading would propagate an initial innate
response, which could enhance an adaptive response. Mice were inoculated with one of the three
different SNAs or one of three TLR9 admix controls that matched these adjuvant:antigen ratios.
Two weeks post-prime injection, RBD-specific binding and neutralizing antibodies were
quantified from sera and were plotted against adjuvant loading to determine any linear
relationships (Figure 4.7. A and B). There is a strong positive correlation between adjuvant
loading and immune response for SNA immunization (R? = 0.99 for both binding and neutralizing
antibodies). Moreover, we assessed the ability of antibodies generated from the best performing
SNA (200 adjuvant strands per liposome), to bind to a mutated RBD of an evasive variant,
B.1.351.2% There was a non-significant difference in the reciprocal serum end-point titer when
binding to the RBD B.1.351 variant (Fig. 4.7. C), when compared to the reciprocal serum end-

point titer for binding to wildtype RBD. This promising retention of antibody binding ability leads

Number of DNA strands per
i S
iposome o

\ay
75 100 150 200 250 300 ()$

"H“N «——— SNA

. % gy —DNA

1% agarose gel

Figure 4.6. Determination of maximum loading of DNA per liposome before dissociation
The last detectable SNA band that also has a low intensity DNA band, indicating low levels of dissociation, is present
at a stoichiometry of 200 DNA strands per liposome.
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us to propose that the SNA platform can generate robust humoral responses that are resistant to

mutational viral changes.

4.8. Identification of Up-Regulated Immunoglobulin Classes Using Proteomics

To understand how the different stoichiometries of adjuvant on the SNA induced different
levels of binding and neutralizing antibodies, we performed proteomics to assess the expression of
different immunoglobulins. Eighteen immunoglobulins (Igs) were identified amongst all the SNA
formulations (75, 150, or 200 adjuvant strands/liposome termed 75 SNA, 150 SNA, and 200 SNA,
respectively), with an additional five distinct Ig proteins present in the 200 SNA treatment group
(Figure 4.7. D). In particular, the five significant proteins have increased fold changes in the 200
SNA immunization compared to 150 SNA (Figure 4.7. E). Furthermore, the total spectra of these

36

proteins, an indicator of protein abundance?*®, increases as the adjuvant loading increases (Figure

4.7. F). The IgM antibody was one of the 18 Ig proteins present among all SNA vaccine groups
(Table 4.2.) and is the first immunoglobulin class produced in the primary response to antigens.>*’
The five significant Igs in the 200 SNA group are involved in antigen binding, positive regulation
of B cell activation and B cell receptor signaling, Ig receptor binding and mediated immune
response, and overall, the adaptive immune response.’*® This suggests that the increased

expression of these proteins and the subsequent processes in which they are involved, results in

the measurable increase in immune outputs.



95

A B C

- — ns

[+] =l - 104 —

0 4000~ . 800 . L

o v -= Admix £ —= Admix §§ %

o = £ A

'S = 3000 -+ SNA Re=099 = 6004 —+ SNA £ g0 - .

& E £ Rz=099 @ ©

[T-] = xa . N

= 2 2000 2 400 8 .10

QT " = I.I:.I

3_,5 ‘© 8 . o Naive

¢~ 1000 £ 200 a E10 )

(Y] E 'Y 2 9 3 = Admix

=2 =4 2= 2 = O o

L= R?=055 £ o R?=0.89 A SNA

8 3 ] T T ¥ ¥ 1 ::u 0 T  — — 1 2"”10“

© ° ® Adjl?roant L;:oding s ’ ® Adj:l(\,roant L;:ging o RBD RBD
B.1.351

D E 3

75SNA 150 SNA ] : 7

A p=<0.0001

75 SNA

g B 150 SNA
=]
S ] & EE 200 SNA
T 5 ¢ &
> - _
nn & 4 . 5 p=0.00032 50 0011
o ] ® J
O 34 [} =
S ikt
1_- [ ] LY °
b ® oy '.‘ L] b
200 SNA 0 o™ °*
2 -1 0 1 2 &
& 8
-log,-Fold Change v

Figure 4.7. SNA vaccines formulated with different loadings of adjuvant DNA as the shell

SNA vaccines formulated with different loadings of adjuvant DNA as the shell demonstrate linear correlations in
resulting binding and neutralizing antibody production as a result of differential protein expression. (A) RBD-specific
IgG binding antibodies shown as the reciprocal serum end-point titer were plotted against adjuvant loading for the 3
different SNA groups. (B) The pseudovirus inhibition assay demonstrated the same positive linear relationship
between adjuvant loading and the calculated final neutralizing titer. Graphs show mean and SEM for n =3 - 6 per
group. (C) Antibodies generated by the different vaccines were assessed for their ability to bind the B.1.351 variant
of the RBD protein (RBD-SA). Graph shows mean and SD for n =3 - 6 per group. Analysis performed doing a two-
way ANOVA followed by Sidak’s multiple comparisons test. ns = non-significant change in reciprocal serum end-
point titer for SNA-raised antibodies. (D) Quantitative profile of immunoglobulins between the 3 SNA groups with
different loadings of adjuvant DNA on shell. (E) Volcano plot showing relative fold change and significance of
different Igs when comparing the 200 SNA against the 150 SNA group. Red line indicates significance threshold. (F)
The five identified upregulated proteins were plotted as a function of total spectra with significance between 200 SNA
versus 150 SNA shown. N.d. = not detected. Significance threshold = p<0.0063. Mice were injected with the
following: SNA 200 and admix equivalent were dosed at 1.4 nmol by RBD protein, 60 nmol by CpG DNA. SNA 150
and admix equivalent was dosed at 1.4 nmol by RBD protein, 44 nmol by CpG DNA. SNA 75 and admix equivalent
was dosed at 1.4 nmol by RBD protein, 22 nmol by CpG DNA. Dosing can be found in greater detail in /n Vivo
Immunization in Mice.



Table 4.2. Proteomic analysis of vaccinated mice

Total Spectra Count

Fisher's
N Molecular Exact Test (Integer avg for group)
ame Weight (p-value): 75 150 | 200
*(p< 0.0063)? | SNA SNA SNA
Immunoglobulin kappa constant 12 kDa 0.37 4 37 26
Immunoglobulin heavy constant mu 50 kDa <0.00010 13 20 32
Ig gamma-2B chain C region 44 kDa < 0.00010 6 12 19
Ig kappa chain V-Ill region ABPC
22/PC 9245 12 kDa 0.00016 7 12 17
Ig gamma-1 chain C region, 43 kDa 0.059 4 14 14
membrane-bound form
Ig kappa chain V-IIl region PC 7043 12 kDa 0.00032 6 10 15
Ig kappa chain V-IIl region PC
>880/PC 1229 12 kDa 0.0011 0 11 15
Ig gamma-3 chain C region 44 kDa 0.17 2 7 6
Ig kappa chain V-V region HP R16.7 12 kDa 0.25 3 4 4
H-2 class | hlstocompatlb.|l|ty antigen, 37 kDa 053 3 8 5
Q10 alpha chain
Ig kappa chain V-II region 26-10 12 kDa 0.079 1 4 5
Ig kappa chain V-V region MOPC 173 12 kDa 0.45 1 2 1
Ig heavy chain V region AC38 205.12 13 kDa 04 0 3 3
Ig gamma-2A chain C region secreted
form 37 kDa 0.32 2 2 2
Ig heavy chain V region 93G7 16 kDa 0.56 0 1 1
Ig heavy chain V-IIl region HPC76 12 kDa 0.086 0 0 1
(Fragment)
Ig kappa chain V-V region MOPC 41 14 kDa 0.18 0 1 1
Ig heavy chain V region HPCG14 14 kDa 0.29 0 1 1
Polymeric immunoglobulin receptor 85 kDa 0.47 0 0 0
Ig alpha chain C region 37 kDa 1 0 0 0
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4.9. Dosing of SNA Vaccine Enhances Immune Responses

We quantified the impact of multiple doses of the best-performing SNA vaccine (200 SNA)
on the resulting amplification of immune responses. Many ongoing vaccines that were granted
Emergency Use Authorization or are in development have utilized a prime-boost vaccine schedule
to enhance immune responses.??’ Therefore, we immunized mice with a prime-boost schedule
(boost was two weeks post prime) to assess any elevation in antibody production. We collected
sera from the mice two weeks after the boost, which is 4 weeks (28 days) after the initial prime
immunization. An increase in both binding antibodies (Figure 4.8. A; 6.5-fold increase) and
neutralizing antibodies (Figure 4.8. B; 126-fold increase) was observed when comparing sera from
two doses to that from one. The admix vaccination did improve with a second administration, but
levels of binding and neutralizing antibodies were still 4000-fold and 1500-fold lower,
respectively, compared to the SNA immunization (Figure 4.8.), and proteomics signatures were

significantly different (Figure 4.9.)
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Figure 4.8. The impact of vaccine schedule on efficacy

Prime-boost vaccination with two administrations enhances antibody production for all treatments, while SNA
immunization is highest. Levels of (A) binding and (B) neutralizing antibodies on either day 14 (prime only on d0,
sera collection on d14) or on day 28 (prime on d0, boost on d14, sera collection on d28). Graphs show mean and SD
for n = 3 - 6 per group. Analysis was done using a two-way ANOVA followed by a Tukey’s multiple comparisons
test. Only significant comparisons shown. *p<0.05; **p<0.01.
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Figure 4.9. Proteomic analysis of 2 dose admix and SNA treatments
A) Quantitative profile of immunoglobulins between the 200 Admix 2 dose group and 200 SNA 2 dose group. (B)
Volcano plot showing relative fold change and significance of different Igs when comparing the 200 Admix 2 dose
against the 200 SNA 2 dose group. Red line indicates significance threshold. (C) The identified significant upregulated

proteins were plotted as a function of total spectra with significance shown. Significance threshold = p<0.01585.
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4.10. Live Viral In Vivo Challenge Using Transgenic k18-hACE2 Mice

As a direct test of vaccine efficacy, we conducted a viral challenge study using transgenic
mice that are susceptible to infection through expression of the human ACE2 protein: k18-
hACE2.240-241 Animals were challenged with a lethal dose of the virus.?***6 We compared the top
performing vaccine design (200 SNA) to the admix vaccine, and also to mice receiving only saline
(PBS) as a negative control. Mice were given either one or two doses of the SNA or admix vaccine.
Mice (n = 10 per group, comprising 5 females and 5 males) were challenged with virus two weeks
after receiving the final vaccine dose (complete schedule in Figure 4.10. A). Just prior to viral

infection, blood was collected from the mice to verify neutralizing antibody production (Figure

4.11.).

After viral infection, animals were monitored twice daily for signs of disease, and weighed
daily. Within the first five days post infection, mice that received either saline or one or two doses
of admix vaccine experienced a rapid decline in body weight and an increase in clinical score, both
of which indicate that the mice were not protected from the virus (Figure 4.10. B and C). These
animals were euthanized at day 5, as per study protocol, for humane reasons, and lungs were
removed to measure viral loads (Figure 4.10. D and E). In stark contrast, mice that were treated
with either one or two doses of the SNA vaccine displayed no evidence of declining health. Body
weight and clinical scores remained stable throughout the entire study, and thus survival of the
SNA treated mice was 100% (Figure 4.10. B-D). All surviving animals were killed at day 12 post
infection. Lungs from sacrificed mice (day 5 for PBS and admix vaccine either dose, and day 12
for SNA vaccine either dose) were collected and quantified for viral titers measured by plaque
assay. Mice receiving either one or two doses of SNA vaccine had no measurable viral titers in the

lungs (Figure 4.10. E). Mice immunized with PBS or either admix dose and sacrificed on day 5,
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had viral titers around 7 x 10! or 2-3 x 10! PFU/mL/mg lung, respectively. Histopathological
examination of the lungs, performed following methods used in the same transgenic model*?,
showed extensive neutrophil infiltration for mice that did not receive the SNA vaccine (mean =
1.6, 1.85, and 1.95 for PBS-treated, Admix 1, and Admix 2 dose treated mice, respectively)
(Figure 4.10. F). In mice that received the SNA vaccine, neutrophil infiltration was reduced (mean
=0.7 and 0.15 for 1 and 2 doses, respectively). This indicates that the SNA vaccine is capable of
avoiding or greatly attenuating outcomes of severe COVID-19 pneumonia, which is characterized
by elevated neutrophil infiltration.?*” Additional histopathological analysis and representative
images can be found in the supplementary information (Figure 4.12.). Overall, these results

emphasize the impact that the SNA vaccine platform, and more broadly rational vaccinology, can

have on elevating antiviral vaccine efficacy.
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Figure 4.10. In Vivo vaccine efficacy

Vaccine effectiveness was tested using k18-hACE2 transgenic mice in a live viral SARS-CoV-2 challenge study. (A)
Female and male mice (n = 10 total per group, 5 of each gender) were treated with vaccine or control groups and
infected with virus as per the schedule. (B) Vaccination with SNA of either 1 or 2 doses prevented any body weight
loss, (C) improved clinical scores, and (D) prevented any mortality as compared to vehicle-mice (PBS) or admix mice
treated with 1 or 2 doses when infected with SARS-CoV-2. On date of death, lungs were harvested and assessed for
(E) viral load and (F) histopathology. (E) No detectable virus was observed for SNA mice treated with 1 or 2 doses.
(F) Scores of neutrophil infiltration are lower in mice treated with SNA vaccine compared to mice treated with Admix
vaccine or untreated. Comparisons made between PBS and all other groups, and Admix 1 dose versus SNA 1 dose,
and Admix 2 dose versus SNA 2 dose. For panels B,C, statistical significance is shown above the date at which the
analysis was performed. Colors correspond to the group that the SNA was compared to. Only significant comparisons
were shown, and comparisons were made between SNA and PBS or the admix group with the same corresponding
number of doses. For panels B, C, E, analysis was done using a Brown-Forsythe ANOVA followed by a Dunnett’s
multiple comparisons test. Panel F analysis was done using an ordinary one-way ANOVA followed by Sidak’s
multiple comparisons test. Panel D was analyzed using a log-rank test. *p<0.05; **p<0.01; ***p<0.001;
***%p<0.0001.
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Figure 4.11. Pre-infection antibody production

Sera from k18-hACE2 transgenic mice were collected after immunization with different vaccines just prior to infection
with virus to verify neutralizing antibody production. (A,B) Different dilutions of sera were assessed for antibody
ability to inhibit RBD binding to ACE2 in a pseudovirus assay. SNA at either dose is significantly more effective at
inhibition than admix. (C) Values from assay were fit to a standard curve to calculate a final neutralizing titer.
**p<0.01; ****p<0.0001.
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Figure 4.12. Histopathological analysis of mice post infection

Lung histopathology analysis from k18-hACE2 transgenic mice immunized with vaccines and challenged with a lethal
infection of SARS-CoV-2. Lungs were collected on date of death (day 5 for PBS and admix vaccine either dose, and
day 12 for SNA vaccine either dose). Scoring of (A) necrosis, (B), mononuclear infiltrates, and (C) edema. (D)
Representative images of lungs stained with hematoxylin and eosin. Two representative images shown per group
(magnification: 400x). Scale bar = 20 pm for all images. PBS group shows expansion of alveolar septae by
inflammatory cells with solitary neutrophils in airspaces (red arrow, top image) and multiple foci of alveolar septal
expansion by aggregates of mononuclear cells (blue arrows, bottom image). Admix 1 dose group shows dense
inflammatory infiltrate including aggregates of neutrophils within airspaces (red arrow, top image) and diffuse
expansion of alveolar septae by variably dense aggregates of mononuclear cells (blue arrows, bottom image). Admix
2 dose group shows dense inflammatory infiltrate including aggregates of neutrophils within airspaces (red arrow, top
image) and diffuse mononuclear infiltrate consisting of variably sized lymphocytes with dense to open nuclear
chromatin (blue arrows, bottom image) causing marked architectural distortion and expansion of alveolar septaec. SNA
1 dose group shows rare, scattered neutrophils (red arrow, top image) sequestered in thin alveolar septae and foci of
alveolar septal expansion by loose aggregates of mononuclear cells (blue arrows, bottom image). SNA 2 dose group
shows thin alveolar septae with rare to absent neutrophils (top image) and focal expansion of alveolar septae by small
loose aggregate of mononuclear cells (blue arrow, bottom image). *p<0.05; **p<0.01; ***p<0.001.
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4.11. Comments on the Structure Function Relationships of SNA Infectious Disease Vaccines

This work establishes the SNA as an effective platform for antiviral vaccines. By utilizing
the highly modular SNA architecture, we highlight the importance of packaging viral antigens to
raise humoral immune responses that can effectively fight a live virus. This work has important
implications on the design of next generation infectious disease vaccines. It illustrates that
antibody production is tunable through simple chemical adjustments (i.e., the adjuvant loading on
a liposome), and that a simple change to the ratio of components can greatly alter immunoglobulin
expression. This work offers alternative strategies to enhancing antibody responses than traditional
approaches which involve administering multiple doses. Importantly, we also observed that a
traditional approach of supplementing a vaccine with adjuvant to enhance an antibody response is
not a consistently effective strategy. The results using the SNA, which compositionally is similar
to the ASO1b simple mixture in that both involve liposomal constructs, suggests that radial display
of CpG adjuvant and co-delivery of vaccine components, which the SNA provides, leads to a more
effective vaccine that can prevent mortality and attenuate lung injury. Future studies can
investigate the dose dependent nature of vaccine efficacy and compare the SNA to alternative
vaccine platforms in clinical trials. Consistently, the 3D arrangement of components on the SNA
architecture leads to significant increases in vaccine functionality compared to numerous tested
simple mixtures and underscores the important role that rational vaccinology will play in future
vaccine design.

Taken together, this work underscores the SNA’s potential to be used as a platform for
infectious diseases, and that the concept of rational vaccinology holds equally as true for infectious
disease as it does for cancer vaccine applications. Given the SNA’s easily adaptable structure to

contain any viral antigen and combinations thereof, modulate positions and tune the stoichiometry
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of each component, and remain stable at room temperature, the SNA is poised to be a rapidly
accessible future platform for targets yet to be discovered. When considering the programmability
of the SNA architecture, rapid translation to antigenic variants and human adjuvant sequences is
easily feasible. Collectively, these results have broad implications for the development of vaccines

for COVID-19 and potentially other infectious diseases.
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CHAPTER FIVE

Nanoparticle Superlattices Through Template-Encoded DNA

Dendrimers

Material in this chapter is based upon published work:

Cheng, H. F.*; Distler, M. E.*; Lee, B.; Zhou, W.; Weigand, S.; Mirkin, C. A.,
Nanoparticle Superlattices through Template-Encoded DNA Dendrimers. J. Am.
Chem. Soc. 2021, 143, 17170-17179.

*Equal Author Contribution
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5.1. Methods to Programmable and Dynamic Nanoparticle Assembly

Biopolymers assemble into hierarchical structures through sequence-defined intra- and
intermolecular interactions. The specificity of these interactions renders these macromolecules
powerful building blocks for materials design. Alternatively, many synthetic macromolecules,

such as block copolymers,?*82°! dendrons,?>?>*> or amphiphiles,?¢>%

can undergo shape- or
topology-controlled packing. These synthetic structures can associate with one another through
dynamic, supramolecular interactions to yield nanoscale domains with adaptable sizes and

Shapes,250-253, 255, 257,259

enabling the formation of hierarchical materials that have unconventional,
low-symmetry phases.?4%-230: 252253, 257-259 Developing nanoscale building blocks that are capable
of forming both dynamic associations and sequence-defined interactions (akin to those found in

biology) could afford novel structure types and provide important insights into how hierarchical

architectures arise in both natural and synthetic systems.

Various macromolecular architectures have been utilized to mediate the assembly of
nanoparticle building blocks.?®2! In particular, colloidal crystal engineering with DNA has
emerged as a powerful, sequence-defined approach to program nanoparticle assembly,”! with
control over phase symmetries, lattice parameters, crystal habits, and thermostabilities.® 115116 In
this approach, nanoparticles are functionalized with a dense shell of radially oriented
oligonucleotides, which mediate inter-particle bonding via sequence-specific complementary
base-pairing. These DNA-functionalized nanoscale building blocks, also known as programmable
atom equivalents (PAEs),?? are typically synthesized from nanoparticle cores that are structurally
static. We hypothesized that by employing DNA-presenting supramolecules that can undergo

dynamic structural reorganization, novel nanoparticle arrangements could be templated, and new

lattice reconfiguration strategies could be enabled. We posited that such supramolecules should
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assemble through transient interactions that are orthogonal to the sequence-specific DNA

hybridizations, which serve to direct the formation of nanoparticle superlattices.

Herein, we realized such supramolecular PAEs using a new type of DNA dendrimer
composed of molecularly defined building blocks (Figure 5.1. a). We co-assembled these
dendrimers with gold nanoparticle (AuNP)-based PAEs (Figure 5.1. b) and, by comprehensively
screening the phase space, we identified five distinct crystal structures, one of which has no
precedent in the field of colloidal crystal engineering. Our investigation of the nanoscale
organization of these superlattices led to a serendipitous discovery: dendrimer PAEs that bear
hydrophobic moieties at their core can undergo micelle-mediated association. The resulting
colloidal crystals have three modes of organization: two that are programmed by DNA
hybridization and one that is mediated by hydrophobic interactions. Each of these interactions can

be toggled to control the assembly of these PAEs into various crystal structures.

5.2. Design and Synthesis of Supramolecular DNA Dendrimer PAEs

4,6,255

Dendritic architectures are excellent nanoscale building blocks as they are molecularly

precise, have a defined topology, and can be heavily functionalized. Dendritic DNA,263-264

developed for drug delivery and chemical sensing,?63-268

can be synthesized with a precise
architecture by assembling a large number of oligonucleotides that have deliberately designed,
orthogonal sequences.?3-264267-268 T develop DNA dendrimers as a new type of building block

in colloidal crystal engineering, we reasoned that our synthetic strategy should offer systematic,

fine-tuned control over building block size, valency, and functionality.
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Figure 5.1. Bottom-up synthesis of supramolecular DNA dendrimers

(a) Left: DNA-containing templates have a hydrophobic core owing to the presence of dibenzocyclooctyne (DBCO)
moieties. Depending on the structure of the molecular core, two to eight DNA strands can be installed (here, a six-
arm DNA template is depicted). DNA dendrons can be synthesized with various branch numbers and stem lengths.
Right: DNA dendrimers are assembled via hybridization between the template arms (black) and the dendron stems
(green). (b) DNA dendrons or dendrimers were combined with 10-nm AuNP PAEs to form superlattices after slow-
cooling. (c) A depiction of selected examples of DNA dendrimers. (d) Modular assembly of dendrons (4Dn and 6Dn)
and templates (T2, T3, and T6) in 0.5 M NaCl results in defined DNA dendrimers that were characterized via 5%
native polyacrylamide gel electrophoresis (PAGE). (¢) Dynamic light scattering (DLS) shows that the hydrodynamic

diameters (Dj) of these structures, dissolved in 0.5 M NaCl, 10 mM phosphate buffer, pH 7.4, increase with template
valency. The dotted lines are there to guide the eye.
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Our approach to preparing DNA dendrimers (Figure 5.1. a) uses two molecularly defined
components (a template and a dendron) and one set of complementary DNA sequences. The DNA -
containing templates were synthesized by conjugating multi-azide molecules with multiple copies
of dibenzocyclooctyne (DBCO)-appended DNA, %270 yielding constructs with a range of
valences (Ta, the number of arms, a = 2, 3, 4, 6, or 8). Each arm possesses an 18- to 20-base
sequence designed to hybridize to the stems of the DNA dendrons, with melting temperatures (7)
greater than 60 °C under assembly conditions (Tables 5.1.-5.4.). Each arm also has a six-base
overhang that enables the resulting DNA dendrimer to be disassembled via toehold-mediated

strand displacement (TMSD, vide infra).

Table 5.1. Linear oligonucleotides synthesized for this study

DNA Sequence (5' to 3") Cale’d MW Exp’t MW
PAE anchor Thiol-(Sp18):-AACGACTCATACTCACCT 6,403 6,425
PAE linker AAGGAA-Sp18-AGGTGAGTATGAGTCGTT 7,834 7,869

DBCO-(Sp18):-

Temp_v1 (DBCO) TGGAGTGAATGGTAATAGTGAGTGGT 9,444 9,445
Hexynyl-(Sp18)2-

Temp_vl (hexynyl) TGGAGTGAATGGTAATAGTGAGTGGT 9,034 9,036

Temp_v2 (DBCO) DBCO-(Sp18):-CATCCATCCTTATCAACT 6,613 6,618

Block strand AACATCTAATC”&:%?gg”(l;?ggiCTCACTATTAC 13218 13.234

Unblock strand TGGAGTGAAT&E};‘;X@&?%‘;‘;TGGTAGATGT 13,840 13,879

Rigidifying strand TAGGTTGATAAG 3,725 3,776




Table 5.2. DNA templates synthesized for this study
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Coupling yield*
Template arm sequence (%) Calc’d MW (kDa) Exp’t MW (kDa)
T2 Temp vl (DBCO) 41 19.1 19.0
T3 Temp_vl (DBCO) 64 28.6 28.5
T4 Temp vl (DBCO) 27 38.3 38.2
T6 Temp_vl (DBCO) 23 57.5 59.5
T8 Temp vl (DBCO) 9 77.7 78.5
T8’ Temp_v1 (hexynyl) 7 74.4 72.6
T2 v2 Temp_v2 (DBCO) 50 134 13.7
T4 v2 Temp_v2 (DBCO) 54 26.9 271
T6_v2 Temp_v2 (DBCO) 23 40.5 41.0

*Coupling yield is calculated by dividing the amount of DNA templates isolated by the theoretical maximum that
could be synthesized, taking into account that ~30% of the chains are not terminated. A typical coupling reaction
yields ~30-40 nmol of isolated product, sufficient for preparing more than 5,000 assemblies under the conditions
described in this work.

Using various branching phosphoramidites,'>! 2’ DNA dendrons were synthesized with

three, four, or six branches (bDn, the number of branches, b = 3, 4, or 6) (Figure 5.1. a),>’? each

featuring single-stranded sticky ends (5' TTCCTT 3') that can hybridize with AuNP PAEs bearing

complementary sticky ends (5' AAGGAA 3") (Figure 1b). The dendrons have an 18- to 26-base

stem that hybridizes with the arms on a template, enabling one to control the distance between the

branches and the dendrimer core. For example, the dendrons 6Dn, 6Dn-L1, 6Dn-L2, and 6Dn-L3

have incrementally longer stems (Table 5.3). A Cy3-phosophoramidite was incorporated in the

stem to enable quantification of dendron content. All DNA architectures were purified using

denaturing polyacrylamide gel electrophoresis (PAGE) and characterized using matrix-assisted

laser desorption ionization-time of flight mass spectroscopy (MALDI-TOF MS) (Figure 5.2. and

5.3.).



Table 5.3. DNA dendrons synthesized for this study
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Isolated Calc’d Exp’t
DNA Sequence (5' to 3') yield** MW MW
(%) (kDa) (kDa)
TTCCTT-Sp18-Tr-Sp18-Cy3-Sp18-
*
3Dn ACCACTCACTATTACCATTCCTT 7 14.9 14.9
TTCCTT-Sp18-D-Sp18-D-Sp18-Cy3-Sp18-
%
4Dn ACCACTCACTATTACCATTCCTT ? 18.4 18.3
TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18-
%
6Dn ACCACTCACTATTACCATTCCTT 4 234 23.1
R TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18-
6Dn ACCACTCACTATTACCAT 3 219 21.6
6Dn- TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18- 4 243 24.0
L1 TCAACCTAACCACTCACTATTACCAT ) )
6Dn- TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18- 5 255 252
L2 CTTATCAACCTAACCACTCACTATTACCAT ) ’
6Dn- TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18-
13 CTTATCAACCTAACCACTCACTATTACCATTC 8 27.0 26.7
ACT
6Dn_v TTCCTT-Sp18-D-Sp18-Tr-Sp18- LR 21.0 22.0
2 AGTTGATAAGGATGGAT ) )

*A 5' TTCCTT 3' sequence was appended at the 3' end of 3Dn, 4Dn, and 6Dn to augment dendron-AuNP PAE
interactions. This modification improved the crystallinities and thermostabilities of the dendron-PAE assemblies,
presumably by mitigating the repulsive contributions of the long stem regions.
** Assuming a coupling efficiency of 97%, a linear, 40-base DNA synthesis would be at ~20% isolated yield post-
purification. The dendritic architecture and incorporation of specialty phosphoramidites decreases the synthetic
yield. A standard 10-umol synthesis would yield ~400 nmol of DNA dendrons, sufficient for preparing more than
9,000 assemblies under the conditions described in this work.



Table 5.4. Calculated melting temperatures (T») of anchor-linker pairs
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DNA Sequence (5' to 3")* ngg{
PAE anchor Thiol-(Sp18)-AACGACTCATACTCACCT 6
PAE linker AAGGAA-Sp18-AGGTGAGTATGAGTCGTT
Temp_vl (DBCO) DBCO-(Sp18)-TGGAGTGAATGGTAATAGTGAGTGGT
6Dn TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18- 64
ACCACTCACTATTACCATTCCTT
Temp_ vl (DBCO) DBCO-(Sp18)>-TGGAGTGAATGGTAATAGTGAGTGGT
D’ TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18- 62
ACCACTCACTATTACCAT
Temp_vl (DBCO) DBCO-(Sp18)-TGGAGTGAATGGTAATAGTGAGTGGT
6Dn-L1 TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18- 62
TCAACCTAACCACTCACTATTACCAT
Temp_vl (DBCO) DBCO-(Sp18)-TGGAGTGAATGGTAATAGTGAGTGGT
cDnL2 TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18- 62
CTTATCAACCTAACCACTCACTATTACCAT
Temp_v1 (DBCO) DBCO-(Sp18)>-TGGAGTGAATGGTAATAGTGAGTGGT
6Dn-L3 TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18- 69
CTTATCAACCTAACCACTCACTATTACCATTCACT
Temp_v2 (DBCO) DBCO-(Sp18)-CATCCATCCTTATCAACT 60
6Dn_v2 TTCCTT-Sp18-D-Sp18-Tr-Sp18-AGTTGATAAGGATGGAT
Temp_vl (DBCO) DBCO-(Sp18)-TGGAGTGAATGGTAATAGTGAGTGGT
AACATCTAATCTACATCTACCACTCACTATTACCATTCACTCC 72
Block strand A
TGGAGTGAATGGTAATAGTGAGTGGTAGATGTAGATTAGATG
Unblock strand TT
80
AACATCTAATCTACATCTACCACTCACTATTACCATTCACTCC
Block strand A
6Dn-L2 TTCCTT-Sp18-D-Sp18-Tr-Sp18-Cy3-Sp18-
CTTATCAACCTAACCACTCACTATTACCAT 40
Rigidifying strand TAGGTTGATAAG

*All melting temperatures are calculated on NUPACK (http://www.nupack.org/partition/new, accessed on April 16,
2021),>10 with [oligonucleotide] = 0.3 uM, [Na*] = 0.5 M. The inputted sequences are bolded, and the base-pairs that
were hybridized at room temperature are underlined. All sequences were checked to ensure that no secondary structures
were expected to form at room temperature.
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Figure 5.2. MALDI-TOF characterization of DNA templates
Stacked MALDI-TOF MS spectra of the DNA templates utilized in this work (linear and negative ion mode; matrix:
dihydroxyacetone phosphate).
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Figure 5.3. MALDI-TOF characterization of the DNA dendrons
Stacked MALDI-TOF MS spectra of selected DNA dendrons utilized in this work (linear and negative ion mode;
matrix: dihydroxyacetone phosphate).
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To establish that this hybridization-based approach can successfully produce
supramolecular dendrimers (Figure 5.1. ¢), dendrons (4Dn and 6Dn) and templates (T2, T3, and
T6) were stoichiometrically combined in 0.5 M NaCl, annealed from 64 °C to 4 °C, and
characterized using 5% native PAGE. Discrete bands indicate the formation of DNA dendrimers,
where a defined number of dendrons hybridized onto the template at near-stoichiometric ratios
(Figure 5.1. d). Using dendrons with a greater number of branches or templates with a greater
number of arms yielded larger dendrimers with lower electrophoretic mobilities. To probe the sizes
of these structures in 0.5 M NaCl, 10 mM phosphate buffer, dynamic light scattering (DLS)
measurements were performed. 6Dn alone has a hydrodynamic diameter (D) of 5.8 nm, and the
Dy, of the dendrimers increases with the template valency (Figure 5.1. e). These experiments
confirm that this hybridization-based synthetic approach is effective in tuning the structure of

DNA-presenting building blocks.

5.3. Nanoparticle Superlattice Assembly and Crystal Structure Analysis

To synthesize colloidal crystals, DNA dendrons or dendrimers were combined with 10-nm
AuNP PAEs (Figure 5.1. b) in dendron/AuNP ratios of 16:1 or 24:1 (Table 5.5.), selected through
initial empirical observations that these ratios yield well-formed aggregates. These mixtures were
then made up to 100 puL at 0.5 M NaCl, 10 mM phosphate, and 0.015% sodium dodecyl sulfate
(SDS), unless otherwise specified (Table 5.6.). The assemblies were heated to 60 °C, above the
crystals’ melting temperatures, and cooled to 22 °C at arate of 0.1 °C per 10 min and characterized

273

using small angle x-ray scattering (SAXS) in the solution state*’” and scanning transmission

electron microscopy (STEM) in the solid state (after silica encapsulation, resin embedding, and

)‘274

ultramicrotomy We explored the phase space using different combinations of dendrons and

templates (Figure 5.4. a and Table 5.5.) and identified five distinct crystalline phases: face-
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centered cubic (FCC, Figure 5.4. b), simple hexagonal (SH, Figure 5.4. ¢), simple cubic (SC,

Figure 5.4. d), TisGas-type (Figure 5.4. e), and graphite-type (GT, Figure 5.4. f).27



Table 5.5. Phase space screening of dendron/dendrimer templated superlattices
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Dendron | Template Dendron./ Symmetry Space* Lattice constant AuNP.\nyckoff
AuNP ratio group (nm)* positions*
3Dn N/A 16 FCC Fm-3m a=42.8 4a
3Dn T2 16 SH P6/mmm a=32.3,c=31.9 la
3Dn T3 16 SH P6/mmm a=31.5,¢=30.9 la
3Dn T4 16 SH P6/mmm a=31.6,c=31.2 la
3Dn T6 16 SC Pm-3m a=30.0 la
3Dn T8 16 SC, SH Pm-3m a=29.3 la
4Dn N/A 16 FCC Pm-3m a=46.1 4a
4Dn T2 16 SH P6/mmm a=324,¢c=32.0 la
4Dn T3 16 SH P6/mmm a=324,c=32.0 la
4Dn T4 16 SH P6/mmm a=33.3,c=32.8 la
4Dn T6 16 SC, SH P6/mmm a=333,c=32.8 1a
4Dn T8 16 SC, SH Pm-3m a=31.3 la
6Dn N/A 16 FCC Fm-3m a=455 4a
6Dn T2 16 SH P6/mmm a=32.6,c=32.6 la
6Dn T3 16 SH P6/mmm a=32.0,c=324 1a
6Dn T4 16 SH** P6/mmm a=324,c=32.1 1a
6Dn T6 16 SC Pm-3m a=30.6 la
6Dn T8 16 SC Pm-3m a=313 1a
6Dn-L1 N/A 24 FCC Fm-3m a=45.2 4a
6Dn-L1 T2 24 TisGaq P63/mcm a=723,c=61.1 4d, 6g
6Dn-L1 T3 24 TisGa4 P63/mcm a=723,c=61.1 4d, 6g
6Dn-L1 T4 24 SC Pm-3m a=30.2 1a
6Dn-L1 T6 24 SC Pm-3m a=30.9 la
6Dn-L1 T8 24 SC Pm-3m a=30.7 la
6Dn-L2 N/A 24 FCC Fm-3m a=47.0 4a
6Dn-L2 T2 24 TisGay P63/mem a=73.0,c=614 4d, 6g
6Dn-L2 T3 24 TisGa4 P63/mcm a=72.7,¢=60.5 4d, 6g
6Dn-L2 T4 24 SC Pm-3m a=31.0 la
6Dn-L2 T6 24 GT, SC Pm-3m a=31.6 la
6Dn-1L.2 T8 24 GT, SC Pm-3m a=31.2 la
6Dn-L3 N/A 16 FCC Fm-3m a=46.1 4a
6Dn-L3 T2 24 TisGaq P63/mcm a=732,c=61.5 4d, 6g
6Dn-L3 T3 24 TisGas4, SC | P63/mcm a=753,¢=62.7 4d, 6g
6Dn-L3 T4 24 TisGaa, SC Pm-3m a=31.1 la
6Dn-L3 T6 24 GT, SC P6/mmm a=36.0,c=36.5 2d
6Dn-L3 T8 24 GT, SC P6/mmm a=38.1,c=36.7 2d

Assembly buffer: 0.5 M NaCl, 10 mM phosphate, 0.015 % SDS, pH 7.4.
200 equiv. of PAE linker strands were added per AuNP PAE (25 nM).

*The major phase’s space group, lattice parameters, and AuNP Wyckoft positions are reported.
**This sample contains some partially disordered R-3m phase.




Table 5.6. Effect of changing SDS concentration
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Dendro Dendron/ SDS (%) N Space . "
n Template AuNP ratio Symmetry group* Lattice constant (nm)
4Dn T2 16 0 disordered N/A N/A
4Dn T2 16 0.005 disordered N/A N/A
4Dn T2 16 0.01 SC, SH P6/mmm a=33.1,c=32.8
4Dn T2 16 0.02 SH P6/mmm a=323,¢c=32.0
4Dn T2 16 0.04 SH P6/mmm a=32.3,¢=32.0
6Dn T6 16 0 SH (br) P6/mmm a=31.7,c=31.7
6Dn T6 16 0.005 SH (br) P6/mmm a=31.7,¢=31.7
6Dn T6 16 0.01 SC Pm-3m a=230.8
6Dn T6 16 0.02 SC, SH Pm-3m a=230.8
6Dn T6 16 0.04 SC, SH Pm-3m a=230.7
6Dn T3 24 0 SH (br) P6/mmm a=32.2,c=31.7
6Dn T3 24 0.005 SH (mixed) | P6/mmm a=32.0,c=31.9
6Dn T3 24 0.01 SC Pm-3m a=31.0
6Dn T3 24 0.02 SH P6/mmm a=323,c=32.1
6Dn T3 24 0.04 SH P6/mmm a=32.3,c=32.1
6Dn-L2 T3 24 0 SH P6/mmm a=32.2,¢=32.0
6Dn-L2 T3 24 0.005 SH P6/mmm a=323,c=32.1
6Dn-L2 T3 24 0.01 TisGa4 P63/mcm a=73.5,¢=60.6
6Dn-L2 T3 24 0.02 TisGaq (br) | P63/mcm a=734,¢=60.9
6Dn-L2 T3 24 0.04 SC Pm-3m a=233.7

The phases formed around the CMC of SDS (0.01%) are bolded. All assemblies are prepared
in 0.5 M NaCl, 10 mM phosphate, pH 7.4.
*The major phase’s space group and lattice parameters are reported.
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Figure 5.4. Superlattice phase symmetries and their characterization
(a) A depiction of the phase space: crystal structures depend on the presence and the identity of DN A-containing
templates, as well as the stem length of the DNA dendrons (e.g., compared to 6Dn, 6Dn-L1 has an additional eight-
base, non-hybridized region between the core and the branching region, while 6Dn-L2 and 6Dn-L3 have additional
12-base non-hybridized regions). (b)-(f), All structures were screened and characterized in the solution-state via small
angle x-ray scattering (SAXS). Colored traces are experimental data, and black traces are simulated spectra.
Representative samples were imaged via scanning transmission electron microscopy (STEM) after stabilization in the
solid state. (b) Face-centered cubic (FCC). (c) Simple hexagonal (SH). (d) Simple cubic (SC). (e) TisGas-type. (f) A
mixture of graphite-type (GT) and SC. Scale bars: 50 nm.
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Most structures were pure and highly crystalline; however, the GT phase was always mixed
with the SC phase in our system, and we also observed a partially disordered phase (Figure 5.5.)
that is structurally related to the TisGas-type phase. The TisGas-type phase is of a low space group
symmetry (P63/mcm), and has no precedent in colloidal crystal engineering, demonstrating how
the catalogue of structures possible can be expanded by using DNA dendrimers as building blocks

(vide infra). Additional crystal structure analysis can be found in appendix 2.
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Figure 5.5. A mixture of SH and partially disordered R-3m phases

Top left: A structural model of the R-3m phase generated using all three Wyckoff positions. Top right: Cross-sectional
ADF-STEM image shows a section where only the 18g Wyckoff position is occupied. Bottom: SAXS spectrum (pink)
and simulation (black). The simulation was generated by summing contributions from a modeled SH structure and a
modeled structure with R-3m phase, the latter of which was generated using partially occupied Wyckoff positions
(bracketed are the relative contributions): 3a (1.25), 18g (0.5), 18 h (0.75).
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DNA dendrons (e.g., 3Dn, 4Dn, and 6Dn) were assembled with 10-nm AuNP PAEs to form
colloidal crystals with face-centered cubic (FCC) structures (Figure 5.4. b). FCC crystals have
been observed when AuNP PAEs were assembled with low-valent electron equivalents (EEs)?”
that display metallic-type colloidal bonding. Due to their low valencies, DNA dendrons function
as delocalized EEs (Figure 5.6.), bonding moieties that roam through and bind the AuNP PAE
sublattice through sticky end interactions. The resulting structure is consistent with previous
findings that FCC lattices are thermodynamically favorable in single-component nanoparticle

systems,?’’

stemming from the high symmetry and packing efficiency of the particles. A 5'
TTCCTT 3' sequence was appended at the 3' end of the dendron stem in certain cases to augment
dendron-AuNP PAE interactions. This sequence modification improved the crystallinities and

thermostabilities of the dendron-PAE assemblies, presumably by mitigating the repulsive

contributions of the long stem regions.

When two spherical PAEs with complementary sticky ends are assembled, the resulting
crystal structures can be predicted using the complementary contact model (CCM).® The CCM
assumes that superlattice formation maximizes the number of DNA duplexes (or “bonding”) in the
system. As such, crystal structures can be predicted by considering the size and linker ratios of the
complementary building blocks. Thus, it is not surprising that, for 3Dn, 4Dn, and 6Dn, the crystal
structure transitions from SH to SC as template valency increases (Figure 5.2. a). SH and SC are
structural equivalents of AIB2 and CsCl, respectively, specifically observed when one of the two
PAEs scatters x-rays to a much lesser extent, as in the case of a hollow spacer’”® or a DNA
dendrimer (this work). However, based on the hydrodynamic diameters of the dendrimer formed

from 6Dn and T6 (Dy, = 14.0 nm, Figure le) and of the 10-nm AuNP PAE (D, = 24.5 nm, Figure
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5.7.), and their linker ratio, the CCM predicts the formation of an SH structure, not the

experimentally observed SC lattice. The reason for this deviation is discussed below.
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Figure 5.6. Determining DNA dendrimer diffusivity

(a) Experimental procedures used to track the rate of diffusion of dye-labeled constructs across the solution-
superlattice interface. The rate of diffusion reflects the colloidal bonding character (e.g., metallic versus ionic) of the
dendrons or dendrimers in the colloidal assemblies. (b) Low-valent dendron EEs diffuse quickly while high-valent
dendrimer PAEs show negligible diffusion. The amount of Cy3-labeled dendrons (6Dn’) used for sample preparation,
as well as the amount of non-labeled dendrons (6Dn_v2), was kept constant across different samples (24 equiv. of the
dendrons per AuNP). The error bars denote the standard deviation in fluorescence enhancement across three
independent samples. (¢) The melting temperatures (Tm) increase as template valency (N) increases. For N = 6, no
templates were added (i.e., only 6Dn’ was used). Corresponding templates were added stoichiometrically for
superlattice sample preparation for other valencies (e.g., T2 was added for N = 12).
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Figure 5.7. DLS characterization of DNA structures used in this study

(a) The hydrodynamic diameters (Dh) of dendrons and AuNPs do not change with the addition of SDS in 0.5 M NaCl,
10 mM phosphate, pH 7.4 buffer. (b-e¢) Dh of dendrimers increase initially with SDS concentration, peak near the
CMC of SDS (0.01 — 0.02 %), and then decrease with increasing SDS concentration. Due to the dynamic nature of
dendrimer-dendrimer association in solution, the increase in Dh only reflects a fraction of the increase in the size of
the effective building blocks in nanoparticle superlattices. Error bars denote the standard deviation in mean diameter
from three measurements. (b) 6Dn and T3, (¢) 6Dn and T6, (d) 6Dn-L2 and T3, and (e) 6Dn-L3 and T6.
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5.4. Quantifying Superlattice Composition
We quantified the stoichiometric ratio of DNA dendrimer to AuNP in the superlattices to

understand how DNA dendrimers direct nanoparticle assembly,?”

especially in the case of the
aforementioned SC phase, which is an apparent departure from the CCM.® Specifically, the
number of Cy3-labeled dendrons and 10-nm AuNP PAEs incorporated into the crystals were
quantified using UV-vis spectroscopy (Figure 5.8.). When 6Dn was combined with T6 or T8, the
resulting DNA dendrimers templated SC superlattices; analyzing the compositions of those
crystals revealed that the DNA dendrimer to AuNP ratio is approximately 2:1. However, the SC
phase should consist of two complementary PAEs of similar size in a 1:1 ratio.® 2’ This finding

suggests that two DNA dendrimers associate to give a discrete building block large enough in size

to form an SC lattice when co-assembled with 10-nm AuNP PAEs.

Due to the presence of several hydrophobic moieties (e.g., DBCO) at the core of these

dendrimers, we hypothesized that dendrimer-dendrimer association is enabled, at least in part, by

T _T¢

L

Wash with buffer Add water to break apart Centrifuge to
DNA hybridization separate AuNPs

| Slow cool

Redispersed in water

(b) Sample Input Dendron/AuNP  Crystal Dendron/AuNP Structure (Stoichiometry) No. of Dendrimers per lattice site
T3 + 6Dn 16 12.20 £ 1.09 SH (AB,) 2.03+0.18
T6 + 6Dn 16 1413+ 234 SC (AB) 2.35+0.39
T8 +6Dn 16 14.64 £ 0.99 SC (AB) 1.83+£0.12
T3+ 6Dn-L2 24 15.57 £ 1.14 Ti;Ga,-type (AsB,) 6.49+048

Figure 5.8. Stoichiometric composition of resultant colloidal crystals

(a) A typical experiment for quantifying the ratio of Cy3-labeled dendron to AuNP within a colloidal crystal sample.
The crystals are washed, disassembled, and centrifuged to separate the dendrons and 10-nm AuNPs. The dendrons
and AuNPs were then separately quantified using their UV -vis absorbances. (b) A table showing the composition of
colloidal crystals, quantified by the ratio of dendron per gold nanoparticles. Each entry represents the averages and
standard deviation of three replicates. The number of dendrimers per lattice site is calculated by dividing the dendron
to AuNP ratio by the template valency.
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hydrophobic interactions. To test our hypothesis, we synthesized a template free of hydrophobic
moieties by conjugating alkynyl-appended DNA onto a polyamidoamine (PAMAM)-based octa-
azide core. PAMAM is hydrophilic, and, compared to DBCOs, linear alkynes yield triazole
linkages that are significantly less hydrophobic. The resulting template (denoted as T8”), which is
free of hydrophobic moieties, was combined with 6Dn and assembled with AuNP PAEs to yield
SH superlattices, as predicted by the CCM (Figure 5.9.). On the contrary, SC superlattices were
formed when the DBCO-containing T8 template was used, under identical assembly conditions.
This result suggests that dendrimer-dendrimer association is likely mediated by hydrophobic

interactions.

5.5. Micelle-Mediated Dendrimer-Dendrimer Association

We reasoned that SDS, added to the assembly buffer to enhance colloidal stability, can
provide a confined, hydrophobic environment that brings together multiple dendrimers through
micelle formation. Crucially, the critical micelle concentration (CMC) of SDS, in 0.5 M NaCl and
at room temperature, is around 0.0094 to 0.015% (w/v).2”?28! Realizing our assemblies were
prepared in the presence of SDS micelles, we hypothesized the following pathway for dendrimer-
dendrimer association (Figure 5.10. a). Below the CMC of SDS, the DNA dendrimers do not
associate with one another. At or just above the CMC of SDS, a small number of micelles form,
and the hydrophobic moieties that define the core of the dendrimers insert into the micelles,
mediating the association of two or more DNA dendrimers. Far above the CMC of SDS, the

dendrimers are divided among many micelles, leading to less dendrimer-dendrimer association.
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To test this hypothesis, we prepared assemblies by combining DNA dendrimers (6Dn and
T6) with 10-nm AuNP PAEs and by adding an increasing amount of SDS (0, 0.005, 0.01, 0.02,
and 0.04%) into assembly precursor solutions (Table 5.6.). In situ SAXS characterization of the
resulting crystals revealed that, at 0 and 0.005% SDS (Figure 5.10. b, left), the CCM-predicted
SH phases were formed, as dendrimer-dendrimer associations do not occur in the absence of

micelles. At 0.01% SDS, the SC phase was formed exclusively, suggesting that micelle-

Hydrophilic PAMAM Hydrophilic PAMAM

Hydrophobic DBCO moieties Significantly less hydrophobic triazole moieties
10-nm AuNP PAE and DNA dendrimer (T8 + 6Dn) 10-nm AuNP PAE and DNA dendrimer (T8’ + 6Dn)
_ Space group: Pm-3m Space group: P6/mmm
Lattice constant: a = 313 A Lattice constant: a=b =319, ¢ =319 A
—— Experiment Experiment
—— Simulation — Simulation
i Z
0.01 0.03 0.05 0.07 0.01 0.03 0.05 0.07

q (A1) q (A1)

Figure 5.9. The effects of hydrophobic groups on NP assembly

The influence of hydrophobic moieties on dendrimer-dendrimer association and ultimately the superlattice crystal
structure. Above: the molecular core and conjugation moieties of (a) T8 (DBCO moieties) and (b) T8’ (hexynyl
moieties) are highlight. Below: experimental (colored) and simulated (black) SAXS spectra of nanoparticle
superlattices synthesized using (a) T8-templated dendrimer (DBCO moieties) and (b) T8 -templated dendrimer
(hexynyl moieties). Both assemblies are prepared with 0.5 M NaCl, 10 mM phosphate, 0.015% SDS, pH 7.4 buffer.
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dendrimers assemble near the CMC of SDS. As the concentration of SDS was increased further,
the SH phase begins to reappear, consistent with our hypothesis. We note that there was still some
SC phase at 0.04 % SDS, suggesting that the formation of high-valent micelle-dendrimers is
promoted in high-concentration condensed states. We also characterized, using DLS, the solution
hydrodynamic diameters of the DNA dendrimers as a function of SDS concentration using DLS.
We observed considerable increases in Dy at 0.01 and 0.02% SDS (Figure 5.7.), consistent with
our hypothesis that micelle-dendrimer formation is facilitated by a low concentration of SDS
micelles. These experiments show that superlattice assembly can be guided along different
pathways by controlling the degree of dendrimer-dendrimer association via surfactant

concentration.
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Figure 5.10. Surfactant-mediated DNA micelle-dendrimers

(a) Proposed pathway for dendrimer-dendrimer association. Surfactant sodium dodecyl sulfate (SDS) forms micelles
at concentrations equal to or higher than the critical micelle concentration (CMC). These micelles encapsulate the
hydrophobic cores of the templates, leading to dendrimer-dendrimer association at and slightly above the CMC. 3D
models of DNA dendrimers and SDS micelles are drawn to scale. (b) From top to bottom: SAXS data collected at 0,
0.005, 0.01, 0.02, and 0.04% SDS. Left: T6 (0.1 uM) and 6Dn (0.6 uM). Right: T3 (0.2 uM) and 6Dn-L2 (0.6 pM),
except for the sample at 0% SDS, whereby 1.5 concentrations were used to encourage aggregate formation. Center:
observed crystal structures, represented by unit cells that depict DNA dendrimer and micelle-dendrimer locations. For
clarity, not all micelle-dendrimers in the TisGas-type unit cell are drawn. Below the CMC, dendrimers do not associate
with one another. At the CMC, the dendrimers associate to the greatest extent, significantly modulated by dendron
stem length. Above the CMC, the dendrimers are distributed across a larger number of micelles, leading to less
dendrimer-dendrimer association.
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5.6. Understanding the Emergence of the TisGas-type Phase

We then addressed the question of whether the micelle-dendrimer size can be changed via
structure design. Specifically, we hypothesized that a longer dendron stem would place the
sterically bulky branches further from the dendrimer core, allowing more dendrimers to be inserted
into a single micelle without prohibitive repulsion. To test this hypothesis, we added SDS into
assembly precursor solutions containing 10-nm AuNP PAEs, T3 templates, and 6Dn-L2 (long
dendron stem, Figure 5.10. b, right). SAXS revealed that below the CMC of SDS, the SH phase
was formed, as individual DNA dendrimers are only large enough to template SH lattices. At
0.01% SDS (near the CMC), when the degree of dendrimer-dendrimer association should be at its
highest, the TisGas-type phase was formed. Importantly, at 0.04% SDS, when presumably there is
less dendrimer-dendrimer association, the SC phase was formed exclusively. In contrast, the
assemblies prepared using T3 and 6Dn (short dendron) only yielded the SH phase at 0.04% SDS
(Figure 5.11.). These results confirm our hypothesis that the dendron stem length in part
determines the number of DNA dendrimers that can associate to form discrete micelle-dendrimers
(Figure 5.12.). In a similar vein, GT phases are only observed when the DNA dendrimers are made
up of a long dendron (6Dn-L2 or 6Dn-L.3) and a high-valent template (T6 or T8). The presence of
a large micelle-dendrimer is supported by the observation that the distances between
complementary particles that are in contact are markedly longer in the GT phase than those in the

SH or SC phases (Figure 5.13.).
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In TisGas-type crystal structure, the AuNPs occupy two distinct Wyckoff positions: 4d
(1/3, 2/3, 0) and 6g (1/4, 0, 1/4). To elucidate the locations of the DNA micelle-dendrimers, we
constructed Voronoi polyhedra around the AuNPs (Figure 5.14. a). The polyhedra vertices meet
at locations that possess the highest equidistant connectivity to the AuNPs. These locations, 2b (0,
0,0) and 6g (3/5, 0, 1/4), pinpoint the most energetically favorable sites for the micelle-dendrimers.
This analysis yields two important take-aways. First, the TisGas-type phase, which has a
stoichiometry of AsB4 (where A is AuNP PAE and B is DNA micelle-dendrimer), resembles a
class of intermetallic compounds with an archetype of TisGas (Table 5.7.).!3'4 Second, the two
Wyckoff positions for the micelle-dendrimers have distinct coordination numbers and distances
from the AuNPs (Figure 5.14. b), indicating that they are occupied by micelle-dendrimers with
different sizes. These non-degenerate micelle-dendrimers can only be accessed due to the dynamic
nature of micelle-mediated, dendrimer-dendrimer association. Using the aforementioned

quantification experiment (Figure 5.8.), we calculated that each B site contains an average of 6.49
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Figure 5.11. SDS concentration effects on assembly outcomes

10-nm AuNP PAEs were combined with DNA dendrimers made up of T3 and 6Dn (short stem). 0.4 uM of T3 and
1.2 uM of 6Dn were used, whereby 0.6 uM of T3 and 1.8 uM of 6Dn were used to encourage aggregates formation.
From top to bottom: SAXS traces collected at 0, 0.005, 0.01, 0.02, and 0.04% SDS. The short dendron stem limits the
degree of dendrimer-dendrimer association, and thus the SH phase was favored.
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+ (.48 DNA dendrimers. We propose that the 2b site, with a lower coordination number and shorter
distances from AuNPs, is occupied by a 5-mer, while the 6g site is occupied by a 7-mer. This

averages to 6.5 DNA dendrimers per AuNP, matching the quantified composition.

The symmetry-breaking induced by these discrete micelle-dendrimers can also be highlighted by
constructing a new set of Voronoi polyhedra around both the AuNPs and DNA micelle-dendrimers
(Figure 5.15.). Two of these Voronoi polyhedra are Frank-Kasper (FK)-type, with a coordination
number (CN) of 14, while the other two are pseudo-FK polyhedra with CNs of 13 and 17,
respectively. Overall, the emergence of the TisGas-type phase is predicated on supramolecules
undergoing further association, via transient interactions, into micellar architectures with discrete
sizes. This type of symmetry-breaking mechanism, that is the transition from a simple to a complex

packing structure caused by the formation of unequal-sized micelles, has been observed in soft
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Figure 5.12. Model of DNA dendrimer association with different stem lengths

A model depicting the impact of dendron stem length on the degree of dendrimer association in the presence of SDS
micelles. A longer stem relieves steric hindrance between dendron branches in a multi-mer. Thus, a longer dendron
stem would enable a higher degree of dendrimer-dendrimer association and affect the resulting colloidal crystal
structures.
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matter?>% 2% 282 byt is new to systems involving inorganic nanoparticles. Thus, reorganizable
supra-structures offer new routes for expanding accessible structure types in nanoparticle

assembly.
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Figure 5.13. Changed in lattice parameters across the different crystal structures

(a) Weighted average distances, in the first coordination sphere, between DNA micelle-dendrimers and AuNPs (first,
grey), and between AuNPs and AuNPs (second, green). n is the number of independently characterized structures. An
increase in the average first-coordination distance between complementary particles (dark grey) indicates an increase
in the average size of the DNA micelle-dendrimers that template that structure. SH: 246 + 4.6 A,322+62A,n=10.
SC:267+5.6A,308+6.6 A,n=12. Ti5Ga4:270 +3.6 A,323+43 A, n=10.GT:284+3.6 A,217+52A n=
7. (b) The average volume of a superlattice structure per AuNP. The low average volume per AuNP (thus a packing
density of AuNPs) in the FCC phase is due to the absence of DNA templates and the structure’s metallic bonding

character. The high density of AuNPs in the GT phase is due to its A2B stoichiometry (i.e., for every DNA micelle-
dendrimer there are two AuNPs).
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Table 5.7. Colloidal TisGas-type phase compared to atomic TisGas
Comparing TisGas-type phase (upper) with the intermetallic structure TisGas (bottom).!3-14 Coord.: coordination. CN: coordination
number. The coordination distances to the bolded atoms are included for the intermetallic structure TisGas.

Wyckoff Coord. Coord. Polyhedra | Polyhedra vol
Site Coordinates Coord.
position distances (A) | partners CN (106 A3)
AuNP1 4d 1/3,2/3,0 Deng 271 Six 6g 14 16.5
237 Two 2b
AuNP2 6g 1/4,0, 1/4 Deny 259 Three 6g 17 15.8
317 Two 6g
Denl 2b 0,0,0 AuNPg 237 Six 6g 14 12.9
259 Four 4d
Den2 6g 3/5,0,1/4 AuNPy 271 Three 6g 13 15.9
317 Two 6g
Wyckoff Coord. Coord. Polyhedra | Polyhedra vol
Site Coordinates Coord.
position distances (A) | partners CN (A3)
Til 4d 1/3,2/3,0 TigGas 2.81 Six 6g 14 16.4
2.66 Two 2b
2.59 One 6g
Ti2 6g 0.29,0,1/4 TisGas 15 16.3
2.70 Two 6g
2.82 Two 6g
Gal 2b 0,0,0 TisGaes 2.66 Six 6g 14 15.6
2.81 Four 4d
2.69 One 6g
Ga2 6g 0.62,0,1/4 TioGay 13 16.1
2.70 Two 6g
2.82 Two 6g




134

b 2b(0,0, 0): 6-coord. 5-mer
Distance from AuNPs: ’ﬁ(’}’» X %
gt 57 A Y
287A 7 Lere § 5%

6 (3/5, 0, 1/4): 9-coord. 7-mer

Distance from AuNPs: | Qigr
259,271,317 A _~ %LM ﬁ%

AuNP PAEs DNA micelle-dendrimers
4d (1/3, 213, 0) 2b (0,0, 0)
69 (1/4, 0, 1/4) 6g (3/5, 0, 1/4)

Figure 5.14. Structural analysis of TisGas-type phase

(a) Side and top-down views of a TisGas-type unit cell. Wyckoff positions of AuNPs are denoted by spheres in dark
(4d) and pale (6g) pink, respectively. Voronoi polyhedra are constructed by considering the location of every AuNP.
Within a unit cell, the polyhedra vertices meet at eight distinct locations that have the highest equidistant connectivity
to the AuNPs. These are the proposed Wyckoff positions of DNA micelle-dendrimers, as denoted by the superimposed
dark (0, 0, 0) and pale (3/5, 0, 1/4) blue spheres. (b) DNA micelle-dendrimers at 2b (left) are coordinated by six
AuNPs at shorter distances, while those at 6g (right) are coordinated by nine AuNPs with longer distances. The
significant difference in coordination environments can only be explained by the presence of micelle-dendrimers with
distinct sizes and association numbers, specifically a 5-mer in 2b and a 7-mer in 6g.

4d, CN14 6g, CN17 2b, CN14 6g, CN13

10-nm AuNP DNA micelle-
PAEs dendrimers

Figure 5.15. The symmetry breaking properties of discrete micelle DNA dendrimers

The symmetry-breaking induced by discrete DNA micelle-dendrimers can also be highlighted by constructing a new
set of Voronoi polyhedra around both the AuNPs and DNA micelle-dendrimers. Two of these Voronoi polyhedra are
Frank-Kasper (FK)-type, with a coordination number (CN) of 14, while the other two are pseudo-FK polyhedra with
CNs of 13 and 17, respectively.
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5.7. Reconfigurable Crystal Structures and Bonding Character

Having explored the phase space, we set out to design stimuli-responsive crystals with
reconfigurable structures and thermostabilities. To disassemble the DNA dendrimer, we designed
and synthesized a linear DNA strand (deactivating strand) that is a full complement to the template
and would displace the DNA dendrons from the templates via TMSD,? yielding deactivated
templates and functional dendron EEs (Figure 5.16. a). Native PAGE (lanes 6 and 7, Figure 5.17.)
showed that a slight excess of deactivating strand is required to free the dendrons completely. The
key to enabling multiple cycles of structural reconfiguration is that the deactivating strand was
designed with its own toehold region, such that its perfect complement (the activating strand)
would remove the deactivating strand from the template via TMSD (Figure 5.16. a). The liberated
templates can combine with the dendrons to regenerate DNA dendrimers (lane 8, Figure 5.17.),

thus completing one switching cycle.
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Figure 5.16. Colloidal crystals with switchable structures and thermostabilities
(a) Scheme outlining the design of switchable dendron/dendrimer architectures. DNA dendrons and templates can be
reversibly assembled via toehold-mediated strand displacement reactions. (b) Consecutive additions of the template,
the deactivating strand, and the activating strand enable one to reconfigure the thermostability of the colloidal crystal.
Colloidal crystal structures were switched between FCC (blue traces) and (c) SC (orange traces) or (d) SH (yellow
traces) over two full cycles in a single pot. For (d) heating and slow cooling is not required due to the diffusive nature
of the DNA architectures involved, allowing the colloidal crystal structure to re-organize at room temperature.

We then studied the switchability of these dendritic architectures in the context of

nanoparticle superlattices to determine whether this simple DNA design can enable both the

thermostability and structure to be reversibly programmed. We started by studying superlattices

that were prepared using 6Dn and 10-nm AuNP PAEs. The T, of these crystals were characterized
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after the addition of a template (T6) and after consecutive additions of deactivating and activating
strands. We observed changes in thermostability (Figure 5.16. b) that follow established
dependence on construct valency (Figure 5.6.). Via in situ SAXS characterization, we confirmed
that the phase symmetries change as expected (Figure 5.16. ¢). When 6Dn and 10-nm AuNP PAEs
were assembled, an FCC lattice was formed. Then, upon the addition of a template (T6), the
dendron EEs were assembled into dendrimer PAEs, and an SC lattice was formed after thermal
annealing. Subsequent addition of the deactivating strand yielded an FCC lattice after annealing at

room temperature, enabled by the diffusive nature of these low-valent dendrons. Finally, after the
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Figure 5.17. PAGE characterization of responsive DNA dendrimer design

Dendrons and templates are designed to enable toehold-mediated strand displacement reactions. A hybridization-
enabled DNA dendrimer PAE can be reconfigured into individual dendron electron equivalents (EEs) using simple
DNA strands (block strand and unblock strand) as stimuli. A 4.5% native PAGE showing the effect of adding block
strand and unblock strand on the size of the resulting constructs. The gel is stained using GelRed and imaged on the
Cy3-channel. As a result, the darker bands show the presence of Cy3 label (i.e., dendrons are part of the constructs).
Lane 1: O'RangeRuler 10 bp DNA Ladder (ThermoFisher); lane 2: 6Dn; lane 3: T6; lane 4: one equiv. of T6 and three
equiv. of 6Dn; lane 5: one equiv. of T6 and six equiv. of 6Dn; lane 6: one equiv. of T6, six equiv. of 6Dn, and six
equiv. of block strand; lane 7: one equiv. of T6, six equiv. of 6Dn, and nine equiv. of block strand; lane 8: one equiv.
of T6, six equiv. of 6Dn, nine equiv. of block strand, and nine equiv. of unblock strand.



138

addition of the activating strand and subsequent thermal annealing, the template re-hybridized with
the dendron to regenerate the DNA dendrimer, reforming an SC lattice and completing two
structure switching cycles. We further took advantage of the inherent diffusivity of low-valent
templates (e.g., T2) and the resulting DNA dendrimers (Figure 5.6.) to switch crystal structures
through two full cycles without having to heat or slow-cool the samples (Figure 5.16. d). The
elegance of this room-temperature, isothermal phase symmetry reconfiguration is the simplicity of

284-287

its operation and design, without having to use instruments for thermal processing, or having

to design complex DNA circuitry.?8

The crystal structure reconfiguration is not limited to two structures only. By introducing
a new template (e.g., T8) after a previously added template (e.g., T2) has been deactivated by the
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Figure 5.18. Switching a sample between three crystal structures in one pot

Consecutive additions of the template T2 and the block strand reconfigured the colloidal crystal structures from FCC
(blue trace), to SH (yellow trace), and then back to FCC (blue trace). After each of the above additions, the samples
were mixed gently via pipetting, and they were left at room temperature for 24 h. A fter the original template (T2) was
inactivated by the addition of the block strand, a new template (T8) was added to reconfigure the sample into SC
(orange trace) phase, after heating to 60 °C and slow-cooling to 22 °C.



139

action of the block strand, we successfully traversed between an FCC, an SH, and an SC lattice in
one pot (Figure 5.18.). This type of structure reconfiguration also accommodates AuNP PAEs of
different sizes. Using 5-nm AuNP PAEs, we successfully switched between an FCC lattice and an
SC lattice (Figure 5.19.). Overall, these experiments demonstrate that both the structure and the
thermostability of a colloidal crystal can be reversibly altered via a simple procedure, opening
avenues for designing switchable and adaptive mesoscopic materials that are templated by highly

modular DNA supramolecules.
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Figure 5.19. Reconfigurability of assemblies with S nm AuNP PAEs

Dendrimer-templated nanoparticle superlattices and structure reconfiguration is also applicable to 5-nm AuNPs. Here,
consecutive addition of the template T6, the block strand, and the unblock strand allow one to reconfigure the colloidal
crystal structures between FCC (blue traces) and SC (orange traces) over two full cycles in one pot. The samples were
mixed gently after each addition. The sample is heated to 60 °C and slow-cooled to 22 °C at 0.1°C per min after the
addition of the template and the unblock strand.
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5.8. Comments on DNA Dendrimer PAEs

This work introduces a new type of DNA-mediated hierarchical assembly that has three
levels of structural organization. Importantly, the assembly outcomes cannot be rationalized, and
the lattice reconfiguration strategies cannot be realized, unless a// of these underlying interactions
are considered. This study highlights the fact that chemical components (e.g., surfactants) or
functional groups (e.g., hydrophobic moieties) that seem inconsequential can assume structure-
directing roles in extended assemblies. In particular, the advances described herein should
encourage re-exploration of the surfactant literature for developing new strategies to program the
assembly of nanomaterials. To conclude, utilizing both sequence-encoded and non-sequence-
specific interactions to mediate dynamic and reconfigurable organizations of building blocks is an
effective strategy for designing hierarchical materials. These structure-guiding principles should
apply to both soft and hard matter, opening avenues for the deliberate introduction of transient

interactions between building blocks to induce the formation of unconventional phases.
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CHAPTER SIX

Symmetry-Breaking DNA Dendrimer Synthons in Colloidal

Crystal Engineering with DNA

Material in this chapter 1s based upon:

Distler, M. E.; Landy, K. M.; Gibson, K. J.; Lee, B.; Weigand, S.; Mirkin, C. A.,
Symmetry-Breaking Dendrimer Synthons in Colloidal Crystal Engineering with
DNA 2022, Submitted.
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6.1. The Challenges of Breaking Symmetry in Colloidal Crystals

Valence shell electron pair repulsion (VSEPR) theory defines the anisotropic bonding

289-P1 and it rationalizes the low-symmetry

observed within molecules and crystalline solids,
structures that are often observed in nature. However, breaking symmetry in synthetic systems is
challenging. This is particularly evident in the field of colloidal crystal engineering, where the
commonly used isotropic nanoparticle (NP) building blocks favor the formation of closely packed,
high symmetry crystal structures.?**2°* Efforts to introduce directional interactions in colloidal
crystals primarily have relied on the use of anisotropic NPs.?>3%2 Though effective, this approach
relies on shape and size complementarity to determine crystal structure outcomes. Therefore,

accessing different crystal structures requires changing a key feature of at least one of the

nanoparticle components, which limits the scope of accessible structures and compositions.

Colloidal crystal engineering with DNA has the capability to address these limitations. NPs
functionalized with a dense shell of radially oriented DNA, termed programmable atom
equivalents (PAEs), can be assembled through sequence-specific DNA-DNA interactions.''> 22
This approach enables features of the NP (i.e., size, shape, and composition) and the DNA to be
modulated independently from each other. As a result, researchers have now made structures
spanning over 70 different crystal symmetries, with programmable lattice parameters, crystal
habits, and thermostabilities.!® Nevertheless, symmetry breaking in DNA-mediated colloidal
crystals also relies primarily on size and shape complementarity of the particles involved.3%3-3% If
symmetry breaking and orthogonal interactions could be decoupled from the features of the NP

cores, then one could expand the scope of structural and compositional possibilities beyond what

is currently possible with assemblies based purely on NP building blocks. Methods to achieve this
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level of control has resulted in unique low symmetry and diamond-family crystal structures by
incorporating inorganic NPs into DNA origami cages that encode directional bonding.?*® Previous
work has also shown that electron equivalents (EEs), DNA functionalized NPs that are defined by
their small size, low valency, and mobility within a crystal structure, can break symmetry, but the
design parameters are limited to DNA loading and relative concentrations of the EEs to the
PAEs.3%3%  Fyrthermore, due to the inherent chemical isotropy of the EE cores, it is nearly
impossible to specifically define directional, orthogonal interactions. We hypothesized that DNA
dendrimers could be used as molecularly defined, symmetry-breaking synthons, capable of
encoding anisotropic, orthogonal interactions in ways that cannot be achieved generally in particle-

based systems.

Here, we report such capabilities using a new type of molecularly defined DNA dendrimer
composed of a DNA junction (DJ) core and DNA dendron arms, termed DNA Junction PAEs (DJ
PAEs). We co-assembled these DJ PAEs with gold nanoparticle (AuNP) PAEs and, by
systematically screening the phase space, we identified three distinct colloidal crystal structures,
one of which has never been reported in the field of colloidal crystal engineering (Si2Sr). Through
nucleic acid design, we synthesized DNA dendrimers capable of breaking symmetry and encoding
orthogonal interactions into a single colloidal crystal, thereby enabling the synthesis of binary and
ternary NP assemblies, with broken symmetries, that form independently of NP size, shape, and

composition.

6.2. Design and Synthesis of DNA junction PAEs

Nanoscale dendritic architectures are promising as building blocks for novel materials

because they can be easily synthesized and functionalized, are molecularly well-defined, and can
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have diverse topologies.?>* 30739 Though dendritic DNA was originally developed for drug

146,198,267, 309311 ye have shown how DNA dendrimers enable new

delivery and chemical sensing,
capabilities in the field of nanoparticle assembly and colloidal crystal engineering.!” In Chapter
five, small organic molecular cores were used to covalently link DNA and then hybridize DNA
dendrons.' This approach led to molecularly defined PAEs and novel control over DNA valency,
but it still employs an isotropic core, which makes the introduction of anisotropic and orthogonal
interactions difficult. We hypothesized that highly modular and chemically anisotropic cores with
programmable size, valency, and orthogonality would be required to develop DNA dendrimers

that are capable of breaking symmetry in colloidal crystals comprised of isotropically

functionalized inorganic PAEs.

To synthesize such DNA dendrimers, two molecularly defined nucleic acid-based
architectures were combined, a DNA junction core and a DNA dendron (Figure 6.1. a). The
junction cores are comprised of 36-base DNA strands that recognize and hybridize with the other
core-forming sequences. Specifically, the first 18 bases (starting from the 5’ end) on each of the
DNA strands, hybridize to form the junctions. Each of the junction-forming strands also have an
18-base overhang that is utilized for DNA dendron hybridization. The overhang region was
designed to be 18 base pairs long so that, when hybridized, the melting temperatures (77) of these
regions would be greater than 60 °C. This ensures that the DJ PAEs remain stable during colloidal
crystal formation (typically at temperatures between 20 and 50 °C). The structures of these junction
cores are highly programmable, and their sizes are directly related to the number of bases in the
strands that comprise them (18 — 54 bp, 8 nm — 15 nm, respectively). Furthermore, a primary

advantage of using the DJ PAE design, is the ability to introduce directional, orthogonal
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interactions. Through this approach, the overhang sequences can be independently designed,

enabling orthogonal DNA dendrons to hybridize on each overhang of the junction.

Utilizing branching phosphoramidites, 9-branched DNA dendrons (9Dn) were synthesized
with an 18-base stem that is designed to hybridize to the 18-base overhang of the two-way junction
(2WIJ) or three-way junction (3WJ) core. Indeed, when junction-forming strands and DNA
dendrons are combined in an aqueous saline solution and annealed, DJ PAEs form (vide infra).

Furthermore, each dendron has nine branches, each of which contains an identical single-stranded
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Figure 6.1. Bottom-up assembly of DJ PAEs

(a) DJ PAEs consist of a DNA junction core and a 9-branched DNA dendron that can be assembled into the 2WJ DJ
PAE or a 3WJ DJ PAE structure via an annealing step. (b) DJ PAEs are coassembled with NP PAEs to produce
colloidal crystals. (c) 2WJ and 3WJ DJ PAE formation can be characterized by DLS, as evidenced by the expected
shifts in hydrodynamic diameter as a result of stepwise dendron addition. (d) Melting transitions of resultant colloidal
crystals for 10-nm AuNP PAEs assembled with dendrons (black), 2WJ DJ PAEs (orange), and 3WJ DJ PAEs (blue)
at ratios of 16:1 dendrons:AuNP PAEs. This trend held for all tested ratios.
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sticky end, designed to hybridize with inorganic NPs that are fully modified with sticky end
sequences complementary to those on the dendron (Figure 6.1 b). All DNA architectures were
purified using either polyacrylamide gel electrophoresis (PAGE) or high-performance liquid
chromatography (HPLC) and characterized using PAGE and matrix-assisted laser

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) (Table 6.1.-6.3.).

Table 6.1. Anchor and linker strands

DNA Sequence (5' - 3") Cl\jll\c;,d %&t
10 nm Aul | A-1 Thiol-(spacer18)2-AAC GAC TCA TAC TCA CCT 6403 6398
L-1 AAGGAA-(spacerl8)-AGG TGA GTA TGA GTC GTT 7868.7 7860
10nm Au2 | A-2 Thiol-(spacer 18)2-CAT CCA TCC TTA TCA ACT 6370.6 6365
L-2 AGAAGA-Spacer18-AGT TGA TAA GGA TGG ATG 7898.3 7888
10 nm Au3 | A-3 Thiol-(Spacer 18)2-ACT TAC ACT ACT CAT CTC 6370.6 6379
L-3 GAAAAG-Sp-GAG ATG AGT AGT GTA AGT 7898.32 7902
10nmAg1 | A4 5' Dithiol Serinol-(Spacer li)CZ%CAT CCA TCC TTA TCA 6256.3 6262
L-2 same as above
5nm Au 1 A-2 same as above
L-2 same as above
5 nm Au 2 A-3 same as above
L-3 same as above




Table 6.2. DNA junction forming strands
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Calc'd Exp't
DNA Sequence (5' -3") MW MW
2WJ S1-01 GCG CAT AGT CCG AAT GGC AGT TGA TAG AGT TAG GTG 11220.3 11212
S1-02 GCG CAT AGT CCG AAT GGC ATG GTA ATA GTG AGT GGT 11220.3 11209
S1-03 GCG CAT AGT CCG AAT GGC GGT AGG TGT AAT GTG AAT 11220.3 11234
S2-01 GCC ATT CGG ACT ATG CGC AGT TGA TAG AGT TAG GTG 11171.3 11155
GCG CAT AGT CCG AAT GGC GCG CAT AGT CCG AAT GGC AGT TGA TAG
2WJ-L S1-0O1-L AGT TAG GTG 16806.9 16822
GCG CAT AGT CCG AAT GGC GCG CAT AGT CCG AAT GGC AGT TGA TAG
S1-02-L AGT TAG GTG 16806.9 16805
GCG CAT AGT CCG AAT GGC GCG CAT AGT CCG AAT GGC GGT AGG TGT
S1-03-L AAT GTG AAT 16806.9 16806
GCC ATT CGG ACT ATG CGC GCC ATT CGG ACT ATG CGC AGT TGA TAG
S2-01-L AGT TAG GTG 16708.8 16701
3WJ S3-01 CGT CAATCC ACT ATG CGC AGT TGA TAG AGT TAG GTG 11115.2 11137
S3-02 CGT CAA TCC ACT ATG CGC ATG GTA ATA GTG AGT GGT 11115.2 11122
S4-01 CGC TGC TCA GGA TTG ACG AGT TGA TAG AGT TAG GTG 11211.3 11224
S4-03 CGC TGC TCA GGA TTG ACG GGT AGG TGT AAT GTG AAT 11211.3 11210
S5-01 GCG CAT AGT TGA GCA GCG AGT TGA TAG AGT TAG GTG 11260.3 11277
S5-02 GCG CAT AGT TGA GCA GCG ATG GTA ATA GTG AGT GGT 11260.3 11243
CGT CAA TCC CGT CAA TCC ACT ATG CGC ACT ATG CGC AGT TGA TAG
3WJ-L S3-0O1-L AGT TAG GTG 16596.8 16589
CGC TGC TCA CGC TGC TCA GGA TTG ACG GGA TTG ACG AGT TGA TAG
S4-01-L AGT TAG GTG 16788.9 16773
CGC TGC TCA CGC TGC TCA GGA TTG ACG GGA TTG ACG GGT AGG TGT
S4-03-L AAT GTG AAT 16788.9 16786
GCG CAT AGT GCG CAT AGT TGA GCA GCG TGA GCA GCG AGT TGA TAG
S5-01-L AGT TAG GTG 16886.9 16889
GCG CAT AGT GCG CAT AGT TGA GCA GCG TGA GCA GCG ATG GTA ATA
S5-02-L GTG AGT GGT 16886.9 16886
Table 6.3. DNA dendrons used in this study
Calc'd MW Exp't MW
DNA Sequence (5' - 3'
Seq (5"-3Y (kDa) (kDa)
9Dn-0O1- | TCTTCT-Tr-Tr-Sp-ATG GTA ATA GTG
23.78 23.80
IWI-S NJ AGT GGT
) TTCCTT-Tr-Tr-Sp-ACC ACT CAC TAT
9Dn-02 23.58 23.62
0 TAC CAT
9Dn-01- | TTCCTT-Tr-Tr-Sp-CGT CAA TCC ACT
A ATG CGC 23.63 23.65
9Dn-0O1- | TTCCTT-Tr-Tr-Sp-CGC TGC TCA GGA
- 23. 23.
3WIJ-S B TTG ACG 3.63 3.59
9Dn-O1- | TTCCTT-Tr-Tr-Sp- AT AGT TGA
0] CC r-Tr-Sp-GCG C GTTG 23.63 23.60
C GCA GCG
TCTTCT-Tr-Tr-Sp-CAC CTA ACT CTA
9Dn-01 TCA ACT 23.58 23.53
Other CTTTTC-Tr-Tr-Sp-ATT CAC ATT ACA
Dn- 23. 23.
Dendrons | P™03 | cetacc 3.8 3.56
TTCCTT-Tr-Tr-Sp-ATT CAC ATT ACA
9Dn-04 23.58 23.58
CCT ACC
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First, DJ core formation was characterized. DNA junction-forming strands were
stoichiometrically combined in 0.5 M NaCl, annealed from 90 to 20 °C over the course of one
hour, and then analyzed using native PAGE (Figure 6.2 and 6.3.). It was critical that these junction
cores be designed to have T):s above that of the most stable DNA-mediated colloidal crystal (>
50 °C) to ensure that they would not de-hybridize during colloidal crystal assembly. Melting
experiments were conducted using Sybr Green I, a DNA-intercalating dye, which fluoresces only
in the presence of hybridized DNA. These experiments revealed that the 2WJs and 3WlJs
dehybridize at 77 and 60 °C, respectively; thus, these cores were appropriate to integrate within
colloidal crystal assemblies (Figure 6.4.). Moreover, these experimentally determined 7,,s were
within 1 °C of the calculated values for the DNA designs (calculated using NUPACK). The 7 of
the 2WJ is greater than that of the 3W1J because 18 bases are involved in hybridization to form the
2WI, while, for the 3WJ, 9 bases hybridize to form each junction arm. Next, we characterized

DNA dendron hybridization to these junction cores using dynamic light scattering (DLS) (Figure

8% Native PAGE 12% Native PAGE 12% Native PAGE

Figure 6.2. Two-way junction PAGE characterization

DNA junction forming strands were added in 1:1 ratios and annealed from 90-20 °C over the course of 1 h and
characterized by PAGE. (left) DNA dendrons with stems that hybridize to form a 2WJ (18-base core, small). (middle)
Linear DNA strands that hybridize to form a 2WJ (36-base core, medium. (right) Linear DNA strands that hybridize
to form a 2WJ (54-base core, large).
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6.1. ¢). DNA dendrons were added in a stepwise fashion at stoichiometric ratios relative to the
number of overhangs available for binding. We observed that as the number of added dendrons
increased, corresponding to one, two, or three DNA dendrons per DJ core (depending on the

junction in use), the hydrodynamic diameter of the DJ PAE increased. These data confirm that DJ

LJ b

‘ -—

5% Native PAGE 12% Native PAGE 8% Native PAGE

Figure 6.3. Three-way junction PAGE characterization

DNA junction forming strands were added in 1:1 ratios and annealed from 90-20 °C over the course of 1 h and
characterized by PAGE. (left) DNA dendrons with stems that hybridize to form a 3WJ (18-base core, small). (middle)
Linear DNA strands that hybridize to form a 3WJ (36-base core, medium. (right) Linear DNA strands that hybridize
to form a 3WJ (54-base core, large).
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Figure 6.4. Thermostability of DNA junction design

Thermostability of DNA junction sequences were determined computationally and experimentally. (left) NUPACK
simulation of the 2W1J melting transition. (middle) NUPACK simulation of the 3WJ melting transition. (right) Using
a DNA intercalating dye, the melting temperatures of these DNA junctions were determined. When the DNA is
duplexed, the intercalating dye will fluoresce and once the junctions melt, the dye will be quenched. By plotting the
derivative, we can determine the melting temperature of the 2- way (orange) and 3-way (blue) junction. We found the
2WJ and 3WJ melted at 77 °C and 60 °C respectively. These values are within 1 °C of the calculated melting
temperatures based on the DNA design.
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PAE structures can be synthesized by combining the DNA dendrons in stoichiometric amounts

with the DJ cores followed by annealing from 90 to 20 °C over 1 h.

To synthesize colloidal crystals, DJ PAEs with appropriate sticky ends (5 TTCCTT 3°)
were combined with 10-nm AuNP PAEs (complementary sticky end: 5 AAGGAA 3°) at DJ
PAE/AuNP PAE ratios of 1:1, 2:1, 12:1, 16:1, or 24:1. These ratios were used because they
produced stable colloidal crystals (based upon trial-and-error analysis, Table 6.4). Assembly
solutions had a final volume of 100 mL at 0.5 M NaCl, 10 mM sodium phosphate, and 0.02%
sodium dodecyl sulfate (SDS). The assemblies were heated to 50 °C and then cooled to 22 °C ata
rate of 0.1 °C per 10 min. Importantly, the slow-cooling step was conducted at temperatures below
the 7, of the DJ PAEs in order to avoid DJ PAE reorganization. The thermostabilities of the
resulting colloidal crystals were characterized by conducting UV-vis melting experiments, in
which the extinction of the AuNPs (at 520 nm) was measured as a function of increasing
temperature (Figure 6.1. d). We compared the 7:s for colloidal crystals assembled from the 10-
nm AuNPs PAEs and DNA dendrons only, 2WJ DJ PAEs, and 3WJ DJ PAEs (valencies: 9, 18,
27, respectively). We observed an increase in the colloidal crystal thermostability with increasing
DJ PAE valency because a greater number of DNA-DNA interactions can be formed between the
individual bonding units as valency increases (24.5 °C, 28.1 °C, 30.6 °C, for valencies of 9, 18,
and 27, respectively). Based on the observed increase in thermostability, these data also indicate

that the DJ PAE constructs form as expected.



Table 6.4. Concentration dependence of resultant colloidal crystal structures

Dendron | Junction Dendizg(:%uNP N(P;HSHI)Z © Symmetry er);i; Lattice constant (nm)
9Dn-O1 | 2WIJ-M 1 5 mixed NA NA
9Dn-O1 | 2WJ-M 3 5 SH P6/mmm a=b=28.4, c=28.6
9Dn-O1 | 2WIJ-M 6 5 SH P6/mmm a=b=284,c=28.6
9Dn-O1 | 2WIJ-M 12 5 SH P6/mmm a=b=28.4,c=28.6
9Dn-O1 | 2WJ-L 1 5 Broad NA NA
9Dn-O1 | 2WIJ-L 3 5 Broad NA NA
9Dn-O1 | 2WJ-L 6 5 Broad NA NA
9Dn-O1 | 2WIJ-L 12 5 Si2Sr P4132 a=47.5
9Dn-O1 | 2WJ-M 24 10 mixed NA NA
9Dn-O1 | 2WIJ-M 48 10 mixed NA NA
9Dn-O1 | 2WJ-M 96 10 SH P6/mmm a=b=30.5, c=30.1
9Dn-O1 | 2WIJ-M 120 10 SH P6/mmm a=b=30.5, c=30.1
9Dn-O1 | 2WIJ-L 24 10 SH P6/mmm a=b=31.2,¢=31.0
9Dn-O1 | 2WIJ-L 48 10 SH P6/mmm a=b=31.2,¢=31.0
9Dn-O1 | 2WIJ-L 96 10 SH P6/mmm a=b=31.2,c=31.0
9Dn-O1 | 2WJ-L 120 10 SH P6/mmm a=b=31.2,¢c=31.0
9Dn-O1 | 3WIJ-M 1 5 mixed NA NA
9Dn-O1 | 3WJ-M 2 5 mixed NA NA
9Dn-O1 | 3WIJ-M 6 5 SH P6/mmm a=b=28.9,c=28.4
9Dn-O1 | 3WIJ-M 18 5 SH P6/mmm a=b=29.5,¢c=28.8
9Dn-O1 | 3WIJ-L 1 5 mixed NA NA
9Dn-O1 | 3WIJ-L 3 5 mixed NA NA
9Dn-O1 | 3WJ-L 6 5 Si2Sr P4132 a=475
9Dn-O1 | 3WIJ-L 18 5 Si2Sr P4132 a=47.5
9Dn-O1 | 3WJ-M 12 10 mixed NA NA
9Dn-0O1 | 3WJ-M 24 10 mixed NA NA
9Dn-O1 | 3WIJ-M 48 10 SH P6/mmm a=b=29.4,c=29.0
9Dn-O1 | 3WJ-M 96 10 SH P6/mmm a=b=294,c¢=29.0
9Dn-O1 | 3WJ-L 12 10 SH P6/mmm a=b=31.4,c=275
9Dn-O1 | 3WJ-L 24 10 SH P6/mmm a=b=314,c=27.6
9Dn-O1 | 3WIJ-L 48 10 SH P6/mmm a=b=314,c=27.7
9Dn-O1 | 3WIJ-L 96 10 SH P6/mmm a=b=314,c=27.8
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6.3. Investigating the bonding properties of DJ PAEs with identical sticky ends

The complementary contact model (CCM) allows one to predict the resulting crystal
structures when two PAEs assemble.!!” This model predicts that the most thermodynamically
favorable crystal structure is the one that maximizes the number of DNA duplexes (or “bonds”) in
the system. According to the CCM, the relative sizes and DNA loading of the two PAEs dictate
the crystal structure. Therefore, we explored our system’s design space by changing the sizes and
valencies of the junction cores and the sizes of the AuNP PAEs. Specifically, three different sized
DJ PAEs were designed: (1) the stems of the dendrons form the DNA junctions (18-base core,
small), (2) the junction core strands consisted of 36 bases total (medium), and (3) the junction core
strands consisted of 54 bases total (large) (Table 6.2). These DJ PAEs, where the same sticky ends
were presented on each junction arm, were assembled with 5-nm or 10-nm AuNP PAEs. The
resulting structures were characterized using small-angle X-ray scattering (SAXS) in the solution
state and scanning transmission electron microscopy (STEM) in the solid state (after silica
encapsulation, resin embedding, and ultramicrotomy).*'? In this design space, we identified three
distinct crystalline phases: face-centered cubic (FCC), simple hexagonal (SH), and Si>Sr (Figure
6.5.). Most of the assemblies were structurally pure and highly crystalline; however, the Si>Sr
phase was often (though not always) formed with SH structural character, as well. The low-
symmetry (P 41 3 2) SixSr phase has not previously been reported in the field of colloidal crystal
engineering, and thus, this work expands the library of crystal structures attainable when DNA

dendrimer-based PAEs are utilized.

FCC crystal structures are typically observed when PAEs are assembled with small, low-

valent bonding elements, termed “electron equivalents” (EEs) due to their metallic-like bonding
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characteristics. 3°% 313 Previously, we discovered that, due to their low valencies, 3-, 4-, and 6-
branched dendrons also function as EEs, whereby they are delocalized and mobile throughout a
crystal lattice of PAEs.!” When individual 9-branched DNA dendrons (9Dn, no junction in Figure
2a,b) were assembled with 5-nm or 10-nm AuNP PAEs, FCC structures formed (Figure 6.5. c).
Thus, the 9Dn can also be considered an EE, as evidenced by its propensity to form an FCC crystal
with both 5-nm and 10-nm particles and the low 7, of the resultant colloidal crystal (Figure 6.1.
d, black). Furthermore, these results are consistent with previous findings that conclude that FCC
symmetry is the most thermodynamically stable phase in single-component colloidal crystals due
to the high symmetry and packing efficiency of the particles.!*® The small DJ PAEs (18-base core)
continued to produce FCC crystal structures when assembled with 5-nm and 10-nm AuNP PAEs.
This can be rationalized by the small size of the DJ PAEs (hydrodynamic diameter of 5 nm) relative

to the size of the inorganic NP PAEs.

According to the CCM, when two components of different sizes assemble, an SH crystal
structure maximizes the number of DNA hybridization events. In this case, the medium DJ PAEs
(36-base core) have hydrodynamic diameters of approximately 8 nm, for both the 2WJ and 3WJ
cores, while the 5-nm AuNP PAEs have a hydrodynamic diameter of approximately 20 nm, post-
DNA functionalization. Thus, an SH crystal structure is expected based on the relative sizes of the
components. Indeed, when the medium 2WJ and 3WJ DJ PAEs were assembled with 5-nm PAEs,

an SH crystal structure formed (Figure 6.5. d).
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When two PAEs of similar sizes are assembled, a CsCl crystal structure is expected to be
observed; however, when one of the particles does not diffract electrons as strongly as the other,
this appears as a simple cubic (SC) structure by SAXS and STEM. Nevertheless, when large DJ
PAEs (54-base core, 15 nm in size) are assembled with 5-nm PAEs (hydrodynamic diameter of 20
nm), a Si2Sr (P 41 3 2) crystal structure is observed, which has never been reported in the field of
colloidal crystal engineering. The Si>Sr (P 41 3 2) is a primitive cubic crystal structure, similar to
the commonly observed SC structure (Figure 2e). We postulate that its formation is due to the
compressibility of the DJ PAEs compared to the inorganic NP PAEs that are commonly used in

DNA-mediated colloidal crystal engineering. The compressibility of the DJ PAEs allows them to
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Figure 6.5. Exploring the phase space of DJ PAE-templated colloidal crystals

DJ PAEs of increasing size were synthesized and assembled with AuNP PAEs. Phase diagram of resultant colloidal
crystals as a function of DJ PAE size and valency, when assembled with 5-nm (a) or 10-nm (b) AuNP PAEs. Based
on the relative size of DJ PAEs:AuNP PAEs, three colloidal crystal structures were accessed — FCC (c¢), SH (d), and
Si>Sr (e), as characterized by SAXS and STEM. Scale bars: 50 nm
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contract and form low-symmetry structures that maximize DNA duplex formation. These types of
low-symmetry structures are more commonly observed in crystalline soft materials due to this very
reason.’!*315 We believe that by combining soft-core PAEs (e.g., DJ PAEs) with hard-core PAEs
(i.e., inorganic NP PAEs), low-symmetry colloidal crystals, such as Si>Sr and potentially other

structures, can be realized, creating an exciting path for future experimentation.

When these DJ PAEs were assembled with 10-nm AuNP PAEs (hydrodynamic diameter
of 25 nm), a different trend was observed due to the relative sizes of the two PAEs. Specifically,
for the small DJ PAEs (5 nm), we observed an FCC structure and for the medium- and large-sized
DJ PAEs (8 nm and 15 nm, respectively), SH structures were observed (Figure 6.5. b). The largest
DJ PAE size investigated remains small enough, compared to the 10-nm AuNP PAE, to fall within

the SH regime. Nevertheless, with increasing DJ PAE size, the lattice parameters and unit cell

Table 6.5. DNA phase space exploration with DJ PAEs

Dendron | Junction DendizggAuNP N(I;ISnl)z © Symmetry | Space group | Lattice constant (nm)
9Dn-0O1 N/A 12/24/48 5 FCC Fm-3m a=425
9Dn-O1 | 2WIJ-S 12/24/48 5 FCC Fm-3m a=393
9Dn-O1 | 2WIJ-M 3/6/12 5 SH P6/mmm a=b=28.7,c=289
9Dn-O1 | 2WJ-L 12 5 Si28r P4132 a=475
9DnO1 3WJ-S 12/24/48 5 FCC Fm-3m a=41.2
9Dn-O1 | 3WIJ-M 6/18 5 SH P6/mmm a=b=28.8,c=284
9Dn-O1 | 3WJ-L 6/18 5 Si2Sr P4132 a=475
9Dn-0O1 N/A 24/48/96/120 10 FCC Fm-3m a=454
9Dn-O1 | 2WJ-S 24/48/96/120 10 FCC Fm-3m a=42.5
9Dn-O1 | 2WJ-M 96/120 10 SH P6/mmm a=b=30.4, c=30.1
9Dn-O1 | 2WIJ-L 96/120 10 SH P6/mmm a=b=31.2,c=31.0
9Dn-O1 | 3WJ-S 12/24/48/96 10 FCC Fm-3m a=43.3
9Dn-O1 | 3WIJ-M 12/24/48/96 10 SH P6/mmm a=b=313,c=255
9Dn-O1 | 3WIJ-L 12/24/48/96 10 SH P6/mmm a=b=353,c=26.5
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volume consistently increased (Table 6.5). Thus, this approach allows one to access multiple

crystal structures as well as readily shift the spacing between particles by tuning the DNA length.

6.4. Symmetry-breaking DJ PAEs in Binary NP Assemblies

Binary DNA-mediated nanoparticle assemblies often form a CsCl crystal structure (when
the components are similar sizes) or an AIB2 (when the components are different sizes), whereby
one particle type would occupy the centered positions of the unit cell (like the chloride or boron),
while the other particle type would occupy the corner positions of the unit cell (like the cesium or
aluminum), in accordance with the CCM.!'7-316 Under these conditions, the PAEs are isotropically
functionalized with DNA, forming high symmetry crystal structures. We hypothesized that these
isotropic NPs could be organized into more complex crystal structures if we break symmetry by
anisotropically presenting two orthogonal DNA sticky ends within a single colloidal crystal. We
explored this hypothesis using a 2WJ DJ PAE. In this case, the junction-forming sequences were
the same; however, the 18-base overhang regions were designed to be orthogonal such that only
one specific dendron could hybridize to each overhang. Furthermore, the two dendrons were
designed to have orthogonal sticky ends (5 TTCCTT 3’ or 5> TCTTCT 3’) on their branches.
After forming this DJ PAE, we then introduced the two orthogonally functionalized NPs, with
each particle decorated with a complementary sequence to one of the dendrons (5> AAGGAA 3’
or 5 AGAAGA 3’) (Figure 6.6. a). Therefore, in this system, two distinct binding interactions are

possible.

We started by exploring this binary system using medium DJ PAEs and two different 10-
nm AuNP PAEs. While the DJ PAEs are key components for directing the formation of colloidal

crystals and therefore can be considered a third component in these structures, we have chosen to
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characterize the number of components based on the number of easily interchangeable inorganic
NP PAEs that define the crystal structure. The distribution of these particles within the crystal
structure was determined using SAXS and STEM. Through experimentation and simulation, the
crystal structure was determined to be a large-lattice parameter (72 nm) SH crystal (Figure 6.6. b,
middle). The SAXS patterns, along with the large lattice parameter could only be rationalized if
both components were organized in specific locations within the unit cell: AuNP 1 at the (0,0,0)

positions and AuNP 2 at the (0,0,1/2) positions (Figure 6.6. b, right). While the STEM data
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Figure 6.6. Symmetry breaking in binary NP assemblies

(a) DJ PAEs were designed such that the junction core contains orthogonal overhangs to which unique DNA dendrons
could bind in order to direct the assembly of two different components. (b) Two 10-nm AuNP PAEs, functionalized
with orthogonal DNA sequences, were assembled using the DJ PAE and characterized by UV -vis melt experiments,
SAXS, and STEM. Melt experiments were conducted on multiple samples: AuNP PAE 1 and dendron 1 (black), AuNP
PAE 2 and dendron 2 (orange), AuNP PAE 1+2 and dendron 142 (black), and AuNP PAE 1+2 and full 2WJ DJ PAE
(purple). Scale bar = 50 nm. (¢) The impact of anisotropy on the resultant crystal structures were observed by
assembling two components using the small, medium, and large DJ PAEs and measuring changes in crystal structure
and lattice parameter by SAXS.
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corroborate these results, further experimentation was necessary to confirm that this was indeed,

the local particle distribution (vide infra).

Melting experiments were also conducted to confirm that the DJ PAE can program the
assembly of two components into a single colloidal crystal. The T,s of assemblies of each
individual dendron (no junction) and their respective complementary AuNP PAEs melted at 26.2
°C and 27 °C, respectively (Figure 6.6. b left, blue and orange); the sticky ends were designed
such that there was a measurable difference between those two transitions, which allows the two
interactions to be differentiated from one another. Importantly, when these two types of dendrons
and these two types of NPs were assembled in the same solution, but without the 2W1J core, two
melting transitions were observed — one that matches that of the blue trace and one that matches
that of the orange trace (Figure 6.6. b left, black). These data indicate that even if both dendrons
are present in solution, the two components phase separate to form the expected FCC structures,
whereby each dendron assembles with its complementary AuNP PAE into a distinct lattice, as
confirmed by SAXS (Figure 6.7. and 6.8.). Finally, only when all of these components are mixed
together with the 2WJ core, does a completely new melting transition appear as a single, sharp
transition, at a higher 7;, than was observed for the other samples (Figure 3b left, purple). These
results confirm that the two components have been incorporated into a single colloidal crystal as a

result of the DJ PAE design.
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Figure 6.7. SAXS of two component assemblies (2x 10 nm AuNP) without the DJ core

(a) When both dendrons and 10 nm AuNP PAEs are assembled in the absence the 2WJ core, two different FCC crystal
structures form. The blue and orange traces match the FCC structures of either NP and the purple trace is when both
are assembled in the same solution without the DJ core. This indicates that, without the junction core, the two particles

phase separate into their own crystal structures.
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Figure 6.8.. SAXS of two component assemblies (10 nm and 5 nm AuNP) without the DJ core

(a) When both dendrons and 10 or 5 nm AuNP PAEs are assembled in the absence the 2WJ core, two different FCC
crystal structures form. The blue and orange traces match the FCC structures of either NP and the purple trace is when
both are assembled in the same solution without the DJ core. This indicates that, without the junction core, the two
particles phase separate into their own crystal structures.
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After demonstrating that the 2WJ DJ PAE can be used to program the assembly of two
components into a single colloidal crystal, we then explored the impact of DJ PAE length on the
resultant colloidal crystal structure and NP localization. To do this, we designed the small,
medium, and large 2WJ DJ PAEs with orthogonal dendrons on each side (Figure 6.6 ¢). The small
2WJ DJ PAEs and the 10-nm AuNP PAEs formed a primarily CsCl crystal structure that is
commonly observed in two-component DNA-mediated NP assemblies (Figure 6.6. c, left).
However, as the distance between the two dendrons increased using the medium DJ PAE, the
particles organized into an SH crystal structure, due to the increased anisotropy of the DJ PAEs
(Figure 6.6. c, middle). Finally, when the size of the DJ PAE was increased further (large), an SH
crystal structure was observed with a larger lattice parameter than in the medium DJ PAE structure
(Figure 6.6. ¢, right). However, the increase was only observed in one dimension of the unit cell.
Specifically, the a and b dimensions of the unit cell remained virtually unchanged (31.4 nm), but
the ¢ dimension increased by approximately 8 nm, matching the expected size increase based on
the number of added bases. This single dimension expansion further supports the likely crystal
structure and orientation of the DJ PAE within the unit cell. Furthermore, this means that DJ PAEs
can be used to specifically program a single dimension of the unit cell independently, potentially
opening new avenues for the design of programmable colloidal crystals and even pseudo-two-

dimensional materials.

Next, we sought to confirm the local NP organization in these binary systems by
assembling particles that could be distinguished within the crystal structure by SAXS and STEM.
We assembled 10-nm AuNP PAEs with 5-nm AuNP PAEs. As was seen in the two-component

system comprised of 10-nm NPs above, increased thermostability was observed when the junction
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core was used to build the colloidal crystal (27.8 °C) as compared to when colloidal crystals with
individual dendrons and particles were prepared (25.2 °C and 24.8°C) (Figure 6.9. a, left). Using
SAXS, we observed a diffraction pattern that represents an SH crystal structure similar to that seen
when only 10-nm particles were used (Figure 6.9. a, middle). Compared to the SH structure
formed from two 10-nm Au PAEs, the lattice parameters were slightly smaller, owing to the
presence of smaller 5-nm Au PAEs (Table 6.4.). Furthermore, by adjusting the DJ PAE size, we
again confirmed single dimension increases in the lattice parameters (Figure 6.10.). Finally,
STEM was used to confirm this distribution with a sectioned sample (Figure 6.9.a, right). Here,
the (100) plane clearly shows layers of 10-nm and 5-nm particles distributed as expected, based

on the simulations and SAXS data.

To confirm that this organization was not an artifact of having two different sized NP PAEs
and to conclusively determine the location of the two components, we repeated this experiment
using 10-nm AuNP PAEs and 10-nm AgNP PAEs. The melt data again confirmed that the use of
the 2WJ DJ PAE results in a significant increase in the thermostability of resultant crystals
compared to when individual dendrons and particles were used (Figure 6.9. b, left). AgNPs tend
to have fewer surface-bound DNA strands per particle than do AuNPs because their affinity for
the thiol functional group of the DNA strands is lower.>!” As a result, crystals comprised of AgNP
PAEs have relatively lower thermostabilities than do crystals comprised of AuNP PAEs (Figure
6.9. b, left, blue and orange). Nevertheless, when all of the particles are assembled together, the
peaks in the simulated diffraction pattern of the expected crystal structure overlap with those of
the experimental pattern, indicating that the same SH structure does indeed form (Figure 6.9. b,
middle). STEM and energy dispersive X-ray spectroscopy (EDS) also confirmed this assignment.

When imaging thin sections of the crystal, we observed bands of particles with two different z-
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contrasts; the AuNPs appear brighter because they more strongly scatter the electron beam (Figure
6.9. b, right). EDS data also support this result (Figure 6.9. ¢). Ultimately, we have demonstrated
that the 2WJ DJ PAEs provide unique control over the structure and lattice parameters of binary

colloidal crystals and are capable breaking symmetry to alter NP organization within the unit cell.
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Figure 6.9. Assembly of two-component colloidal crystals to confirm NP localization

(a) A 10-nm AuNP PAE and a 5-nm AuNP PAE were assembled and characterized by UV -vis melting experiments,
SAXS, and STEM. Melting experiments were conducted on: 10-nm PAE and dendron 1 (orange), 5-nm PAE and
dendron 2 (blue), and both PAEs and full 2WJ DJ PAE (purple). (b) A 10-nm AuNP PAE and a 10-nm AgNP PAE
were assembled and characterized by UV-vis melt experiments, SAXS, and STEM. Melting experiments were
conducted on Au PAE and dendron 1 (orange), Ag PAE and dendron 2 (blue), both PAEs and full 2WJ DJ PAE
(purple). (c) EDS was conducted on the resultant Au/Ag NP assemblies to conclusively demonstrate local NP
organization. Au particles are represented in orange and Ag particles are represented in blue. Scale bar: 50 nm.
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Figure 6.10. Tuning binary NP assemblies in a single dimension
Increasing the anisotropic presentation of the two orthogonal sequences allows us to tune the unit cell lattice
parameters regardless of NP size, shape, and composition. This figure demonstrates this point using a 10 nm and 5 nm
AuNP assembly. As we shift from the medium to long DJ PAE, the ¢ dimension of the unit cell increases by 8.2 nm,
while the a and b dimensions do not change.

—— Simulation

I(a)
I(a)

6.5. Realizing Ternary NP Assemblies Through Symmetry-breaking DJ PAEs

Ternary colloidal crystals represent a long-standing challenge in the field of colloidal
crystal engineering because it is difficult to program the local organization of each component.
One way this has been achieved is by relying on specific nanoparticle sizes. For example, DNA -
mediated approaches to three-component systems have been realized by using nanoparticle size
differences to fit a third component into specific interstitial positions of a binary lattice.*'® Based
on the observations from the 2WJ DJ PAE, we hypothesized that a 3WJ DJ PAE could be used to
program the assembly of three components into a single colloidal crystal independent of NP size.
Without a symmetry breaking DJ PAE, programming three orthogonal DNA interactions in a
single structure is not possible and the introduction of a third particle would require the same DNA
sticky ends as another particle, which would likely result in a statistically disorganized crystal

structure. As discussed previously, though it is a necessary component of the crystal structure, the
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DJ PAE is not counted toward the total number of components. As a result, we classify these
assemblies as ternary, though they are arguably quaternary structures. Utilizing a similar design as
described above with the 2WJ DJ PAEs, 3WJ DJ PAEs with orthogonal dendrons and sticky ends
were prepared (Figure 6.11. a). Based on the SAXS data and multiple simulations, it was
determined that the crystal structure was hexagonal and matches the proposed unit cell depicted
(Figure 6.11. a right and c). In this structure, one of the components occupies the (1/3, -1/3, 1/2)
positions (pink) in the unit cell, while the other two components have an equal chance of occupying
the (0, 0, 0) positions of the unit cell (blue/orange). Furthermore, STEM images of sectioned
samples reveal that this is indeed, the crystal structure based on the characteristic (100) plane that
was observed (Figure 6.11. d). Thus, we have demonstrated that DJ PAEs can be used to create

the first ternary colloidal crystals that form without relying on different sized particles.

We again characterized the thermostabilities of the resultant colloidal crystals. The
dendrons were designed such that when they assemble with their respective AuNP PAEs, the T

transitions would vary slightly. When all of the dendrons and their corresponding NP PAEs were
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Figure 6.11.. Assembly of three-component colloidal crystals

(a) DJ PAEs were designed such that the junction core contains orthogonal overhangs to which unique DNA dendrons
can bind in order to direct the assembly of three different components. (b) UV -vis melt experiments were conducted
with the junction core (purple) and without the junction core (black), demonstrating that only when the full DJ PAE
is present, does a single colloidal crystal with all three components form. (¢) SAXS data and simulations confirm that
the resultant crystal structure is hexagonal with the depicted nanoparticle distribution. (d) STEM further supports this
conclusion. The characteristic (100) plane of this crystal structure was imaged. Scale bar: 50 nm.
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mixed in the assembly solution, with no DJ core present, we observed phase separation of the three
different resultant FCC structures, as confirmed by SAXS (Figure 6.12.). This is evidenced by the
three distinct melting transitions that are observed in the UV -vis trace (Figure 6.11. b, black). On
the other hand, when the full 3WJ DJ PAE was formed, a distinct and singular melting transition
was observed (Figure 6.11. b, purple), indicating that indeed, a single colloidal crystal had formed
from the three NP components. A gradual increase in extinction was observed from 25 to 30 °C,
which is likely due to the range of interaction strengths between the DNA dendrons and their
respective NP PAEs. Here, we demonstrate that due to the programmable anisotropy and
orthogonality of the DJ PAE, the first ternary colloidal crystals that can form independently of NP
size were synthesized. Further experimentation will lead to a greater understanding of design
parameters to tune nanoparticle localization and ultimately expand beyond three component

systems.
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Figure 6.12. SAXS of three component assemblies without the DJ core
When three different 10-nm AuNP PAES are assembled in the absence the 3W1J core, three different FCC crystal
structures form. Due to the individual particles being the same size, this results in a broad FCC structure (purple trace).
The assemblies consisting of induvial components all have lattice parameters within that range (blue, orange and pink
trace). This indicates that, without the junction core, the three particles phase separate into their own crystal structures.
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6.6. Comments on breaking symmetry in colloidal crystals using DNA dendrimers

This work introduces a new type of DNA-based building block that functions as a
symmetry-breaking synthon to encode anisotropic and orthogonal information within NP
assemblies. DJ PAEs can be readily designed to have specific sizes and architectures that play key
roles in dictating assembly outcomes. When all sticky ends on the DNA dendrimers are identical,
the relative size between the DJ PAEs and NP PAEs can be tuned to access three distinct colloidal
crystal structures in accordance with the CCM, including a structure that is novel to the field of
colloidal crystal engineering. As a symmetry-breaking synthon, these molecular entities allow us
to fine-tune anisotropy and orthogonality in ways that cannot be seen in particle-based systems.
Using this approach, binary assemblies with novel structural control were realized and the first
ternary colloidal crystals that form independent of NP size were made. Importantly, none of these
assembly outcomes can be rationalized without considering the effects of directional interactions.
This work forms a foundation for developing and studying colloidal crystals with unique, low
symmetry structures as well as multicomponent colloidal alloys that can have a significant impact

on the development of modern materials.
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CHAPTER SEVEN

Conclusions
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7.1. Conclusions

This thesis presents new methods to gain fine-tuned control over DNA ligand architecture
and utilize this control to access new capabilities in therapeutics and materials design. In biology,
these lessons include: (1) how DNA dendron valency and design affect cellular uptake, resistance
to degradation, and delivery of conjugated cargo; (2) how molecular vaccine structure can be tuned
and harnessed to elevate adjuvant and antigen delivery and function to induce a specific and
powerful immune response against a desired cancer target; (3) how SNA structure can dictate
infectious disease vaccine efficacy. In materials, these lessons include (1) how fine-tuned control
over DNA dendron/dendrimer valency and size can lead to novel programmability over resultant
colloidal crystals; (2) how DNA dendrons can be interfaced with multiple different cores to build
molecularly defined, nanoscale building blocks; (3) how DNA dendrons can encode anisotropic
and orthogonal interactions within a single colloidal crystal, providing new insights and
capabilities for building low symmetry colloidal alloys. This work utilizes the vast design space
and chemical addressability of oligonucleotides as programmable materials, and our findings
emphasize the impact of controlling DNA ligand architecture for both improved therapeutics and

materials design.

In Chapter two, we introduced the DNA dendron as a molecularly defined mimic of the
SNA that can be used as a general approach to deliver functional biomolecules into cells. By
achieving robust synthetic yields and developing functionalization procedures, we demonstrate the
promise for many potential applications. We explore critical DNA dendron design parameters

(e.g., valency and length) and investigate how they impact cellular uptake, resistance to
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degradation, and delivery of functional cargo (e.g., small molecules, DNA/RNA, peptides, and
proteins). DNA dendrons provide a simple, effective, and biocompatible approach to deliver
various diagnostic and therapeutic biomaterials to living systems. The DNA dendron is poised to
have a significant impact on the development of next generation diagnostic tools, vaccines, and

therapeutics.

In Chapter three, we utilized the DNA dendron as a molecularly defined platform for
vaccine design. By leveraging the fine-tuned structural control of the dendron, established in
chapter two, we investigated how DNA dendron design impacts the delivery of functional adjuvant
CpG sequences, and how to maximize cellular uptake and the resultant immune response, ex vivo
and in vivo. We observed that the CpG sequence as the dendron stem, and the poly-T sequences
as the branches was the most efficient method of delivering functional adjuvant to cells.
Importantly, as the CPG no longer needed to occupy the branches for effective functioning, the
branch sequences have the potential to be further tuned to improve dendron uptake (e.g., the use
of G-rich sequences). By conjugating an antigenic peptide derived from cervical cancer (due to
HPV) to the dendron, a molecularly defined cancer vaccine was synthesized. We investigated how
peptide conjugation to different parts of the dendron modulates dendron uptake and immune
activation and that the vaccines produced a robust and specific immune response against the cancer
target. Finally, we harnessed a particular structural design that has antigenic peptide conjugated to
each dendron branch to reduce tumor burden and extend animal survival, in vivo. Taken together,
this work explores the structure-function relationships of DNA-dendron based vaccines in a

molecularly defined manner. Due to the modularity of this molecular vaccine, whereby the
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antigenic cancer target can be switched with relative ease, these design rules can be applied to

develop vaccines that treat a variety of cancers.

In Chapter four, we established the SNA as an effective antiviral vaccine platform. By
utilizing the highly modular SNA architecture, we highlight the importance of packaging viral
antigens to raise humoral immune responses that can effectively protect against a live virus. This
work has important implications for the design of next generation infectious disease vaccines. It
illustrates that antibody production is tunable through simple chemical adjustments (e.g., the
adjuvant loading on a liposome) and that a change to the ratio of components can greatly alter
immunoglobulin expression levels. This work offers alternative strategies to enhance antibody
responses versus traditional approaches, which involve administering multiple doses. Importantly,
we also observed that a common approach of supplementing a vaccine with adjuvant to enhance
an antibody response is not effective at robust antibody generation. The results confirm that radial
display of CpG adjuvant and co-delivery of vaccine components leads to an effective vaccine that
prevents mortality and attenuates lung injury. Taken together, this work underscores the SNA’s
potential as a platform for infectious disease vaccines and highlights the role that structure-function

relationships can play in revolutionizing vaccine development for rapidly emerging diseases.

Chapter five utilizes the DNA dendron in the assembly of nanoparticles into colloidal
crystals. By combining the DNA dendrons with DNA-containing templates, a new type of DNA-
mediated hierarchical assembly that has three levels of structural organization was achieved.
Importantly, the assembly outcomes cannot be rationalized and the lattice reconfiguration
strategies cannot be realized unless all of these underlying interactions are considered. This study

highlights the fact that chemical components (e.g., surfactants) or functional groups (e.g.,
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hydrophobic moieties) that seem inconsequential can assume structure-directing roles in extended
assemblies. In particular, the advances described should encourage re-exploration of the surfactant
literature for developing new strategies to program the assembly of nanomaterials. Utilizing both
sequence-encoded and non-sequence-specific interactions to mediate dynamic and reconfigurable
organizations of building blocks is an effective strategy for designing hierarchical materials. These
structure-guiding principles should apply to both soft and hard matter, opening avenues for the
deliberate introduction of transient interactions between building blocks to induce the formation

of unconventional phases.

In Chapter six, we build upon the lessons learned to develop a DNA dendrimer building
block as a symmetry-breaking synthon to encode anisotropic and orthogonal information within
NP assemblies. These DNA Junction PAEs (DJ PAEs) can be readily designed to have specific
sizes and architectures that play key roles in dictating assembly outcomes. When all sticky ends
on the DNA dendrimers are identical, the relative size between the DJ PAEs and NP PAEs can be
tuned to access three distinct colloidal crystal structures in accordance with the CCM, including a
structure that is novel to the field of colloidal crystal engineering. As a symmetry-breaking
synthon, these molecular entities allow for fine-tuned anisotropy and orthogonality in ways that
cannot be achieved in strictly particle-based systems. Using this approach, binary assemblies with
novel structural control were realized; also, the first ternary colloidal crystals that form
independent of NP size were realized. Importantly, none of these assembly outcomes can be
rationalized without considering the effects of directional interactions. This work forms a
foundation for developing and studying colloidal crystals with unique, low symmetry structures as
well as multicomponent colloidal alloys that can have a significant impact on the development of

modern materials.
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The use of DNA as a ligand to program materials properties is an evolving field. Recently,
many have studied how DNA design (i.e., length, flexibility, and sequence) impacts nanoparticle
properties in biological and materials settings. The next step in this evolution is to gain control
over DNA ligand presentation, specifically valency (number), anisotropy (direction), and
orthogonality (interaction). By accessing this level of control, novel capabilities can be achieved
across multiple fields. The work presented in this thesis develops a method by which we can
investigate the effects of DNA ligand presentation control. The DNA dendron enables
programmability of valency, anisotropy, and orthogonality, and the work presented here highlights

the potential to utilize this control to create new functional therapeutics and materials.
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APPENDICES

Appendix 1: DNA Dendrons as Agents for Intracellular Delivery (chapter one)
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Figure Al.1. A single DNA dendron used for protein delivery

(a,b) A single DNA dendron was conjugated to the single surface cysteine on the fluorescent protein mNG and
characterized by PAGE. (C,D) The single DNA dendron is able facilitate cellular uptake of the protein cargo as
evidenced by the fluorescence intensity of cells treated with mNG and the percent of cells positive for mNG. DCs
were treated at 250 nM for 1 h. This data demonstrates how the dendron can be used as a potentially universal tag for
the cellular delivery of nanoscale materials.
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Figure A1.2. DNA dendrons to maximize DNA loading on proteins

(a) Four DNA dendrons were designed from the clinically relevant adenosine deaminase (ADA) protein:
unfunctionalized ADA, PEGylated ADA (clinical formulation), ADA protein SNA, and ADA dendron SNA. (b)
Cellular uptake, over multiple timepoints, indicates that the DNA dendron functionalized ADA is capable of
significantly more efficient cellular uptake than the typical ProSNA design and the current clinical formulation
(PEGylated form).
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Appendix 2: Nanoparticle Superlattices Through Template-Encoded DNA Dendrimers (chapter 5)
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Figure A2.1. 3D models of DNA dendrimers
(a) 3D models of a DNA dendrimer (a six-arm templated combined with six copies of six-branch dendrons), rotated
by a 30° interval from left to right. (b) 3D models of a DNA micelle-dendrimer made up of two DNA dendrimers and
a SDS micelle, rotated by a 30° interval from left to right. The SDS micelles and the DNA dendrimers were drawn to
scale. Models were created using Cinema 4DTM.
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Figure A2.2. SAXS characterization — face centered cubic (FCC)

(a) Azimuthally averaged 1D SAXS spectra of a representative FCC phase (blue: experiment, black: simulation). The
first eight scattering peaks and their corresponding Miller indices (%4/) are labeled (black dashed lines). (b) Structural
model of AuNP sublattice in FCC phase symmetry used to generate the simulated spectrum.
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Figure A2.3. SAXS characterization — simple hexagonal (SH)

(a) Azimuthally averaged 1D SAXS spectra of a representative SH phase (yellow: experiment, black: simulation).
first eight scattering peaks and their corresponding Miller indices (hkl) are labeled (black dashed lines). (b) The
structural model of the AuNP sublattice in SH phase symmetry used to generate the simulated spectrum.
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Figure A2.4. SAXS characterization — Simple cubic (SC)

(a) Azimuthally averaged 1D SAXS spectra of a representative FCC phase (blue: experiment, black: simulation). The
first eight scattering peaks and their corresponding Miller indices (hkl) are labeled (black dashed lines). (b) Structural
model of AuNP sublattice in FCC phase symmetry used to generate the simulated spectrum.
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Figure A2.5. SAXS characterization — TisGas-type phase
(a) Azimuthally averaged 1D SAXS spectra of a representative Ti5Ga4-type phase (purple: experiment, black:
simulation). The first eight scattering peaks and their corresponding Miller indices (hkl) are labeled (black dashed
lines). (b) The structural model of the AuNP sublattice in Ti5SGa4-type phase symmetry used to generate the simulated

spectrum.
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Figure A2.6. SAXS characterization — graphite-type (GT) and simple cubic (SC)
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(a) Azimuthally averaged 1D SAXS spectra of a representative mixture of GT and SC phases (green: experiment,
black: simulation of GT phase). For each phase, the first eight scattering peaks and their corresponding Miller indices
(hkl) are labeled (black dashed lines for GT phase and blue dashed lines for SC phase). The structural models of the

AuNP sublattice in (b) GT and (c) SC phase symmetries used to generate the simulated spectrum.
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Figure A2.7. SAXS characterization — partially disordered R-3m phase

(a) Azimuthally averaged 1D SAXS spectra of a representative mixture of a SH phase and a partially disordered R-
3m phase (pink: experiment, black: simulation). The first eight scattering peaks and their corresponding Miller indices
(hkl) are labeled (black dashed lines for SH phase and blue dashed lines for partially disordered R-3m phase). The
structural models of the AuNP sublattice in (b) SH and (c) partially disordered R-3m phase symmetries used to
generate the simulated spectrum. All AuNP positions (including partially occupied ones) are depicted in the latter
image..
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Figure A2.8. STEM characterization — face centered cubic (FCC)
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(a) Representative SE-STEM and (b) ADF-STEM images of FCC phase crystals after silica encapsulation. Cross-
sectional ABF-STEM image and 2D projection of the structural model (dotted black line represents unit cell edges)
along the (c) [1 -1 2] and (d) [1 1 1] zone axes of a ultramicrotomed FCC phase superlattice. (e) The boxed region of
a low-magnification ABF-STEM image (left) was Fourier-transformed to yield a diffractogram (right).
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(b)

Figure A2.9. STEM characterization — simple hexagonal (SH)

(a) Representative SE-STEM and (b) ADF-STEM images of a SH phase crystal after silica encapsulation. The shape
ofthe crystal is roughly hexagonal as the SH phase has multiple lattice planes with hexagonal patterns. Cross-sectional
ABF-STEM image and 2D projection of the structural model (dotted black line represents unit cell edges) along the
(c) [0 0 1] and (d) [1 O O] zone axes of a ultramicrotomed SH phase superlattice. (¢) The boxed region of a low-
magnification ABF-STEM image (left) was Fourier-transformed to yield a diffractogram (right).
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Figure A2.10. STEM characterization — simple cubic (SC)

(a) Representative SE-STEM and (b) ADF-STEM images of a SC phase crystal after silica encapsulation. The cubic
shape of the crystal reflects its simple cubic symmetry. Cross-sectional ABF-STEM image and 2D projection of the
structural model (dotted black line represents unit cell edges) along the (c) [1 1 1] and (d) [1 0 0] zone axes of a
ultramicrotomed SC phase superlattice. (¢) The boxed region of a low-magnification ABF-STEM image (left) was

Fourier-transformed to yield a diffractogram (right).
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(b)

(d)

Figure A2.11. STEM characterization — TisGas-type

(a) Representative SE-STEM and (b) ADF-STEM images after silica encapsulation of a Ti5Ga4-type phase crystal.
Due to the Ti5Ga4-type phase’s low symmetry, the crystals do not present any particular low-energy facets and thus
grow to form non-faceted, spherical micro-crystallites. Cross-sectional ABF-STEM image and 2D projection of the
structural model (red: 4d, blue: 6g, dotted black line represents unit cell edges) along the (¢) [-2 1 0] and (d) [0 0 1]
zone axes of a ultramicrotomed Ti5Ga4-type phase superlattice. (¢) The boxed region of a low-magnification ABF-
STEM image (left) was Fourier-transformed to yield a diffractogram (right).
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(d)

Figure A2.12. STEM characterization — Graphite type (GT)

(a) Representative SE-STEM and (b) ADF-STEM images of a GT phase crystal after silica encapsulation. The shape
of'the crystal is roughly hexagonal as the GT phase has multiple lattice planes with hexagonal patterns. Cross-sectional
ABF-STEM image and 2D projection of the structural model (dotted black line represents unit cell edges) along the
(¢) [0 1 2] and (d) [0 O 1] zone axes of a ultramicrotomed GT phase superlattice. (¢) The boxed region of a low-
magnification ABF-STEM image (left) was Fourier-transformed to yield a diffractogram (right).
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Figure A2.13. STEM characterization — Partially disordered R-3m phase

(a) Representative SE-STEM and (b) ADF-STEM images of the partially disordered R-3m phase crystals after silica
encapsulation. Due to R-3m’s low symmetry, the crystals do not present any particular low-energy facets and thus
grow to form non-faceted, spherical micro-crystallites. The colloidal crystal sample is comprised of nanoparticle
superlattices in SH and partially disordered R-3m phases. Cross-sectional ABF-STEM image and 2D projection of
the structural model (dotted black line represents unit cell edges) along the (c) [2 -1 2] zone axis of a ultramicrotomed
SH phase superlattice and (d) along the [0 0 1] zone axis of a ultramicrotomed R-3mphase superlattice. (¢) The boxed
region of a low-magnification ABF-STEM image (left) was Fourier-transformed to yield a diffractogram (right).



