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ABSTRACT
MORGAN RENEE CHANDLER. Dynamic and Conditionally Activated Nucleic Acid
Nanoparticles. (Under the direction of DR. KIRILL AFONIN)

Programmed interactions of nucleic acids—including DNA and RNA—orchestrate
genetic expression and downstream cellular processes at every level. The structures of nucleic
acids rely on their sequences, which include traditional Watson-Crick base pairing as well as
non-canonical interactions and which make bottom-up structural design predictable and feasible.
By utilizing these biopolymers as materials for the design and assembly of nucleic acid
nanoparticles (NANPs), defined scaffolds can be constructed to carry out specific interactions
with other nucleic acids, immune receptors, and pathways. The design of NANPs offers the
advantage of modularity over traditional therapeutic approaches, as the targeting features can be
tailored without alteration of the overall pharmacokinetic profile. Here, the immunostimulatory
design parameters of therapeutic NANPs are explored as well as the conditional activation of
those therapeutic moieties, which work via the RNA interference pathway for post-
transcriptional gene knockdown. Overall, the further development of dynamic NANPs aims to
treat disease with greater individualized specificity and to induce strategic immune responses

towards the development of personalized medicine.
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CHAPTER 1: INTRODUCTION: INNATE IMMUNE RESPONSES TRIGGERED BY
NUCLEIC ACIDS INSPIRE THE DESIGN OF IMMUNOMODULATORY NUCLEIC
ACID NANOPARTICLES

1.1 Introduction

Nucleic acid biopolymers (RNA and DNA) have evolved to preserve and regulate the flow
of genetic information across all forms of life. Drawing from the variety of available structures of
naturally occurring or experimentally selected nucleic acid motifs, mostly manifested in RNAs, a
vast library of nucleic acid nanoparticles (NANPs) has been demonstrated (Figure 1) and further
investigated for the delivery of therapeutic moieties', material organization®>, or conditional
operations in mammalian cells®®.

However, as a result of evolutionary ubiquity, nucleic acids (NAs) have well-established
patterns of recognition and thus, the manner in which mammalian cells can interpret NANPs is
built upon the pre-existing machinery for bacterial and viral immune recognition. While the
recognition of exogenous NAs serves to defend against pathogen invasion, one key challenge for
cells remains to avoid an innate immune response to their own endogenous NAs. Four main
determinants have been identified to balance the recognition of self from non-self NAs: patterns
(foreign NAs are recognized based on the structure, sequence, or composition), location
(occurrence of NAs in compartments unusual for their presence), quantity (changes in relative
amounts of NAs compared to physiological conditions), and threshold (regulation of expression
of components for NA sensing and downstream signaling)'’. Accordingly, cells express pattern
recognition receptors (PRRs) that precisely identify signature motifs termed pathogen-associated
or danger-associated molecular patterns (PAMPs and DAMPs) in main cellular locations'!"!3,

Numerous key PRRs specializing in NA recognition will be discussed in this review with the

emphasis on NANP recognition pathways (Figure 2).
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Figure 1. The flow of NANP design and characterization. Structural and long-range interacting
motifs that can be either mined from natural NAs, selected via systematic evolution of ligands by
exponential enrichment (SELEX), or designed computationally are combined for the rational
design of programmable NANPs. All new NANPs are then extensively characterized and their
immunostimulation is assessed. Machine learning approaches such as quantitative structure-
activity relationship (QSAR) modeling which relates the physicochemical parameters to relative
immune response can be utilized to predict and optimize future NANP designs suitable for
specific biomedical tasks. (Additional abbreviations: three-way junction (3WJ); atomic force
microscopy (AFM); dynamic light scattering (DLS); electron microscopy (EM); Forster
Resonance Energy Transfer (FRET); human immunodeficiency virus (HIV); kissing loop (KL);
molecular dynamics (MD); nuclear magnetic resonance (NMR); polyacrylamide gel
electrophoresis (PAGE); pseudoknot (PK); packing RNA (pRNA); ultraviolet (UV))
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Figure 2. Possible ways of NANP processing in the cellular environment. NANPs complexed with
a polycationic carrier enter the cell via scavenger receptor-mediated endocytosis and get
recognized by TLRs (e.g., TLR7 for RNA cubes and TLR9 for both RNA cubes and rings). In the
cytoplasm, non-functional RNA/DNA hybrid NANPs can dynamically interact with each other to
activate pre-programmed functionalities such as the release of Dicer Substrate (DS) RNAs, later
processed into siRNAs, and NF-kB decoy containing dSDNAs which prevent NF-xB translocation
into the nucleus and the subsequent production of inflammatory cytokines. The use of longer
byproduct dsDNAs helps to activate the cGAS-STING pathway leading to the expression of
inflammatory genes.

As the first line of cellular defense, four endosomal membrane-located Toll-like receptors
(TLRs 3, 7, and 8 sensing RNAs and TLR9 sensing DNA) compose the group of PRRs that

recognize extracellularly invading bacterial and viral NAs'!" 4. Another group of PRRs that



resides in the cytoplasm and nucleus include RIG-I-like (RLRs) and MDAS receptors sensing
non-self RNAs along with cyclic GMP-AMP synthase (cGAS) and interferon-y-inducible protein
16 (IF116) sensing cytoplasmic DNA!®. The abundance of individual PRRs differs among
various tissues and cell types'®. While TLRs are mostly specific for cells of the immune system,
intracellular PRRs are broadly expressed. Detection of NA-based PAMPs triggers intricate
signaling cascades that pass through the pathway’s specific adaptor proteins defined by the type
of NA trigger and finally merge to the transcription factors NF-xB, IRF3, and IRF7'> 17, PRR
activation culminates in expression of host defense genes and translation of water-soluble
proteins (e.g., interferons, proinflammatory cytokines, and chemokines) essential for defense
against pathogens. However, the same immune responses that diligently defend against
pathogens can create an immunological hurdle for broad applications of therapeutic nucleic acids
(TNAs) and NANPs. While some recent TNA formulations have successfully overcome
immunological toxicities using chemical modifications and carriers, unwanted
immunostimulation remains the major challenge for further clinical translation'®. Establishing
trends in NANP recognition based on design and composition introduces new possibilities to
tailor NANPs for emulating the activations of specific immune pathways. Additionally, viral and
bacterial pathogens have evolved methods to circumvent, avoid, or enhance the innate
surveillance system. Therefore, critically examining the mechanisms of pathogen recognition and
manipulation of NA immune responses will provide valuable insight into the development of
NANP technology for clinical applications.
1.2 Recognition Receptors

As the field moves towards the development of rationally engineered NANPs with

9, 19-22

controlled immunostimulation , it becomes crucial to consider PRRs’ expression which is



often cell type-specific. For example, TLRs 7 and 8 can both recognize ssRNA; however,
plasmacytoid dendritic cells (pDC) and B cells can only express TLR7 while monocytes,
macrophages, and myeloid DCs preferentially express TLR8 with minimal expression of TLR7%*
25 Also, TLR7 can detect short stretches of dsRNAs?*2® and as a result, pDCs have been shown
to be the primary source of interferon production in response to cubic RNA NANPs via the TLR7
pathway?> . Recent studies have also suggested the possible involvement of TLRY in the
recognition of RNA cubes and rings in human peripheral blood mononuclear cells (PBMCs)%.
However, the mechanism of recognition has yet to be determined.

It is important to note that the expression of PRRs often changes during a diseased state
and, for example, the upregulation of TLR9 has been observed in patients with autoimmune
thyroid disease®’. As such, when choosing the designing principles of therapeutic NANPs, it is
vital to consider any disease-specific changes in expression patterns of relevant PRRs.

Expression of PRRs is also tightly regulated on the subcellular level to strategically
encounter pathogenic NAs while avoiding any recognition of self-NAs. The endosomal TLRs 3,
7, and 8 are synthesized in the ER and traffic from the Golgi to either endosomes or lysosomes,
while TLRY traffics from the ER directly to the endosomal compartment!”- 3!, Additionally,
proteolytic processing of TLR ectodomains is required for receptor signaling and, therefore, is
limited to the endosomal compartment®2. This tightly regulated trafficking of TLRs provides an
important means for avoiding the recognition of self-NAs. However, some pathogens evolved
several mechanisms aimed at escaping TLR-mediated detection. For example, some bacteria

utilize the endosomal compartment to create an intracellular replication niche®3-**

, Whereas other
microbes use effector proteins to decrease phagosomal calcium concentration, increase phagosome

pH, and avoid or reduce fusion with lysosomes>-¥. Manipulating phagosome maturation prevents



bacterial degradation and reduces the presence of NA ligands for endosomal TLRs. Alternating
phagosome maturation may also alter the presence or function of these TLRs in the endocytic
compartment. Therefore, pathogen recognition within the endosome is dependent on the presence
of functional TLRs.

While mechanisms of endosomal and TLR escape by pathogens may have deleterious
consequences for the host, they could be employed for designing SMART (Specific, Manageable,
Adjustable, Reproducible, and Targeted) NANPs for biomedical applications. Since NANPs are
made of nucleic acids which, when delivered into the endosomal compartment, could elicit TLR-
driven interferon responses, this property is beneficial for applications in which activation of the
immune system is desirable (e.g., vaccines and immunotherapies). In contrast, the mechanisms
analogous to those utilized by microbes escaping immune recognition could potentially be
implemented into the NANP design to diminish the immunorecognition of therapeutic cargo in
conditions for which immunostimulation is undesirable (e.g., drug delivery).

Similarly, the delivery and intracellular trafficking of NANPs are key determinants in
immune receptor recognition or avoidance. Due to their negative charge, free NANPs are unable
to enter the cell without the use of a carrier and are immunoquiescent®?. Activation of the NANPs’
immune recognition can, therefore, be controlled by selecting a delivery carrier with specificity to
certain routes of uptake, and, consequently, to various intracellular compartments. For example,
delivery via receptor-mediated endocytosis allows for the targeting of endosomal TLRs, while
delivery to the cytosol would introduce NANPs directly to cytosolic NA sensors such as RIG-I
and MDAS. Since TLR and RIG-I/MDAS pathways have different threshold concentrations for
activation by NA ligands, such flexibility in delivery would allow for dose-control over beneficial

type I interferon (IFN) responses. For example, when a robust type I IFN response is wanted,



delivery into the endosomal TLR-rich compartment is the optimal solution. In contrast, when it is
desired to activate a type I IFN by a higher concentration of NANPs, then delivery into cytosol is
the most optimal route.

An alternative strategy is the use of dynamic hybrid DNA-RNA NANPs which can surpass
recognition until they intracellularly re-associate with one another to release functional RNA
interference inducers (Dicer Substrate (DS) RNAs) and double-stranded (ds) DNA byproducts
(Figure 2)*°. Longer dsDNA, however, can activate the cGAS-cGAMP-STING pathway and
trigger the expression of inflammatory genes*’. To avoid this, the designed dsDNA byproducts
can be shortened and programmed to carry additional functions such as binding NF-kB and
lowering the subsequent production of proinflammatory cytokines'®. Tightly controlling NANP
intracellular trafficking via the use of specific carriers or development of tools that emulate
bacterial phagosome manipulation are essential next steps in the therapeutic application of
NANPs.

1.3 Signature Motifs

Mirroring pathogenic strategies, NANPs can be designed to either avoid PRRs entirely by
mimicking host NAs or to elicit specific signaling brought about by selective binding or
inhibition*'**>, While PRRs may have evolved to detect and disallow foreign NAs from entering
the cell, the use of NANPs has the potential to take advantage of well-established and predictable
NA processing. Using this strategy, an additional layer of programmability—tailored processing—
can be embedded into NANP structures.

Vaccine adjuvants which serve to enhance the immune response against an antigen are an
especially promising route for NANP technology. In addition to incorporating the most

immunostimulatory design principles into a NANP, there are also motifs which can direct immune



stimulation. Unmethylated CpG oligodeoxynucleotides which are common in bacterial genomes
are processed by TLR9**. Many nanoformulations have utilized CpG motifs to consistently induce
strong immune responses**. For NANPs, sequence-specific activation can be incorporated directly
as part of a multi-stranded assembly?!.

In order to evade detection and be seen as “self,” pathogens can mimic host mRNA by
protecting their own RNA with a 5’ end cap. Since viral RNAs lack RNA cap modification, its
absence is sensed by interferon-stimulated genes that regulate protein synthesis*. Utilizing these
approaches, RNA strands in NANP assemblies can be modified with a 5’ end cap if detection is
not desirable. Besides alternative routes to obtain cap structures or use cap-independent translation,
alphaviruses or filoviruses can use secondary structural motifs in the 5" UTR to alter IFIT
(interferon-induced proteins with tetratricopeptide repeats) binding and function®’. Almost each
virus is generating noncoding RNAs (ncRNAs) with diverse roles in the virus life cycle. These
ncRNAs modulating immune responses in favor of viral infection have medical potential as targets
for the development of novel antiviral therapeutics. Furthermore, RNA motifs or RNA
modifications involved in subverting cellular immunity can enrich the field of NA nanotechnology.
Embedding such motifs in NANPs would allow for designing assemblies with attenuated
immunogenicity and enhanced stability for transfected or in vivo co-transcriptionally assembled
nanoparticles.

Taking the programmability of NANPs into consideration at the very initial stages of
design, the composition and dimensionality of NANPs have been shown to greatly dictate their
processing and subsequent initiation of immune responses®?. Globular NANPs have been shown
to be more immunostimulatory than planar NANPs, which in turn are more immunostimulatory

than fibrous NANP structures (Figure 3A). Within the same dimensions, the composition (RNA,



DNA, or an RNA/DNA hybrid) also influences the extent of immune response?® “°. NANPs
made of DNA have been shown to be less immunostimulatory than the RNA counterparts*’ and
thus can act as an immunoquiescent carrier for the delivery of therapeutic cargos. However,
DNA NANPs can also be advantageous for strategic activation, as DNA constructs have been
utilized to bind to TLRY in the endosome, causing downstream production of type I IFNs for
immune modulation*®>!. With increasing numbers of RNAs in their composition, NANPs
become more immunostimulatory*’. RNA NANP interactions with endosomal TLRs 7 and 9?? as
well as with RLRs? induce the production of pro-inflammatory cytokines and type I IFNs
downstream. Upon functionalization with DS RNAs, each NANP becomes relatively more
immunostimulatory. However, the orientation of functional moieties has been shown to regulate
the magnitude of stimulation** 3. Additionally, despite the basic sequence of the NANP, the
structural trends prevail, with reverse complement “anti” NANPs producing the same relative
stimulation. In order to stimulate any immune response, NANPs must be taken up by cells
utilizing a carrier and the greatest IFN production comes from pDCs (Figure 3B). Other trends
in NANP design parameters have been investigated using QSAR modeling, during which a
library of polygonal NANPs was designed based upon the minimal changes in their sequences,
but varying between their composition, relative blood stability, melting temperature, molecular
weight, GC content, K, and size*®. Analyzing these descriptors in addition to their relative levels
of immune stimulation allowed for correlations between physicochemical and
immunostimulatory properties of NANPs, suggesting that molecular weight, melting
temperature, and relative blood stability might be the most closely linked descriptors to immune

response (Figure 3C).
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Figure 3. Trends in immune stimulation by NANPs. (A) The dimensionality, composition,
functionalization, orientation, and sequence of NANPs have been evaluated relative to
contributions to immunostimulation. Globular NANPs are more immunostimulatory than planar
NANPs, which are in turn more immunostimulatory than fiborous. For composition, an
increasing number of RNA strands in an assembly over DNA strands yields a greater subsequent
immune response. Increased functionalization of NANPs with DS RNAs increases relative IFN
production, while the orientation of DS RNAs within a single fibrous structure can decrease the
effect. Finally, the sequences between variations of the structure have no effect on immune
stimulation, while the structure itself is what dictates the response. (B) Neither free NANPs
without a carrier nor electroporated free NANPs induce any IFN response. Instead, transfection
using a polycationic carrier is necessary to trigger the IFN production. Across multiple immune
cell types including PBMCs, plasmacytoid dendritic cells (pDCs), monocytes (Mo), myeloid
dendritic cells (mDCs), and monocyte-derived dendritic cells (moDCs), pDCs show the greatest
production of types I and III IFNs in response to various NANPs. (C) A library of RNA,
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relative blood stability (1), melting temperature (Tm), molecular weight (MW, g/mole), GC
content, Kgq (nM), and size (nm) revealed that those descriptors had the respective impact on
NANP-induced immune stimulation.

1.4 Safety considerations and future directions

The immune stimulation by TNAs and NANPs has been a significant challenge to the
transition of these biotechnologies into the clinical setting®®. Since overwhelming
immunostimulation may have deleterious consequences to the host, understanding the mechanisms
by which NANPs activate the immune cells while monitoring the biomarkers of inflammation in
the context of NANPs’ physicochemical properties constitute a framework for responsible and safe
use of these materials. Infusion reactions resulting from cytokine storms or complement activation-
related pseudoallergies (CARPA) have adverse systemic effects which can surpass the efficacy of
therapeutics and deprecate their biocompatibility. Therefore, recent studies have investigated
patterns of immune recognition between different designing strategies of NANPs in order to more
accurately predict their immune responses>% 2% 4,

Preestablished and well-evolved immunorecognition pathways by bacterial and viral
pathogens present a direct means for NANP recognition, but also offer a great advantage to the
field of TNAs by offering a known road map around which therapeutic strategies can be planned.
With this in mind, predictable immune activation can be incorporated into the design of NANPs
which could be a boon for immunotherapy and the use of vaccine adjuvants in one direction, as
well as for immunoquiescent drug delivery in another.

1.5 Future Directions and Theme

With individualized approaches to sequencing becoming more and more accessible, the
future for personalized therapeutic approaches has great potential, especially when it comes to
sequence-related ailments which can be directly targeted by sequence-composed therapeutics.

Nucleic acid nanotechnology presents a unique opportunity for tailoring formulations directly to
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clinically relevant applications where specific disease signatures can be addressed with the

modularity and programmability of NANPs. As naturally occurring functional biomaterials,

nucleic acids can interact directly with one another and with other classes of biomolecules such
that nucleic acid-based constructs inspired by naturally occurring motifs can also be imbued with
biological functions. The rational design of the sequences, composition, dimensionality, and
incorporation of TNAs, chemical modifications, and drug delivery agents make this platform
highly tailorable for interactions with specific cellular components. In particular, these dynamic
systems can be designed to interact with PRRs of the innate immune system for control over the
immunostimulation generated upon their introduction into the cellular environment.

Given this background, the following works aim to expand upon this general theme of
dynamic NANP platforms. The NANPs and nucleic acid assemblies discussed herein are
designed to present or conditionally release DS RNAs for gene knockdown via RNAi while their
general immunostimulatory properties are explored in cell lines. This combination of functions
aims to optimize the choice of NANPs which may be utilized for carrying out dynamic
therapeutic activities in vitro and in vivo.
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2 CHAPTER 2: BROCCOLI FLUORETS: SPLIT APTAMERS AS A USER-
FRIENDLY FLUORESCENT TOOLKIT FOR DYNAMIC RNA
NANOTECHNOLOGY

2.1 Introduction

DNA and RNA, which are best known for their roles in processing genetic information, are
natural biopolymers that are also increasingly utilized in the design and construction of nucleic
acid nanoparticles (NANPs)'™. Predictable pairing between canonical Watson—Crick bases (A—U
(or T) and G—C) in RNA and DNA as well as the possibility for additional non-canonical base
pairs, generally characteristic of RNA®, allow for the assembly of programmable and well-
defined structures that can coordinate an array of functions®. Such functions can be demonstrated
by the diverse roles of natural nucleic acids (mostly RNA) as exemplified by riboswitches,
ribozymes, mRNAs, aptamers, and siRNAs that are capable of fine-tuning and orchestrating
biological environments®. RNA nanotechnology aims to design functional NANPs based on
RNA’s ability to self-assemble, interact with other molecules, and exhibit fine-tunable
physicochemical properties>’~. Rationally designed nucleic acids which are programmed to
interact with other sequences, molecules, or in response to various stimuli have led to the
development of molecular logic gates and biosensors'® !>, The most recent achievements take

advantage of these properties in constructing NANPs which are dynamic in structure and can

16,17 18,19

independently'®" " or interdependently *'” act in human cells, conditionally activating pre-
programmed functionalities and triggering responses. Similar design principles can

be applied to engineer diagnostic devices and smart therapeutics?’. The rapid development of
NANP-based dynamic platforms demands synchronized advancements in various robust

visualization and tracking techniques that are user-friendly and biocompatible.
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The responsive behaviors of NANPs can be directly visualized in living cells using
complementary strands labeled with pairs of dyes that can undergo Forster resonance energy
transfer (FRET). Tracing changes in FRET signals that result upon re-hybridization of labeled
strands entering the compositions of cognate NANPs confirms the dynamicity of their behavior
in real time'®2?!?2, The integrity of NANPs in cells can be verified through the co-localization of
multiple different fluorophores simultaneously entering the composition of NANPs?*%*, RNA
probes also allow for a modular approach to visualization; fluorescent in situ hybridization, or
FISH, and molecular beacons have been introduced to cells to give a fluorescent response upon
binding to a target sequence? 7. However, for all aforementioned techniques, the fluorescent
dyes must be covalently linked to either the 5’- or 3’-end of nucleic acids, which makes the
techniques limited to only exogenously introduced NANPs.

For visualizing intracellular RNAs, the MS2-green fluorescent protein (GFP) system has
been utilized to tag and image endogenous RNAs in cells?®. However, this approach requires
tagging RNAs with multiple copies of GFP systems in order to separate the desired signal from
the background noise. This may affect the mobility of labeled RNAs and drastically alter their
function. In turn, the split GFP system, in which two halves of the GFP are brought within
binding proximity for restored fluorescence, has allowed for a conditionally activated

1'® and this approach can potentially be used to validate the formation of

fluorescence signa
NANPs in cells?*2°. The combination of several fluorescent proteins forming FRET pairs is
another possible way for NANP visualizations!. However, all these systems require the presence
of bulky tags and may be limited to the intracellular compartmentalization of NANPs.

The development of RNA aptamers which activate fluorophores upon binding has been a

major improvement over these imaging techniques, offering a high signal-to-noise ratio,
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modularity for simple sequence incorporation and tagging, and real-time protein-free imaging in
cells®. Using systematic evolution of ligands by exponential enrichment, or SELEX, to select a
unique RNA sequence which binds and activates a normally non-fluorescent dye, the malachite
green (MG) aptamer was first developed™. Similar to split protein systems, splitting MG
aptamers allowed for fluorescence detection of nucleic acids****. In nucleic acid nanotechnology,
any fluorescent aptamers can act as functional units which can be easily embedded into the
NANPs’ structures by simple extension of individual strands. By doing this, NANPs’ assembly

verification®, tracking NANPs’ co-transcriptional assembly’-3

, and monitoring the dynamic
behavior of interdependent RNA-DNA hybrids??3® have been successfully achieved. However,
the high cytotoxicity of MG (a triphenylmethane dye) and its non-specific binding to cellular
components warranted the further search for new biocompatible RNA aptamers which could be
used at higher concentrations in cells*. Using SELEX, a Spinach aptamer was selected to bind a
GFP fluorophore analog, the dye (Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-
imidazol-5(4H)-one (DFHBI), and to exhibit green fluorescence when bound*”*®. The Spinach
aptamer was further optimized into Spinach2 for greater thermostability and brightness, yet still
required a tRNA scaffold to promote folding and stability which made it susceptible to
endonucleases and limited cellular activity***°. A new aptamer with a three-way junction
scaffold called F30-Broccoli was subsequently developed with a higher T, and higher binding
affinity for ligand DFHBI-1T, an optimized dye®>**2,

Fluorescent RNA aptamers such as Spinach, Broccoli, and Mango have been used to
monitor a variety of metabolites and proteins in mammalian and bacterial cells*®*~%. To assess

the actions of dynamic NANPs, these new aptamers were also split such that fluorescence is

restored only upon the subsequent halves of the aptamer being brought into close proximity to
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re-associate and bind to a dye. Split Spinach*’ and split Broccoli'® have been developed as tools
for assessing the conditional activation of fluorescence. Based on the studied G-quadruplex
structure of the Spinach aptamer which is involved in binding DFHBI, the sequence of Spinach
was shortened into Baby Spinach while exhibiting comparable fluorescence*®. As the Broccoli
aptamer is also expected to depend on a G-quadruplex for fluorescence activation, we set out to
optimize the split F30-Broccoli aptamer experimentally in order to produce several conditionally
activated splits, that here we call fluorets, without the complexities of solving for multiple
cocrystal structures of Broccoli bound to DFHBI-1T*%*%, We suggest several experimental
schemes allowing for both conditional activation and deactivation of fluorescent responses using
the split aptamers technology.
2.2 Results and Discussion

Rationally designed (as described in Methods) split F30-Broccoli (or original F30-
Broccoli) aptamers were assembled in the presence of DFHBI-1T to assess their responses to an
array of stimuli (Figure 4A) which would allow for their optimized utilization as tools in RNA
nanotechnology. Potential folding and assembly of fluorets were assessed using NUPACK*
(Figure A1) and from this library, eight different variations of the split F30-Broccoli aptamer
were experimentally tested for assembly and fluorescence activation by non-denaturing
polyacrylamide gel electrophoresis (native-PAGE) and fluorescence measurements. The results
revealed that out of eight of the chosen fluorets, only five exhibited detectable fluorescence
(Figure 4B). Because the fluorets have an additional starting sequence necessary for synthesis by
in vitro transcription, their assemblies appear slightly higher on the gel when compared to the
complete F30 aptamer. Fluorets D and E which appear to fluoresce the brightest in the presence

of DFHBI-1T do not assemble; the Broc half of each fluoret fluoresces on its own, as the
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G-quadruplex DFHBI-1T-binding structure is not affected by the location of the split (Figure
A2). This suggests using the individual Broc strands of D and E as truncated versions of F30
Broccoli. Once the active fluorets were identified, we then tested various stimuli to conditionally
activate or deactivate them (Figure 4C). We proposed several important stimuli such as the
presence of enzymes (RNase, DNase, or T7 RNA polymerase), responses to changes in
temperature, presence of divalent ions, and programmability via the addition of complementary
strands. Developing molecular devices able to respond to these stimuli may potentially assist in

studies of metabolic processes and the dynamic behavior of NANPs.
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Figure 4. Computer-aided design, assembly, and characterization of fluorets. (A) Schematic
representation of experimental pipeline with used experimental techniques indicated. (B)
Positions of cuts (denoted A—H) chosen to be tested in this work and assessment of
functionalities with native-PAGE and fluorimetry. Conditional activation of fluorescence is
schematically demonstrated by AND gates. (C) Schematic representation of conditional
activation and deactivation of fluorets tested in this work.

We first experimentally confirmed that fluorets can be assembled co-transcriptionally
while activating DFHBI-1T fluorescence. We followed the protocols of previously established

generalized in vitro methodology for the one-pot T7 RNA polymerase-driven co-transcriptional
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assembly of different RNA NANPs?>, including those functionalized with up to ten siRNAs for
co-RNAi™. In vitro run-off transcription performed with the mixture of DNA duplexes carrying
T7 RNA polymerase promoters resulted in relatively high NANP assembly yields. In this work,
using DNA templates of complementary fluorets in the presence of T7 RNA polymerase and
transcription mix, complete fluoret RNAs were transcribed and assembled over 3.5 h, visualized
by native-PAGE, and tracked in real-time using fluorescence (Figure SA). The results suggest
this system for further investigation with NANP production in cells. The ability to transcribe and
assemble NANPs co-transcriptionally in mammalian cells is a promising avenue for their
applications in vivo and assemblies with incorporated fluorets would allow for their simple
visualization®. The use of mammalian cell lines for large-scale NANP production is expected to
reduce endotoxin contamination and pave the way towards NANP-based personalized

3132 would

therapeutics. T7 RNA polymerase, which can be expressed in mammalian cells
provide tight control over transcription regulation (cytoplasmic polymerase with unique 20 bps
promoter), permits the use of shorter DNA templates, and offers faster transcription rates
compared to RNA polymerase II.

It is beneficial to trace the activity and involvement of various enzymes in real time. As a
proof of concept, we tested if the presence of different nucleases can conditionally drive either
assembly or disassembly of fluorescent fluorets. Hybrid DNA/RNA duplexes for each fluoret
monomer with an excess of DNA were incubated with DNase, resulting in the assembly of
complete RNA fluorets which were then further deactivated by RNase (Figure 5B). The

increased chemical stability of RNA/DNA hybrids?? offers a way to keep fluorets dormant (thus,

extending their shelf-life) until activation is desired.
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transcriptional assembly of fluorets in the presence of DFHBI-1T. (B) DNase-assisted production
of active fluorets from RNA/DNA duplexes, and their further deactivation with RNases.

The temperature-responsive behavior of fluorets may enable them to act as “molecular
thermometers” in that their fluorescence can be turned “off” and “on” again upon reaching a
specific melting temperature (Figure 6A and Figure A3). This responsiveness allows for a
personalized selection of the splits to be incorporated into NANPs based on their Tws and the
temperature of the environment in which they will be functioning. The fluorets also demonstrate
some minor variations in stability in human blood serum (Figure 6B), allowing them to act as
“molecular clocks” for tracking in circulation during in vivo studies. The thermal and chemical
stability of fluorets can be extended by potentially elongating their flanking helices or changes in
Mg?* concentrations. Oscillations between the activation and deactivation of the fluorescence
can not only be controlled with temperature, but also upon the addition of a chelating agent such
as ethylenediaminetetraacetic acid (EDTA) that removes the Mg?* ions necessary for forming the

tertiary structure of the aptamers required for binding and activating DFHBI-1T fluorescence.
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Importantly, the functional structure can be restored upon the subsequent addition of Mg?" and

the oscillation can continue based on repeated additions (Figure 6C).
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Figure 6. Molecular devices built with fluorets. (A) “Molecular Thermometer” that tracks the
temperature changes via fluorescence activation and deactivation. (B) “Molecular Clock” that
can trace the presence of sample in human blood serum via the fluorescence deactivation. (C)
“Molecular Oscillators” working in response to the presence of magnesium ions. Statistical
analysis was performed by one-way ANOVA (** p <0.01, *** p <0.001, **** p=0.0001). (D)
“Molecular Switches” responding to the introduction of oligonucleotides.

Logic gating and the development of programmable NANPs often utilize strand
displacement for triggering dynamic interactions’>. Likewise, the fluorets can act as “molecular

switches” which are activated or de-activated by the addition of other oligonucleotides™.
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Complementary DNAs to the split Broc or Coli strands which contain programmable toeholds
can be used to disassemble fluorets and can in turn be displaced by full complement strands for
the re-assembly of the fluoret with restored fluorescence (Figure 6D). Single stranded fluorets D
and E can be deactivated by adding the complementary strands. This isothermal strand
displacement is thermodynamically driven and becomes possible due to the presence of unpaired
nucleotides in the secondary structure of F30-Broccoli as well as T7 RNA polymerase starting
sequences added to the 5'-ends of all fluorets. The deactivation of F30-Broccoli, however,
requires at least five-fold excess of complementary strand (Figure AS). Fluorets as output
strands in molecular circuits can be used to provide a fluorescent response only when both are
produced. While current applications for logic gating remain in vitro, future work will
characterize the brightness of fluorets in various cell lines separately and when incorporated into
dynamic NANP assemblies> for their transition to in vivo work.
2.3 Materials and Methods
2.3.1 Design of Broccoli Fluorets

Starting with the original split F30-Broccoli aptamer!'® with a cut after U45 separating
Broc (45 nts) from Coli (72 nts), the fluorets were designed by simply moving the location of the
split downstream 3 bases or upstream 3 bases. The +/— number indicates how many bases away
from the original split site the new cut was made (e.g., B + 6 is 51 nts long, Coli — 6 is 66 nts
long). The final group of eight fluorets was chosen via the analysis of NUPACK* predicted
secondary structures (Figure A1), looking for either the greatest similarity to the original F30-
Broccoli aptamer or for structures which addressed the importance of various functional regions
in the aptamer sequence. With the original split'® labeled as A, splits B, C, F, G and H were

selected to be within close proximity in order to elucidate the relationship between the structure
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of the hairpin containing the original split and DFHBI-1T binding. Splits D and E were chosen to
test the truncated versions of the F30-Broccoli scaffold.
2.3.2 RNA Preparation

DNA strands were purchased from Integrated DNA Technologies (Coralville, IA, USA)
(Sequences available in Supporting Information) and PCR-amplified using MyTaq™ Mix from
Bioline (London, UK). PCR products containing T7 RNA polymerase promoters were purified
using the DNA Clean and Concentrator™ kit from Zymo Research (Irvine, CA, USA). RNAs
were produced by in vitro run-off transcription with T7 RNA polymerase (80 mM HEPES-KOH
(pH 7.5), 2.5 mM spermidine, 50 mM DTT, 25 mM MgCl,, 5 mM each rNTP). After 3.5 h at 37
°C, the reaction was incubated with RQ1 RNase-free DNase (New England BioLabs, Ipswich,
MA, USA) prior to purification using denaturing 8 M urea polyacrylamide gel electrophoresis
(PAGE, 15%). RNA bands were visualized under UV (short wavelength), cut, and eluted in
crush and soak buffer (300 mM NaCl, 89 mM tris-borate (pH 8.2), 2 mM EDTA) overnight.
Precipitation of the RNA was done in 2.5 volumes of 100% ethanol for 3 h at —20 °C. Samples
were rinsed with 90% ethanol, vacuum dried, and dissolved in double-deionized water (17.8
MQ-cm).
2.3.3 Broccoli Aptamer and Fluoret Assembly

F30-Broccoli RNA or Broc and Coli RNA strands composed of unmodified nucleotides
were mixed in an equimolar ratio in double-deionized water. The samples were heated to 95 °C
for 2 min, snap-cooled to 4 °C for 2 min, and assembly buffer (89 mM tris-borate (pH 8.2), 2

mM MgCl, 50 mM KCI) was added, followed by 30 min of incubation at 37 °C.
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2.3.4 Co-Transcriptional Assembly

PCR-amplified DNA templates for complementary splits were added 1:1 as 20% final
volume with T7 RNA polymerase (80 mM HEPES-KOH (pH 7.5), 2.5 mM spermidine, 50 mM
DTT, 25 mM MgCl,, 5 mM each rfNTP) and 10 uM DFHBI-1T in buffer. Samples in triplicate
were placed at 37 °C on a Bio-Rad CFX96 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA) for 3.5 h. Fluorescence was measured every minute, using 10 uM DFHBI-
IT in buffer and transcription reactions at the above concentrations but without pDNA as
negative controls.
2.3.5 Electrophoretic Mobility Shift Assays

For analysis, 8% non-denaturing native-PAGE (37.5:1) was used in the presence of 89
mM tris-borate (pH 8.2) and 2 mM MgCl,. Native-PAGE gels were run for 20 min (Mini-
PROTEAN® Tetra system by Bio-Rad, Hercules, CA, USA) at 4 °C and 300 V. Prior to
staining, gels were washed 3 x 5 min in water and stained for 15 min in 10 uM DFHBI-1T in
buffer (50 mM HEPES (pH 7.4), 100 mM KCI, 1 mM MgCly) as previously reported*’. Gels
were imaged using a ChemiDoc MP system (Bio-Rad) for Alexa488. Afterwards, gels were
washed again with water and stained for 10 min with ethidium bromide for total visualization.
2.3.6 EDTA Degradation and Mg?** Formation

Fluorets were assembled as normal at a concentration of 4 uM with 10 uM DFHBI-1T in
buffer and measured using a NanoDrop 3300 (Thermo Scientific, Waltham, MA, USA). An
amount of 1 pL of 10 mM EDTA was added to the sample, which was incubated at room
temperature for 2 min before measuring again with a NanoDrop 3300. This was repeated using 1
pL of 10 mM Mg?* and incubating for 2 min at room temperature and again using 10 mM

EDTA.
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2.3.7 Nuclease-Driven Assembly/Degradation

Split Broc RNA strands were assembled with Coli DNA strands (and vice-versa) by
mixing in an equimolar ratio in double-deionized water. The samples were heated to 95 °C for 2
min, snap-cooled to 4 °C for 2 min, and assembly buffer (89 mM tris-borate (pH 8.2), 2 mM
MgCl>, 50 mM KCI) was added, followed by 20 min of incubation at room temperature. Each
hybrid split was then added with its opposite hybrid split (e.g., dBroc + rColi was added with
rBroc + dColi) in an equimolar ratio at a final concentration of 1 uM with 2/15 volume of RQ1
RNase-free DNase (New England BioLabs). This was incubated at 37 °C for 30 min, then 2/5 of
the volume were added to RNase ONE™ (Promega, Madison, WI, USA) at a volume equal to
the RQ1 RNase-free DNase added previously. This was incubated at 37 °C for 30 min. Samples
were visualized on an 8% non-denaturing native-PAGE (37.5:1) in the presence of 89 mM tris-
borate (pH 8.2) and 2 mM MgCl run for 20 min at 4 °C and 300 V.
2.3.8 Strand Displacement

Fluorets were assembled as previously described and then added in an equimolar ratio
with either DNA for Broc or DNA for Coli prior to incubation at 37 °C for 30 min. RNA fluoret
monomers were also assembled with their complementary DNAs as controls by mixing in an
equimolar ratio in double-deionized water, heating to 95 °C for 2 min, snap-cooling to 4 °C for 2
min, and adding assembly buffer (89 mM tris-borate (pH 8.2), 2 mM MgCl,, 50 mM KCI)
followed by 20 min of incubation at room temperature.
2.3.9 Thermal Deactivation/Activation

Aptamers were assembled as previously described. For in vitro staining with DFHBI-1T,
assemblies were mixed in a 1:1 volumetric ratio with 20 uM DFHBI-IT in buffer (100 mM

HEPES (pH 7.4), 200 mM KCI, 2 mM MgCl) and incubated for 30 min at 37 °C. Assemblies at
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a final concentration of 1.25 uM underwent a 4 °C to 80 °C thermal gradient with a step size of
0.5 °C per 5 s using a Bio-Rad CFX96 Touch Real-Time PCR Detection System. For the
reactivation of fluorets, assemblies were programmed to undergo cooling from 80 °C to 4 °C
with a step size of 2 °C per 45 s. Fluorescence of thermal deactivation was measured in triplicate
for all fluorets using 10 uM DFHBI-IT in buffer and F30-Broccoli without DFHBI-1T (1.25
uM) as negative controls. Analysis of Tm £ SEM was done in GraphPad Prism Software
(Version 7, GraphPad Software, San Diego, CA, USA) with a Boltzmann sigmoidal curve fit.
2.3.10 Blood Stability
Aptamers were assembled as previously described, mixed in a 1:1 volumetric ratio with

20 uM DFHBI-1T in buffer, and incubated for 30 min at 37 °C. An amount of 9 pL of assembled
aptamer at a final concentration of 1.25 uM was added with 1 pL of 20% HBS and placed at 37
°C on a Bio-Rad CFX96 Touch Real-Time PCR Detection System. Fluorescence was measured
every min, using 2% HBS with 10 uM DFHBI-1T in buffer and 1.25 puM of F30-Broccoli with
2% HBS without DFHBI-1T as negative controls. Analysis of ti» was done in GraphPad Prism
Software with a linear fit.
2.3.11 Statistics

Statistical analysis was done by one-way analysis of variance (ANOVA) using GraphPad
Prism Software. All column means were compared by Tukey’s multiple comparison test. A p-
value of less than 0.05 was considered to be statistically significant.
2.4 Conclusions

In conclusion, the experimental design reported in this work is anticipated to lead the
development of several robust strategies allowing for real-time fluorescence-assisted tracking of

various processes at the nanoscale level. The reported system is made of biocompatible materials
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that can be used for a broad range of biological and nanotechnological applications both in vitro

and potentially in vivo. The developed experimental schemes are expected to help address some

fundamental questions such as co-transcriptional folding of RNAs, formation of multi-stranded

RNA NANPs, and their responses to various stimuli. Such complex behaviors will definitely

promote fields such as synthetic biology or applications such as the stimulation of differentiating

cells during basic research and tissue engineering. Although only eight different variations in the

split aptamer were tested, optimized fluorescence of the split was demonstrated and shown to be

responsive to various stimuli.
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2.6.1 Sequences Designed in this Project
Sequences which were tested experimentally, listed 5’ to 3°:
F30 Broccoli:
GGGAAAGUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUCGUAUCUG
UCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCGGGAUCAUUCAUG
GCAA
Free energy: -42.50 kcal/mol
Broc:
GGGAAAUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUU
Coli:
GGGAAACGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUU
CGGGAUCAUUCAUGGCAA
Broc + Coli free energy: -44.78 kcal/mol
Broc+3:
GGGAAAUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUCGU
Coli-3:
GGGAAAAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCGG
GAUCAUUCAUGGCAA
(Broc+3)+(Coli-3) free energy: -46.08 kcal/mol
Broc+6:

GGGAAAUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUCGUAUC
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Coli-6:
GGGAAAUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCGGGAU
CAUUCAUGGCAA
(Broc+6)+(Coli-6) free energy: -42.98 kcal/mol

Broc+36:
GGGAAAUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUCGUAUCUGU
CGAGUAGAGUGUGGGCUCCCACAUACU
Coli-36:
GGGAAACUGAUGAUCCUUCGGGAUCAUUCAUGGCA

(Broc+36)+(Coli-36) free energy: -47.88 kcal/mol
Broc+39:
GGGAAAUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUCGUAUCUGU
CGAGUAGAGUGUGGGCUCCCACAUACUCUG
Coli-39:
GGGAAAAUGAUCCUUCGGGAUCAUUCAUGGCA

(Broc+39)+(Coli-39) free energy: -47.98 kcal/mol
Broc-3:
GGGAAAUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAU
Coli+3:
GGGAAAAUUCGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUC
CUUCGGGAUCAUUCAUGGCAA

(Broc-3)+(Coli+3) free energy: -42.48 kcal/mol

Broc-6:
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GGGAAAUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCA
Coli+6:
GGGAAAGAUAUUCGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUG
AUCCUUCGGGAUCAUUCAUGGCAA

(Broc-6)+(Coli+6) free energy: -46.68 kcal/mol
Broc-12:
GGGAAAUUGCCAUGUGUAUGUGGGAGACGGUCG
Coli+12:
GGGAAAGGUCCAGAUAUUCGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACU
CUGAUGAUCCUUCGGGAUCAUUCAUGGCAA

(Broc-12)+(Coli+12) free energy: -46.68 kcal/mol
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2.6.2 Supporting Figures

F30-Broccoli
A B C
B+0 B+3 B+6 B+9 B+12
B+15 B+18 D B+21 E B4 B+27
®A
®C
@G
B+30 B+33 B+36 B+39 B+42 . U
F B+45 G B+48 B+51 H B+54 B+57
B-3 B-6 B-2 B-12 B-15
B-18 B-21 B-24 B-27 B-30

Figure A1l: Secondary structures of designed Broccoli Fluorets, predicted by NUPACK at 37 °C.
Some of them are completely misfolded (e.g., B-24, B-27, etc.) when compared to the secondary
structure of original F30 Broccoli. Based on the secondary structure analysis, eight fluorets



(boxed in green) were chosen for further experimental characterization. The splits of chosen
constructs address the potential influence of different areas of F30-Broccoli aptamer on its
fluorescent properties. The choice of = 3 nts was arbitrary.

F30-Broccoli
A Coli

B Coli-3

C Coli+3

D Coli-36

E Coli-39

F Coli-6

G Coli+6

H Coli+12
F30-Broccoli
A Broc

B Broc+3
CBroc-3

D Broc+36
E Broc+39

F Broc+6

G Broc-6

H Broc-12

Figure A2: Fluorescence of individual monomer strands. Strands were visualized on an 8%
native-PAGE stained with DFHBI-1T.
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Figure A3: “Molecular Thermometers” that track the temperature changes via fluorescence
deactivation.
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Molecular Switches

Coli+anti-Coli
Broc+anti-Broc
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Figure A4: “Molecular Switches” responding to the introduction of oligonucleotides.
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F30 Broccoli RNA : DNA
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DFHBI-1T
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Figure A5: F30 Broccoli RNA assembled with increasing ratios of its complementary DNA. All
RNAs are added at 1 uM.
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3 CHAPTER 3: CONTROLLED ORGANIZATION OF INORGANIC MATERIALS
USING BIOLOGICAL MOLECULES FOR ACTIVATING THERAPEUTIC
FUNCTIONALITIES

3.1 Introduction

The organization of inorganic materials in diverse 3D nanostructures with hierarchical
complexity mimics biological approaches by combining nanoscale components of distinct
physicochemical properties with promising applications in imaging', sensing?, drug delivery?,
and tissue engineering* with a variety of assembly strategies. Generally, there are two
approaches for the fabrication of materials with defined features and functionality at the
nanometer scale: top-down and bottom-up. In several top-down approaches, inorganic structures
of cellular origin can serve as templates for the organization of nanomaterials. Attachment to
these template surfaces can be nonspecific, or microorganisms can be genetically engineered to
express functional groups for selective interactions with nanoparticles or their adsorption with
increased affinity.’”” The top-down methods for nanoparticle organization on the cellular scale
are intrinsically less controllable and highly depend on the structure/shape of the template.
Therefore, the bottom-up approach for de novo organization of inorganic particles by natural
polymers such as polypeptides and nucleic acids offers advantages for regulating assembly
behavior and morphology.®

Nucleic acids are materials with programmable, dynamic, and environmentally responsive
functional components for hybrid nanoparticle systems. Due to their simple primary structure
and known rules that guide the formation of their secondary and tertiary conformations, nucleic
acids are robust materials for scaffolding in comparison to proteins or other biopolymers. The
use of Watson-Crick base pairing as a means of prescribing bottom-up assembly strategies has

been shown to control and rationally program the 3D self-assembly of functional particles into
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well-ordered organizations from the nano- to microscale.’'? Several experiments have
demonstrated the versatility of nucleic acid scaffolds for displaying functional DNA/RNA motifs
with intrinsic functionalities and promising applications in biotechnology or biomedicine.!* !
The ability to dynamically respond to the environment makes nucleic acids an attractive
biomaterial for tailormade structures with desired responsiveness>’!. In recent decades, a wide
array of artificially designed dynamic nucleic acid assemblies have been shown to react on the
broad spectrum of physicochemical or biological stimuli (e.g. pH, light, ion concentration, small
metabolites, enzymes, or nucleic acid strands).??!

DNA oligonucleotides have been conjugated to a wide range of inorganic particles with
distinct physicochemical properties.>** In particular, semiconductor nanocrystals or quantum
dots (QDs) are attractive for the development of nanotheranostic concepts for simultaneous
diagnostics and therapy.>* In comparison to organic fluorophores, QDs are strongly luminescent,
have increased stability, and have higher brightness and resistance to photobleaching, as well as
narrower and symmetric fluorescence spectra with tunable colors controlled by their size. Using
DNA for linking, QDs can be utilized to create assemblies with controlled bonding, valency, and
photoluminescence.*>¢ Over the last two decades, numerous studies have developed approaches
for modifying the surface of QDs with biomolecules for the attachment of functionalized
moieties such as DNA/RNA oligonucleotides, antibodies, and peptides.? Almost exclusively as
optical labels, functionalized QDs have found many applications in biosensing and
bioimaging.’’* Instead of fluorescent dyes, QDs can be conjugated to aptamers for the
visualization of aptamer binding and subsequent intracellular trafficking.*® Aptamer-QD

complexes have been examined to detect a wide range of targets, from simple metal ions, drugs,

or toxins to proteins.*!
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Although most biosensing and bioimaging applications of QDs rely on the measurement of
changes in fluorescence (color or intensity), QDs offer additional properties for detection. The
fluorescence intermittency or blinking is an inherent random fluctuation between ON (bright)
and OFF (dark) states of individual QDs.** The phenomenon is observable only in a single QD,
while in aggregated QDs, the signal is semi-steady. Therefore, differences in signal between the
single QDs versus an accumulated group of QDs can be distinguished and used for the detection
of target molecules. The principle of this strategy is strand displacement triggered by a target
sequence, leading to the re-association of two split biotinylated oligonucleotides that
subsequently promote the arrangement and assembly of streptavidin-decorated QDs.*?

In this work, we set out to design a biocompatible nucleic acid-based scaffold for the
assembly of QDs and delivery of functional therapeutics. The developed system uses both RNA
and biotinylated DNA as a means to drive the 3D organization of streptavidin-decorated QDs. We
first interrogated several approaches for the formation of bioresponsive QD 3D assemblies using
sets of QDs functionalized with complementary single-stranded (ss)DNAs, combined with double-
biotinylated DNA duplexes, or decorated with DNA/RNA hybrids that re-associate to release
Dicer Substrate (DS) RNAs via an isothermal strand displacement reaction'® 448, The results from
each method of assembly were extensively characterized via electrophoretic mobility shift assays
(EMSA) and transmission electron microscopy (TEM). Next, we studied relative cellular uptake
efficiencies, immunostimulatory properties, and intracellular co-localization of the 3D assemblies
and their individual components. We have shown that intracellular formation of QD assemblies in

human breast cancer cells releases DS RNAs and, upon dicing, triggers targeted gene silencing.
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3.2 Results

The assembly strategy, as dictated by the way nucleic acids are introduced, offers versatility
in the resulting 3D assemblies with varying kinetics and functionalities. Three methods of QD
assembly were evaluated. First, through the introduction of 39 bp double-stranded (ds)DNA
oligonucleotides with a single biotin present on both ends of each duplex, binding with
streptavidin-coated QDs which are 15-16 nm in diameter drives the rapid (~30 seconds) formation
of assembled structures (Figure 7). As seen in the agarose gel, the QDs alone begin to migrate
upon the addition of an ssDNA. However, full assembly ata 1 QD:10 DNA molar ratio into larger-
scale organization over time results in morphologies that are too large to enter the gel and can thus
be observed in the loading wells only (Figure A1).** In comparison, if individual fully
complementary DNA strands are added separately to QDs and then combined, it takes closer to 30
minutes for the aggregate to fully assemble (Figure 7B).

As the third approach, QDs were separately conjugated to complementary dsDNA/RNA
hybrid duplexes via the biotinylated DNA. Once added together, complementary 12 nt-ssDNA
toeholds initiate the isothermal strand displacement reaction that promotes the formation of
double-biotinylated DNA duplexes while releasing the RNA sequences to form functional DS
RNAs (Figure 7C). The complete assembly of QDs and subsequent release of DS RNAs were
achieved after ~10 minutes. In all three strategies of QD assembly, the addition of DNase to
assembled 3D structures completely reversed the formation of assembled structures through the
digestion of any DNA crosslinkers, resulting in the increased mobility of QDs. These results

additionally confirm the DNA-driven organization of QDs.
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Figure 7. Three protocols of QD assembly with kinetics characterized by agarose gels. TEM
images showing the distribution of QDs within their assemblies and measurements of the center-
to-center distances presented in the histogram with their Gaussian fit for n=100 QDs. Scale bar =
50 nm. Mean center-to-center distances calculated from n=3 TEM images are shown + SEM. (A)
QDs mixed with double-biotinylated DNA duplexes. (B) QDs decorated with complementary
ssDNA. (C) QDs decorated with RNA-DNA hybrids that re-associate via the complementary
ssDNA toehold interaction and release Dicer Substrate (DS) RNAs.
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All three methods of QD assembly were conducted, and the products were imaged by TEM.
Analysis of the center-to-center distances between a given QD and its three nearest neighbors was
assessed to compare QD distributions (Figure A2). For dsDNA duplex-driven QD assembly, the
mean center-to-center distance was 17.8 £ 1.4 nm. For ssDNA-driven QD assembly, the mean
center-to-center distance was 26.8 £ 1.8 nm. Finally, for hybrid-driven QD assemblies, the mean
center-to-center distance was 26.3 + 4.3 nm. The distributions of distances for 100 QDs are shown
for each TEM image in Figure 7A-C. The assembled distances show much less distribution than
free QDs in solution imaged at the same concentrations, for which the mean center-to-center
distance was 76.6 £ 17.2 nm (Figure A2).

To fully take advantage of the programmable assemblies of inorganic QDs, assemblies were
introduced into cells using a lipid-based carrier for their intracellular delivery. Their relative uptake
and intracellular assembly in MDA-MB-231 human breast cancer cells were assessed by
separately introducing QDs carrying complementary DNA/RNA hybrids. Cells were then
visualized via fluorescence microscopy and analyzed by flow cytometry (Figure 8A).
Micrographs labeled a-d correspond with the geometric mean fluorescence intensity (gMFI) shown
to the right, wherein the stepwise introduction of materials for their intracellular assembly resulted
in higher gMFI than for either QD component or assembly.

To confirm that the cognate QDs can form intracellular assemblies and thus co-localize
inside cells, QD545 and QD605 carrying complementary hybrid DNA/RNA duplexes were
introduced and the cells were analyzed by confocal microscopy (Figure 8B). The co-localization
of the emission of each QD shown on the superposition image (1+2+3) demonstrates the

heterogenous assembly of formations composed of both QDs and confirms the assembly of QDs
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in cells. Additional confocal microscopy images of the co-localization studies are shown in Figure

A3.
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Figure 8. Relative uptake efficiencies and intracellular co-localization experiments. (A) The
uptake of functionalized QD545 was analyzed by fluorescence microscopy and flow cytometry.
Scale = 30 um. Bars denote mean = SEM of n=20,000 individual events. (B) Co-localization of
QD545 (green) and QD605 (red) entering the composition of QD assemblies as analyzed by
confocal microscopy. Image numbers correspond to (1) differential interference contrast (DIC),
(2) QD605 emission, and (3) QD545 emission. Image (1+2+3) is the superposition of three
different images, scale = 8§ um.
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Figure 9. Activation of RNA interference in human breast cancer cells upon QD assembly
formation. Intracellular QD assembly releases DS RNAs that trigger specific gene silencing upon
dicing. Three days after the co-transfection of cells with QDs decorated with cognate hybrids,
GFP silencing was confirmed by fluorescent microscopy and statistically analyzed with flow
cytometry. Samples (a-d) have the same compositions for microscopy and flow cytometry
experiments. (a) Untreated MDA-MB-231 eGFP cells show green fluorescence. Cells treated
with either (b) QD-H_sen or (¢) QD-H_ant show no fluorescence knockdown. Silencing is
observed when (d) both QD-H_sen and QD-H_ant are transfected to reassociate in cells and
drive the activation of RNAI. Final concentrations of nucleic acids are 10 nM and QDs are 1 nM.

Bars denote mean + SEM of n=20,000 individual events. Statistically significant results are
indicated with asterisks (* = P-value < 0.05).

With uptake established, the potential for functional therapeutics imbued into the DNA/RNA
assembly approach was further investigated. QDs carrying complementary hybrid duplexes were
transfected stepwise into MDA-MB-231 cells engineered to express green fluorescent protein
(GFP). The RNA sequences were designed to assemble into DS RNAs upon the reassociation of
QDs inside the cell (Figure 9). With either QD or hybrid alone, the cells remained fluorescent
with the expression of GFP. However, when both QDs were introduced to cells, the intracellular
QD formation resulted in the silencing of GFP assessed after 72 hours. Flow cytometry confirmed
a statistically significant reduction in gMFI as a result of the QD assembly. In timecourse studies,
silencing with 10 and 20 nM QD assemblies was observed even after up to 14 days (Figure A4).

As the last step to confirm the downstream biological applications of these materials, their
immunostimulation in cell lines was assessed. Hybrid duplexes and their reassociation were

compared with assembled QDs, free QDs, QDs with hybrid duplexes, and the reassociation of
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hybrid duplexes when one (QD-H _sen+H_ant) hybrid was bound to QDs. The relative production
of cytokines hIL-1f, hIL-6, hIL-8, and hIFN-f in the human microglia-like cell line, huglia, were
assessed as normalized to cells treated only with a carrier, Lipofectamine 2000 (L2K) (Figure 10).
The panel of these four cytokines was chosen due to their known roles as modulators of the
inflammatory response: hIL-1B and hIL-6 as proinflammatory cytokines, hIL-8 as a chemokine,
and hIFN-f as an interferon. Any recognition of exogenously introduced nucleic acids resulting in
immunostimulation was expected to be observed from this representative panel, as their release
has been previously documented from microglia in response to pathogen-associated molecular
patterns (PAMPs) or pathogens®%°. Overall, no components of the QD assembly were identified
as potent immune activators. Only QD-H sen showed statistical significance in regard to relative
hIL-1B production. The same panel of cytokines was also investigated for a human astrocyte-like
cell line, U87-MG (Figure AS), in which no conditions demonstrated statistically significant
immune stimulation. Importantly, free QDs showed no statistically significant cytotoxicity in

neither the hpglia nor MDA-MB-231 cell lines (Figure A6).
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Figure 10. Immunostimulatory activity of QD assemblies. A human microglia-like cell line
(hpglia) was transfected and cell supernatants were collected 24 hours later. Levels of hIL-1p,
hIL-6, hIL-8, and hIFN-B were assessed by ELISA. Bars denote mean = SEM of n=3
independent repeats. Statistically significant results are indicated with asterisks (**** = P-value
<0.0001, *** = P-value <0.001, * = P-value <0.05).
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3.3 Conclusions

The colocalization of QDs 545 and 605 within human breast cancer cells demonstrates the
assembly of QDs directly within the cellular environment, which is further validated by the
significant fold knockdown of GFP in expressing cells via RNA interference upon QD
formation. Importantly, despite the presence of large number of dsSDNAs in their structures, QD
assemblies and their components do not invoke a significant difference in the production of
cytokines, which makes this theranostic approach feasible in addition to biosensing. While QDs
alone exhibit narrow emission which is advantageous for tracking, assemblies of QDs offer more
opportunities for sensing parameters.** For example, one avenue is that the centrifugation of
assembled QDs results in the formation of a precipitate, while individual monomers show no
precipitation (Figure A7).

Precise control over the assembly of complex networks of materials requires the
coordination of all the individual components. Nucleic acids offer a straightforward route to
scaffolding due to their programmable basepairing, but also allow for biologically relevant
sequences to be implemented for therapeutic applications, as demonstrated here with the
incorporation of RNA interference inducers. While three methods of assembly were
demonstrated, their characterization shows similar morphologies despite variations in their
kinetics. Variations in morphologies can also be achieved by changing the lengths of DNAs in
the assembly composition, which could also allow for the integration of other functional nucleic
acids. Further work to fine-tune the organization of QD assemblies may take advantage of
nucleic acids’ programmability in order to control size and shape of the network on a larger

scale.
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3.4 Experimental Section
3.4.1 Sequence design and preparation

DS RNAs designed against GFP and their complementary DNA sequences with 12 nt
toeholds were purchased from Integrated DNA Technologies (IDT), as shown in previous
work.®. Oligos were diluted in endotoxin-free HyClone™ HyPure Cell Culture Grade Water
(Cytiva) before use.
3.4.2 Assembly of QDs

QD545s (Qdot™ 545 ITK™ Streptavidin Conjugate Kit, Catalog #Q10091MP)
composed of a cadmium selenide core with a zinc sulfide and covalently attached streptavidin
were purchased from Invitrogen™. QD545s were reported by the manufacturer to be 15-16 nm
in diameter with an emission maximum of 545 + 4 nm and were used for all studies. QD545s
were assembled with either dsSDNA, ssDNA, or DNA/RNA hybrid duplexes in endotoxin-free
water with all QDs at 100 nM final concentration.
3.4.2.1 For (DNA duplex + QD) assembly

DNA duplexes were made by mixing complementary DNA oligos in an equimolar ratio.
The mixture was heated at 95 °C for two minutes before assembly buffer (final concentration of
89 mM tris-borate (pH 8.2), 50 mM KCI, 2 mM MgCl,) was added, followed by incubation at
room temperature for 20 minutes®. Afterward, QDs were added with DNA duplex at a 1:10
QD:duplex molar ratio and incubated at 37 °C for 30 minutes.
3.4.2.2 For (QD + ssDNA1)+(QD + ssDNA2) assembly

QDs were assembled in two separate tubes with each DNA oligo in a 1:10 QD:DNA molar
ratio in assembly buffer. Samples were incubated at 37 °C for 20 minutes. Afterward, the contents

of the two tubes were mixed at a 1:1 volumetric ratio and incubated at 37 °C for 30 minutes.
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3.4.2.3 For (QD + H_sen)+(QD + H_ant) assembly

Hybrid DNA/RNA duplexes were assembled in two separate tubes: H sen (“DNA for
Sense 12 Biotin” + “RNA Sense”) and H ant (“DNA for Antisense 12 Biotin” + “RNA
Antisense.”) The Hybrid Duplexes were prepared by adding their constituent oligos in an
equimolar ratio, heating at 95 °C for two minutes, and adding assembly buffer, followed by
incubation at room temperature for 20 minutes. QDs were added to each separate Hybrid Duplex
tube in a 1:10 QD:duplex molar ratio and incubated at 37 °C for 30 minutes. Afterward, Hybrid
Duplexes were mixed in a 1:1 volumetric ratio and incubated at 37 °C for 60 minutes. For cellular
colocalization in Figure 4B, one hybrid duplex was added with QD545 while its conjugate was
added with QD605 for the 30-minute incubation at 37 °C. For this, Qdot™ 605 Streptavidin
Conjugate (Catalog # Q10101MP) composed of a cadmium selenide core, zinc sulfide shell, and
polymer coating to allow for streptavidin conjugation was purchased from Invitrogen™. QD605s
were reported to be 15-20 nm in diameter with an emission maximum of 608 + 4 nm.
3.43 EMSA

To confirm assembly, QD assemblies were analyzed on a 2% agarose gel stained with 0.5
pg/mL ethidium bromide. Gels were run in 89 mM tris-borate, 2 mM EDTA (pH 8.2) for 20
minutes at 220 V, then visualized on a Bio-Rad™ ChemiDoc MP Imaging System using the
Multichannel protocol for QD525 (used to view QD545) and QD605 (used to view ethidium
bromide).
3.4.3.1 EMSAs of the kinetics of assembly

QDs were assembled in 40 uLL volumes as described and incubated at 37 °C for 120 minutes
as previously shown.** At the 0.5, 1, 5, 10, 15, 30, and 60-minute timepoints, 4 pL of assembling

QDs were added to 4 pL of agarose loading buffer (30% glycerol, 0.25% bromophenol blue, 0.25%
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xylene cyanol) in a tube, which was immediately placed on dry ice. At the 60-minute timepoint, 1
puL of RQ1 RNase-Free DNase (Promega) was added and allowed to incubate for an additional 30
minutes. Samples were visualized via EMSA as above by loading 4.0 uL of each sample per well
by descending timepoint, along with controls.
3.4.4 Precipitation of QD assemblies

50 uL samples of assembled QDs (with final QD concentration of 100 nM) or controls
were centrifuged at 4 °C for 5 minutes at 10, 5, 2.5, or 1 G on a ThermoScientific Sorvall Legend
Micro 21R Centrifuge. All precipitates were immediately visualized on a Bio-Rad™ ChemiDoc
MP Imaging System.
345 TEM

The QD assemblies were diluted by a factor of 100 in deionized water to a final
concentration of ~1 nM for preparing TEM samples. Immediately after dilution, a drop of QD
assembly in solution was allowed to dry on a TEM grid with an ultrathin amorphous carbon support
film. Bright-field TEM images were acquired using a FEI Talos F200XG2 microscope with an
accelerating voltage of 200 kV. Three representative images (Figure A2) chosen from each of the
three methods of QD formation were assessed in ImageJ using the ND ImageJ plugin to calculate
center-to-center distances.®>% After excluding edges, the radius (r1) of each identified QD point
was calculated as half the average of the width plus height. The distances from the edge of each
QD to its three nearest neighbors (d) were averaged along with the average radii (r2) of the three
nearest neighbors using the ND Imagel plugin. To calculate each center-to-center distance, 11, 12,
and d were added together and averaged for the first 100 events in each of the three TEM images.
The three average center-to-center distances were then averaged and the standard error of the mean

(SEM) was calculated based on n=3 images. For visualizing the distribution of center-to-center
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distances, the first 100 events in each of the images shown in Figure 7 were plotted in a histogram
and fit with a Gaussian distribution using GraphPad Prism version 9.0.0 for Windows, GraphPad
Software, San Diego, California USA, www.graphpad.com. As a control, free QDs were analyzed
at the same concentration.
3.4.6 Cell culture and transfection

The human breast cancer cell line MDA-MB-231(with or without GFP) was maintained in
DMEM, 10% heat-inactivated fetal bovine serum (FBS), and 1% PenStrep in incubators at 37 °C,
5% COz. Cells were plated in 35 mm dishes to perform confocal visualization (Ibidi, Germany).
Lipofectamine™ 2000 (L2K) was used for all experiments according to the manufacturer’s
guidelines. Briefly, plated cells were transfected for 4 hours in Opti-MEM using 10 nM of the
nucleic acid transfected. Upon 4 hours, the medium was replaced with DMEM and the cells were
further incubated for 3 days (silencing experiments) or 14 hours (uptake experiments). The cells
were then washed 3 times in PBS and fixed with 4% paraformaldehyde prior to imaging.
3.4.7 Uptake and co-localization

Experiments were performed using a UV 510 confocal microscope (Carl Zeiss,
Oberkochen) and a Plan-Apochromat 63x/1.4 Oil lens. To image QD545, a 488-laser beam was
used for excitation and a BP filter 505-550 for detection. To image QD605, a 561 nm laser beam
was used for excitation and a BP filter 575-615 for detection. All images were taken with a pinhole
adjusted to 1 airy unit. Flow cytometry was performed on a BD Accuri C6 flow cytometer;
CellQuest or the CFlow Sampler software was used to retrieve the geometric mean fluorescence

intensity (gMFI). Data are expressed as the mean + SEM for n=20,000 events per treatment.
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3.4.8 Silencing assays

For silencing experiments, cells were visualized using a UV 510 confocal microscope (Carl
Zeiss, Oberkochen) and a Plan-Neofluar 40%/1.3 Oil lens. To image GFP fluorescence, a 488-laser
beam was used for excitation and detection was acquired using a BP filter 505-550. Flow
cytometry was performed on a BD Accuri C6 flow cytometer; CellQuest or the CFlow Sampler
software was used to retrieve the geometric mean fluorescence intensity (gMFI). To determine
statistical significance, treatments were compared to cells-only using a one-way ANOVA followed
by a Dunnett’s multiple comparisons test performed in GraphPad Prism version 9.0.0 for
Windows, GraphPad Software, San Diego, Californa USA, www.graphpad.com. Data are
expressed as the mean £ SEM for n=20,000 events per treatment. A P-value of < 0.05 was
considered statisitically significant.
3.4.9 Immune stimulation by ELISA

Dr. Jonathan Karn (Case Western Reserve University) generously provided the human
microglia cell line, hpglia. Cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 5% fetal bovine serum (FBS) and 100U/ml penicillin-100 pg/ml streptomycin
at 37°C 5% COy. The immortalized human astrocytic cell line, U87-MG, was obtained from the
American Type Culture Collection (ATCC; HTB-14) and maintained in Eagle’s minimum
essential media (EMEM) supplemented with 10% FBS and 100 U/ml penicillin-100 pg/ml
streptomycin at 37°C 5% CO,. Cells were transfected with final concentrations of 5, 10, 20, or 50
nM of each sample using lipofectamine 2000 (L2K, Invitrogen) according to the manufacturer’s
guidelines. Ligands were incubated for 30 minutes at room temperature with lipofectamine 2000
prior to transfection of cells with the indicated samples. Cells were incubated at 37 °C, 5% CO-

for 4 hours with the transfection reaction. Afterward, media was aspirated and replaced with 1 mL
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of fresh media. Cells supernatants were collected at 24 hours post transfection. IL-6, IFN-B, IL-
1B, and IL-8 were quantified using specific capture ELISAs. IL-6 was detected using a rat anti-
human IL-6 capture antibody (BD Pharmingen, cat# 554543; Clone Mq2-13A5) and a biotinylated
rat anti-human IL-6 detection antibody (BD Pharmingen, cat# 554546; Clone MQ2-39C3). IFN-f3
was detected using a polyclonal rabbit anti-human IFN- capture antibody (Abcam, cat#
ab186669) and a biotinylated polyclonal rabbit anti-human IFN-f3 detection antibody (Abcam, cat#
ab84258). IL-8 (R&D systems, cat# DY208) and IL-1B (R&D systems, cat # DY201) were
detected using DuoSet ELISA kits. For all specific capture ELISAs, bound detection antibody was
detected using streptavidin-HRP (BD Biosciences) followed by incubation with
tetramethylbenzidine substrate. The cytokine concentration in cell supernatants was extrapolated
from a standard curve generated using a dilution of recombinant cytokines. For each graph, the
relative amount of cytokine production was normalized to the L2K-only treatment. To determine
statistical significance, treatments were compared to L2K-only using a one-way ANOVA followed
by Dunnett’s multiple comparisons test performed in GraphPad Prism version 9.0.0 for Windows,
GraphPad Software, San Diego, California USA, www.graphpad.com. Data are expressed as the
mean = SEM for a minimum of three independent experimental replicates. A P-value of < 0.05
was considered statistically significant.
3.4.10 Cell viability assay

To assess the cytotoxicity of QDs, MDA-MB-231 cells and huglia cells were seeded in 96-
well plates in their respective medias. Cells were transfected with final concentrations of 5, 10, 20,
or 50 nM of each sample using L2K (Invitrogen) according to the manufacturer’s guidelines.
QD545s were incubated for 30 minutes at room temperature with L2K prior to transfection of cells

with the indicated samples. Cells were incubated at 37 °C, 5% CO; for 4 hours with the transfection
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reaction. Afterward, media was aspirated and replaced with fresh media. Cells were assessed 24
hours post-transfection using a CellTiter 96® AQueous One Solution Cell Proliferation Assay
(MTS, Promega) according to the manufacturer’s guidelines. For each graph, the relative percent
cell viability was normalized to the cells-only treatment. To determine statistical significance,
treatments were compared to cells-only using a one-way ANOVA followed by a Dunnett’s
multiple comparisons test performed in GraphPad Prism version 9.0.0 for Windows, GraphPad
Software, San Diego, Californa USA, www.graphpad.com. Data are expressed as the mean + SEM
for a minimum of n=3 independent experimental replicates. A P-value of < 0.05 was considered
statisitically significant.
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3.6 Appendices: Supporting Information for Controlled Organization of Inorganic
Materials Using Biological Molecules for Activating Therapeutic Functionalities

3.6.1 Sequences

DNA strands were designed to form RNA/DNA hybrids with sense and antisense strands
of Dicer Substrate RNAs (DS RNAs) selected against Green Fluorescent Protein. Once formed,
those hybrids have single-stranded DNA toeholds (underlined) which are designed to interact
with each other to initiate branch migration.

DNA for Sense 12 Biotin
5°-/5Bi0osg/ GGAGACCGTGACCGGTGGTGCAGATGAACTTCAGGGTCA

DNA for Antisense 12 Biotin
5’-/5Bi0sg/ TGACCCTGAAGTTCATCTGCACCACCGGTCACGGTCTCC

RNA Sense
5°-/5Phos/ACCCUGAAGUUCAUCUGCACCACCG

RNA Antisense
5’-CGGUGGUGCAGAUGAACUUCAGGGUCA
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Figure Al. Binding assay of QD545 with increasing concentrations of biotinylated DNA
duplexes used to confirm the number of biotin binding sites per QD required for assembly. QD is
100 nM 1in all conditions. The band corresponding to excess dsSDNA becomes faintly visible
beginning at the 1:15 ratio, so a 1:10 ratio was used for all QD:nucleic acid assemblies.



A QD+dsDNA

(QD-ssDNA1)+(QD ssDNA2)

C (QD-Hybrid1)+(QD-Hybrid2)

D Free QDs

Figure A2. Three representative TEM images were used for calculations of center-to-center
distances in Imagel. Assemblies were formed via (A) QD+dsDNA, (B) (QD-ssDNA1)+(QD-
ssDNA?2), and (C) (QD-Hybrid1)+(QD-Hybrid2). (D) Free QDs were used as a control.
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Figure A3. Co-localization of QD545 (green) and QD605 (red) entering the composition of
intracellularly assembled QDs analyzed by confocal microscopy. Image numbers correspond to:
(1) QD605 emission, (2) QD545 emission, and (3) differential interference contrast (DIC)
images. Images (1+2+3) are the superposition of three different images. Scale = 8 pm.
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Figure A4. Activation of RNAI through QD assembly and release of DS RNAs using GFP
knockdown assays for human breast cancer cells expressing GFP. Three, five, seven, and
fourteen days after the co-transfection of cells with hybrid-functionalized QDs, GFP expression
was analyzed with flow cytometry. As a control, transfections with the pre-formed DS RNA
duplexes against GFP were used. gMFI corresponds to the geometric mean fluorescence

intensity. Bars denote mean + SEM of n=20,000 individual events.
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hIL-1B, hIL-6, hIL-8, and hIFN-B were assessed by specific-capture ELISA. Bars denote mean +

SEM of n=3 independent repeats. Statistically significant results are indicated with asterisks

(*¥*** = P-value < 0.0001, *** = P-value <0.001)
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Figure A6. Cell viability assays of QDs in (A) huglia and (B) MDA-MB-231 cell lines after 24
hours. Bars denote means + SEM of n=4 independent repeats for control (cells-only), L2K, and
5-20 nM QD and n=3 independent repeats for 50 nM QD.
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Figure A7. Precipitation of QD assemblies. Assembled QDs were centrifuged for 5 minutes at
different speeds and show the formation of a solid pellet in the bottom of the tube. For all other
QD samples which are not assembled, no precipitation is observed.
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4 CHAPTER 4: SPATIAL ARRANGEMENT OF THERAPEUTIC MOIETIES
DETERMINES THEIR IMMUNOSTIMULATION

4.1 Introduction
Within the cell, pattern recognition receptors (PRRs) specific for the detection of nucleic
acids as pathogen or damage-associated molecular patterns (PAMPs or DAMPs) have evolved to

t'*. Endosomal Toll-

pass the final judgement on which nucleic acids are “self”” and which are no
Like Receptors (TLRs) bind to PAMPs to activate a signaling cascade which results in the
downstream expression of various cytokines and interferons. In humans, there are four main
TLRs which are generally activated by nucleic acids: broadly, TLR3 detects double-stranded
RNAs, TLR7 and TLR8 detect single-stranded RNA, and TLR9 detects DNA and unmethylated
CpG motifs’. Meanwhile, cytosolic DNA and RNA are readily sensed by the cGAS-STING and
RIG-I-like receptor (RLR)-MAVS pathways®.

As a result of their nucleic acid composition, nucleic acid nanoparticles (NANPs) which
have been designed for biological applications interact with PRRs in the same language as innate
nucleic acids! 7. While unknown properties of the immunorecognition of assembled nucleic acids
have historically been a major hurdle to their optimization and clinical transition, recently
elucidated patterns of NANP recognition can now be incorporated directly to inform their design
phase®!!. The ability to control which interactions with PRRs are occurring with NANPs also
determines the overall downstream production of cytokines and cell signaling responses.

Previous work has investigated the structure-activity relationships between NANP
designs and the way in which they interact with PRRs to stimulate an immune response. From
these studies, some overall trends have been elucidated in NANPs’ dimensionality (three-

dimensional NANPs are more immunostimulatory than two-dimensional, which are more

immunostimulatory than one-dimensional), composition (RNA-based NANPs are more
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immunostimulatory than their DNA counterparts), and functionalization with therapeutic nucleic
acids (TNAs) (with more TNAs yielding a higher immune response)'2. Previous work on Dicer
Substrate (DS) RNA-functionalized RNA fibers found that varying the orientation of the TNAs
brought about a higher immune response'®. However, this trend in orientation has not been
explored for other NANP scaffolds. Particularly because the fiber is a one-dimensional structure
known for lower immunostimulation, a greater flexibility in the stimulation brought about by
TNA functionalization could be utilized to optimally co-deliver TNAs alongside a favorable
immune profile.

To explore these trends, we have developed a panel of NANP rings composed entirely of
RNA which are functionalized with DS RNAs against green fluorescent protein (GFP) as proof-

1416 and is based

of-concept. The assembly of rings has been previously established by our group
on the intramolecular interactions of each of six RNA monomers to reveal the potential for
intermolecular interactions between adjacent monomers to form ~120° kissing loop motifs!’.
Rings have been shown to be highly uniform in assembly, with the potential to incorporate TNAs
modularly by extending the sequences in their hexameric composition. A variety of TNA-
functionalized NANP rings have been utilized as carriers of aptamers, fluorophores, and DS
RNAs into cells!® 1822,
4.2 Results

Owing to their hexameric nature, a maximum of up to six functionalities were
incorporated into each NANP ring. This allows for various combinations of functionalization
ranging from zero to six, with rings of two, three, and four DS RNAs available in three different

orientations each. Here, all rings are referred to by the number of DS RNAs in their composition,

i.e. Ring 5 has five DS RNAs, and those with multiple orientations are followed by A, B, or C, as
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shown in Figure 11. The controlled programmable assembly of these precise combinations is
possible due to the modular nature of the ring design, which has six distinct kissing loop
interactions so that all monomers’ intermolecular interactions are assured!’. The assembly of this
panel was confirmed by atomic force microscopy (AFM) and electrophoretic mobility shift

assays (EMSA)(Figure 11).

30 nm

, 30nm . 30 nm
Rings 5 DS RNAs ngs 6 DS RNAs
0.5 = - 5 d

8% Native-PAGE (37.5:1)
EtBr Total Staining

Figure 11. Orientations of functionalized GFP nanorings. All possible orientations were
assembled and visualized on a Native-PAGE stained with EtBr (bottom right). Schemes show
their design with the nomenclature described in-text. AFM images of one ring from each number
of DS RNAs are shown (top).

To confirm the biological activity of all assembled rings, the panel was introduced into
the human breast cancer cell line MDA-MB-231 expressing GFP. Lipofectamine 2000 (L2K)
was used as a carrier for the intracellular delivery of rings into the cytosol, where the DS RNAs
of each ring were designed to enter the RNA interference (RNA1) pathway. After dicing and

subsequent incorporation into the RNA-induced silencing complex (RISC), the antisense strand
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complementary to the GFP-coding mRNA was intended to drive its post-transcriptional

knockdown. After 72 hours, cells were assessed via fluorescent microscopy to visualize the

expression of GFP (Figure 12).

GFP

Brightfield

Figure 12. Fluorescent microscopy images of a human breast cancer cell line expressing GFP
(MDA-MB-231 eGFP) 72 hours after transfection with functionalized rings. The same

population of cells was imaged for GFP and brightfield after transfection with each ring shown.
Scale bar = 50 um.

To investigate the immunostimulatory properties of the ring panel using previously
established protocols’, peripheral blood mononuclear cells (PBMCs) were isolated from the
freshly drawn blood of healthy human donors using resources from the Nanotechnology
Characterization Laboratory in Frederick, Maryland. Three repeats were performed for each of

N=4 donors to account for inter-donor variability. Rings of various TNA orientations conjugated
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to L2K were added to PBMCs seeded at 200k cells per well>>. ODN 2216, a known
oligonucleotide immune activator, served as a positive control?*. After 20 hours, the production
of type I and III interferons (IFNs), IFN-a, B, o, and A, was assessed using a multiplex assay

(Figure 13). The mean of each donor is represented by a different color point.
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Figure 13. Results from a multiplex assay for type I and type III IFNs (IFN-a, -B, -®, and -A) 20
hours after the transfection of PBMCs with rings using L2K. All rings were 10 nM final
concentration. Each point represents the mean of three measurements from one donor, for a total
of N=4 donors per bar. Error bars denote mean + SEM. Negative control (NC) is untreated cells,
positive control is ODN2216, and vehicle control is L2K only.
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Figure 14. Normalized fold induction 24 hours after the transfection of rings into immune

reporter cell lines. All values are normalized to the cells-only control and rings are 10 nM final
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concentration. The positive control for each cell line is shown as the uncolored bar. 1X assembly
buffer (AB), L2K, and DS RNA (10 nM) are additional controls. Each bar represents the mean of
N=5 biological replicates. Errors bars denote mean + SEM. A one-way ANOVA followed by a
Tukey’s multiple comparisons test was used to assess statistical significance between rings. A P-
value of <0.05 as denoted by * was considered statistically significant.

Building upon this overall picture of immunostimulation, immune reporter cell lines from
Invivogen were utilized to determine which PRRs are activated for each ring orientation (Figure
14). HEK-Blue™ hTLR3, hTLR7, and hTLRS cell lines are engineered to overexpress their
respective TLR upstream of an NF-kB-inducible secreted embryonic alkaline phosphatase
(SEAP) reporter gene. Rings were transfected at the same concentrations as in PBMC studies (10
nM) using L2K as a carrier and were analyzed after 24 hours. Likewise, HEK-Lucia™ RIG-I
cells engineered to overexpress RIG-I upstream of an IRF pathway-induced Lucia reporter were
transfected and assessed with QUANTI-Luc™ assays to determine the overall contribution of
RIG-1. THP1-Dual™ cells which express both reporters were used as an overall determination of
whether the NF-kB or IRF pathways were involved.

4.3 Discussion

Rings were assembled with high batch-to-batch consistency for use in downstream
experiments for biological activity and were confirmed via EMSA. While a distinct band
confirmed the assembly of all orientations, the migration of each ring through the well is
influenced by its shape (Figure 11). The distinct shapes of each combination are discernible via
AFM, owing to the modularity of the assembly strategy.

All rings showed some silencing activity in MDA-MB-231 eGFP cells, resulting in
decreased fluorescence by GFP (Figure 12). The untreated cells and those transfected with Ring
0 showed no visible knockdown as expected, since no DS RNAs were introduced. With the
increasing addition of DS RNAs, there was visibly decreased GFP expression in cells, but high

overall viability of cell populations. Throughout all silencing experiments, the concentration of
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overall ring was kept constant at 5 nM in order to observe the fold reduction in fluorescence;
Ring 6 should yield a 30 nM concentration of DS RNAs, while Ring 5 should yield a 25 nM DS
RNA concentration. While Ring 6 appeared to show the most silencing activity by eye, future
work will evaluate fluorescence more quantitatively using flow cytometry. From this approach,
the fold-change in fluorescence, if any, should be more observable, as should any variations
between ring orientations of the same number of DS RNAs.

With increasing DS RNAs added to the ring scaffolds, it was initially expected that the
number of functionalities would be the determining variable of immunostimulatory capabilities.
However, in PBMC assays (Figure 13), this was not the case. While Ring 0 showed low overall
immunostimulation in agreement with previous work?®, Ring 6 was not the highest mean for any
of the IFN results. Instead, Ring 3C showed the highest stimulation of type I IFNs (-a, -p, and -
o). For IFN-A, a type III IFN, Ring 3C showed higher stimulation than either Ring 0 or 6, but the
highest immunostimulation came from Ring 4C. Inter-donor variability was present within the
panel from four donors, which are presented as individual means per point. For some donors, the
baseline level of IFNs was higher, as observed in the L2K and negative control (NC) groups.

To address the differences in immunostimulation observed in PBMCs and inform the
type of interactions with PRRs, immune reporter cell lines were transfected with 10 nM of each
ring orientation along with L2K (Figure 14). The QUANTI-Blue assay of the THP1-Dual cell
line was used to determine overall NF-kB pathway activation, for which differences in the
normalized fold induction were present between rings with the same number of DS RNAs. To
assess the activity of TLRs upstream of the NF-xB pathway, cell lines specifically expressing

hTLR3 or hTLRS8 showed no apparent trends between ring orientations. However, hTLR7
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showed distinctions between orientations, with Ring 2C resulting in almost two-fold the amount
of stimulation by Ring 0.

The trend was more apparently observed using QUANTI-Luc assays to determine the
contribution of recognition by the IRF pathway and confirmed by RIG-I reporter cells that this
pathway and cytosolic receptors play a role in their distinct recognition patterns. Here, the
difference between Ring 2C and Ring 0 was statistically significant. Interestingly, Ring 2C also
exhibited the greatest spacing between DS RNAs, approximately 180° apart.

Tailoring NANP design based on the intended immunorecognition is a burgeoning area
of their further adaptation® 2°. For three-dimensional NANP cubes, the overall scaffold can be
tuned from highly immunostimulatory to immunoquiescent by introducing an increasing number
of DNA strands into the composition?’. While the functionalization of NANPs with TNAs has
been shown to increase immunostimulation overall with NANP fibers, the intermediate designs
between a non- and fully-functionalized NANP are shown here for the first time. Specific design
principles influencing ring recognition should be further explored, as the spacing between DS
RNAs may play a role in recruiting an optimal number of receptors for recognition, as has been
previously shown with double-stranded RNAs recognized by TLR32%. The pathway to
immunorecognition has also been shown to be determined by the carrier!2%2°3° and thus future
studies towards in vivo work should utilize an alternative delivery vehicle to compare with in
vitro work.

4.4 Materials and Methods
4.4.1 Nucleic Acid Preparation
Forward and reverse DNA primers and template strands (Integrated DNA Technologies

(IDT), Inc.) were PCR-amplified using MyTaq™ Mix, 2x (Bioline), for the preparation of
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double-stranded DNA templates containing the promoters for T7 RNA polymerase. The
amplified products were purified using DNA Clean & Concentrator® (Zymo Research) and
transcribed by in vitro run-off transcription with T7 RNA polymerase in the presence of 80 mM
HEPES-KOH (pH 7.5), 2.5 mM spermidine, 50 mM DTT, 25 mM MgCl,, and 5 mM each rNTP
over 3.5 hours at 37 °C. Transcription was stopped by addition of RQ1 RNase-Free DNase
(Promega, 3u/50 uL), followed by incubation for 30 minutes at 37 °C. The RNA strands
produced were then purified through denaturing polyacrylamide gel electrophoresis (PAGE, 8%)
in the presence of 8 M urea run in 89 mM tris-borate, 2 mM EDTA (TBE, pH 8.2) at 85 mA for
approximately 1.5 hours. RNA bands were visualized by UV shadowing, cut out, and eluted
overnight in 300 mM NaCl, TBE at 4 °C. The eluate was thoroughly mixed with 2.5 volumes of
100% EtOH and placed at -20 °C for 3 hours to precipitate. Afterwards, samples were
centrifuged at 10.0 G for 30 minutes and the resulting pellet was washed twice with 90% EtOH
between 10-minute centrifugations at 10.0 G. The supernatant was removed and the pelleted
samples were dried in a CentriVap micro IR vacuum concentrator (Labconco) at 55 °C with IR.
Pellets were dissolved in HyClone™ Water, Molecular Biology Grade (Cytiva) and the
concentration of each strand was determined by measuring the absorbance at 260 nm on a
NanoDrop 2000 (ThermoFisher).

For the assembly of all ring variations, twelve strands were separately prepared and
stored at -20 °C until use. All sequences were previously established and are available in the
Supporting Information. Modified oligos—including those with 5’-phosphorylation—were

purchased directly from IDT, Inc.
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4.4.2 NANP Assembly

All ring variations were prepared by the combination of strands A-F, where each side
could be functionalized (e.g. GFP nrA) or non-functionalized (e.g. nrA). The combination of
strands A-F were added in an equimolar ratio in endotoxin-free HyClone™ Water along with
GFP Sense RNA in an equimolar ratio with the number of functionalized A-F strands. Samples
were heated to 95 °C for two minutes, snap-cooled on ice for 2 minutes to promote the formation
of intramolecular hydrogen bonds, and assembly buffer (AB) was added to a final concentration
of 89 mM tris-borate (TB, pH 8.2), 2 mM MgCl,, 50 mM KCI. Samples were then incubated at
30 °C for 30 minutes and were stored on ice or at 4 °C until use.
443 EMSA

Rings were visualized on a native-PAGE (8%, 37.5:1 acrylamide:bis-acrylamide)
prepared on a Mini-PROTEAN® Tetra Cell system (Bio-Rad). Gels were pre-run for 5 minutes
at 150 V in 89 mM TB, 2 mM MgCl; and 2 pL of 1 uM ring were loaded per each well with 2
pL of native loading buffer (AB, 30% glycerol, bromophenol blue, xylene cyanol). Loaded gels
were run for 30 minutes at 300 V, washed with double-deionized water (ddiH»0), and stained
with ethidium bromide (EtBr, 0.5 ug/mL). Gels were then imaged on a ChemiDoc™ MP (Bio-
Rad).
444 AFM

AFM of rings was performed as previously described on a freshly cleaved 1-(3-
aminopropyl) silatrane-modified mica surface. All images were collected from a MultiMode

AFM Nanoscope IV system (Bruker Instruments) in tapping mode.
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4.4.5 Cell Silencing

MDA-MB-231 eGFP cells were maintained at 37 °C and 5% CO; in DMEM (Gibco)
containing 10% heat-inactivated FBS (Atlanta Biologicals), 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cells were seeded in 12-well plates at 40,000 cells per well 24 hours before
transfection. For a final concentration of 5 nM rings per well, the rings were incubated with
Lipofectamine 2000 (Invitrogen, 2 pL per well) at room temperature for 30 minutes and were
then brought up to 500 pL in Opti-MEM (Gibco). Media was aspirated from each well and
replaced with the treatment in Opti-MEM for 4 hours of incubation at 37 °C and 5% COx.
Afterwards, the treatment was aspirated and replaced with fresh media. Cells were kept in
incubation and assessed after 72 hours.
4.4.6 Fluorescent Microscopy

Cells were viewed on an EVOS® FL cell imaging system (Thermo Fisher) equipped with
a GFP light cube (488 abs, 507 em). Brightfield images were taken at 50% brightness, while
GFP images of the same field were taken at 60% brightness.
4.4.7 Immunostimulation in PBMCs

A peripheral blood cytokine induction assay was performed following NCL Method ITA-
10°! as previously established for the evaluation of NANPs’. Whole blood was collected from
healthy donor volunteers and mixed 1:1 v/v with phosphate-buffered saline (PBS, HyClone™,
Cytiva), then layered 4:3 v/v with Ficoll-Paque (GE Healthcare) and centrifuged for 30 minutes
at 900 g without brake. The resulting mononuclear cell layer was washed in three times the
volume of Hank’s balanced salt solution (HBSS, Gibco) and centrifuged for 10 minutes at 400 g,
then the supernatant was discarded and an additional wash was completed. Cells were

resuspended in complete Roswell Park Memorial Institute (RPMI)-1640 media with 10% heat-
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inactivated FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin (all
from Hyclone, GE Life Sciences) and seeded at 200,000 cells in 160 puL per well in 96-well U-
bottomed plates. For a final concentration of 10 nM rings per well, the rings were incubated with
Lipofectamine 2000 (Invitrogen, 0.4 uL per well) at room temperature for 30 minutes and were
then added to the wells in triplicate per donor. As a positive control, ODN2216 was added at 25
pg/mL. All samples were diluted in Opti-MEM™ (Gibco) to bring each well volume to 200 pL,
including for the cells-only and Lipofectamine 2000 control treatments. Plates were incubated at
37 °C and 5% CO: for 20 hours. Afterwards, plates were spun down at 400 g for 5 minutes and
supernatants were transferred to a new 96-well plate for analysis. A 4-plex interferon kit
(Quansys Biosciences) was used to assess the amounts of [FN-a, IFN-f, IFN-w, and IFN-A
(pg/mL) from supernatants following the supplier’s protocol. Multiplex assays were read using a
Quansys ImagePro reader equipped with Q-View software.
4.4.8 Immune Reporter Cells

THP1-Dual™, HEK-Blue™ hTLR3, HEK-Blue™ hTLR7, HEK-Blue™ hTLRS8, HEK-
Blue™ hTLRY, and HEK-Lucia™ RIG-I cells (InvivoGen) were maintained according to the
supplier’s instructions in an incubator at 37 °C and 5% COa. For all experiments, cells were
seeded at 40,000 cells per well in a flat-bottomed 96-well plate (Corning™ Costar™) 24 hours
before transfection (for HEK cells) or immediately before transfection (for THP1 cells). For a
final concentration of 10 nM rings per well, the rings were incubated with Lipofectamine 2000
(Invitrogen, 0.375 uL per well) at room temperature for 30 minutes and were then added to the
wells in technical triplicate repeats. A panel of positive controls (all from InvivoGen) for each
receptor were used as follows: 2 pg/mL 2°3’-cGAMP and 2 pg/mL R848 for THP1-Dual™ (IRF

and NF-«xB pathways, respectively); 10 ng/mL 3p-hpRNA with 0.375 uL L2K per well
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(following 30 minutes of incubation) for HEK-Lucia™ RIG-I; 2 pg/mL R848 for HEK-Blue™
hTLR7 and HEK-Blue™ hTLRS&; 2 pg/mL Poly I:C for HEK-Blue™ hTLR3. L2K (0.375 pL
per well), AB (equal to the volume of ring added per well), and GFP RNA duplex (10 nM, 0.375
uL L2K per well) were used as additional controls. 24 hours after the transfection, THP1-Dual™
and HEK-Blue™ cells were assessed using QUANTI-Blue™ assays (InvivoGen) according to
the manufacturer’s guidelines and the plates were read on a Tecan Spark plate reader at an
absorbance of 638 nm. All well values were the averages of sixteen-point reads. THP1-Dual™
and HEK-Lucia™ cells were assessed using QUANTI-Luc™ assays (InvivoGen) according to
the manufacturer’s guidelines. Plates were read immediately on a Tecan Spark plate reader for
luminescence with a 100 ms reading time. Within each plate, all samples were assessed in
technical triplicates, averaged, and normalized to the cells-only treatment for assessment of
normalized fold induction. N=5 biological replicates were completed and averaged to evaluate
the mean and standard error of the mean (SEM). To assess statistical significance between rings,
a one-way ANOVA followed by a Tukey’s multiple comparisons test was performed using
GraphPad Prism version 9.0.0. A P-value of < 0.05 was considered to be statistically significant.
4.4.9 Presentation and Statistical Analysis

Figures were prepared in Adobe Illustrator 2020, v24.0.2 (64-bit). Graphs were prepared
and statistical analysis was performed using GraphPad Prism version 9.0.0. for Windows,
GraphPad Software, San Diego, California USA, www.graphpad.com.
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4.6 Appendices: Supporting Information for Spatial Arrangement of Therapeutic
Moieties Determines Their Imnmunostimulation

4.6.1 Sequences
Nanoring strands are denoted by “nr.” Nanoring strands functionalized with an antisense

sequence for GFP are denoted by “GFP” with the antisense sequence shown as lowercase.

nrA
5’-GGGAACCGUCCACUGGUUCCCGCUACGAGAGCCUGCCUCGUAGC

nrB
5’-GGGAACCGCAGGCUGGUUCCCGCUACGAGAGAACGCCUCGUAGC

nrC
5’-GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGC

nrD
5’-GGGAACCGAGACGUGGUUCCCGCUACGAGUCGUGGUCUCGUAGC

nrE
5’-GGGAACCACCACGAGGUUCCCGCUACGAGAACCAUCCUCGUAGC

nrF
5’-GGGAACCGAUGGUUGGUUCCCGCUACGAGAGUGGACCUCGUAGC

GFP nrA
5’-GGGAACCGUCCACUGGUUCCCGCUACGAGAGCCUGCCUCGUAGCuucgguggugcag
augaacuucaggguca

GFP nrB
5’-GGGAACCGCAGGCUGGUUCCCGCUACGAGAGAACGCCUCGUAGCuucgguggugcag
augaacuucaggguca

GFP nrC
5’-GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGCuucgguggugcag
augaacuucaggguca

GFP nrD
5’-GGGAACCGAGACGUGGUUCCCGCUACGAGUCGUGGUCUCGUAGCuucgguggugcag
augaacuucaggguca

GFP nrE
5’-GGGAACCACCACGAGGUUCCCGCUACGAGAACCAUCCUCGUAGCuucgguggugcag
augaacuucaggguca
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GFP nrF
5’-GGGAACCGAUGGUUGGUUCCCGCUACGAGAGUGGACCUCGUAGCuucgguggugcag
augaacuucaggguca

GFP Sense
5°-/5Phos/ACCCUGAAGUUCAUCUGCACCACCG
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S5 CHAPTER 5: CONCLUSIONS
The modularity of dynamic nucleic acid nanoparticles (NANPs) makes them highly

amenable to a number of applications as therapeutics, biosensors, and programmable materials.
Owing to their diverse natural functions in the cellular environment as messenger RNAs
(mRNA), long non-coding RNAs, short interfering RNAs, ribozymes, riboswitches, aptamers,
and more, the development of therapeutic nucleic acids (TNAs) can allow for control as mimics
of these naturally occurring processes. This is readily demonstrated by the growing repertoire of
TNAs which have been clinically approved, the increasing number of TNA candidates in
development and moving through the preclinical pipeline, and the swift adaptation of preexisting
TNA technologies for the development of mRNA vaccines against SARS-CoV-2. As presented
in this dissertation, three articles detail the design of nucleic acid-based systems for interactions
with targeted nucleic acids, receptors of the innate immune system, and cellular pathways such
as RNA interference. Interactions between pattern recognition receptors (PRRs) with known
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) are the foundation for nucleic acids’ recognition by the immune system to initiate the
downstream production of cytokines and interferons. These pre-evolved pathways have also been
shown to dictate the immunostimulation by NANPs in primary human peripheral blood
mononuclear cells (PBMCs). Changes to the composition (DNA or RNA), dimensionality (from
globular to planar to fibrous), and degree of functionalization (with TNAs) of a NANP dictate
the resulting immunostimulatory response. Depending on the design strategy, a NANP can be
tailored to interact with a particular receptor in the cytosol or endosome.

In the first article, the split fluorescent RNA aptamer Broccoli is demonstrated for the

conditional activation of RNA function. Separately, each half of the aptamer (Broc or Coli) is



90

non-functional, but upon their assembly, the complete aptamer’s function is restored to bind the
dye DFHBI-1T. This conditional response is an example of an AND logic gate which introduces
a regulatory component. Fluorescence activation is also shown to be controlled by factors such
as the addition of enzymes, Mg or EDTA, and temperature.

In the second study, DNA and DNA/RNA hybrid duplexes are combined for the
programmed assembly of quantum dots (QDs). Three different assembly strategies result in
different kinetics but are shown to assemble via electrophoretic mobility shift assays (EMSA)
and transmission electron microscopy (TEM). The assembled QDs are demonstrated to be non-
immunostimulatory and their uptake is demonstrated in a human breast cancer cell line, MDA-
MB-231. As the third approach to QD assembly, the use of DNA/RNA hybrid duplexes allows
for complementary DNA toeholds to drive a strand displacement reaction, resulting in DNA
duplexes which link QDs and the release of Dicer Substrate (DS) RNAs. When these materials
were assembled in MDA-MB-231 cells expressing green fluorescent protein (GFP), DS RNAs
against GFP were shown to result in significant gene knockdown.

Finally in the third study, NANP ring designs are introduced. The rings are hexameric
assemblies of RNA which require each strand to form intramolecular hydrogen bonds in order to
promote the subsequent intermolecular binding of 120° kissing loop motifs. In this study, the
ring was functionalized with a DS RNA against GFP in every possible design orientation in
order to study the effect of TNA orientation on immunostimulation. Silencing of GFP is
demonstrated in the MDA-MB-231 cell line and the assemblies are verified via EMSA and
atomic force microscopy. The rings are then introduced into PBMCs isolated from four different
donors which show that the orientation of TNAs does have an affect on its overall recognition.

Furthermore, immune reporter cell lines expressing specific individual receptors were transfected
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with the ring orientations to determine which receptors were the most essential to their
recognition.

Taken together, these articles represent the progression of NANPs towards more dynamic
design influence, where the therapeutic effects of TNAs can be activated conditionally or
favorably depending on the assembly. Tailoring NANPs’ designs to take advantage of the
functional versatility of their nucleic acid components is an ongoing effort for the development

of individualized therapeutics and personalized medicine.
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